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Foreword 

Like the last workshop in Switzerland, this Workshop 
included both polarized sources and polarized targets as 
suggested by International Committee for Symposia on High 
Energy Spin Physics chaired by Professor Allan Krisch. 

Back in the 1950's, Japanese experimental nuclear physics 
restarted gradually and in 1971, the first polarized beam was 
produced. In the same year, the National Laboratory for High 
Energy Physics or its Japanese abbreviation, KEK, was established 
with the construction of a 12 GeV proton synchrotron which 
consists of a Cockcroft preinjector, a linear accelerator, a 500 MeV 
booster synchrotron and a main ring. 

In its design, acceleration of the polarized beam was eagerly 
sought. However, since a strong resonance in the booster was not 
removed, the polarization program was discarded. Even in such 
an unfavorable situation, the study of polarized ion sources 
began, because of their attractive features as an ion source itself. 

Later, it was fortunately found that the booster resonance is 
so strong that almost all polarization is conserved by spin flip. 
Then development of the optically pumped polarized source was 
accelerated, a new preinjector was built and after preliminary 
tests in 1983, modification of the linac and the injection system 
into the booster was made. Since 1986 polarized beam has been 
accelerated. 

Following the proton machine, a 2.5 GeV synchrotron light 
source facility, the so called Photon Factory and a 33 GeV 
electron-positron collider, TRISTAN, were successively built at 
KEK. During this extrerrely busy construction period, 
development of the polarized source and acceleration system of 
polarized beam was not interrupted but encouraged. 

Referring to such a history, I hope this Workshop opened a 
new page in KEK and all of your polarization programs. 

Sadayoshi Fukumoto 
Chairman, 
Organizing Committee 
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HISTORY OF POLARIZED ION SOURCE DEVELOPMENTS 

GUNTHER CLAUSNITZER 
University of Giessen, Giessen, Fed.Rep.Germany 

Abstract The historical development of three production 
methods for polarized protons or deuterons is described. 

It is a strong temptation to name nobel prize winners as ori
ginators of ideas relevant to the subject. So one would quote 
"Stern" or "Rabi" as the proposers of the atomic beam method, 
"Lamb" certainly for the Lambshift method and "Kastler" for 
the "optically pumped sources", a scheme preferably called 
polarization transfer method. 

THE ATOMIC BEAM METHOD 

I would like to follow the time scale and start the history 
somewhat later, i.e. in the year 1953, when Rudolf Fleisch-
mann and Herwig Schopper designed an apparatus in Hamburg to 
polarize the nuclei of a thermal hydrogen atomic beam by a 
proper separation of the hyperfine states in a weak inhomo-
genous magnetic field and ionize afterwards. A magnetic quad-
rupolefield configuration had been invented by Wolfgang Paul 
and his group 1, which had the essential feature of a strong 
inhomogenity and a weak field region in a limited area around 
the center. A passage of a hydrogen atomic beam resulted in a 
concentration of the pure hyperfine component, one deflected 
to the magnet axis (focussed), the second one to the outside; 
the other two components were not deflected at all, because 
their magnetic moment (proportional to the B-field) was zero 
or small. In fall 1953 - after Fleischmann accepted a chair 
in Erlangen - I had the chance to take over Schoppers appa
ratus in a somewhat early state as a student: Fleischmann 
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enlisted me for the diploma thesis "Polarized Ion Source". 
The atomic beam apparatus had a 30 1/s mercury vapor 

pump on the first stage and two 100 1/s oil diffusion pumps 
before and behind the quadrupolemagnet; only small apertures 
of 0,5 mm diameter could be used at the dissociator and 1mm 
diameter at the magnet entrance. We had a rather meager beam 
compared to present standards. 

Atomic beam detection was made by using the reduction of 
yellow molybdenum oxide to a blue modefication, giving a pic
ture of the flux distribution. The first results were pub
lished on a regional meeting in summer 1955, and 1956 in 
Zeitschrift fur Physik2. 

Investigation on the adiabatic behavior of hydrogen 
atoms led to a spin-separation in a strong field with sub
stantial intensity increase due to the larger useful aper
ture. The adiabatic transfer into a weak field superimposed 
on the ionizer region resulted in a recoupling of the elec
tronic and nuclear spins leading to a proton polarization of 
50 % in the ideal case. 

New ideas on the achromatic separation of hyperfine com
ponents were introduced by Robert Keller and Louis Dick3, 
using a several meter long atomic beam system with an increa
sing aperture of the inhomogenous magnet, such that one hy-
perfine-component could be separated. 

This was the time before ratio frequency transitions 
were used in atomic beam systems. Between 1957 and 1960 seve
ral groups began their own development, introducing new ideas 
as well adopting the fast developing technology of high speed 
vacuum pumps. 

Dickson of the Rutherford Laboratory in England5 used a 
multicappillary opening for atomic beam formation and a 40 cm 
long sixpole magnet and weak field ionization. In 1958 I had 
the chance to join John Williams group at the University of 
Minnesota, where the first double scattering experiments had 
been done in 1951. A source with a short sixpole magnet was 
designed for the proton linear accelerator, again with ioni
zation in a weak field. 
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The Saclay group under Jaques Thirion used the new in
vention of Abragam and Winter4, the fast passage adiabatic 
transition method, to induce transitions between hyperfine 
states with a probability of almost 1; this method allowed to 
obtain full nuclear polarization via ionization in a strong 
magnetic field. This scheme was adopted later in all atomic 
beam sources. 

The first development of a polarized source in the US 
was initiated by Vernon Hughes at Yale6, especially directed 
towards the production of polarized deuterons, because the 
famous contribution of Gallonski, Willard and Welton7 showed 
a polarization-sensitive nuclear reaction at 100 keV deuteron 
energy, easily accessible in most laboratories. 

The Basel group under the guidance of Paul Huber presen
ted the first deuteron source in operation at the time of the 
first polarization conferenca in Basel I960 8. Also Keller and 
Dick detected the proton polarization of their source using a 
small cyclotron at that time3. Within one year success was 
reported from the other four groups also; source currents 
around lOnA were obtained with a proton polarization of 30%. 

I cannot follow up the spreading effort in the different 
countries, but one development was very important: Willi 
Haeberli constructed an atomic beam source in Madison, USA 
and investigated charge transfer processes to produce pola
rized negative ions. This achievement opened the application 
of this method to Tandem accelerators in many laboratories. 

A remarkable improvement of the atomic beam source was 
achieved by Hilton Glavish9 with his development of a strong 
field ionizer, the successful optimization of all other com
ponents including the introduction of the compressor magnet. 
Three groups in Japan in Fukuoka, Osaka and Tokyo used the 
atomic beam method with remarkable success, introducing i.e. 
the newly developed permanent magnet technique11. 

The polarized currents have increased in an almost expo
nential manner by a factor of ten approximately every five 
years. The development during the last ten years is based on 
the contributions of Willi Griiebler, Pierre Schmelzbach and 
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Tom Clegg, investigating cooled beams in matched systems fol
lowed by ionisation in an ECR plasma; positive DC-currents 
above 100 pA with polarizations between 80 and 90% have been 
achieved from which 10 % can be transfered to negative ion 
beams. Pulsed currents are higher, currents in the mA-range 
wer«* reported by Belov 2 8, using a charge transfer process for 
ionizations. 

LAMBSHIFT METHOD 

The second method of producing atomic polarization was pro
posed by Lamb and Retherford 1950 in their famous article 1 2, 
not in the hydrogen ground state but in the metastable state. 
An efficient population of this state by charge exchange re
action was initially unsuccessful13. Only after Bailey 
Donally14 had shown that cesium can be used at a proton ener
gy of 500 eV and that another charge transfer process of me-
tastables with argon yielded negative ions with very little 
"dilution" from the ground state atoms, the path was open for 
application. 

A new development was started at CISE by Cesati, to set 
up a polarized source based on the Lambshift method. Sona 1 5 

introduced the idea of transfering electronic polarization to 
nuclear polarization by a nondiabatic passage of atoms 
through a static zero field region, there-after often called 
Sona-transition. The limitations of this method were inves
tigated for instance by the Karlsruhe group around Hanno 
Briickmann16, which are still valid and applicable i.e. to the 
polarization transfer method. 

A major progress was introduced by the Los Alamos group 
around Joe McKibben17; they applied successfully Lamb's fin
dings in a so called Spin Filter, to select one hyperfine 
component (remaining metastable), while all other components 
were quenched to the ground state. The achieved polarization 
was enhanced by using a property of the negative ion forma
tion in argon: the emittance growth was larger for ions from 



ground state atoms than from metastable ones. 
A large field of development was in the careful choice 

of the initial positive ion source 1 8; duoplasmatrons with 
different geometries were used most frequently, but radio 
frequency or arc ion sources were pushed such that negative 
currents in the pA-region (per hyperfine state) were ob
tained. The emittance of this ion beam is approximately five 
times smaller than that of common atomic beam sources. 
Sources of this type were contructed in Japan by three groups 
in Fukuoka, Kyoto and Tsukuba. Principal current limitations 
of Lambshift sources were discussed some years ago 1 9 with the 
result that negative ion currents above 10 uA can only be 
obtained by other methods. 

POLARIZATION TRANSFER METHOD 

The third method was named Polarization Transfer, because the 
polarized state is originally produced in another atom and 
transfered to a proton or hydrogen atom during an atomic im
pact. The first proposal by Zavoiskii 1957 2 0 called for a 
transmission of protons through a magnetized foil to pick up 
a polarized electron, and a subsequent ionization in another 
foil. 

Kaminsky21 measured the tensor polarization of deute-
rons, which had picked up an electron during a channeling 
passage through a magnetized monocrystalline Ni-foil. Some 
doubts remained, because the measured polarization was larger 
than expected. 

Haeberli 2 2 proposed other aspects in his 1965 review on 
polarized negative ions using a charge exchange collision of 
protons in a polarized gas, namely alcalides or hydrogen. 
Witteveen23 used a storage cell filled by an electron-spin 
separated sodium beam. 

The real break-through came when Anderson proposed opti
cal pumping for polarizing the sodium gas 2 4. Our hosts of 
this workshop started a development of an optically pumped 
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source more then ten years ago and reported success in 
1981 2 5, which has been used as an example in other labora
tories. 

The highest currents were produced in a pulsed source 
with four charge exchange cells; it was submitted to the 
Osaka-meeting 1985 by Anatoli Zelenski26. Positive beams of 4 
mA (pulsed) and remarkable 400 uA negative current was mea
sured. 

Many new ideas have been introduced in the three compe
ting schemes. It seems at present, that the Lambshift source 
has reached its physical ceiling and that the atomic beam 
method does contain a development potential and can still 
compete with the optically pumped sources as shown by the 
outstanding results of Belov 2 8. New ideas, using spin ex
change 2 7 without charge transfer, have been discussed during 
this workshop. These might overcome the trouble of emittance 
growth. The use of polarized hydrogen storage at extremely 
low temperatures offers an alternative for spin- and charge 
transfer processes without the laser limitation. 

Other ideas for the production of polarized ions have 
been proposed, i.e. collisional pumping29, but they have not 
yet reached an experimental verification. 

CONCLUSION 

Polarized ion sources are necessary tools for the measure
ments of polarization observables. The aim for larger cur
rents is not only a technical challenge but opens up new 
fields of experimentation; the question of the spin-structure 
of nucleons is an excellent example. But not only high energy 
physics is the field of interest, applications of polarized 
particles in solid state and surface-physics are in sight.I 
am sure that the enthusiam of more then 30 years of develop
mental work is still present, as this series of workshops 
have shown. 
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Opening lecture at International Workshop on UM HE 90-10 
Polarized Ion Sources and Polarized Gas Jets June 8, 1990 
KEK, Japan, 12-17 February 1990 

S I B E R I A N SNAKES A N D HIGH ENERGY S P I N PHYSICS 

A. D. K M S C I I 
Randall Laboratory of Physics, The University of Michigan 
Ann Arbor, Michigan 48109-1120 USA 

Our group has a special interest in studying spin forces in violent high-P^ elastic 
collisions with the beam and/or the target spin-polarized. Since Pj^ is cannonically 
conjugate to the impact parameter b, large P j ^ allows one to study the short range 
behavior of the interactions. Our particular interest is studying how spin influences 
this large Pj^ behavior. The definition of either the beam or the target polarization 
is 

N ( t ) - N ( | ) 
N(T) + N(T)" 

Recall that if the beam and target are both unpolarized then it is only possible to 
measure the spin average differential cross-section < da /d t > . If either the beam or 
the target is polarized then you can also measure one-spin quantities such as A, the 
analyzing power, which is the left-right or spin-up spin-down asymmetry. If both 
the beam and the target are polarized then you can measure two-spin quantities 
such as A n n the spin-spin correlation parameter. 

I would like to first review a 1978 ZGS experiment where we measured p-p elastic 
scattering near 12 GeV with both a polarized beam and a polarized target. The 
data is shown in Fig. 1; for comparison we also show some much higher energy data 
from the ISR, which of course was totally unpolarized. Notice that at small P][ the 
three sets of data points [the spin parallel which are triangles, the spin anti-parallel 
which are diamonds and the unpolarized higher energy data which are squares] all 
fall right on top of each other. This shows that when two protons have a small-Pj^ 
glancing collision and only look at the outside of each other, then they do not much 
care what energy they are at or what spin state they are in. Moreover, you can 
determine from the slope of this curve 

[e-9.3 Pi] t h a t t h e 

range of the interaction 
is the same 1 Fermi proton size that Professor Hofstader found when he scattered 
electrons from protons some years earlier. This behavior is perhaps not surprising 
and it is certainly not a new result. 

The surprising result occurs at larger P^ . In the unpolarized ISR data you can 
see that there is a dip and then the cross-section continues to drop off for several 
more decades with a very different slope of about e - 1 x ; this slope corresponds to 
a radius of about 1/3 of a Fermi. These large-Pj_ collisions are apparently due to 
the collisions of some objects with a size of about 1/3 of a Fermi; presumably these 
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FIGURE 1. Proton-proton 
elastic scattering cross-sections 
plotted against the scaled P ^ 
variable. 

1 2 3 4 5 

are the constituents of the proton, which show themselves when two of them collide 
in a violent proton-proton collision. This large P ^ behavior was known for some 
years; we first saw it at the ZGS in 1966 in an unpolarized 90°,,, p-p elastic scat
tering experiment. The surprising spin result is that a pure spin cross-section has 
exactly the same slope at large P ^ , but only when the spins are parallel. When 
the spins are antiparallel the cross-section just keeps dropping. This was a totally 
unexpected result. Moreover, there was a factor of 4 difference between these two 
spin cross-sections at the ZGS's maximum P ^ of about 5.5 (GeV/c) 2 at 90° m near 
12 GeV. This large spin ratio appears to be inconsistent with Perturbative Quan
tum Chromodynamics. This factor of 4 was perhaps the first major problem for 
Perturbative Quantum Chromodynamics demonstrated by a spin experiment. 

When we first obtained this result in 1978, two of our most distinguished col
leagues. Professors Bethe and Weisskopf, both made the same comment indepen
dently: "This result looks most interesting, but you should note that at your energy 
of 12 GeV the spin effect only becomes large when you are near 90° m . Perhaps you 
are not looking at a large-P^ hard-scattering effect but instead at some 90^, parti
cle identity effect.'" One should not take lightly the comments of two such eminent 
scientists. Indeed when we studied this problem we decided there was no way to 
answer this question theoretically; therefore, we decided instead to answer it ex
perimentally. We did a second experiment where we now varied Pj_ by holding 
fixed the scattering angle at exactly 9(Km and varying the incident energy. The two 
experiments are plotted together in Fig. 2; the 90° m points are squares, the fixed 
energy points are circles. There is clearly some difference at. low P^ , where the 90° m 
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data is only a few hundred MeV and different phenomena occur than at 12 GeY. 
But above about P\ = 1.5 (GeV/c) 2 the two sets of data fall exactly on top of 
each other when plotted against P2

±. The sharp increase in spin effects occurs near 
Pj_ = 3.5 (GeV/c) 2 in both experiments. Notice that in the 90°m data, at P ^ of 
1.5 to 3.5 (GeV/c) 2 where the spin ratio is small, the data points are just as much 
at 90° m as the points near P ^ = 5 (GeV/c) 2 where the spin ratio is large. I think 
that this rather effectively answered Professors Bethe's and Weisskopf s question; 
the unexpected spin-spin effect is indeed a high-P^ hard-scattering effect. 

s 
D a 

7 
6 
5 
4 

I 3 

E o 
%2 
c 

"Is 
- \ 

I ' I ' 
P+P - P+P 
n90r 

T T 

cm. 
1175 GeV/c 

P 
•i^^-nr-fri 

A 
R? [(GeV/c)3 

FIGURE 2. Proton-proton elastic scattering plotted against P ^ for fixed energy 
11.75 GeV/c data and for fixed angle 90° m data. 

Early last year I put together one graph which compiles all 90°m data on the 
spin-spin correlation parameters A n n at all energies which have been measured. 
This is shown in Fig. 3. The lower energy points are from a tabulation which 
Professor Haeberli gave me. The higher energy points are from Fig. 2 and there are 
some intermediate points in what is sometimes called the dibaryon region. What 
can you see from this graph? It is absolutely clear that there is a great deal of 
structure. The quantity A n n goes from near -1 at low energy to almost +1 near 500 
MeY/e and then drops rapidly and then rises to about +.75. Finally, we can see the 
oscillating high energy behavior which I just discussed. There is just a huge amount 
of structure in this curve. The people who believe in the Perturbative Quantum 
Chromodynamics prediction that spin effects disappear at higher energy will get 
little support for this belief from this graph. 
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FIGURE 3. The spin-spin correlation parameter A n n at 90° m plotted against P l a b . 
Our goal in 1979 was to extend these curves further. Since there existed no 

polarized beam accelerator above 13 GeV/c, we decided to try to modify the AGS 
to give it the capability to accelerate a polarized beam. Fig. 4 shows an overview 
of the AGS polarized beam project; many modifications were necessary to allow 
the AGS to accelerate polarized protons. We needed a new polarized ion source, 
an RFQ, some magnets to switch the polarized ions into the main LINAC line and 
three polarimeters: a 200 MeV polarimeter, an internal polarimeter, and an ex
tracted beam polarimeter. We also needed 12 special pulsed quadrupole magnets 
to overcome the intrinsic depolarizing resonances; their power supplies were the 
most expensive part of the project costing about $5 Million. We also needed 96 
small correction dipole magnets to overcome the many imperfection depolarizing 
resonances. The polarized beam project was a rather major accelerator improve
ment: it cost approximately $15 Million and about 80 people worked on it for about 
0 vcar.s. 
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The polarized beam project was quite painful with respect to AGS tune-up 
time. Fig. 5 is a typical correction curve for the G7 = 9 imperfection depolarizing 
resonance which occurs near 5 GeV/c; we measured the polarization at 18.5 GeV/c. 
As you can see, if the reponance is not properly corrected, then the polarization 
drops very rapidly and eventually becomes negative. The polarization is extremely 
sensitive to this correction. Curves such as this had to be painstakingly done for 
each of the 41 imperfection resonances to reach 22 GeV/c. Moreover, we had to 
overcome 5 intrinsic depolarizing resonances by jumping through them using the 
pulsed quadrupoles with a rise time of about 1.6 //sec. We built at Michigan 12 of 
these ferrite quadrupole magnets that were installed in the AGS. The Brookhaven 
staff built the huge power supplies for these pulsed quadrupoles: each power supply 
put 22 MegaWatts into each small quadrupole. Fortunately, each pulse lasts for 
only a few microseconds so it does not burn the quadrupole or drain the Long 
Island electric company. The polarized beam project was certainly a difficult and 
expensive job. 

FIGURE 4. Polarized proton modifi- FIGURE 5. Correcting an imperfec-
cations at the AGS. tion depolarizing resonance. 

The main control room oscilloscope trace shown in Fig. 6 gives a good overview 
of the polarized beam acceleration cycle. The sloping line shows the AGS main ring 
magnets going from injection up to 16.5 GeV. The middle curve is the signal from 
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one of the pulsed quadrupoles; their rapid rise time of 1.6 /isec looks vertical on this 
scale; then the pulse slowly decaj'ed with a fall time of about 3 msec. The pulsed 
quadrupoles had to be carefully timed in for each resonance. These three pulses 
correspond to the G7 = 0 + u, G7 =- 12 + 1/, and G7 = 3 6 - 1 / intrinsic depolarizing 
resonances. The upper curve is the current in one of the 96 correction dipoles. 
The first pulse is for the G7 = 6 imperfection depolarizing resonance; then comes 
G7 = 7, 8, 9, etc. For each resonance we had to do an experimental correction curve 
similar to Fig. 5. Accelerating the polarized beam up to the maximum energj* of 
22 GeV took 7 weeks of dedicated accelerator time; this was very expensive. The 
Brookhaven Director reminded me about once a week that it was costing a million 
dollars a week for this commissioning. 

This polarized beam acceleration technique certainly does work; however it 
was slightly painful at the ZGS and quite painful at the AGS. The number of 
depolarizing resonances is exactly proportional to the energj'. Thus, if one wanted 
to use this technique at the SSC, there would be 36,000 resonances to confront 
individuallj'. A conservative estimate suggests that one would have to tune the SSC 
da\- and night for about 10 j-ears; this certainlj* seems difficult. 

l£(G*»c? 

FIGURE 6. The AGS main control FIGURE 7. The p-p elastic cross-
room oscilloscope trace. section and spin cross-section ratios 

(such as trjj = doydtjt/<d<7/dt>) plot
ted against P^-

After getting the AGS polarized beam working, we obtained some interesting 
data at 18.5 GeV/c, which became the standard AGS polarized beam momentum. 
Fig. 7 shows the p-p elastic scattering pure-spin cross-section ratios plotted against 
P^at. 18.5 GeV/c. We also plotted some 19 GeV/c unpolarized data from CERN, 
to show the behavior of the spin average cross-section. There are clearly large spin 
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effects at 18.5 GeV/c. Notice that the spin-anti-parallel ratio rr^ and the spin-
parallel ratios <T|| and crjj are all clearly separated near Pj^ = 1.5 (GeV/r) 2 . For 
some reason they rapidly come together near P^ = 2.5 (GeV/c) 2 and then they 
move rapidly apart again. This data clearly shows that there are large spin effects 
up to the highest energy that we have been able to study. In this P^ region of 
1.5 to 3.5 (GeV/c) 2 , where the spin average cross-section is totally smooth, there 
is much fierce spin activity with spin ratios coming together and moving apart.. 
However the behavior of <dcr/dt> is quite smooth in this Pj^ region and gives no 
suggestion of these large changes. This clearly shows there are important, effects in 
strong interactions of which we would be totallj' ignorant without, polarized beams 
and polarized targets. 

Therefore, we were eager to have a higher energy polarized proton beam so 
we organized the 19S5 Ann Arbor Workshop on Polarized Beams at the SSC. The 
technique that we used at the ZGS and the AGS seems painful and impractical for 
accelerating polarized protons to TeV energies. Thus, we decided to look for a new 
technique. Fortunately around 1974 two clever Russians from Siberia, Derbenev 
and Kondratenko, proposed a new idea called the Siberian Snake. For years many 
accelerator theorists thought that the Siberian Snake was an outstanding idea, but 
no one was able to test it. Fig. 8 shows a conceptual design of what the SSC might 
look like with Siberian Snakes installed to allow the acceleration of polarized proton 
beams. One would certainly need a polarized ion source and the other conventional 
low energy polarized beam hardware. In the low energy booster one might, use 
some correction dipoles and quadrupoles or perhaps some partial Snakes. Perhaps 
in the 70 GeV booster one could have only Snakes. Clearly in the 2 TeV booster 
and the main ring one would use only Siberian Snakes. There would probably be 
4 snakes in the 2 TeV booster and perhaps 26 snakes in each 20 TeV ring. After 
the Workshop we emerged with the belief that we had to test, the Siberian Snake 
concept, somewhere. 

We started studying accelerators around the world; including the AGS, SAT-
URNE and KEK. We finally settled on the new Cooler Ring in Indiana. The main 
reason for this decision was that Bob Pollock and his colleagues were just building 
this new synchrotron storage ring with the valuable advantage of having 6 meter 
long straight, sections; so there was enough space for a Siberian Snake. Moreover 
Bloomington, Indiana is somewhat closer to Ann Arbor than either KEK or SAT-
URNE. We then formed a collaboration containing: 

A. D. Krisch, S. R. Mane, R. S. Raymond, T. Roser, J. A. Stewart, K. M. 
Terwilliger, and B. Vuaridel; University of Michigan. 
J. E. Goodwin, H O . Meyer, M. G. Minty, P. V. Pancella, R. E. Pollock, T. 
Rinckel, M. A. Ross, F. Sperisen, and E. J. Stephenson; Indiana University. 
E. D. Courant, S. Y. Lee and L. G. Ratner; Brookhaven National Labo
ratory. 
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FIGURE 8. Polarized proton niodifi- FIGURE 9. The IUCF Cooler Ring 
cations at the SSC. with the Snake. 

The basic concept of the Siberian Snake is that as a proton goes around a ring 
it may see a small imperfection field which can rotate the proton's spin direction. 
There are always some imperfection fields. When the proton goes around the Cooler 
Ring once it may get rotated from the vertical to perhaps 5°. Then the Siberian 
Snake rotates the spin by ISO0 so it goes to 185°. The proton then goes around 
the ring a second time and the same imperfection fields which rotated it from 0° 
to 5° now rotate it from 185° back to 180°; this is because the imperfection fields 
always act in the same direction. Then the Snake rotates it again by 180° and the 
spin is now back to 0°. Thus, in two turns around the ring the spin is right back 
where it, started. Basically, the Siberian Snake makes the imperfection fields cancel 
themselves. It is a very clever idea. 

The IUCF Cooler Ring, which is shown in Fig. 9, has long straight sections; 
it is basically shaped like a hexagon. It was just being built when we started to 
plan our experiment, so that we could easily install our equipment in the Ring 
as shown. The Siberian Snake itself was built jointly by Michigan and Indiana. 
Michigan constructed a pair of 100 nsec kicker magnets using some surplus ferrite 
from our AGS quadrupole-s. The kickers are used for injecting the polarized beam 
into the Cooler Ring- The polarimeter was built by IUCF. We used the Cooler 
solenoids to make extra imperfection fields which allowed us to vary the strength 
of the depolarizing resonances. 
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FIGURE 10. The Siberian Snake. The main element is the superconducting 
solenoid magnet, which rotates the proton's spin by ISO0 as the beam passes through 
it. 

The superconducting solenoid shown in Fig. 10 is the device which rotates the 
spin by 180°. The other magnets are 8 small quadrupoles; the four inner ones are 
normal quadrupoles. The four outer ones are skew-quadrupoles. which are rotated 
at some angle about the beam axis. All these quadrupoles do nothing to the spin; 
their job is to compensate the orbit distortions caused by the solenoid. The solenoid 
has a very strong effect, on this low energy beam; it focuses the beam rather strongly. 
It also rotates the phase space by 30° which causes a very strong xy coupling. 

In May 19S9 we had the first, run with both the Snake and the polarized beam; 
we ran at 104 McV near the strong G7 = 2 imperfection depolarizing resonance 
which occurs at 108 MeV. The data is shown in Fig. 11. In this study we did 
not accelerate through the resonance, but remained at. a fixed energy of 104 MeV, 
which was quite close to the resonance. It was indeed close because the effect of the 
resonance was quite strong; with the Snake off we obtained a sharp curve. If the 
imperfection fields were exactly corrected then the polarization was high, but. if the 
correction was just slightly off, then the vertical polarization dropped very rapidly. 
This curve looks similar to the AGS correction curve shown in Fig. 5. Thus, one 
can maintain polarization with no Snake, but only if the imperfections are exactly 
corrected. On the other hand, with the Snake on the polarization was large for 
all values of the imperfection fields. This clear difference demonstrates that the 
Siberian Snake concept does work for an imperfection resonance. 
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FIGURE 11. The G7 = 2 imper
fection depolarizing resonance with the 
Snake on and off. 

FIGURE 12. The G7 = - 3 + vy in
trinsic depolarizing resonance with the 
Siberian Snake on and off. 

In Fall 1989 we studied another type of depolarizing resonance, an intrinsic reso
nance. We originally wanted to ramp the proton energy through the G7 = —3 4- vy 

intrinsic resonance at 177 MeV. However, it is somewhat difficult to ramp the Cooler 
Ring and to ramp the Snake; therefore S. Y. Lee proposed instead holding the en
ergy fixed and ramping the vertical betatron tune vy. It is fairly easy to ramp the 
tune by ramping the quadrupoles. Fig. 12 is a plot of the polarization against the 
vertical betatron tune. The square points show what happens with no Snake; as 
the resonance is passed the polarization drops rapidly to zero. Above or below the 
resonance the polarization is high, but in the resonance condition all polarization 
is lost. We next turned the Snake on and injected protons with their polarization 
in the horizontal direction, which is the stable spin direction with the Snake on. 
The circles show that the beam was then fully polarized as we swept through the 
resonance. These results clearly demonstrate that the Siberian Snakes concept does 
work. 

We now have considerable enthusiasm for trying Siberian Snakes in higher en
ergy accelerators. One can never be certain that some new problem will not appear 
at higher energies, but so far Siberian Snakes have behaved exactly as predicted. 
We now believe that one should consider installing Siberian Snakes in TeV accel
erators such as UNK in Russia, and Fermilab and the SSC in the United States. 
These labs are now studying this possibility. 
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I will now briefly discuss some high energy physics results. Fig. 13 shows the 
apparatus that we have been using for our scattering experiments at the Brookhaven 
AGS. The polarized or unpolarized beam comes down the extracted beam line from 
the left. It first passes through our high energy polarimeter which measures the 
beam polarization. The beam then strikes our polarized target and the scattered 
protons are detected by the spectrometer which contains several 2-meter-long bend
ing magnets and scintillation hodoscopes to measure the angle and momentum of 
both scattered particles. The good precision allows us to be rather sure that we 
have a clean signal of p-p elastic scattering events. 

FIGURE 13. The polarimeter, polarized target, and p-p elastic spectrometer. 

In the mid 19S0's when the polarized beam was not yet fully operating we did 
a low priority experiment to measure the one-spin parameter A using the AGS 
unpolarized proton beam. Even after we had found that A nn was growing large at 
lrigh-Pj_, the theorists who believed QCD said "perhaps we can't understand the 
two-spin effects, but surely we understand the one-spin effects". Perturbative QCD 
had a rather fiim prediction that the analyzing power, A, should be 0. PQCD also 
stated that this prediction of A = 0 should become more reliable at larger P ^ . 
We first confirmed some medium Pj^ data from a CERN/Oxford group. We then 
started moving out to larger P ^ by using some improvements that we had made in 
polarized proton targets. We were able to reach P^ = 6.5 (GeV/c) as shown in 
Fig. 14. 

This data appears to give strong evidence that the PQCD prediction of A = 0 
is not. very good. After we got this data there was much theoretical re-evaluation. 
Some of the theorists now said that we must go to a much larger P j _ , perhaps 100 
(GeV/c) 2 , before PQCD could be expected to work. No one has ever seen such a 
large P"j exclusive event because of the very small cross-section; thus this prediction 
may be safe from confrontation with experiment. Others said that perhaps we were 
not at high enough energy. We decided to pursue both frontiers; although we can 
make more progress with higher energy than with higher P ̂  since the cross-section 
drops so rapidly with P\. Nevertheless we are now studying larger P ^ at the AGS 
and obtaining much better precision. I will briefly mention why we are getting 
better precision than was previously possible. 
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FIGURE 14. A is plotted against V\ FIGURE 15. New high cooling power 
for p + p —• p + p. polarized proton target. 

We built a new polarized solid target which is shown in Fig. 15. It has a 
very high cooling power of about. 1 Watt. We obtained this high cooling power by 
constructing a 1° Kelvin refrigerator which uses pure 4 He and some enormous Roots 
blower pumps, with a pumping speed of 6000 in 3 per hour. The target temperature 
is then 1 K and the cooling power is about 1 Watt. To keep the polarization high 
we wanted the ratio //B/kT to be roughly the same as it was for the standard 0.5 K 
and 2.5 T polarized targets; thus we obtained a 5 T superconducting magnet from 
Oxford Instruments. There was a substantial delay in deliver}*, but we eventually 
got it and it works well. The 1 K cryostat itself was built in the Michigan shop and 
indeed has a cooling power of about 1 Watt, which allowed us to run with a beam 
of about 2 1 0 n protons per pulse. We used ammonia beads because they resist 
radiation damage fairly well; we had no idea how good their polarization would 
be. For some reason that no one yet understands, ammonia loves this combination 
of higher field and higher temperature and we have routinely seen a maximum 
polarization of 96%. In fact during the last 2 weeks of running with this beam 
intensity, we had an average polarization of 89%. I recentlj- talked with Carson 
Jefferies, who co-invented this dynamic nuclear polarization technique; he also does 
not understand why the polarization is so large. We have also tried other materials, 
such as chemical beads, and they do not. like these new conditions. The material 
EHBA gave a 70% polarization in the old target at 0.5 K and 2.5 T; the polarization 
is about 10% at 1 K and 5 T. But ammonia which only gave 50% before now gives 
a 96% polarization. 
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I will end by briefly discussing our new NEPTUN-A experiment whose goal is to 
extend this A measurement to very high energy. The Russians are now building a t 
Protvino a new accelerator called UNK, which will s tart as a 400 GeV accelerator in 
1992 and will la ter have a 3 TeY ring in the same tunnel. We formed a collaboration 
with Solovianov et al. at IHEP Protvino; Pilipenko et al. a t J I N R , Dubna; Ra tner 
at BNL; and Kleppner et al. a t M I T . In March 19S9, we signed the NEPTUN-A 
Agreement to measure A in p + pj —* p + p first at 400 GeV and then later a t 3 
TeV. The UNK facility is a 21 km circumference ring. T h e r ing is now almost 90% 
finished; the progress as of June 19SS is shown in Fig. 16. T h e plan is that the 400 
GeV operation will begin in late 1992; the 3 TeV fixed target operation will begin 
later and the 3 TeV on 3 TeV or possibly 3 TeV on 400 GeV collider operation may 
start in the la te 1990's. We are providing a polarized gas je t for this experiment, 
which we are building in collaboration with MIT. Thomas Roser will give a much 
more detailed talk about this Je t later , so I will not discuss it . I will just show 
a diagram of the experiment in r g. 17. We will detect t h e recoil protons from 
elastic events using a 55 in long spectrometer with a 12° vertical bend and focusing 
cmndrupolcs. This spectrometer will allow us to study p-p elastic scattering at very 
high energy by concentrating on the recoil particle, which has a momentum of only 
a few GeV/c jus t as it does at lower energy. It is extremely difficult to measure the 
momentum of the forward particle at 400 GeV or 3 TeV. Thus we are concentrating 
on the recoil particle; we will try to measure its momentum to about ± 0 .1%. We 
think that this precision will allow us to clearly identify the elastic scattering events. 

F I G U R E 1C. T h e 400 GeV 3 TeY UNK facility at Pro tv ino . 
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SPIN AS A PROBE IN PARTICLE PHYSICS: 
WHY AND HOW 

AKIRA MASAIKE 
Department of Physics, Kyoto University, Sakyo-ku, 
Kyoto, Japan 

Abstract In this report some of the recent topics 
on the spin physics of elementary particles are 
shown. Search for the origin of the proton's spin, 
symmetry test using the spin as a probe and a new 
result on the dibaryon are included. 

1. INTRODUCTION 

The spin of the particle has been playing important 
role in the particle and nuclear physics for long time. 

In recent years several intersting phenomena related 
to the spin of the elementary particles have been found 
and increasing attention has been paid to possible 
interpretations of them. 

We discuss some topics concerning the origin of 
proton spin, and the violation of P and T in hadronic 
reactions using polarized nucleon beams. 

Search for narrow structures in spin observables in 
proton-proton scattering is also shown. 

In addition, state of the art of an optical pumping 
polarized ion source and a neutron polarized filter are 
mentioned breifly. 
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FIGURE 17. The NEPTUN-A p-p elastic recoil spectrometer. 
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Most of the subjects in this report are closely 
related to recent experiments and projects in Japan. 

2. ORIGIN OF THE PROTON'S SPIN 

A recent EMC deep inelastic scattering experiment 
using a longitudinally polarized muon beam on a polarized 
proton target gave us questions about our understanding 
of the origin of the proton's spin. The EMC data taken 
in conjunction with Bjorken sum rule imply that the total 
spin carried by the valance quarks in the polarized 
proton is only about 10"*20% of the spin of the proton. 
Several attempts have been made to escape this spin 
crisis. One of them is to assume that the quarks possess 
orbital angular momenta. Another possibility is to take 
account the spin of sea quarks. I believe, however 
before thinking over these possibilities, we have to know 
the contribution of the gluon spin to the proton spin. 
It can be done by the measurement of the asymmetry 
parameters on hadron-hadron scattering using a polarized 
proton beam and/or a polarized target. Measurments of 
the direct photon production at large P , of J/yandXo 
(3555) productions, and of hadron jets give important 
information on the gluon polarization in the proton. 
Among them the direct photon production is the cleanest 
process for the measurement of the gluon spin 
distribution. 

To the first order, only two subprocesses contribute 
to direct photon production; qq annihilation and gluon 
Compton scattering as shown in Fig. 1. A direct photon in 
the final state removes inherent ambiguities present in 
the case of jets, which can be either quarks or gluons. 
Compton graph allows a measurement of the gluon structure 
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function. An isolation of Compton graph can be 
accomplished by considering specific kinematic regimes or 
by comparing pp and pp collisions. 

Recently, Berger and Qiu pointed out that data on 
the polarization asymmetry in the prompt photon 
production at large transverse momentum in the scattering 
of longitudinally polarized protons from longitudinally 
polarized deuteron targets would provide important 
constraints on the polarization asymmetry of the gluon 
density in a nucleon. They predicted the spin 
correlation parameter (A ) by processes in which the 

LiL* 

gluons contribute in the lowest order of perturbation 
theory. (Fig. 2) 

Measurement of A of direct-photon production at 
high P T using polarized proton beam of 500 GeV has been 
proposed at Fermilab by France-Italy-Japan-US-USSR 
collaboration including Kyoto group. The quantity to be 
measured is the double-spin asymmetry, 

A = 1 Q-(-H-)-S-(+-) 
LL P H P T o-(++)+<r(+-) 

where ++(+-) indicate parallel (antiparallel) helicities 
for longitudinally polarized beam (P ; beam polarization) 

3 and target protons (P ; target polarization). The major 
detectors for the direct-gamma measurements will be an 
electromagnetic calorimeter consisting of lead-glass 
counters and fiber-scintillation counters. Before the 
measurement of direct-gamma production, spin dependences 
of the inclusive Tf "-production at high P_and total cross 
sections CAG? ) being measured using 200 GeV 

Li 

polarized proton beam. These experiments w i l l also give 
useful information on the gluon po la r iza t ion . 
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3. Symmetry Test using Spin as a Probe 

i) Longitudinal Asymmetry in p-p Scattering 
The study of parity-violating processes in p-p 

scattering is useful to obtain information on the weak 
flavor conserving force between hadrons. The ratio of 
weak to strong cou 
low energy region. 
weak to strong coupling constant is of order of 10 in 

The longitudinal analyzing power A is shown as 

tot Q +~Q- =
 qPNC ^ 1 0 7 

L a+-°_ Ostrong 

where a (o_) refers to the cross section for incident 
protons with positive (negative) helicity. The Â  
arises from the interference of opposite parity 
amplitudes in p-p scattering, and is expressed as a 
linear combination of partial wave amplitudes of (S-P), 
(P-D) and (D-F). The relative strengths of each term are 
determined by matrix elements of the weak meson exchange 

1 3 interaction. (Fig. 3). The S - P amplitude is 
determined from the measurements of A at 15 and 45 MeV 
(A^ 0 t = (-1.5±0.2)*10 at 45 MeV). On the other hand, 
the P - D amplitude contributes significantly to A^ 
above 100 MeV. The experimental result of A at 800 

"7 C 

MeV (Aj- =(2.4±l.l)xl0 ) can be reproduced well by this 
model. In contrast, the A^ot=(26.5±6)xl0~7 at 6 GeV/c6 

can not be explained. Goldman et al. proposed a model 
for the interference of the strong and weak amplitudes to 
show the large P violating effect at 6 GeV/c. In their 
model a (u,d) vector diquark from polarized beam (or 
target) interacts strongly with a quark from the target 
(or beam) with the P-violating weak interaction occurring 
only between the constituent quarks of a vector diquark. 
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However, Simonius et al. re-examined Goldman's model and 
concluded that A is < 2X10 in the model as in the 

8 more conventional calculations. It is still a 
controversial problem. Therefore, further measurements 
in the higher energy region are indispensable. In our 
experiment at Fermilab shown in §2., we could search for 
the non-zero A , if there is a very enhanced effect as 

J-i 
in the case of Goldman's prediction. (Fig. 4) 

ii) Longitudinal Asymmetry in Neutron Radiative Capture 
13 Reaction of La 

In order to investigate the weak interaction in 
nuclei, the measurement of helicity dependence of the 

c 
9 

139 neutron radiative capture reaction on La has been 
carried out at KEK. 

The neutron was polarized transversely by a 
polarized proton filter and was rotated to the 
longitudinal direction. Capture If-rays emitted from the 
target were detected by an annular BaF scintillation 
counter. Transmitted neutrons through the target were 
detected by a B-loaded scintillator. The asymmetry in 
the continuum spectra in the energy region of 0.3H.0 eV 

_3 was less that 10 . The asymmetry in the resonance peak 
(£ ) was obtained after subtraction of the continuum 
spectra. The average value (A^ ̂ ) is (9.51:0.3)% in the 
resonance of 0.734 eV. The neutron transmission 
asymmetry (£ ) was observed for positive and negative 
helicity states. (Fig. 5 ). A longitudinal asymmetry in 
the total cross section for the p-wave resonance (Â  ) 
is obtained from f to be 9.7*0.5%, which is consistent n 
with the result of the capture V -ray measurement. 
However the value is inconsistent with the results at 
Dubna (AT =(7.3±0.5)%). Several possibilities have L,n 
been discussed to explain the large helicity 
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11,12 _. ,, asymmetry. Sizable asymmetry on the p-wave 
139 resonance of La was explained by a parity mixing in 

12 the eigenstate of the S-matrix by Y. Yamaguchi. 

iii) Possible T-violation Test with Resonance Neutron 
Scattering 
Possibility of using large enhancement of parity 

violating effects in neutron radiative capture reaction 
for the test of the time reversal symmetry violation has 
been searched for at KEK. 

The measurement of the asymmetry of the transmitted 
neutron in the reaction of transversely polarized neutron 
/•* 1 3 9 -*• 

(<T) on the transversely polarized 'La nucleus (I), 
whose spin direction is perpendicular to the neutron 
spin, is a simple example of the test of the T-violation. 

13 
However, several authors pointed out the following 
problem. In the first half of the target the real part 
of 0"< I interaction precesses about I, so that in the 
second half the Otp interaction produces a transmission 
asymmetry. (p* is the neutron momentum vector). Although 
both these interactions are time reversal invariant, 
overall effect looks as same as the time reversal 
violating interaction. They proposed several possible 
experiments of T-invariant test. One of them is the 
measurment of the difference between the probability of 
the helicity flip (+*-) and that of (-*+) during the 
transmission in a transversely polarized target. It is a 
"macroscopic spin detailed balance". Another example is 
the measurement of the difference between the probability 
of the spin non-flip (+*+) of vertically polarized 
(perpendiculer to the beam) target and that of spin 
non-flip (-•»-) in the same target. 
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A. Narrow Dibaryon Resonances? 

In recent years narrow resonance-like structures 
have been discussed in the missing mass spectra of two 
baryons and invariant mass spectra. Such narrow 
structures, however, had not been observed in 
nucleon-nucleon scattering, since it is difficult to 
change incident beam energy with fine steps over a wide 
energy range. It is important to measure the energy 
dependence of spin observables for which a resonance 
structure may be enhanced by interference terms. 

The analyzing power in proton-proton elastic 
scattering has been measured using an internal target 
during acceleration of polarized beam from 1 to 3 GeV/c 

14 at KEK with momentum bin of 5~8 MeV/c. Several narrow 
structures have been found in the two-proton invariant 
mass distribution of the analysing power. The energy 
dependence of the analyzing power in proton-proton 
elastic scattering at the laboratory backward angle of 
68° is shown in Fig. 6. Bumps can be seen clearly at 
2.160 GeV and 2.192 GeV with widths of 14 and 13 MeV, 
respectively. The positions of the structures coincide 
with those of narrow enhancements observed in the missing 

3 15 
mass spectra of the He(p,d)X reaction. 

The experiment is the first demonstration of narrow 
structures in N-N elastic scattering. It shows a new 
method to observe fine energy dependence of spin 
parameters of N-N scatterings, using polarized beams 
during acceleration. 

5. State of the Arts 

i) Optically Pumped Polarized Ion Source 
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After a proposal of Haeberli and a feasibility study 
of Anderson, Mori et al, have developed an optically 
pumped polarized ion source at KEK since 1981. The 
polarization of electrons in the soduim atoms is 
transfered to hydrogen atoms by means of a charge 
exchange reaction between fast hydrogen ions and sodium 
atoms. In order to make electron capture from optically 
pumped sodium atoms in high magnetic field of 1.2T 
without depolarization, an electron cyclotron resonance 
(ECR) ion source has been used at KEK. The ECR ion 
source consists of two solenoid coils and a plasma 
cavity. Six permanent magnets forming multi-cusp 
magnetic field are introduced into the EGR cavity and the 
cavity wall is covered with quartz to increase the plasma 
density. 

The optical pumping of the sodium atoms is performed 
with a pulsed dye laser which has been developed at KEK. 

The polarization of 65% has been obtained at 750 KeV 
with H beam intensity of 120 fxk at a repetition rate of 
20 Hz and pulse width of 100 jisec. 

Resently, a Moscow group reported an optically 
pumped H ion source with more than 300 JJL A at a 
repetition rate of 100 Hz and pulse width of 100jusec. 

ii) Polarized Proton Filter for Slow Neutron Polarization 

Slow neutrons transmitted through a polarized proton 
filter become polarized, because the cross section for 
the neutron-proton scattering in the singlet state is 
substantially larger than that in the triplet state. 
Recently, it was found that the neutron can be polarized 
in the direction of the beam as well as perpendicular to 

18 the beam direction. The results showed the 
possibilities to use a polarized proton filter as an 
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effective polarizer or an analyzer of neutrons within the 
energy range between 10 eV and 10 eV. (Fig. 7) 

The method to polarize protons in the spin filter is 
similar to the one for the polarized proton target used 
in high energy physics experiments. Protons in the 

V organic material containing Cr complexes can be 
polarized by means of the dynamic method in which 
material is irradiated by microwave of 70 GHz in a 2.5T 
magnetic field at a temperature lower than G.5K. At KEK, 
ethylene glycol was used as filter material, which must 
be small blocks to get good thermal contact with liquid 
He, since the proton polarization depends strongly on the 
temperature. In order to satisfy the above requirement 
five layers of ethylene glycol plates were immersed in 

4 3 
liquid He, which was cooled by liquid He from the 19 outside through a heat exchanger of copper fins. 

The typical polarization of proton is 75% and the 
polarization of neutrons after passing through the filter 
is 72% and 70% at 0.7 eV and 3 eV, respectively. 

We are much indebted to Profs. Y. Masuda, Y. Mori, 
H. Shimizu and Y. Yamaguchi for giving us useful 
information. 
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STORAGE CELL TARGET FOR POLARIZED PROTON AND 
ANTIPROTON RINGS 

W. HAERERLI 
Dept. of Physics, University of Wisconsin, Madison, WI 53706, USA 

Abstract It has been shown that the density of polarized gas targets can be 
increased by at least two orders of magnitude over that achieved with polar
ized jet targets by injecting the polarized atoms into a vessel ("storage ce i r ) , 
which has suitable openings for passage of the charged particle beam and for 
admittance of the atomic beam. This paper describes recent studies at the 
University of Wisconsin and at the Max Planck Institut, Heidelberg in which 
the degree of target polarization was measured by two different methods for 
different wall temperatures and different wall coatings. We also describe the 
progress in preparing the use of a storage cell in the Test Storage Ring at Hei
delberg. The experiment plans to test the spin filter method to polarize the 
circulating beam in the ring by spin-selective attenuation in a polarized inter
nal gas target. The aim of this test is to demonstrate feasibility of polarizing 
the anfiprolons in LEAR. 

INTRODUCTION 

The insertion of a polarized gas target in a proton or antiproton storage ring would 
make possible a wide variety of new experiments, particularly if the beam circulating 
in the ring is polarized as well. We envision filling a storage ring to the space 
charge limit with highly polarized ions, and maintaining the particles and their 
polarization for periods up to several hours to a day. We envision ramping the 
ring up and down in energy, so that the energy dependence of the cross section can 
be explored in minute detail and even the narrowest structure is revealed. Even 
though the beam will pass various depolarizing resonances, and even though the 
machine has imperfections, the beam polarization will be maintained in whatever 
direction we desire by the use of suitable spin precessors, which cancel the effects 
of depolarizing spin precessions evm after some 10 1 0 or 1 0 n revolutions. The 
target will consist of isotopically pure, highly polarized gas atoms. The sign of the 
polarization can be reversed within milliseconds, and the polarization direction can 
be chosen at will without affecting the circulating beam. For deuterons, one can 
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choose vector or tensor polarization and can switch hack and forth between them 
within milliseconds. Low energy recoil particles originating in the target can he 
detected even if their energy is only a fraction of an MeV. For an antiproton ring, 
for which the circulating beam is initially unpolarized, spin correlation experiments 
can nevertheless be done, since the circulating beam will slowly become polarized 
during the day as the antiprotons of one spin direction become more depleted than 
the antiprotons of the opposite spin direction in passing through the target. 

It is not yet clear that all parts of this dream will come true. One of the difficult 
problems is the development of polarized gas targets of hydrogen and deuterium of 
sufficient thickness to achieve the required luminosity. While the use of polarized 
atomic beams as targets (so called polarized jet targets) has been discussed for a 
long time, the density achieved in polarized jets is far below the 10 1 4 a toms/cm 2 

needed for man}' applications. Below, we will discuss the possible use of storage cells 
to enhance the target thickness by two orders of magnitude or more. We will also 
discuss planned applications of a storage cell in the test storage ring in Heidelberg 
and in the low energy antiproton ring (LEAR) at CERN. 

ENHANCED TARGET THICKNESS BY USE OF STORAGE CELL 
We have proposed 1 to increase the target density compared to that obtained with 
a polarized jet target by injecting the atomic beam into a cell. The cell has an 
opening for injection of the atomic beam, and apertures for entry and exit of the 
circulating beam. Rather than passing through the circulating beam only once, as 
they do for a jet target, the atoms undergo several hundred collisions with the wall 
of the cell before leaking out, and thus offer a much improved economy of polarized 
atoms, i.e. a much increased target thickness. A first test of this idea was reported 
by the group at Wisconsin already in 1980. 

The density of atoms in the storage cell is proportional to the number N of 
atoms injected per second, and inversely proportional to the combined gas conduc
tance C of the openings of the cell: p = N/C. For example, three tubes of 10 cm 
length and diameter 7 mm have a combined conductance of 6.2 1/s for room tem
perature hydrogen. Thus N = 6 x 10 1 6 a tom/s injected into the cell yields a target 
density of 10 1 3 a toms/cm 3 . If the detection system can accept events from a target 
region of 10 cm length, the corresponding target thickness is 10 1 4 a toms/cm 2 , a 
gain of about two orders of magnitude compared to the corresponding jet target. 
The gain is higher or lower, depending on the cell apertures required to admit the 
circulating beam and the atomic beam. The only other parameter available to af
fect the gas conductance is the wall temperature of the storage cell. Cooling the 
cell increases the target thickness since the gas conductance decreases in proportion 
to the velocity of the atoms in the cell. 



Storage cells obviously have several negative aspects, such as depolarization 
of the target, atoms in the several hundred wall collisions which they may suffer 
in the cell, interference of the storage cell apertures with the circulating beam of 
the storage ring, and interference of the cell wall with outgoing charged reaction 
products. 

STUDY OF WALL DEPOLARIZATION IN STORAGE CELLS 

In connection with the construction of the hydrogen maser, Kleppner et. a l . 3 discov

ered that polarized hydrogen atoms survive several thousand wall collisions without-

significant depolarization. The interest in storage cells for nuclear physics appli

cations has led the group at Wisconsin to study wall depolarization for different 

wall treatments under conditions where an ion beam is passing through the storage 

cell, thus simulating more closely conditions expected in actual use of storage cell 

targets. In parallel to these studies, at Heidelberg a test method was devised in 

which the polarization of the atoms emerging from the target cell is probed. In 

both cases the wall temperature was varied to determine if a significant increase 

in target thickness can be obtained by cooling gas in the cell, without at the same 

time loosing polarization. 

The arrangement used in Heidelberg is described in Ref. 4. Atoms diffusing 
out. of the cell are excited by electron bombardment with a beam of 100 eV electrons 
of about 1 in A intensity. The polarization of the atoms is deduced from the circular 
polarization of the Balmer radiation which is subsequently emitted by the atoms. 
To measure the circular polarization, the light is passed through a suitable analyzer 
(A/4-plate and linear polarizer) and an interference filter, followed by detection of 
the photons in a cooled photomultiplier. The modulation in the photomultiplier 
out put as the A/4 plate is rotated gives a measure of the polarization of the atoms 
leaving the target. Background is suppressed by a lock-in technique using me
chanical chopping of the atomic beam. The device is calibrated by measuring the 
polarization of the atomic beam without, the presence of the storage cell, i.e. in the 
absence of wall depolarization. The observed modulation of the count rate asso
ciated with polarization reversal is about 17%. The device is sufficiently compact 
to serve as a monitor of cell wall conditions when the storage cell is installed in a 
storage ring. 

Fig. 2 shows an example of measurements on hydrogen atoms emerging from 
a cell where they have suffered about 1000 wall coll isions 5 . For wall coatings of 
Teflon, Fomblin oil and Fluorel (Viton) , the polarization for wall temperatures 
between room temperature and 100 K is rather constant and is in the range 65 to 
75%. For aluminum the polarization rises from a small value at room temperature 
to nearly 50% for wall temperatures between 100 and 200 K. 
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FIGURE 1 Measurements at Heidelberg of the polarization of hydrogen 
atoms emerging from the storage cell for different wall coatings as a 
function of cell temperature. The measurements are from Ref. 5. 

In the test method developed at Heidelberg, measurements of the intensity of 
the Balmer line yields information about recombination of atoms on the surfaces of 
the cell, since electron excitation of molecules leads to much less Balmer radiation 
than excitation of hydrogen atoms. It was found, for instance, that for bare alu
minum walls the intensity of the Balmer radiation at room temperature is only a 
tenth of that for the three coated cells, but. increases to 40% of the usual intensity 
as the cell is cooled, to decrease again below 80 K. For all cells tested, the light 
intensity decreases drastically below about 50 K, indicating that recombination is 
important at low wall temperatures. It is to be noted, however, that the Heidel
berg test method essentially measures the degree of polarization of the hydrogen 
atoms emerging from the cell, and does not respond to depolarization associated 
with recombination of atoms on the surface. 

The method in use at the University of Wisconsin has previously been de
scribed in some detail. Briefly, it consists of passing a 50 keV D + beam through the 
target cell, where some of the D + ions pick up a polarized electron from the polarized 
target atoms. The resulting fast Do atoms acquire nuclear polarization by hyperfine 
interaction with the picked-up polarized electron. The resulting deuteron tensor po
larization is detected by the anisotropy of neutron emission from the H(d,n) He 
reaction initiated by the 50 keV Do beam. In the absence of target depolariza-
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tion, the neutron anisotropy is expected to be 11%. Careful measurements on a 
lotion mated roll with 120 wall collisions showed a constant target polarization of 
(88 ± 2)% for wall temperatures between 150 K and 300 K. An additional error of 
about 4% must be added for possible systematic errors. It must be noted that all 
polarization values quoted here are relative to an ideal polarization value of P = 0.5 
for the setup used, in which the atoms from an atomic beam source without RF 
transitions are inspected in a weak magnetic field. 

Since the last, progress report 6 at. the High-Energy Spin Conference in Min
neapolis, measurements have been taken with an improved test system. The old sys
tem with diffusion pumps and elastomer gaskets was replaced with a new stainless 
steel system with metal gaskets, pumped by turbo- and cryo-pumps. In addition, 
the probe beam is now momentum analyzed so that the uncertainty arising from 
neutron production by Dj -component, of the beam is eliminated. Finally, the new 
system aliows cells to be cooled down to 25 K to study the temperature dependence 
of the target polarization. 

Measurements were made on cells with different diameters (6.3 mm, 10.0 mm, 
15.9 mm) and different lengths (193 mm, 153 mm, 140 mm). In all three cases the 
length of the entry lube for the atomic beam was about 150 mm. The diameter of 
the entry tube was chosen as 10 mm in order to accommodate the diameter of the 
atomic beam. In the average, the atoms in these three types of cells have suffered 
380, 150 and 40 wall collisions previous to being hit by the beam. The number of 
wall collisions was calculated from a computer simulation which takes into account 
the actual geometry of the cell. 

As an example, results for three different aluminum cells coated with FEP120 
Teflon are shown in Fig. 2, together with a measurement for a 150 wall collision 
cell coated with Fomblin oil. Other wall coatings studied include Fluorel (Viton), 
Kapton, Dryfilm, and aluminum oxide. An uncoated nickel cell showed no mea
surable polarization at any temperature. For these measurements the sudden field 
reversal method was used, which introduces an additional uncertainty in the abso
lute polarization calibration because the results depend somewhat on the transition 
probability of the Sona transition. Thus the absolute polarization scale is not as 
reliable in these cases as the value given in the preceding paragraph. 

One notes in Fig. 2 that the room temperature polarization is nearly the 
same for teflon coated cells with 40, 150 and 380 wall collisions. This suggests 
that at room temperature there is no significant, wall depolarization. As the wall 
temperature is lowered, the polarization decreases, presumably because the atoms 
spend an increasing amount of time in interaction with the wall. At 80 K, the cell 
with 380 wall collisions has lost about half of the initial polarization, while the cell 
with 40 wall collisions still retains most of the initial polarization. 
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FIGURE 2 Measurements at. Wisconsin of the polarization of hydro
gen atoms in storage cells coated with teflon and Fomblin as a function 
of cell temperature for different number of wall collisions No-
The curves in Fig. 2 are based on a simple model of wall depolarization.' The 

assumption is that in each collision the atoms stick to the surface for some length 
of time, with a mean slicking time r characterized by r = TaeED^kT, where E b 

characterizes the binding energy of the atom on the surface. The time dependence 
of the polarization of the atom is described by a relaxation time TR. With ''»ese 
assumptions one can derive the average polarization of a population of atoms which 
has made in the average No wall collisions prior to being sampled, with the result 

< P>=Po[l + N 0(^)e E D/ k T] (1) 

In Fig. 2, the three curves for teflon are all based on the same parameters: 
E b = 40 meV, TO/TR = 1.7 x 10 5 . 

Obviously there is still a number of open questions. One question is why the 
measurements at Heidelberg give significantly lower polarization than at Wiscon
sin, in spite of the fact that the Wisconsin measurements do include depolarization 
effects arising from recombination, while the Heidelberg measurements do not. It is 
unlikely that the difference arises solely from the larger number of wall collisions in 
the Heidelberg setup. Another puzzling observation is that in both sets of measure-
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meiits the polarization is the same for a number of different wall coatings and nearly 
independent of wall temperature from room temperature down to about ISO K. 
Independence from temperature (Wisconsin and Heidelberg measurements) and in
dependence from number of wall collisions (Wisconsin measurements) suggests that 
there is very little wall depolarization for these coatings at room temperature, while 
the absolute calibration measurements indicate that the actual polarization is well 
below 100%. This possibly suggests another depolarizing mechanism which is inde
pendent of temperature and independent of number of wall collisions, and which is 
more important in the Heidelberg tests than in the Wisconsin tests. So far the cause 
is unknown. It was suggested that the cause may be nonadiabatic transitions in 
magnetic field inhomogenities, but. recent tests at Wisconsin show that the target 
cells are quite tolerant of deliberately introduced large magnetic field perturbations. 

TARGET THICKNESS 

Willi the test method used at Wisconsin it is possible to determine the target 
thickness traversed by the D + beam from the neutron count rale per microam
pere deuteron beam. Calibration of the count rate in terms of target thickness is 
accomplished by admitting a known pressure of gas to the storage cell vessel, and 
correcting the count rate for the different electron pick-up cross section of the H gas 
compared to the gas used for calibration. 

The measured target thickness for a room temperature cell with 380 wall 
collisions (cell length 150 mm, cell diameter 6.3 mm ) is ( 1 . 0 ± 0 . 1 ) x l 0 1 3 a toms/ cm 
with 0.5 x 10 , f i a toms/s injected into the cell. For this cell, the gain in target 
thickness compared to using the same atomic beam as a jet target is 400. The 
average dwell time of the atoms in the cell is calculated to be about 1.6 ins. As a 
function of target temperature T, the target thickness is found to increase accurately 
like T - ' / 2 down to 30 K, but the gain in target thickness from cooling the cell walls 
is limited to about 100 K by the decrease in target polarization at low temperature 
(Fig. 2). 

LUMINOSITY AND COUNT RATE 

It is interesting to briefly illustrate what luminosity and count rates one might be 
able to obtain by inserting a polarized gas target in a storage ring. The space charge 
limit of particles stored in a low energy storage ring (TSR, Heidelberg; Cooler ring, 
II 'CF; LEAR) is about 10" stored particles with a revolution frequency of about 
10 s Hz, corresponding to 10 ! l particles/s passing trough the target. It may be 
mentioned in passing that the number for high energy rings is quite similar: the 
CERN collider, for instance, has six bunches of 1.6 x 1 0 n protons/bunch, with a 
circulation frequency of 43.4 kHz, which corresponds to 4 x 10 1 6 protons/s. For a 
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polarized storage cell target, of thickness 1 0 H a t o m s / c m 2 the luminosity is thus of 

the order 10 m r V . Even if we assume a safety factor of 10, the event rates 

are still very encouraging. Assume for instance that, one wishes to measure the 

analyzing power for pp elastic scattering at 340 MeV/c in LEAR. At. this low mo

mentum the number of antiprotons stored in the ring is about 1 0 1 0 . We assume a 

target of 10 polarized a t o m s / c m 2 . With a laboratory cross section of 10 m b / s r 

(experiment. PS 173) and a detector solid angle of 0.1 sr one experts 1000 counts / s 

for each detector. Thus the analyzing power, which is of the order A = 0.2 (ex

periment PS 172), can be measured with a statistical accuracy of ± 5 x 1 0 ~ 3 in one 

minute! This is far beyond what can be achieved with an external beam of antipro

tons and a conventional external polarized target. In addition the internal target 

has other important advantages, such as freedom of contamination by other atoms, 

polarization reversal within milliseconds by switching RF transitions in the atomic 

beam source without any change in magnetic field at the target, thus eliminating 

instrumental asymmetries to very high accuracy. 

POLARIZING A N T I P R O T O N S BY T H E SPIN FILTER 

Already in 1968, Conka proposed 8 that particles circulating in a storage ring can 

in principle be polarized by passing them through an internal polarized target of 

suitable thickness. The idea can be described as spin-selective attenuation if the 

circulating beam, namely the preferential removal of spin-down pait ides in the 

circulating beam if the spin-down particles have a larger removal cross section in 

passing through the polarized target than the spin -up particles, or vice versa. 

The idea has never been exploited, because even for polarized jet targets the po

larization buildup time is much too long. However, in recent, years, the FILTEX 

collaboration (spokesperson E. StefTens, Heidelberg) has proposed to exploit, the 

anticipated increased target thickness attainable with storage cells to polarize the 

anliproton beam in LEAR. This experiment has been discussed repeatedly at var

ious c o n f e r e n c e s , 9 - 1 2 so that a brief review will suffice. In order to calculate the 

polarization buildup time one needs to know the difference in cross section between 

parallel spin and antiparallel spin between p and p. This cross section difference 

is not known, but. theoretical e s t i m a t e s 1 3 are of the order fiO nib at 340 M e V / c , 

compared to a spin-independent cross section of 200 mb, to which one needs to add 

another 50 mb to account for Coulomb losses. The result is that the polarization 

builds up to about 10% in 12 hours, while during the same t ime the beam intensity 

is attenuated by the target by about a factor ten. The method thus requires very 

long beam life t imes and very long polarization life t imes. In addition, because 

the spin-dependent cross section is relatively small, it takes extremely long t imes 

to reach large polarizations. Nevertheless, in spite of this the attainable luminos-



iiy is much superior to what can be achieved by polarizing an external beam of 
antiprotons by scattering. 

The FILTEX proposal to polarize autiprotous in LEAR by the spin-filter method 
has been given provisional approval under the condition that the feasibility of the 
method be first, demonstrated in a proton storage ring. 

PROOF OF PRINCIPLE AT THE HEIDELBERG TEST STORAGE RING 
The spin-filter principle is to be tested with a circulating beam of 30 MeV protons 
(240 MeV/c) in the test storage ring (TSR) in Heidelberg. The target will consist 
of a storage cell of length 25 cm and 1 cm diameter. The atomic beam source to 
feed the storage cell is being constructed at. Heidelberg, as described in more detail 
in a talk by Steffens at this workshop. The expected target thickness with the cell 
at room temperature is 0.8 x 10 a toms/cm 2 . The polarization buildup is much 
more favorable in this case than for antiprotons, because the spin-dependent cross 
section (SO mb) is quite comparable to the spin independent cross section (105 mb). 
The initial polarization buildup is expected to be 2.6%/hour. The TSR has been 
shown to be capable of very long beam life times. With electron cooling, beam 
lifetimes of 36 hours have been observed in the absence of an internal target. In the 
presence of the target, the calculated beam life time is 5 hours. Circulating beams 
of 1-2 mA have been observed. It is assumed that the long beam life times will 
be maintained in the presence of the storage cell, since the cell will be in a \ovr-j3 
section and should not limit the ring acceptance. The beam diameter in the cell 
(lrr) is expected to be 1 mm, compared to the cell aperture of 10 mm. 

A specially designed scattering chamber (see Fig. 7 of Ref. 12) containing the 
storage cell has been built. It is planned to insert the chamber in the ring in 1990 
during the summer shutdown. The scattering chamber itself is pumped by 10,000 
1/s cryopumps and differential pumping to the ring is provided by NEG pumps. 
Scattered protons will be detected on scintillation counter telescopes, which are in 
a separate low-pressure region separated from the high vacuum in the scattering 
chamber by Kapton foils. The polarization of the circulating beam will be deter
mined from the change in count rate when the target polarization is reversed for a 
short period of time, i.e. from the spin-spin cross section. 

CONCLUSIONS 

The use of polarized gas targets in proton and antiproton storage rings will make it 
possible to carry out interesting new experiments, provided target thicknesses of at 
least 10 1 3 a toms/cm 2 can be achieved. Production of polarized antiprotons by the 
spin filter method becomes feasible with a polarized hydrogen target, thickness of 
10 1 4 a toms/cm 2 . It is shown that these goals can be achieved by injecting a jet of 
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polarized atoms into a storage cell in order to increase the target thickness by two 
orders of magnitude or more over that obtained with the free jet. Measurements of 
target polarization in the presence of an ion beam passing through the cell siiow that 
a polarization greater than 80% can be maintained in cells in which the atoms suffer 
some 400 wall collisions. A test of a storage cell is planned in the near future at the 
Test Storage Ring (TSR) in Heidelberg in order to show the feasibility of operating 
a small-aperture, high-density polarized gas target in a ring and, hopefully, to 
demonstrate that a circulating beam of protons can be polarized by the spin filter 
method. 
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POLARIZATION OF ATOMIC BEAMS AND TARGETS BY OPTICAL PUMPING 

L. W. ANDERSON Physics Department, University of Wisconsin, 
Madison, Wisconsin USA 

Abstract The polarization of an alkali atomic beam or an 
alkali vapor storage cell by laser optical pumping is discussed. 
The polarization obtainable in an atomic beam is determined by 
the laser intensity, the atom-laser interaction time, and 
radiation trapping. For a 1 cm diameter atomic beam produced by 
effusion from an oven with optical pumping parallel to the 
atomic beam axis and in a low magnetic field the maximum beam 
intensity that can be polarized by optical pumping is about 
3x10 5 atoms/sec. The polarization that can be obtained in a 
gas storage cell is determined by the laser intensity, the 
relaxation time, and radiation trapping. For a 1 cm diameter 
cell with a relaxation time of 10 sec and in a low magnetic 
field the maximum density target that can be polarized by 
optical pumping is about Hx10 atoms/cm3. A higher density 
polarized target may be possible using spin exchange with an 
optically pumped alkali. 

I. INTRODUCTION 

Polarized alkali atomic beams or alkali vapor storage cells can be 
prepared by laser optical pumping. Optical pumping produces 
polarized atoms by the absorption of circularly polarized light 
followed by spontaneous emission. The polarization of an atomic beam 
or storage cell is of current interest. A polarized atomic beam or 
storage cell can serve either as a polarized charge exchange target 
for the production of polarized ions or as an internal polarized 
target in a storage ring. For example the optically pumped polarized 
H~ ion sources at KEK, 1 > 2 TRIUMPH,^ Los Alamos,** and Moscow5 all use 
optically pumped alkali storage cells as polarized charge exchange 
targets for producing polarized H~ ions. This paper discusses the 
polarization of alkali beams or storage cells by optical pumping with 
emphasis on the differences between beams and cells. Techniques are 
available for optical pumping of all the alkali metal vapors using 

O f\ 1 fl 
dye lasers or Ti-sapphire l a s e r s . - ' In order to make the 
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discussion concrete we shall focus on the polarization of ^Ha or Li 
by optical pumping. The nuclear spin of -->Na is 3/2 so that there 
are two ground hyperfine levels with total angular momenta 2 and 1. 
The ground level hyperfine splitting is A v H S F = 1771 MHz. The 

? P 
3 1/2~*3 p i / 2 absorpt ion occurs at 559.6 nm. The E ins te in A constant 
for the 3 2 P 1 / 2 l eve l of Na i s A = 6 x 1 0 7 s e c - 1 . The Doppler width of 

the 3 s i / 2 _ > ' ^ " P 1 / 2 absorption in Na i s 

AvD = 2(c/AM2£n2 k T / m c 2 ) 1 / 2 = 1.7x109Hz at T=600K. The op t ica l 
absorption cross sect ion at l i n e center for the S ' ^ i / p ^ ^ P i / p 
t r a n s i t i o n for Doppler broadening i s 0Q={ \ / 8TT)A(2 /AV D ) (S,n2/'T) 1^ 2 = 
i».iJx10 - 1 2 cm 2 a t T=600K. The nuclear spin of 6 Li i s 1 so that there 
are two ground hyperfine l eve l s with t o t a l angular momenta 3/2 and 
1/2. The ground leve l hyperfine s p l i t t i n g i s 228MHz. The 
2 2 S 1 / , p - + 2 2 P 1 / 2 absorption of °Li occurs at 671.0 nm. The Einstein A 
coef f ic ien t i s 3.7x10^ s e c - 1 . The Doppler width for the 
2 2 S 1 / 2 ^ - 2 2 P 1 / 2 absorption in 6 L i i s AvprU.PxIO 9 '^ at BOOK. The 
op t i c a l absorption cross sect ion at l i n e center for Doppler 

— 12 ? broadening i s 1.6x10 "^cm-. 

I I . THE OPTICAL PUMPING OF AN ATOMIC BEAM 

An atomic beam has a large component of ve loc i ty (v^>4cT/m) p a r a l l e l 
to the atomic beam a x i s . The component of ve loc i ty perpendicular to 
the atomic beam axis is small . For an atomic beam formed using 
effusion from an oven, the spread in the component of the veloci ty 
p a r a l l e l to the atomic beam axis i s l a r g e . For an atomic beam j e t 
formed using a supersonic nozzle the spread in the component of the 
ve loc i ty p a r a l l e l to the beam axis can be small due to the ad iaba t ic 
cooling that occurs as the beam emerges from the nozz le . The beam 
i n t e n s i t y in atcms/sec for v e l o c i t i e s between v and v+dv for a beam 
produced by effusion from an oven at a temperature T i s given by 
I(v)dv = 2 I 0 v 3 e x p - 7 " ^ dv/a , where « = (2kT/m) 1 / 2 , and I Q i s the 
t o t a l i n t e n s i t y in tegra ted over a l l v e l o c i t i e s . " The number of 
atoms per cm^ in the beam with a ve loc i ty between v and v+dv i s given 
by I(v)dv/v = 2 I c v 2 e x p - v 2 / a

2 d v / U A , where A i s the c ross sec t ional 
area of the beam. An atomic beam can be polarized by laser op t i ca l 
pumping with the laser beam axis e i t he r p a r a l l e l or perpendicular to 
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the atomic beam axis. The static magnetic field must be parallel to 
the laser beam axis. The polarization of the atoms in the atomic 
beam is respectively either parallel or perpendicular to the atomic 
beam axis. The two situations with optical pumping parallel or 
perpendicular to the atomic beam are sufficiently different that they 
are discussed separately. 

(A) Optical Pumping in a Weak Magnetic Field with the Laser Beam Axis 
Parallel to the Atomic Beam Axis. 
For optical pumping with the laser beam and the static magnetic field 
parallel (or antiparallel) to the atomic beam the spread in the 
atomic velocities parallel to the atomic beam results in a spread in 
atomic absorption frequencies.- A tunable laser such as a cw dye 
laser can be used for the optical pumping. The narrow band width of 
the cw dye laser causes problems associated with adequate frequency 
coverage of the ground level absorption profile. If the laser beam 
is nearly parallel to the atomic beam axis then the absorption line 
shape is given by 

g(v-v0) = K6(v-v 0) 2exp-S ( v- vo )" ( 1 ) 

where 3=mc 2/(2v 2kT) and K = H 3 1 / 2 / / T T where v>y 0 . The absorption l i n e 
has a maximum at v-v 0 =8~ a n d has a ful l width at ha l f maximum of 
AvB=1.7 ~ . For a 2^Na beam produced by effusion from an oven at 
T=600°K the fu l l width at ha l f maximum i s AvB=1.7x10 9H which i s 
near ly the same as the Doppler width of a 2^Na vapor s torage c e l l at 
the same tempera ture . In a low magnetic f ie ld the absorption of each 
ground hyperfine level has the width AvB so tha t for a "-->Na beam the 
t o t a l width of the ground level absorption i s given by 
Av=Avo+AVtips=3.,4x10°Hz. For o p t i c a l pumping the l a s e r must provide 
coverage of the frequency bandwidth Av. If the j e t i s formed by a 
supersonic nozzle then the v e l o c i t y spread in the d i r e c t i o n p a r a l l e l 
to the atomic beam axis can be small and the absorpt ion p ro f i l e for 
each ground hyperf ine level i s correspondingly sma l l . 

The frequency coverage can be obtained by the following methods; 
( i ) the use of several in tense s i n g l e mode dye l a s e r s with 
appropr ia te ly spaced frequencies to burn holes t ha t cover the 
absorption I ine1»2t6 ( i i ) the use of a multimode l a s e r with a band 
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width tha t i s about the same as the width of the absorpt ion 
p rof i l e ,3 t< or ( i i i ) the use of an in tense flash lamp pumped dye 
l a s e r . 5 » 9 

In an atomic beam there are few c o l l i s i o n s and the spin 
re laxa t ion r a t e Tj i s very smal l . The po la r i za t ion tha t can be 
produced by l a s e r op t i ca l pumping i s determined by the laser 
i n t e n s i t y , by t he atom-laser i n t e r a c t i o n time, and by rad ia t ion 
t rapp ing . In an experimental se t up the laser beam axis might make a 
small angle with the atomic beam a x i s . The atom-laser i n t e rac t ion 
time i s equal to the time for an atom to cross the l a se r beam. 

In order to make an es t imate of the po l a r i za t i on tha t can be 
obtained using o p t i c a l pumping we have solved the r a t e equations for 
an "ideal ized a l k a l i - m e t a l " atom with an e lec t ron spin of 1/2 and 
zero nuclear sp in using the same nota t ion and approximations as in 
Ref. 11. The equat ions needed to c a l c u l a t e the po l a r i z a t i on are 
i den t i ca l to equat ions 1-11, and A1 - A15 in Ref. 11 except that 
TT =0. The normalized l i ne shape used in these equat ions i s 
d i f fe ren t for an atomic beam than the Doppler l i n e shape for the gas 
s torage c e l l . The l i ne shape for emission or absorpt ion p a r a l l e l to 
the atomic beam axis i s given by Eqn. 1 in t h i s paper . The l ine 
shape for emission perpendicular to the atomic beam axis i s the 
na tura l l i ne shape. Since the n a t u r a l l i ne width, A\ ,

H =A/2TT=10'HZ, i s 

much less than the l i ne width p a r a l l e l to the atomic beam axis we 
take the l i ne width perpendicular to the atomic beam axis as ze ro . 
The l ine shape for emission at an angle 6 to the magnetic f ie ld 
depends on both v - v o and 8. The l i n e shape i s given by 

Sn 2kT ' | c o s 3 e , ' 2 k T V c o s - 6 

Numerical s o l u t i o n s of the r a t e equat ions are ca lcu la ted for a given 

c e l l densi ty as a function of the time yie lding the po la r i za t ion as a 

function of the t ime . Fig. 1 shows the po la r i za t ion as a function of 

t he t o t a l dens i t y , N, in the atomic beam calcula ted for an atom-laser 

i n t e r ac t i on time of 10~^sec. The parameters for F ig . 1 are R=0.5 cm, 

T=600°K atomic mass m=23, X=539 nm, and X=6.1x10^sec~ 1. These are 

appropr ia te for an " ideal ized" Na atom. The r e s u l t s can be scaled to 

other d e n s i t i e s or beam diameter s ince the s t a t e populat ions and the 

(v_v ) 2 m c - l v - v 0 ) " 
g ( v - v 0 ) = — ( — ) 3 / 3 2_ ,exp- 2 ?Z • < 2 > 
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pola r i za t ion are a function of NR on ly . Tf the atomic beam je t i s 

produced using a supersonic nozzle r a the r than by effusion then the 

spread of v e l o c i t i e s p a r a l l e l to the beam axis w i l l be small and the 

r ad i a t i on t rapping wi l l become severe at lower values of the atomic 

dens i ty in the beam. 

4s can be seen from Fig. 1 for a uniform l i g h t i n t e n s i t y of 0.5 

Watt covering the atomic beam one can not produce a high po la r i za t ion 

in a beam with an atomic densi ty of grea te r than about 1 0 1 1 

atoms/cm^. The beam in t ens i t y corresponding to t h i s dens i ty i s 

estimated by mul t ip ly ing the dens i ty in the beam by the most probable 

ve loc i ty of an atom in the beam which for Na at 600K i s about 

10-*cm/sec times the cross s ec t iona l area of the beam. The i n t e n s i t y 

of the beam i s IA=8x10 - 'atoms/see. 

10 

FIGURE 1 The polarization as 
as a function of the atomic 
density. The various plots 
correspond to the following: 
1 low field parallel pumping 
of an atomic beam, 2 low field 
perpendicular pumping of an 
atomic beam, 3 low field 
pumping of a cell, 4 high 
field parallel pumping of an 

•IQ13atomic beam, and 5 high field 
pumping of a cell. For 1, 2, 
and 4 the atom-laser inter
action time is 10~^s and for 

10 10 
Atomic Density 

Atoms/cc 
3 and 5 the relaxation time Tj=10 "s. For all plots the laser power 
is 0.5W distributed uniformly across the beam or cell and distributed 
uniformly in frequency across the laser absorption profile. For 1, 
2, and 3 the polarization depends only weakly on the atom-laser inter 
action time or the relaxation time. 

B. Optical Pumping in a Weak Magnetic Field with the Laser Beam Axis 
Perpendicular to the Atomic Beam Axis. 
The second case to be discussed is the optical pumping of an atomic 
beam jet with the laser beam (and the static magnetic field) 
perpendicular to the atomic beam. Since the component of the 
velocity perpendicular to the atomic beam is small. The width of the 
laser absorption out of each ground hyperfine level is also small. 
Methods of polarizing atomic beams of either Na or Li by optical 
pumping have been developed. In a low magnetic field the primary 
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problem is to optically pump atoms in hoth ground hyperfine levels. 
Atomic beams of °Li have been polarized using optical pumping by 
passing a single frequency laser beam through an acousto-optical 
modulator (AOM) to generate two light beams differing in frequency by 
the 228 MHz ground level hyperfine splitting of Li so that light is 
absorbed by both ground hyperfine levels. Optical pumping of Li 
has also been accomplished using a single frequency laser by 
splitting the laser beam into two beams, one incident perpendicular 
to the atomic beam axis to pump one hyperfine level and the other 
incident at a small angle to pump the other hyperfine level via the 
Doppler shift that results from the velocity of atoms in the atomic 
beam. ' Atomic beams of -^Na have been polarized using optical 
pumping by using a single frequency laser to pump the F=2 ground 
hyperfine level and using a 6-pole magnet to eliminate atoms in the 
F=1 ground hyperfine level,"• by using two single frequency 
lasers, one to pump the the F=2 ground hyperfine level and the other 
to pump the F=1 ground hyperfine level, by using a single frequency 
laser to pump the F=2 ground hyperfine level and m=0 rf transitions 
to mix the F=2 and F=1 levels, ̂  by using a single frequency laser 
with a double passed AOM to pump both the F=2 and F=1 levels 1 6 and by 
using a multimode laser to pump both the F=2 and F=1 levels. The 
last method is improved if the bandwidth of the laser matches the 
absorption profile and if one rapidly modulates the cavity length so 
that the frequencies of the modes are rapidly varied by many free 
spectral ranges. ' The state populations can be probed using a 6-pole 
magnet or by laser induced fluorescence in an intermediate 
field. ' " Once the system is pumped into the F=2, m=2 state, 
adiabatic transitions in an intermediate field can be used to 
transfer the atomic population into other states. 

Collisional relaxation in the atomic beam is small. The 
polarization that can be produced is determined by the laser 
intensity, by the atom-laser interaction time, and by radiation 
trapping. In order to discuss the emission or absorption line shape 
for optical pumping perpendicular to the atomic beam axis we take the 
direction of the magnetic field, which is also the direction of the 
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laser beam, as the z axis and the direction of the atomic beam as the 
y axis. The normalized line shape 

Hvv0,W = ^ - < =£= ) 3 / 2 ° exp-[ ° ] (3) 
/ i " 1 I s i n ^ e l l s i n ^ l 2kTv^sin 2esin^()) 

where 8, and <j> are the angles in spher ica l coo rd ina t e s . 
In order to ca l cu la t e the po l a r i za t i on one so lves the r a t e 

equations for the ideal ized a l k a l i atom. The r a t e equations are 
s imilar to the r a t e equations given in Ref. 11 except that the l i n e 
shape i s d i f f e r en t and that the i n t eg ra t ion must include an 
in teg ra t ion over <J>. The only other change in the r a t e equations i s 
tha t the upper l imi t for the i n t e g r a t i o n over r i s 
R/(cos 9+sin-0cos 4>) ra ther than R/sin9. The po la r i za t ion 
calcula ted as a function of the t o t a l atomic dens i ty in the beam for 
an atom-laser i n t e r ac t i on time of 10 "-'see i s shown in Fig. 1. 

C. Optical Pumping in a Strong Magnetic Field with the Laser Beam Axis 
Pa ra l l e l to the Atomic Beam Axis . 
In a strong magnetic f ie ld the s t a t e s in the ground leve l are 
described by the quantum numbers mg and m-j. For o p t i c a l pumping in a 
strong magnetic f ie ld and with the l a se r beam p a r a l l e l to the atomic 
beam the l a se r beam must be absorbed by the l e v e l s with m<j=-1/2, m^ 
where m̂  can take a l l the poss ib le va lues . Since the energy l e v e l s 
described by m^f m-j- and m$, mj+1 are separated by Avups/lt the ground 
level absorption from the s t a t e s with m<5=-1/2, and the various values 
of mx has a t o t a l width Av=AvB+3/ !«AvHpS=3x10^?Jz. The op t i ca l pumping 
laser must provide frequency coverage over t h i s r ange . The op t i c a l 
pumping techniques described in Sec. TIA can be u t i l i z e d to po l a r i ze 
the atomic beam. 

Again in order to analyze the s t a t e populat ions one must solve 
the r a t e equa t ions . The r a t e equat ions for the o p t i c a l pumping of an 
atomic beam in a high magnetic f i e l d and with the l a s e r beam and the 
magnetic f i e ld p a r a l l e l to the atomic beam axis are s imilar to the 
r a t e equations in Ref. 22 except t ha t the l i ne shape i s tha t of 
Eqn. 2 in t h i s paper. The p o l a r i z a t i o n ca lcula ted as a function of 
the t o t a l beam densi ty for a l a s e r i n t e rac t ion t ime of 5x10 sec i s 
shown in F ig . 1. 
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III. STORAGE CELL TARGETS 

Alkali vapor storage cells have been polarized by optical pumping. 
The laser frequency coverage for optical pumping of a storage cell 
can be obtained using the techniques described in Sec. IIA. The 
polarization that can be produced in a Na vapor storage cell by 
optical pumping is determined by the laser intensity, by the Na 
relaxation time, and by radiation trapping. 

(A) Relaxation Rates for Polarized Na Storage Cells. 
Both the polarization and density of an optically pumped target are 
increased by a long ground level relaxation time. The relaxation of 
an optically pumped polarized Na vapor has been studied."-"" The 
results are summarized in Table 1. 

TABLE I. Na vapor wall relaxation times. The relaxation time 
has been converted into the equivalent number of wall collisions 
Material 

stainless steel--* 
,24 Cu£ 

Cu 2U 
Graphite23 

Anodized A l 2 3 

chrome plated C u 2 3 

Teflon 2 3 

Fluorocarbon rubber 
Viton 2 3 

Fluorel 2 3 

Silicone rubber 3 

RTV 31 '»523 

Dryfilm 
On glass23>1000 
On m e t a l 2 3 

Number of wall c o l l i s i o n s 

1 

1 low magnetic field 
4 magnetic field of 12 kG 
1 
1 
1 
1 

20 
15 
150 
200 

>1000 

Walls made of or coated by silicone rubber or dry film have electron 
spin relaxation times corresponding to many wall collisions. These 
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walls are, however, damaged by prolonged exposure to Na vapor at high 
temperatures'-^ and by ion bombardment.--' A possible method of 
preparing a useful wall coating might be to use a very high viscosity 
silicone fluid as the wall. A liquid wall might heal itself or a 
small flow rate might replace the damaged material. Wall relaxation 
times depend on the magnetic field. The electron spin relaxation 
time of a Ha vapor colliding with a dry film wall is increased by a 
factor of 2 when the magnetic field is increased from zero to 900 
Gauss. Levy et al.- have found that for a Cu wall the electron 
spin relaxation time of a Na vapor is increased from one wall 
collision to '4 wall collisions when the magnetic field is increased 
from zero to 12 k Gauss. 

(3) Effects of Radiation Trapping. 
Radiation trapping is an important process in limiting the 
polarization of an optically pumped polarized storage cell 
target. • Figure 1 shows the polarization that can be obtained in 
a storage cell with R=0.5 cm for both low and high magnetic fields as 
a function of the target densiiy for a relaxation rate of ^=10 
sec. 

IV. STORAGE CELL TARGETS POLARIZED BY SPIN EXCHANGE COLLISIONS 

Radiation trapping seriously limits the density of an optically 
pumped polarized alkali storage cell target. A possible method of 
polarizing a target with a higher density than that allowed by the 
radiation trapping limit, is to use spin exchange collisions between 
an optically pumped alkali vapor and another atom to polarize the 
latter. For example an atomic H target can be polarized by spin 
exchange collisions with an optically pumped alkali vapor.-b-<=" We 
assume that the storage cell target contains only atomic H and an 
alkali such as Na. The source of the angular momentum for the 
polarized target is the optical pumping of the Ma vapor. Spin 
exchange collisions between the H atoms do not destroy the 
polarization but only rearrange the state populations such that the 
atomic H state with quantum numbers F and mp has a density given by 
n(e-PnF/Xe~^nlF) where n is the total ground level H density and (3 is 
a constant.'" The M atom polarization is lost through relaxation of 
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the H atoms by collisions with the wall or other atoms and effusion 
of the H atoms from the target. An analysis shows that the atomic H 
polarization, P, is given by 

n.<av>Te P = * _ (4) 
2 + n A< av>T e 

where n A is the alkali density, T e is the atomic H relaxation time 
and <ov> is the average over the velocity distribution function of 
the spin exchange cross section between a H atom and a Na atom and 
the relative velocity between the two atoms.^ » " In the expression 
for P we have assumed the polarization of the Na is 1. Theoretical 
calculations of <0v> give the value as 2.3x10° cnP/s. The alkali 
density is limited to n A^(o oR)~ 1=2x10 1VR. If R=0.5 cm then 
n A=Hx10 1 1 atoms/cm^. If P is to be 0.9 or larger then To>20 ms. The 
relaxation rate is T~ =T^ +TZ, where T 1 is the relaxation rate of the 
H atoms due to wall collisions or collisions with other atoms and T p 

is the dwell time for the H atoms in the storage cell target. 
Therefore both the H atom relaxation time and dwell time must be 
longer than 20 ms. This indicates that targets with the relaxation 
times corresponding to 10 wall collisions are required. This is a 
very challenging requirement. Spin exchange collisions between Ha 
and K have been used to produce a dense electron spin polarized atom 
target for use in an optically pumped charge exchange polarized H~ 

5 ion source.-" 
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RECENT PROGRESS ON COLD ATOMIC BEAM TYPE OF POLARIZED 
ION SOURCES 

W. GRUEBLER 
Institute for Intermediate Energy Physics, ETH Honggerberg, 
CH-8093 Zurich, Switzerland 

Abstract The production of cold intense polarized hydrogen atomic beams for the 
use in polarized ion sources, polarized jet target and storage cells is reviewed. The 
investigation of the surface recombination of atomic hydrogen on several types 
of material, coatings and cryogenic layers is presented. Adding a small amount of 
N2 gas to the hydrogen gas in the dissociator was found to reduce strongly the 
recombination rate around 35 K. Considerations for a cooling system to 
accommodate the beam in a useful flow mode and temperature range for dc atomic 
beams are presented. The results obtained by variation of the geometrical 
parameters provide the criterions for th* choice of an optimal configuration of the 
beam production elements. An intensity of I = 1 0 1 7 atoms s _ 1 and a density of 
2-10 1 2 atoms c m " 3 have been measured at the exit of the atomic beam stage. Using 
this slow atomic beam (T=35 K) on the ETH polarized ion source dc intensities 
of 0.4 mA for polarized positive and 16 fiA negative ion beams have been observed. 

INTRODUCTION 

The classical atomic beam method using the Stern-Gerlach separation has maintained the 
role of a very powerful technique to produce high intensities of highly polarized positive 
or negative ion beams. This method ensures a high flexibility and the possibility of a 
rapid change in the choice of well defined polarization states. In addition, polarized atomic 
beams can be used as jet targets in storage rings, or to increase the particle density by 
filling storage cells with polarized atoms for use as dense gas targets. 1 , 2 However, for a 
fixed room temperature of the atomic beam strong limitations occur due to the magnetic 
saturation of the iron poles in the multipole separation magnet and the stray fields between 
the poles. 

A large increase in the atomic beam density and intensity is expected if the atoms are 
cooled and the atomic beam apparatus is designed in order to accept these atoms at low 
temperature.3 The velocity dependence of the solid angle accepted by sextupole magnets 
for ideal conditions is proportional to T " 1 . The atomic beam density and hence the ion 
beam output of a polarized ion source is further increased as T _ 1 / 2 by the smaller velocity, 
which suggest a total gain as T~3/2. Thus a reduction of the mean temperature from 300 K 
to 35 K would result in a gain factor of ~ 9 for the atomic beam intensity and of 25 for the 
atomic beam density and the ion beam output from an ionizer provided all other conditions 
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are not changed. The practical realization of such large gains can, however, be hampered 
by several new problems. Constraints on the hydrogen flow through the beam forming 
nozzle due to lower velocity, and constraints on the beam optics due to the need for long 
drift spaces for rf transitions are imposed. Further, the question arises if cooled atoms 
can be produced without losses due to recombination of atoms in the cooling procedure 
and due to higher gas density and different scattering cross section in the beam formation. 
For a polarized ion source the matching of the optics of the cooled atomic beam with the 
geometry of the present ionizers can cause serious problems. 

Early cooling attempts have been accomplished by directly cooling the extremity 
of the dissociation tube forming the nozzle at Bonn 4 and Argonne (ANL) 5 . One expects 
a better accommodation of the beam, if the cooling of the atoms is realized in a vessel 
separated from the dissociator, which is called accommodator. Extensive investigation 
based on this technique has been carried out at the ETH in Zurich. 6 , 7 

In the present review, we discuss the cooling of hydrogen atoms, in particular the 
problems of the recombination of the atoms, and the formation of a low velocity atomic 
beam. Most of the results presented stem from the investigation of refs. 6 and 7. 

OUADRUPOLE MASS 
SPECTROMETER 

ORBITRON PUMPS 
( 3 B 900 l/sec) 

5001/sec 50001/sec 50O0 I/sec 

ROOTS PUMP DIFFUSION PUMPS 

FIGURE 1 Experimental arrangement for the investigation of the cooled atomic beam. 

EXPERIMENTAL ARRANGEMENT FOR THE INVESTIGATION OF THE 
COOLING PROBLEMS 

A typical experimental arrangement is shown in Fig. 1. On the right hand side the upper 
part shows the diagnostic elements used to investigate the neutral beam, the lower part 
the ionizer for the production of the polarized ions. 

Atoms produced in the dissociator are transported to a copper accommodator through 
a pyrex and Teflon tubing. The loss due to the recombination during this transportation is 
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SUPER INSULATION 

COOL FINGER 

COOLING FLUID 

FIGURE 2 Details of the cooling arrangement. 

not critical at high throughputs. Details of the cooling arrangements are shown on Fig. 2. 
The accommodation is performed by the collisions of the atoms on the cold surface of the 
accommodator. The end of the accommodator forms the nozzle. The cooling is provided 
by a 10 W closed cycle He refrigerator which allows investigations in a temperature range 
down to 15 K. 

(1) 

RECOMBINATION MODES 

Generally one distinguishes two kinds of recombination modes for hydrogen atoms to form 
diatomic molecules: i) the three body volume recombination in the gaseous phase; ii) the 
surface recombination. 

Volume Recombination 
The ratio of the volume recombination rate Ru to the surface recombination rate R, can 
be written as 4: 

R^ _ 2 - fc„ • n2 • r 
R~, ~ (5-7) 

where A:„ denotes the volume recombination constant, n the gas density in the accommoda
tor, r the radius of the accommodator, v the average velocity of the particles and 7 the 
surface recombination probability per collision of an atom with the surface. Trainor et al. 
found for H2 molecule the experimental value fc„=1.810-32 cm 6 -a tom _ 2 - s _ 1 . The volume 
recombination can be neglected if the ratio R„/R, is sufficiently smaller than one. This 
condition leads to: 

" < < ^ > " ' < 2 ) 

With an estimated 7 ~ 5- l (T\ this density n is a few times 10 1 6 atoms/cm 3. Consequently, 
the condition (2) is fulfilled and therefore one can neglect the loss due to the volume 
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recombination. 

Surface Recombination 
For the surface recombination two mechanism have been proposed: 
a) The Eley-Rideal mechanism which postulates a direct reaction of an adsorbed atom 

on the surface with a free gas atom 
b) the mechanism of Langmuir-Hinshelwood which is caused by the collision of two 

mobile atoms adsorbed on the surface. 
The comparison of the experimental behaviour of the surface recombination coeffi

cient j(T) with the model of Gelb and Kim 9 allows to determine the adsorption energy of 
H on the actual surfaces. The good agreement of this model with experimental results 9 - n 

shows only a negligible contribution of the Langmuir-Hinshelwood mechanism and justifies 
the assumption of the predominance of the Eley-Rideal mechanism. 

INVESTIGATIONS AND RESULTS 

For the experimental investigation of the cooling procedure the beam intensity and density 
have been simultaneously measured using the second compression tube and the quadrupole 
mass spectrometer (cf. Fig. 1). 

Measurements were performed using metallic surfaces like cooper or aluminium and 
teflon coating. It was observed that the atomic beam density behaviour fo: the temperature 
range below 200 K was similar. This behaviour was observed for a freshly polished surface 
as well as for a partially or totally oxidized surfaces. An identical behaviour was obtained 
with a treatment of the surface with phosphoric acid (H3PO4) with a 7 H = 1 . 7 - 1 0 ~ 6 . 2 This 
result suggest that under practical conditions of gas and vacuum cleaness the role of frozen 
or adsorbed species dominates. The results for copper are shown in Fig. 3 where the relative 
atomic beam density as a function of temperature is plotted. The dashed curve shows the 
calculated density ( T 1 / 2 dependence) assuming the degree of dissociation »j(T) is constant. 
The measurement as a function of the temperature is shown by the curve 1. The curve 2 
has been calculated for a constant TJ(T) and 7^(150 K) and an experimental determined 
attenuation factor C(T). The two curves 1 and 2 agree well in a temperature range between 
70 and 200 K indicating a very weak recombination rate but they deviate strongly below 
50 K. Similar results are obtained for teflon coated accommodators. One has to notice that 
the shape decrease of the density (curve 1) below 50 K is independent on the parameters 
associated to the beam forming and scattering. Measurements performed by varying the 
vacuum pressure in the first, second or third chamber as well as the nozzle to skimmer 
distance and the nozzle opening diameter did not influence the location or the gradient of 
this density decrease. Above 200 K curve 1 deviates from curve 2 due to the increasing 
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recombination coefficient 7 J / (T) . 
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FIGURE 3 Relative atomic beam density 
as a function of the temperature of 
the accommodator. Curve 1: experimental 
Curve 2: Calculated with 7(T)=const. 
Dashed curve: calculated with a T~1/2 

dependence and n(T)=const. and 
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FIGURE 4 Relative atomic beam density 
as a function of the temperature. 

At this higher temperature a dependence of the density in respect to the choice of 
material or coating is observed. This effect has been investigated for copper, aluminium 
and teflon surfaces for decreasing temperature. The results are presented in Fig. 4. The 
atomic density for a copper accommodator is characterized at room temperature by a strong 
decrease occuring just after starting the discharge. This lower density in comparison to a 
teflon surface (curve 3) is expected if we consider the high recombination coefficient yn of 
H on copper at room temperature. It is also interesting to note that in this temperature 
range aluminium leads to the same density behaviour as a teflon coated surface (curve 2). 
This observation is in disagreement with the value of the recombination probability of H 
on Al reported in ref. 11. This discrepancy can, however, be explained by the formation 
of a oxidized layer on the aluminium surface. 

Cryogenic Layers 
Since the main interest was directed to the low temperature behaviour this temperature 
range was investigated carefully. Therefore the atomic beam density for different cryogenic 
layers (N2,02,H 20,Ar,Ne,C0 2) was investigated. These layers were produced by adding 
the specific gas to the H2 gas entering into the dissociator. The results obtained by the 
addition of a few percent of N 2 gas are presented in Fig. 5. The dashed curve and curve 1 
correspond to the low temperature part of Fig. 3 (curve 1 and 2). Curve 1 was measured 
with decreasing temperature. The curve 2 to 4 show the behaviour obtained by adding 
different amounts of N2 and increasing temperature. Compared to curve 1 the maximum 
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density increases and shifts to lower temperature. Stable beams can be obtained by this 
method. This result demonstrates a technique for cooling the beam at a temperature of 
35 K without loss due to the recombination. Since the optics of the magnet system was 
designed for a velocity v <~1100 m/s also a better adaption of the beam properties can be 
obtained. This effect is illustrated on Fig. 6 where the relative density has been measured 
with the sextupole magnets in operation and the temperature cycled down to the minimum 
while adding N 2 gas. 
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FIGURE 5 Measured relative atomic beam 
density as a function of the temperature. 
The different curves corresponds to a 
temperature cycling and adding different 
amount of N 2 to the H2 gas. 

FIGURE 6 Measured relative density of the 
beam focussed by the sextupole 
magnets; N2 added at ~20 K. 

Different investigations performed by adding Ne gas have not been successful. Since 
the low binding energy of H atoms on a Ne cryogenic layer suggests a weak recombination 
rate this is an interesting surface but the adsorbed amount of Ne at a temperature close to 
15 K is too small or even negligible for a low enough partial gas pressure. 

Production of a Stable Cryogenic N2 Layer 
The preparation and the maintenance of a cryogenic N2 layer are crucial to the efficient 
and stable operation of the cooling system. A too thick layer of unadapted structure (snow 
like consistency) leads to a loss of the expected properties and its suppression requires a 
heating of the accommodator to room temperature in order to create satisfying starting 
conditions. Several techniques were tried and the cycling method was found to be con
venient. This method is described in detail in ref. 7. Recently the N 2 layer technique 
was further developed at PSI. Currently the N2 layer is formed and maintained by adding 
0.02 cm 3 (STP)/min N 2 directly to the accommodator. Stable operation over the period 
of one month has been observed. 1 6 

Determination of the Recombination Coefficient "yeXp{T) 
The recombination coefficient fexp can be determined for a given throughput from the mea-
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surements of the atomic beam density and intensity as a function of the temperature. 
A noticeable difference between -f(T)rxp and f(T)tf, was observed. This suggests a 

change of the nature of the accommodation surface during the cooling. The strong decrease 
of 7 ( r ) e i p in a temperature range between 270 and 200 K, is not compatible with the be
haviour reported in ref. 11, where one would expect an almost flat behaviour for a copper 
accommodator. Between 200 and 60 K the recombination is small and can be neglected 
in a practical application. Further, the maximum of 7 „ P ( T ) is shifted to 30 K while the 
theoretical maximum occurs at 10 K. 

Several a u t h o r s 1 2 , 1 3 , 1 4 have also observed an unexpected recombination behaviour 
under still different experimental conditions and they suppose the formation of frozen de-
posite on the cold surface. This explanation is quite plausible in the case of an atomic 
beam apparatus where the vacuum conditions in the first chamber a ie relatively poor and 
where the practical purity of the H2 gas is not sufficient in order to avoid a contamination 
of the cold surface. The fact that one observes for a great variety of surfaces the same 
behaviour of T<200 K entirely agrees with the above explanation. 

One concludes that the catalytic properties of the accommodator for the recombina
tion of hydrogen atoms are dominated in a temperature range above 80 K by the presence 
of frozen or adsorbed layers which have a hydrogen recombination probability comparable 
with teflon. The exact composition of these cryogenic layers is not known. However, one 
can assume that they contain the main components of the residual gas, i.e. H2, N2, H2O 
and O2. A fit of the experimental recombination coefficient 7 e i p ( T ) at low temperature 
with the adsorption energy E„ as free parameter gives a value E0 ~470 K (with vz ~ 1 0 1 2 s _ 1 

for the best fit). This so deduced value agrees well with the adsorption energy of H on 
H 2 0 . 

It is suggested that the -/exp behaviour over the whole temperature range is mainly 
characterized by the formation of a H2O layer. The analysis of the results obtained by 
the N2 doping allows for the first time the determination of the adsorption energy of H 
atoms on a cryogenic N2 layer. The extracted value of the adsorption energy of the crystal 
plane (111) is E o = 1 8 0 K and the oscillation frequency v, S 3 • 1 0 n H z , respectively. At 
BNL Hershcovitch et al. have developed an intense pulsed atomic beam to be operated at 
liquid helium tempera ture . 1 5 Here, the H2 layer covering the accommodator is expected to 
be a good recombination inhibiting surface, because of the low (~36 K) binding energy of 
H° and H2. Results of beam density measurements at BNL clearly demonstrates the good 
properties of the H2 surface around 6 K. 

THE BEAM FORMATION 

The necessity to keep the recombination rate of the atoms low requires beam forming sys
tems operating at low density (< 10 1 7 atoms c m - 3 ) and large nozzle diameters. Depending 
on the gas density in the beam generating vessel and the nozzle geometry different modes 
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of beam formation are possible. 
i ) Molecular flow mode (effusion) 

In the molecular flow mode there is no interaction between the particles during and 
after the effusion. 

ii ) Long cylindrical channel: 
The poor directivity of the beam formed by a simple orifice can be substantially 
improved if it is replaced by a long channel. Further a large intensity gain can be 
obtained if the molecular flow condition is released. This situation is described by 
the model by Giordmaine and Wang 1 7 which has two specific modes depending on the 
ratio of the particle mean free path 7 in the gas density na in the source to the total 
length L of the tube: 
a) The transparent mode: 7 > L/2 

This first contribution is due to the particles which pass through the entire tube 
without any collisions. 

b) The opaque mode: 7 < L/2 
This second contribution arises from the particles which are scattered into the 
axial direction by intermolecular collisions in the tube. The criterium of opacity 
in the tube is given by the condition L/7 > 1 2 . 1 7 

iii) Hydrodynamic flow mode 
As the gas density in the source becomes sufficiently high such that the mean free path 
7 is small compared to the exit diameter, the gas moves in the viscous flow regime. 
Under these conditions, the gas jet produced by the nozzle moves in the direction of 
the skimmer with a hydrodynamic velocity which can be very large compared to the 
thermal velocity. This type of beam formation is very interesting for the production 
of high intensity beams and especially for monochromatic beams. For a polarized 
hydrogen beam based on the atomic beam method, a nearly monochromatic velocity is 
of particular interest, since the Stern-Gerlach magnets accept only a reduced velocity 
range. 

For the different flow modes one expects the following dependence of the peak inten
sity 1(0=0°) on the throughput Q: 6 

i ) J oc Q in the effusion mode (f(Q)=Q) 

ii ) / « Q1/2 in the opaque mode, with a temperature dependent factor ( f (Q)=Q 1 ' z ) 
iii) High intensity beams with local maxima in the hydrodynamic mode at high Q. 

Atomic Beam Intensity as a Function of Throughput Q and Temperature. 
First the vacuum conditions have been tested by nearly doubling successively the pumping 
speed in the three vacuum chambers (cf. Fig. 1). These additions showed only minor 
improvement in the behaviour of the intensity as a function of the throughput for a given 
temperature. One concludes from these results that the vacuum conditions are determined 
mainly by the conductance between skimmer and collimator. However, the striking feature 
is the intensity decrease with decreasing temperature and the shift of the intensity maximum 
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to smaller throughput. For the understanding of the dependence of the beam intensity on 
the throughput and temperature, one has to consider the flow mode of the beam forming 
which is characterized by the value of the Knudsen number Kn. An estimation of this 
number at the exit of the nozzle for a throughput of 100 cm 3 (STP) m i n - 1 gives Kn ~0.1 
at room temperature and Kn ~0.01 at 30 K. These values indicate that the beams are 
produced in the Knudson flow mode. The relative intensity of the atomic beam as a 
function of the throughput Q is shown in Fig. 7 for 300 K, 90 K and 30 K. For comparison, 
also the intensity of the molecular beam at 30 K has been plotted in Fig. 7. The significant 
decrease of the molecular beam intensity is due to the larger collision cross section of the 
molecules. For analyzing the influence of the flow mode the results can be compared to the 
model of ref. 17. 

For the scattering an exponentiel factor, with linear Q dependence has been assumed, 
i.e. a proportionality of the residual gas density to the throughput. For a given temperature 
and a correct choice of the function f(Q) one expects an exponential behaviour of the 
reduced intensity: 

Ir<d(T,Q) = Lxp{T,Q) • f-\Q) (3) 

as a function of the throughput Q, where Iexp is the measured intensity. 
Considering the measured intensity of the molecular beam for both temperatures, 

the reduced intensity J r e d for F(Q) = Q and f{Q) = Q1/2 has been determined. Results 
are shown in Fig. 8 where the reduced intensities of 300 K (crosses) and 30 K (open circles) 
have been plotted as a function of the throughput and the two Q-functions. Taking into 
account the requested exponential behaviour, Fig. 8 shows that this condition is fulfilled 
for molecules f(Q) = Q (transparent mode) at room temperature and f{Q) — Q1'2 at 30 K 
(opaque mode). For these dependences, one clearly observes an exponential behaviour of 
J r ed as a function of the throughput. This change of the flow mode, namely transparent 
at room temperature and opaque at 30 K, can be assigned to the corresponding increase 
of the gas density in the nozzle at lower temperature and the higher collision cross section. 
The slopes of the curves 2 and 3 in Fig. 8, which agree with the experimental results, allow 
an estimation of the difference in the scattering cross section. This procedure indicates an 
increase of the cross section for the temperature drop from 300 K to 30 K of about a factor 
1.5. 

Similar information on the beam forming process can be gained from measurement of 
the intensity of the atomic beam. Since the collision cross section for atoms is smaller than 
for molecules, one expects a different behaviour. In fact at 300 K, the behaviour is similar 
to the one observed with the molecular beam, the dependence is f(Q) = Q (transparent 
mode). However, at low temperature it is difficult to determine the beam formation mode 
which occurs, since both functions f(Q) = Q and f{Q) = Q1/2 provide a reasonable 
dependence for the explanation of the intensity behaviour as a function of the throughput. 
This ambiguous result can be assigned to the lower value of the collision cross section of the 
atoms (a(H - H) = 70 • 1 0 _ 1 6 c m 2 in the temperature range 30 < T < 3 0 0 1 8 1 9 compared 
to the one of the molecules {a(H2 - H2) = 117 • 1 0 " 1 6 c m 2 . 2 0 A more complete information 
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about the beam forming arises from the analysis of the temperature dependence of the 
beam intensity for a given throughput.6 The results show that the opaque mode is valid in 
the low temperature range; the transparent mode is predominant at high temperature. 
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FIGURE 7 Relative intensity of the atomic FIGURE 8 Reduced intensity of the 
beam as a function of the throughput Q molecular hydrogen beam for a temperature 

for 300 K, 90 K and 30 K with magnet off. of 300 K (crosses) and 30 K (open circles). 

Intensity as a Function of the Nozzle to Skimmer Distance 

The intensity of a beam produced in a gasdynamic source is known to be dependent on the 
nozzle to skimmer distance and the installed pumping speed in the disociator chamber. For 
this goal an investigation to find the optimum nozzle to skimmer distance / i for a maximum 
of the beam intensity was performed.6 For this study a short nozzle with an inner angle 
equal to 90° and a diameter d t =3 mm was used. The skimmer was characterized by the 
following geometry: diameter of its entrance aperture <U=4 mm, length i c = 3 mm, angle 
of the internal cone a i n t = 6 0 ° and angle of the external cone a e a : t=80° . The results are 
shown in Fig. 9 for T=300 K and T=20 K. Here the relative intensity as a function of the 
distance ^i is plotted. At room temperature and low throughput (crosses) the results show 
an exponential behaviour. For higher Q first an increase of intensity is observed. A similar 
behaviour is observed at 20 K although here only at the largest Q an intensity maximum 
is found. These results are discussed in ref. 6 and the authors conclude that they do not 
observe shock waves formation in front of the skimmer as expected for hydrodynamic flows 
and that, for distances Ix larger than about one nozzle diameter the beam attenuation is 
essentially caused by the residual gas in the first chamber. The existing conditions just 
at the exit of the nozzle fix the characteristics of the produced beams. This conclusion 
is also supported by the analysis of the velocity distribution measurement. However, at 
low temperature the beam scattering by the background gas does not suffice to explain 
the strong decrease of the intensity. If only beam scattering would be responsible for 
the observed losses, the extrapolation of the curves to a distance £i = 0 for different 
temperatures but for a given throughput should provide an identical intensity I{li = 0). 
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nozzle and skimmer for T--300 K and ditterent throughputs Q. b) Relative mtensity of the 
Hi beam as a function of the distance l\ between nozzle and skimmer for -T=20 K and 
different throughputs Q. 

In fact, one finds a common origin at negative distances, which confirm the existence of a 
destructive effect just at the nozzle exit since th weak attenuation of the beam intensity in 
the other vacuum chambers is to small to account for this effect. The intensity behaviour 
is thus dominated by the change in beam directivity characterizing the opaque mode of 
beam formation. 

The Optimum Configuration of the Beam Forming Elements 
For a cooled beam it is necessary to simultaneously optimize thermal accomodation, recom
bination and beam formation. For this goal, numerous geometries of the nozzle skimmer 
and collimator have been investigated.6 The optimal configuration of the beam forming 
elements is reported in ref. 6. 

The Velocity Distribution 
A comparison of the theoretical distribution with the experimental results emphasizes the 
following features: 
i ) The experimental velocity distributions are narrower than the calculated one. 
ii) A displacement of the distribution to higher velocity occurs as the throughput is 

increased. 
Similar effects have also been observed by other authors. 2 1 , 2 2 They attribute them mainly 
to a deficiency of low velocity particles due top the velocity dependent beam scattering by 
the residual gas. Esterman et a l . 2 3 explained these anomalies by a self scattering of the 
beam particles at the exit of the nozzle. In ref. 6 a particle deficiency on both sides of the 
measured velocity distributions in comparison with the theoretical distribution is observed. 
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Performance of the Polarized Ion Source with the Cooled Atomic Beam 
The final results reported in ref. 6 have been obtained with a nozzle temperature of 35 K 
and a throughput of 30 to 40 cm 3 (STP) rnin" 1. They are collected in Table 1. 

Table 1: 

Quantity Value Remark Gain factor 
observed expected 

Intensity Ig° 10 1 7 atoms s" 1 at ionizer 6 9 
Density ngo 2 1 0 1 2 atom c m - 3 at ionizer 15 25 

Ion beam IH+ 0.4 mA (0.5 mA) dc 4 ( 5 ) 15 
Neg. Ion beam Jg- 16 fiA (25 fiA) dc, at injection 4 ( 5 ) 15 

Scaling to the more elaborated ionization system results in the values given in paranthesis. 
Peak current three times larger are expected in the pulsed mode for injection in correspond
ing accelerators. The whole benefit of the cooled atomic beam can only be obtained with 
an ionizer adpated to the new optical properties. A new classical electron bombardment 
ionizer or a ECR ionizer is suitable for this purpose. A combined approach to ideally match 
both stages would result in a powerful source characterized by a very high intensity (mA 
range) coupled with a high (>80%) and versatile polarization. 
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INTENSE POLARIZED PROTON SOURCE WITH CHAR6E-EXCHANGE 
AT MOSCOW INR 

A.S.BELOV. S.K.YESIN. V.E.KUZIK, S.A.KUBALOV and 
V.P.YAKU5HEV 
Institute for Nuclear Research Academy of Sciences o-f 
the U.S.S.R., 60-th October Anniversary Prospect,7A, 
Moscow, 117312, U.S.S.R. 

Abstract. Characteristics of the pulsed polarized 
proton source are presented. Some features of the 
source and results of its improvements are discussed. 

INTRODUCTION 

The polarized atomic beam—type source was developed and 
tested at Moscow INR. The source produces pulsed polarized 
beam with peak current up to 10 mA and polarization about 
80%. A new type plasma ionizer was developed, in which 
polarized protons are formed via charge—exchange between 
polarized hydrogen atoms and unpolarized deuterons. 

The source development was made as a part of a 
program of accelerating of polarized beam in a linear 
accelerator of Moscow INR. The design goal of the project is 
polarized proton beam with an energy 600 MeV, peak intensity 
1 mA, repetition rate 100 Hz, beam pulse duration 100 us, 
average beam current 10 pA, polarization 80 — 90 7., 
normalized emittance at 750 keV about O.ISn cm.mrad. Special 
demands are small changing of polarized beam characteristics 
on spin reversal and high beam stability. 

In this report a short description of the source is 
given. The characteristics and the source improvements are 
discussed. 
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DESCRIPTION OF THE SOURCE 

The source is shown schematically in fig. 1. 
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FIGURE 1. Schematic diagram of the polarized proton 
source. 

The source has a pulsed mode of operation. Repe
tition rate up to now does not exceed 25 Hz. It is limited 
by a degradation of vacuum in the dissociator chamber. A 
molecular hydrogen is injected into dissociator tube by the 
fast electromagnetic valve. The molecules are dissociated 
into atomic hydrogen in a pulsed RF discharge. The hydrogen 
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gas transported through a pyres tube, which walls are cooled 
by liquid nitrogen. The atomic hydrogen flows out into 
vacuum through a sonic nozzle. The atomic beam is -formed by 
the skimmer and the collimator and it passes through two 
sextupole magnets and the weak field RF transition unit. 
Than it is injected into the ionizer. The TDF mass-
spectrometer is installed between sextupoles. It is used for 
monitoring of the atomic beam density. 

Charge exchange between polarized hydrogen atoms and 
unpolarized deuterons takes place in a magnetic field, 
created by the ionizer solenoid. A deuterium plasma is 
generated by the plasma source and is injected into magnetic 
field in direction opposite to the atomic beam. The 
polarized protons formed in the ionization region move 
toward the three electrodes ion—optical system, where 
protons are accelerated simultaneously with deuterium ions 
up to an energy 20 keV. A dipole magnet is used to separate 
polarized protons from ions with other masses and to deflect 
polarized beam from the atomic beam axis. 

A beam polarization is measured by the Lamb-shift type 
palarimeter, which is based on properties of hydrogen atoms 
in metastable state. 

Atomic beam formation and beam characteristics. 
Formation of the atomic beam was studied at a separate 

2 "̂  arrangement * . A time—of—flight method was used to measure 
the velocity distribution of the atomic beam. The density 
and the composition of the beam is measured by a specially 
designed mass—spectrometer^. The beam forming system is 
shown in Fig. 2. 
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FIGURE 2. Drawing o-f the atomic beam -forming system. 

The distinctive -features o-f this forming system sre 
rather long cooling channel, which length is about 90 mm and 
also geometry of the skimmer, which ensures high conductance 
for hydrogen flaw reflected by the skimmer. Due to the 
pulsed mode of operation a pressure of residual gas in the 

—4 vacuum chamber of dissociator does not exceed 10 Torr (for 
repetition rate less than 25 Hz). 

The RF power (70 MHz, up to 5 kW, pulsed) is 
inductively coupled to the discharge by the 5 turns coil. 

The walls of the cooling channel are cooled by liquid 
nitrogen. We are not planing to cool atomic hydrogen in the 
source to a lower temperature. One of the reasons for this 
is the need to have small changes in the intensity and in 
the emittance of the polarized beam on spin reversal. When 
atoms are passed through RF transition units or entered to 
the magnetic field of an ionizer their energy is changed. 
Apparently there is correspondent focusing effect, a value 
of which is inversely proportional to the kinetic energy of 
atoms. Thus a cooling of atoms to a temperature of several 
Kelvin can lead to increasing of a beam intensity and 
emittance modulation on spin reversal for two orders of 
magnitude in comparison with atomic beam generated at room 
temperature. 

It is essential also that recombination rate of 
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hydrogen atoms is low at 77 K". 
2 In previous investigation it ua? found that a 

supersonic hydrogen beam is formed for the considered 
conditions both for RF discharge off and on. The apparatus 
TDF signals were fitted with a good accuracy by assuming 
that beam particles have a typical for supersonic beams 
velocity distribution: 

f (v)=cv.B>:p E-m(v-u)72kT 1. (1) 

The formation of the supersonic flow is clearly confirmed by 
the results of the measurements of velocity distributions of 

2 hydrogen molecules which are shown in fig.3 . 

M T,K 

3 

V, 105cm«a~1 

2.6 / -»" 

/ ; 
i W 

w 
• I . J 1* ..'7 > r \ —• 

/+/ 
1R0 

»i V /* ixp i _ 

i 

140 y 
/ • 

f 

100 r o' 
t \h « • • ' 

601 V i I O J ^ry 601 * 
i 

_ . . 

2.4 
2.2 
2.0 

10 1 8 2 .19 5 10' 
N,mol.Hp per pulse 

FIGURE 3. Parameters of the velocity distributions of 
hydrogen molecules vs the gas consumption 
per pulse. 
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The temperature o-f the cooling channel walls was 
293 K. At this temperature the only reason -for the growth o-f 
the most probable velocity o-f molecules with increasing of 
gas consumptian per pulse is the pressure gradient in the 
hydrodynamics flow expanding into a vacuum. A decreasing of 
the velocity distribution width (parameter T in fig.3) is 
naturally explained by a cooling of the hydrogen gas during 
adiabatic jet expansion downstream the nozzle orifice. The 
experimental results for Mach number are in rough agreement 
with theoretical calculation shown in fig.3 by a solid line, 

18 excluding area of gas consumption more than 3.10 molecules 
per pulse where experimentally measured Mach number drops 
significantly. A theoretical value of Mach number is defined 

4 by the formula 

-<r-l)/}' 
M = 1.2Kn , (2) 
T o ' 

where Kn is Knudsen number. The decreasing of Mach number o 
at large gas consumptian may be explained by an interaction 
between the hydrogen jet and a residual gas * _ 

This interaction must lead also to a growth of 
transversal Mach number thus reducing the intensity of the 
molecular beam in a forward direction in comparison with a 
theoretical intensity expected for the given longitudinal 
Mach number. Moreover transversal Mach number must be much 
more sensitive parameter to the beam scattering and self 
scattering then the longitudinal one. From this point of 
view it would be useful to measure angle distribution of a 
jet density, but it is difficult to make accounting 
geometrical and vacuum conditions in a dissociator vacuum 
chamber. 

An atomic hydrogen velocity distribution have similar 
2 dependence on gas consumptian per pulse, but in this case 

there is a strong influence of RF power value on the 
velocity distribution parameters. It was .found that gas in 
the dissociator volume is heated by RF power to temperatures 



of several thousands Kelvin. When walls o-f the cooling 
channel were cooled by liquid nitrogen, a satisfactory 
cooling of atoms was achieved only at rather low gas 
consumption per pulse. At the gas consumption 5.10 
molecules per pulse the atomic hydrogen beam with intensity 
2.8.10 atoms ster s , the most probable velocity 

5 —1 2.10 cm.s and longitudinal Mach number about 4 was 
obtained. 

Separating magnets 
Two se:-:tupole magnets with equal length 23 cm are used -for 
spin selection. The combination o-f two sextupoles separated 
by rather long (35 cm) drift space leads to a partial 
achromatism of the system due to refocusing of slow atoms by 
the second sextupole . 

Our system was designed thus that atoms with the most 
probable velocity move almost parallel to the beam axis in 
the drift space between the sextupoles. It is clear that 
part of the fast atoms is lost. We study a possibility to 
improve a focusing of the fast atoms by installation of 
multipole magnet with a number of poles larger than six in 
the space between two sextupoles. 

Our sextupole magnets have unusual large aperture. 
The distance between opposite pole tips in the first magnet 
varies from 11 mm at the entrance to 27 mm at the exit. The 
aperture of the second magnet is constant along its length 
and is equal to 31 mm. That design was chosen mainly in 
order to reduce atomic beam divergence in the drift space 
between second sextupole and the ionizer. 

The density of the atomic beam was measured by a 
mass—spectrometer 65 cm downstream the second separating 

1"? — s magnet. It is equal to 10 "cm . Intensity of the atomic 
beam at the same point is 2. 10 atom.cm *"s 
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Ionizer 
For producing of polarized protons the polarized atomic 
hydrogen beam is injected in a deuterium plasma (see fig.l) 
where a charge-exchange between the polarized hydrogen atoms 
and the deuteron ions takes place. The hydrogen atoms also 
are ionized by plasma electrons: 

H ° + D + — H + + D °, 

H °+ e -*- H + 2e. 
<3) 

The experiments with a helium plasma instead of deuterium 
one show that the relative contribution of atoms ionization 
by plasma electrons is about 15X. This is in agreement with 
measurement of the plasma electron temperature which is 
about several electron volts. The density of the deuterium 
plasma is about 10 cm ~ and deuteron beam with emission 

—2 current density up to 350 mA.cm can be extracted from the 
plasma. This ensures high probability of charge exchange for 
polarized atoms. This probability can be estimated by using 
the formula: 

W = 1 - esp(- err). (4) 

where j is the density of the deuterons ion current in the 
ionization region, a is the cross—section for charge 
exchange between hydrogen atoms and deuteron ions, T is a 
time, during which atoms are in the plasma. For short plasma 
pulses T is equal to the plasma pulse duration. In the 
considered case T = 100/JS. The cross—section is about 

—15 2 —2 
5.10 cm .Accepting j= 0.35 A.cm one obtains from 
formula (4) that W = 0.65. 

Further increasing of the deuteron plasma density does 
not increase significantly the probability of atoms charge 
exchange. On the other hand at the beginning of the plasma 
pulse when deuterons start to pass through the atomic 
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hydrogen target the intensity of polarized proton beam must 
be proportional to the deuteron beam current *: 

V = V n Ho a L, <5) 

where L is the length of the region in which beams are 
intersected. 

This means that at the beginning of plasma pulse the 
polarized beam current can be much more than in continuous 
mode of operation depending on deuteron plasma density, but 
this gain can be obtained only for the rather short pulses, 
duration of which is determining by characteristic time : 

T = 1/i c. (6) 

For the considered conditions this time is about 100 fjs. The 
testing of the ionizer shows that the peak polarized beam 
current is proportional to the deuteron plasma density, and 
beam current is decreasing during pulse with a 
characteristic time close to lOO us (see fig.4). 
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FIGURE 4. a) Current of the polarized proton beam vs 
the optimal emission density of the deute
rium ion current; b) Oscillogram of the 
polarized beam pulse. 
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Polarized beam with peak intensity 10 mA was obtained at 
deuterons current emission density about 350 mfl/cm'. Further 
increasing o-f deuteron plasma density is limited by voltage 
breakdowns in the ion optical system of the ionizer. 

A -further increasing of the efficiency of ionization of 
the polarized hydrogen atoms for this type ionizer can he 
obtained by elimination of polarized protons losses during a 
beam transport through the deflecting magnet. For the 
deuteron beam, which is extracted from the ionizer 
simultaneously with the polarized protons these losses are 
about 75% of initial deuteron beam current. The losses are 
determined by the beam emittance and also by compensation of 
a space charge of the intense deuteron beam. 

Polarization of the beam 
The beam polarization was measured with a polarimeter (see 
fig-1) in which properties of hydrogen atoms in the meta— 

1 9 
stable state H <2S ) are used . It was found that the main 
factor responsible for some reducing of the polarization in 
comparison with a theoretical limit is a dilution of the 
polarized beam by unpolarized protons which are formed in 
the ionization region partly due to ionization of residual 
gas and in less degree due to dissociation and ionization of 
the molecular hydrogen in the plasma source because a 
molecular deuterium injected into plasma source contains a 

9 small admixture (about 17.) of molecular hydrogen -The 
polarization of the beam was increased by improvement of 
vacuum conditions in the ionization region. For this aim a 
screen surrounding the ionization region was cooled by 
liquid nitrogen. 

Results of the polarization measurements are shown in 
Fig. 5. 
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Fig. 5.Beam current (curve 1), relative part o-f 
unpolarized protons (curves 2 and 4 ) , beam 
polarization (curves 3 and 5) vs discharge 
current in the plasma source. Curves 2 and 5 
are related to the case when the screen o-f the 
ionization region was cooled by liquid 
nitrogen. 

In this -figure the polarization of the beam extracted 
-from the source, a relative part o-f unpolarized protons in 
the beam and a beam current are shown against a discharge 
current in the plasma source. A plasma density in the 
ionization region is proportional to the discharge current. 
The beam current reaches its maximum value at some optimal 
plasma density but relative part of unpolarized protons is 
increased with increasing of the plasma density. 
Correspondingly the beam polarization is decreased. When the 
screen surrounding the ionization region is coaled by a 
liquid nitrogen (curve 5) the beam polarization at low 
plasma density reaches 90%. It is close within few percents 
to the theoretical limit for the polarization determined by 
the magnetic field value in the ionization region (1.3 kGs). 
This limit is shown in fig.5 by the solid line (curve 6 ) . 
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When the plasma density is close to the optimal value (for 
the ion beam formation by the ion optical system) the proton 
beam polarisation is about 85X. 

Conclusion 
The atomic beam—type pulsed polarized proton source at 
Moscow INR produces polarized beam with the peak intensity 
in mA region and with the polarization about 85X. Future 
improvements of the source will be connected with a 
redesigning of separating magnet system and a study of the 
polarized beam losses during its extraction from the source. 
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INVESTIGATION OF POLARIZED BEAMS AND TARGETS AT 
PUDAN UNIVERSITY 

HUI YE 
Department of Nuclear Science, Fudan University, 
Shanghai, 2004-33, People's Republic of China. 
Abstract Beam-tilted foil interaction for pro
ducing polarized beam is introduced, and a preli
minary research on polarized sodium vapour via 
optical pumping is described. 

INTRODUCTION 

The motivation to investigate the polarized beams and targets 
is considered in two aspects: The first is in the nuclear 
physics area. It is well known that spin-dependent parts of 
the nuclear interaction must be investigated with polarized 
particles (ions or atoms). In order to clarify the nuclear 
reaction mechanism and the nuclear structure, a wide variety 
of polarized projectiles and targets with high polarization 
and intensity are indispensable. 

Another important reason is that, recently, people 
have recognized that polarized beam and target may greatly 
enhance the fusion reaction rate. 

Secondly, in the surface physics area, recent experiments 
4.-6 

using thermal beams of nuclear-spin-polarized alkali atoms 
adsorbed on hot metal surfaces show that polarized nuclei are 
sensitive probes of surface electromagnetic field distribu
tions. The high polarization of the probe beams, when coupled 
with some efficient atomic physics techniques, such as beam-
foil spectroscopy, used for monitoring the polarization of 
desorbed particles, makes possible a variety of interesting 
experiments on single-crystal metal surfaces. However, exten
sion of the current experimental method to semiconductor and 
insulator surfaces at arbitrary temperatures appears to be 
s traight-forward. 
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POLARIZATION RESEARCH AT FUDAN UNIVERSITY 
The polarization research at Fudan University may be devided 
into two stages: Beam-tilted foil interaction for producing 
polarized beam was studied first. For polarized target, op
tically pumped sodium vapour is being investigated. 

A. Beam-tilted foil interaction: 
A simple, cheap, almost universal process can place an 

intense, partially polarized nuclear beam at target site at 
precise ion velocities and charge state by mere passage of 
the beam through a thin tilted carbon foil. In such case, 
asymmetric collisions at the final surface create a large 
orbital angular momentum in the atomic shell, which trans
fers to the nucleus via the hyperfine interaction as a 
stable nuclear polarization. 7 Theoretical description was given by Fano & Macek . The 
atomic polarization (in Hel) after a tilted foil was first 
observed experimentally by Berry, et al. in 1974. Later, 
the transfer of atomic (orbital) polarization to the nucleus 
by the hyperfine interaction was demonstrated by Andra et al. 
in 1977. 

By 1980, Fudan's group led by Prof. F.J.Yang, J.Y.Tang, 
and F.Q.Lu cooperated with Dr. B.I.Deutch (Univ. of Aarhua, 
Denmark) and Dr. C.H.Liu (Univ. of Queensland, Australia) had 
successfully established a beam-foil spectroscopy system on 
a 3 MeV Van de Graaff accelerator at Fudan University. Pola
rization after beam-tilted foil interaction had been studied 
at Fudan University and also at University of Aarhus. Work 
had been reported at several international conferences. 
1. Experimental arrangement: 
The schematic experimental arrangement is shown in Fig.1. 

Carbon or nitrogen ions were produced from the accele
rator and excited by passage through carbon foils. These 
foils were of ~lOtfg/cm thickness, set at either a 60° or 



a -60° angle to the beam direction and mounted on a movable 
drive. 

Fig.1. Schematic experimental arrangement for beam-
tilted foil interaction. 

As for the polarization measurement, the atomic pola
rization is detected by observation of emitted circularly 
polarized light perpendicular to the beam and parallel to 
the foil tilt axis. 

The circular-polarization parameter S/I was measured, 
the relative Stokes parameter S/I is defined as 

I Or") - i(<r+) 
s/i = (D i (a -) + i(a+) 

where l(cT) and I(o^) are the intensities of the righthanded 
and left-handed circularly polarized light in the optical 
convention, respectively. It can be measured by a combina
tion of a retardation phase plate followed by a linear pola
rizer as shown in Fig.2. For such a combination the trans
mitted light intensity for an incident light beam with Stokes 
parameters (I,M,C,S) i s 1 3 f 1 4 
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I T (o l tP ,S ) = i{l+(Mcos2/5+Csin2p)cos2(tf-p)+[(Ccos2(? 
-Msin2p)cosJ+Ssin<T]x s i n 2 ( r f - p ) j . (2) 

1 

where the ang le d and (3 can be seen from F i g . 2 . and the angle J" 
i s t h e phase s h i f t of the r e t a r d a t i o n p l a t e . 
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Fig.2. Geometry of the polarization analysis system. 
The transmission axis of the linear polarizer is at an 
angled to the x axis established for the incident light 
(which is being propagated along the z axis). The fast 
axis of the retardation plate is at an angle 0 to the x 
axis. 

The average atomic polarizations were determined by rotation 
of the retardation plate through 360° at 18° intervals by a 
step motor drive and then least-squares-fitted to equation(2) 
as a function of the phase plate angular settings. 

2 3 2 The transition which we measured is Nil 2s 2p3s P - 2s 
2p3p5D. The components of the 2s 2p3s5P - 2s22p3p5D multiplet 
in Nil and their theoretical intensities I., in LS coupling 
are shown in TABLE I. 
2. Results: 

c 
The atomic polarization of the 5667A line in Nil after passage 15 + of a 300 keV N beam through a single tilted carbon foil is 
displayed in Fig.3. The sign of S/I reverses with a flip of 
the foil from a positive to a negative tilt angle with res
pect to the beam direction. This is displayed in Fig.4 with 
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TABLE I Mult ip le t components and t h e i r t heo re t i ca l 
i n t e n s i t i e s I . in LS coupling. 

A(A) *th 
Nil 2s 22p3s 3P - 2s 22p3p 5D 

J 0 = 1 J = 2 5667 53.6 
0 1 5676 23.8 
2 3 5680 100.0 
1 1 5686 17.9 

the s imi lar ly polar ized 5680A l i n e . 

m 3n 4n 
Irt WAVE PIAFE AMGULM! P05I1IOM 

Fig.3. Atomic polarization displayed as intensity of 
emitted circularly polarized, 5667A light from Nil as 
a function of the retardation plate angular setting. 
It corresponds to an S/l average of 10.6-0.6 12,15 

Helium beams of three different energies at 0.6, 1.0, 
and 1.5 MeV were produced in the Fudan 3 MeV Van de Graaff 
accelerator and sent through a 60° tilted gold or carbon foil. 
The atomic polarization of the 4685X line in Hell was measured 
by rotation of the retardation phase plate. For each case, the 
S/l values together with other Stokes parameters were calcu
lated respectively, and are summarized in TABLE II. As for the 
target material, the measurement is in agreement with the pre
diction that carbon foils were found to produce the highest 
orientation. 
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in 2n 
2 

IK, WAVE PLATE ANGULAR POSITION 

Fig.4. An opposite foil tilt with respect to the 
beam direction results in reversal of the sign of S/I. 
It is shown with two similarly polarized lines in Nil 
(a) 5667A\ (b) 5680A. 1 2' 1 5 

TABLE II Atomic polarization of the 4685A line in 
Hell after passage of 0.6, 1.0, and 1.5 MeV He + beam 
through a 60° tilted carbon or gold foil, and Stokes 
parameters are listed. 17 

E(MeV) Foil I M C S S/I (96) 
G 4575 -164 152 366 8.0+ 0.5 

0.6 Au 2072 -64 -13 104 5.0+ 0.6 
C 3354 5 28 181 5.4+0.5 

1.0 Au 2420 102 38 115 4.8±0.6 
C 1504 -10 -29 60 4.0+0.3 

1.5 Au 1392 10 1 54 3.9^0.4 

The transfer of the polarization from the atomic electrons 
the nucleus takes place along the beam path by the internal 
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magnetic hyperfine interaction of the atom itself. The nuclear 
polarization could be determined by intercepting the beam with 
a second perpendicular foil, which realigns the atomic elec
trons so that the subsequent emission of circularly polarized 
light must come from the retransference of the nuclear-spin 
polarization back to the atom. The nuclear polarization can 
be calculated from S/l . 

The results of measuring nuclear polarization at 300 keV 
beam energy after passage through single or multiple foils 
are shown in TABLE III 1 2. 

TABLE III Nuclear polarization at 300 keV beam energy 
after passage through single or multiple folia. 
Ion Foil direction S/I(%) P T W 

-0.04 + 0.30 -0.2 + 1.8 

+0.89 ± 0.24 +5.7 i 1.5 

-0.90 ± 0.17 -5.7 ± 1.1 
0.90 * 0.14 5.7 * 0.9 

+0.80 ± 0 . 2 1 +3.0 ± 0.8 

-0.92 ± 0.23 -3.5 ± 0.8 
0.86 ± 0.16 3.2 ± 0.6 

+ 1.50 ± 0.22 +9.5 ± 1.4 

+1.10 ± 0.20 +4.1 ± 0.8 

In further experiments, two tilted foils were used. The 
polarization was enhanced for 5 C + and 5 N + to (4.1 + 0.8)96 
and (9.5 * 1.4)#, respectively. 

However, compared with the laser methods, from which 
close to 10096 polarization can be achieved, the beam-tilted 
foil techniques achieve only about 1/5 or less of this amount 
even with multifoil enhancement. 

'V 1— 
— / — \ — 

Average IP, | 

Average I P. 

/ / I 
/ / I 
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B. Polarization of sodium vapour via optical pumping: 
Methods of laser optical pumping suitable for producing 

polarized nuclei for beams or targets with high polarization 
18—20 have been developed in the past few years. 

In any case, the alkalis are important for several speci
fic experiments, and spin exchange with polarized alkali atoms 
has been proposed as a general method for the production of 
polarized nuclei of any Z. 

Optical pumping of a sodium vapour target in a weak mag
netic field (~190G) is presently being investigated at Fudan 
University. 
1. Experimental arrangement: 
The experimental setup is schematically shown in Fig.5. The 
sodium cell was made of stainless steel and its length and 
diameter were 50 cm and 3 cm. It was placed in a homogeneous 
solenoidal magnetic field of~190G. Cooling water tubings 
surrounded two arms of the cell in order to avoid the conta
mination of the sodium vapour on the windows. Sodium was placed 
in a container beneath, and was heated to 150°C to 200°C with 
an oven 

Fig.5. Schematic setup of the optical pumping 
experiment. 
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A CR-699-21 ring dye laser and a CR-590 dye laser were 
pumped by an INNOVA-20 argon ion laser. The former tuned to 
the sodium D1 line with broadband output, and was used as a 
pumping laser. The beam passed through a polarizer P (Nicol 
prism), and a quarter wave plate (Presnel Rhomb) then entered 
the sodium cell. The laser beam from CR-590 was used as a 
probe beam tuned near sodium D1 and D2 lines. Its wavelength 
could be known by a monochromater. The probe beam, passing 
through two polarizers, was detected by a photocell. The 
upstream polarizer P.. linearly polarized the probe beam in a 
certain direction. The downstream polarizer P ? could be ro
tated by a step motor, which was mounted on a holder, and 
was used to detect the amount of rotation of the linearly 
polarized probe beam given by the sodium vapour target lo
cated between the two polarizers. 

A system of data acquisition for Faraday rotation mea
surement is shown in Fig.6. The step motor power supply was 

3t«p Motor I 
1 

Step Motor 
Pow°r Supply 

interval 

<Jund 
Counter/Timer 

Photocoll 

Externa] 
Clock 

Di-i. Ourr. Int 

V.I 
Counts 
Input 

/ 
nts twa 

ccuvAir.%' chcinncl 
tiire aUvnnc'?<! pulse 

- j j Ml'A S-?5 

H)P 11/34 

Fig.6. Block diagram of data acquisition system 
for Faraday rotation measurement. 

controlled by a series of pulses generated from a standard 
pulse generator (TTL type) and the pulses also be fed into 
an external clock terminal of a multichannel scaler unit 
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MCS 8082, which was combined with a multichannel analyzer 
S35 +. As the TTL was at low level, the MCS 8082 collected 
counts output from the photocell through a digital current 
integrator, and fed to the S35 +. As the TTL flipped to high 
level, the pulse stopped counting, rotated the step motor 
and made the 335 one channel advanced. Therefore, each 
channel of the S35 + corresponds to a certain angle 6 of the 
polarizer P ?. The counts of each channel corresponds to the 
transmission light intensity I. The I~9 curves could be di
rectly displayed on the CRT of the MCA S35 • as shown in Pig. 
7,8. The data were fed into a PDP 11/34 computer to make a 
least square fitting to a function of A..+ A^sin (A,x + A . ) . 

348 SEC. ratLEcr T I * 

WVELENGTH=5a92. 0CA) 

3 « SEC COLLECT TINE 

CHANNEL 

Fig.7. The probe beam transmission light intensity 
I as a function of the angle e of the polarizer P„. 
(a) with pumping, (b) without pumping. The wave
length of the probe beam is 5892.OA. 

2. Results: 
We measured the I « 9 curve in the presence of sodium 

vapour, and magnetic field, with and without pumping laser, 
to determine the polarizer angle 9.1 and © ? as the trans
mission light intensities were at the minimum values, 
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HAVElENCTH.5B92.il (U 

Fig.8. The probe beam transmission light intensity,I, 
near the minimum, as a function of the angle 9 of the 
polarizer P,. (a) with pumping, (b) without pumping. 
The wavelength of the probe beam is 5892.OA. 

respectively. We also measured the angle 8, when neither the 
magnetic field B nor the pumping laser existed. The Faraday 
rotation angle 9 resulting from the magnetic field and pola
rization was given by 6 =©1-0,. In our case, the pumping 
power -v 50m», the magnetic field B was 190G, Nil**5.0x10 /cm . 
The interval between two adjacent channels corresponds to 
0.3". In order to find out 9,(1=1,2,3), we first determined 
the x, from the fitting curves while the light intensities 
were at the minimum. TABLE IV listed the data when the probe 

e 
beam was at 5892.OA. 

TABLE IV Data for determining the Faraday rotation 
angles 8, (probe beam wavelength; 5892.oA). 
i File No. x^in -A4)/A3 

1 214 0.005212 2.1780 184.88 
2 215 0.005214 2.1781 184.79 
3 216 0.005302 2.1958 178.38 

0 = 0.,- 03=(18*.88 178.38)x0.39= 1.95*. Each angle of 8* 

- 91 -

http://HAVElENCTH.5B92.il


(1=1,2,3) could be measured within an error of 0.03*. Accor-
2 1 ding to the theory given by A.Ueno et al. , the polarization 

was equal to (8.9*0.5)%. The other sources of the error came 
from the measurements of HL, and the probe beam wavelength, 
as well as the fluctuation of the light. 
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PRESENT STATUS OF BNL POLARIZED SOURCES* 

J . G . A L E S S I , B. DeVITO, A. HERSHCOVITCH, A . KPONOU, a n d 
C.R. MEITZLER** 
Brookhaven National Laboratory, Upton, NY 11973, USA 

Abstract - A review is given of the BNL polarized source develop
ment occurring since the 1986 Workshop in Montana, Switzerland. 
The polarized source in operation for the AGS produces » 40 ftk of 
if" with 75 - 80 X polarization. Development of a cold atomic 
beam for a higher intensity source has concentrated on studies of 
spin selection and focusing with both a superconducting solenoid 
and sextupoles. Ionization of H° by D' charge exchange using the 
ring magnetron ionizer seems to be hindered by gas scattering, and 
work is in progress to improve this. 

INTRODUCTION 

Since 1984, the Brookhaven Alternating Gradient Synchrotron (AGS) has 
had the ability to accelerate polarized protons. The polarized H" ion 
source used (P0NI-1), has a ground state atomic beam source and a Cs° 
beam ionizer. Since this source produces three orders of magnitude less 
beam than normal H" operation for the AGS, it was clear that higher 
intensities were desirable. A program was begun to study ways to 
improve the P0NI-1 output, as well as to work on developments which 
could lead to a new source producing higher intensities. We settled on 
two areas of research, one being the development of a 6 K atomic beam 
stage, and the second being the use of a D" charge exchange ionization 
scheme. Research is in progress in both areas, and we hope to soon be 
able to combine the two systems, 

PONI-l 

This source has a ground state atomic hydrogen beam cooled to * 80 K, 
and a Cs° beam ionizer. It produces * 40 fik of if" in 500 (is pulses, at 
a rep rate of 0.5 Hz. Peak currents of up to 60 /UA have been obtained 
when the cesium beam is operating optimally. The polarization is 75 -
80%. There has not been much work on this source since the Montana 
*Work performed under the auspices of the U.S. Department of Energy. 
**Present address: Physics Dept., Sam Houston State Univ., Huntsville, 

Texas. 
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Workshop, since we have concentrated our effort on the development of a 
higher intensity source. On a low priority, we are preparing to test 
the focusing of the Cs + beam using magnetic quadrupoles, similar to what 
is done at the University of Washington.1 

A 1.5 GeV Booster Synchrotron is under construction at Brookhaven, 
located between the 200 HeV linac and the AGS. For polarized beams, 
this Booster can be used as an accumulator, storing 10 - 20 if" pulses 
at a 7.5 - 10 Hz repetition rate, before injecting into the AGS. We 
have so far tested PONI-1 at up to a 5 Hz rep-rate (presently limited by 
the control system), and found essentially the same output current at 
the higher rep rate. The pulse width decreased due to a shortening of 
the cesium beam pulse width, but this can probably be compensated by 
operating at a higher cesium supply rate to the ionizer. 

COLD ATOMIC HYDROGEN BEAM 

At the time of the Montana Workshop, we had produced a pulsed H° beam 
cooled to 6 K, and measured a forward flux in the beam of 9.4 x lO 1" 
H°/sr/s. Time-of-flight measurements gave a most probable velocity of 
680 m/s. Subsequently, changes were made to the dissociator (reduced 
volume), accommodator (flared the output channel), and pumping after the 
accommodator (increased cryopumping). These changes are described in 
more detail in Ref. 2. With these changes, the atomic beam density was 
increased by a factor of 34 over the Montana results. At 6 K, a density 
of 6 x 1 0 1 1 H°/cm^ was measured 90.5 cm from the accommodator. (This 
density is without any focusing of the atoms). Time-of-flight velocity 
measurements were not made with this new geometry. In order to deter
mine whether the velocity of the H° beam was still the same as pre
viously measured at the lower H° density, H° flux measurements were made 
using a thermoflake detector,-* and compared at the same time to density 
measurements made with a quadrupole mass spectrometer. This was done 
over a span of more than two orders of magnitude in H° density. The low 
density measurements were taken with an insert in the accommodator to 
bring it to the geometry used initially, thus overlapping the densities 
in which the velocity measurements had been made. A linear relationship 
was observed between the flux and density measurements, indicating that 
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the velocity is not changing. Assuming a 680 m/s velocity, the forward 
flux for the improved atomic beam is 3.3 x 10^° H°/sr/s. 

SPIN SELECTION AND FOCUSING 

This area has received the greatest attention since the Montana Work
shop. Our initial efforts went into the testing of a superconducting 
solenoid for focusing, as suggested by Niinikoski. The solenoid con
sisted of three coils of 9.4 cm i.d. and a total length of 10 cm. The 
current in the outer two coils was opposite to the current in the middle 
coil, giving one a high gradient (up to 5.2 T at the coil i.d. and weak 
on axis). A schematic of the setup is shown in Fig. 1. 

HEATER • 

RF C0IL-

GAS VALVE 

LHe SHIELD 

ACCOMMO0ATOR SUPERCONDUCTING 
SOLENOID 

FIGURE 1 Schematic of the cold atomic beam with the superconducting 
solenoid. 
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When operating at low H° densities, focusing was observed. The density, 
measured 65 cm from the solenoid exit, increased by a factor of 10 when 
the solenoid field was at its maximum value. Me could not pass through 
a maximum in focusing. However, as the atomic beam density with the 
solenoid off was increased, the focusing decreased, until one reached a 
point where the H° density at the quadrupole mass spectrometer was the 
same with the solenoid on or off. There was no operating density in 
which the focused H° density was better than a conventional atomic beam 
source. It was determined that we were becoming limited by H° - H° 
intrabeam scattering, and from this the H° - H° scattering cross section 
at 2 K was inferred to be 100 A 2. 5 

In addition to the intrabeam scattering problems, ray tracing calcu
lations showed large aberrations in the solenoid focusing. The gradient 
in the solenoid was very nonlinear (weak on axis). We decided to next 
test a more conventional focusing system using sextupoles. Rather than 
take the time and expense of building an optimized sextupole system with 
maximum pole tip field, we have chosen to build a simple system to at 
first explore the density limitations. The first sextupole, located 10 
cm from the accomodator, is a 10 cm long, 4 cm diameter aperture perma
nent magnet sextupole (Nd-Fe-B), having a pole tip field of 7 kG. The 
second sextupole is 10 cm away from the end of the first, and is elec
tromagnetic. It is 10 cm long, with a 3.6 cm aperture and a maximum 
pole tip field of 6.3 kG (limited by cooling). The quadrupole mass 
spectrometer is 30 cm away from the the second sextupole, at the posi
tion where the ring magnetron ionizer will eventually be located. The 
permanent magnet sextupole can be retracted from the beam axis, so that 
with the second sextupole turned off we can measure the unfocused H° 
density. We have so far had only two runs with the sextupoles, so the 
following results are preliminary. When operating at 4.6 K, the H° 
focusing was observed to fall off as the unfocused density was 
increased. This falloff was not as rapid as had been observed with the 
solenoid, presumably due to the fact that defocused H° could hit the 
magnet poles, recombine, and be pumped away, while in the cold bore of 
the solenoid the H° atoms would scatter back into the beam. The maximum 
focused density observed at the mass spectrometer was * 10* 2 H°/cm . At 
25 K, the focusing of the beam was better, and the focusing also 
decreased more slowly as the unfocused density was increased. At this 
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temperature, we were able to reach * 3 x lO 1^ H°/cm-J at the mass spec
trometer. These numbers are preliminary until a careful recalibration 
of the mass spectrometer is carried out. We will continue our studies, 
comparing operation further at 6 K vs 25 - 30 K. We will then make a 
decision on our operating temperature, and design a sextupole system 
optimized for that velocity. 

RING MAGNETRON IONIZER 

The ionizer we are developing uses a magnetron surface-plasma source to 
produce D" ions. The polarized H° beam crosses this D" beam and is con
verted to H" by resonant charge exchange. The D~ and if" beams can then 
be separated by mass analysis. At Montana, results of tests of the ion
izer with an unpolarized H° beam were reported. At that time, 500 fik of 
H" was produced, with an H° density of 10^^/cm' in the ionizer. The 
ionizer was then installed on a room temperature atomic beam source (the 
atomic beam stage of the ZGS polarized source). The ionizer was placed 
in the vacuum chamber of the previous electron bombardment ionizer on 
the source. Following the ionizer, other new components added were an 
einzel lens, an E x B mass filter, a second einzel lens, and a Faraday 
cup. In order to test the extraction system optics, etc., the dissocia-
tor was moved to a location just above the ionizer box, to give as large 
H° density in the ionizer as possible. With this setup, an unpolarized 
H° density of 3 x lO^vcro w a s measured in the ionizer location, and up 
to 50 (lA. of H" was extracted. The efficiency, therefore, was only one 
third of what it was on the test stand. (The ionization efficiency was 
therefore approximately the same as the cesium beam ionizer on PONI-1). 
While poor extraction optics could be partly responsible, the loss in 
efficiency seems to primarily be due to the poorer pumping of D2 away 
from the ionizer region in the new setup. This causes both H° beam 
scattering before entering the ionizer, and stripping of the extracted 
H" beam. A quadrupole mass spectrometer was installed in a chamber 
below the ionizer. From observations of the attenuation of the H° beam 
when the ionizer gas was pulsing (ionizer discharge off), the Do line 
density during typical source operation was determined to be nl - 5.4 x 
10 1 4/cm 2. 

97 



A new ring magnetron has now been constructed. This is shown sche
matically in Fig. 2, and a photo is shown in Fig. 3. 
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FIGURE 2 Schematic of the present version of the ring magnetron ionizer. 
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FIGURE 3 Photo of tho ring magnetron ionizer. The magnet coil has 

been removed. 
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Several changes were made in order to shorten the ionizer, and 
therefore improve the pumping away from the center of the ring. The 
cathode length was reduced by a factor of two, and the cathode now has 
only one focusing groove. The source magnet was redesigned, and is now 
a 1.4 cm long solenoid coil, which is pulsed at the source rep-rate. 
These changes reduced the effective length of the ionizer from 5 cm to 
1.2 cm. The diameter of the ionization region is 1.9 cm. In addition, 
the region around the ionizer was opened up to also facilitate pumping 
of the D 2. 

We are just beginning to test this new ionizer, and have not yet 
obtained any results. If gas scattering continues to be a problem, we 
may have to consider alternative ionizers, since the problem will become 
worse with the cold atomic beam. Should the efficiency improve, we will 
then measure the polarization of the beam. We do not expect this to be 
a problem, since the cross section for ionization of H 2 by D" is small. 
A Lamb shift polarimeter" is being constructed to measure polarization 
at 10 - 20 keV. 

CONCLUSIONS 

The cold atomic beam and the ring magnetron ionizer have so far been 
developed in parallel. The final H° density obtainable with the cold 
atomic beam will be determined by limits due to gas scattering in the 
spin selection magnets. The ionizer efficiency is also limited by gas 
scattering. It is therefore difficult to determine at this point 
whether or not the combination will yield 1 mA of polarized H". We hope 
to combine the elements and do a full system test within the next 6 - 9 
months. 
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RECENT DEVELOPMENT OF THE UNIVERSITY OF WASHINGTON 

CROSSED BEAMS POLARIZED ION SOURCE 

C.A. GOSSETT 

Department of Physics, University of Washington, Seattle, Wa USA 

Abstract A colliding-beams polarized ion source has been in operation for nuclear physics 

experiments at the University of Washington tandem-linac facility since late 1987. Thermal 

beams of polarized atomic hydrogen or deuterium are ionized by charge exchange collisions 

with a collinear, fast, neutral cesium beam. Negative ions are extracted, and the polarization 

symmetry axis is precessed to any desired direction in a crossed-fields spin precessor. The 

design of the cesium beam system differs from previous designs in that magnetic deflection 

and focussing are used. A brief description of the source, the recent development and 

present status of the source are presented. 

INTRODUCTION 

The polarized ion source at the University of Washington produces polarized negative ions 

of hydrogen or deuterium by the colliding beams technique developed at the University of 

Wisconsin1 and now also in use at the Brookhaven National Laboratory AGS 2 . A thermal 

beam of polarized hydrogen atoms is ionized by collisions with a fast, collinear beam of 

neutral cesium. The basic design of the source has been previously described in detail 

in Ref. 3. In the present paper the source design will be briefly discussed, while recent 

development, discussion of the areas remaining to be improved, and the present status will 

be emphasized. The source was originally to be obtained commercially from a New Zealand 

company, ANAC; however ANAC went into bankruptcy during the source construction. In 

late 1983 ~70% of the components of the source were received in Seattle and work was 

undertaken to complete and assemble the source'*. Recent work has focussed on reliable 

operation of the source for nuclear physics research at somewhat modest intensity in parallel 
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with development of the source and improvement of the intensity. 

Atomic Beam Source H" Extraction Cs+ Beam Source 

Spin Precessor 1 Meter 

Figure 1: The University of Washington polarized ion source. 

OVERVIEW 

Shown in Fig. 1 is a schematic diagram of the polarized ion source, consisting of four main 

components; the cesium beam forming region, the polarized atomic beam source, the ion

ization region and the spin precessor. A positive cesium beam of 25-40 keV is formed 3° off 

the main source axis and is deflected onto the axis with a small dipole magnet. It is then 

focussed in a magnetic quadrupole triplet and neutralized in a recirculating cesium vapor 

cell. The charged component of the cesium beam emerging from the neutralizer is electro-

stiitically deflected. The neutral beam is collimated before entering the ionization region. 

The cesium beam intensity can be measured with a removable neutral beam calorimeter 

at the end of the ionization region. The polarized atomic hydrogen beam is formed in a 

conventional atomic beam source with a room temperature radio frequency discharge disso-

ciator. Four sextupole magnets are used for spin state selection and focussing. The atomic 

beam, polarized in electron spin, passes through the strong and weak field transition regions 

for conversion to polarization in nuclear spin and then enters the ionizer. The negative hy-
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drogen ion beam, formed in cesium - hydrogen charge exchange collisions, is extracted at 

•10 kcV and is deflected by 90° by a spherical electrostatic inflector. A double einzel lens is 

used to focus the beam which is deflected again in a second inflector into the spin precessor. 

The crossed electric and magnetic fields spin precessor is rotatable about its axis, allowing 

the direction of the spin to be oriented in any desired direction by appropriate adjustment 

of the fields and the rotation angle. The polarized negative ion beam is translated onto 

the axis of a tandem Van de GraafT by two electrostatic cylindrical inflectors. Protons or 

deuterons of up to 18 MeV may be obtained from the tandem or may be further accelerated 

up to 36 MeV in a recently completed superconducting linear accelerator. The tandem-linac 

facility is also used for heavy ion acceleration with equivalent energies of ~15 MeV/A for 

light heavy ions such as carbon or oxygen, decreasing to 5 MeV/A for heavier ions such as 

nickel. 

Decel 
Electrode 

0 kV 

u—n/ww\LJI 

^TTT 7 ? 

Graphite 
Collimator 

Extractor 
Electrode 
- 5 - 1 0 kV 

Beam Forming 
Electrode 

+ 2 5 - 4 0 kV 

Tungsten Cesium I 
Ionizer Oven 5 cm 

Figure 2: C s + source. 
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CESIUM BEAM SYSTEM 

The cesium gun is illustrated in Figure 2. Cesium vapor from an oven typically operated 

at 290-320°C is ionized on passage through a porous tungsten ionizer. The C s + beam is 

focussed by adjusting the beam forming electrode voltage. The beam is collimated, deflected 

by 3° onto the atomic beam axis and then focussed into the ionization region with a magnetic 

quadrupole triplet. One of several disadvantages of the ANAC design of the cesium gun is 

that the extraction and deccl lenses are mounted from a flange at ground potential while the 

cesium beam forming electrode is mounted from a different flange ~ 18cm away. With this 

arrangement it is quite difficult to service the source and reassemble it while maintaining the 

required alignment of the system. In addition, there is no provision for online adjustment 

of the gun position in order to steer the cesium beam onto the atomic beam axis. The 

rear flange was designed for translalional adjustment and for tilting, however this moves 

the cesium beam forming electrode only. The extraction gap thus becomes misaligned and 

severe sputtering of the extraction and decel lenses can occur. Hence in practice the position 

of the beam is not adjusted in this manner. 

Some provision for steering the beam horizontally is possible with the 3° bending 

magnet and an up-down steering magnet has been added upstream of the 3° magnet. A 

four sector aperture at the exit of the quadrupole has recently been installed in order to 

facilitate centering of the beam at this point. The sectors are isolated and the current can 

be read oJTof each. This has greatly improved the tuning of the cesium beam and has lead to 

the discovery of a. small angular misalignment of the extraction and beam forming electrodes 

which had caused a loss of beam transmission from the cesium gun to the quadrupole. The 

addition of another sectored aperture at the entrance to the quadrupole is planned so that 

the cesium beam may be centered in the quadrupole reducing the possibility of steering by 

the lens. Currently in typical long term operation the neutral cesium beam measured at the 

calorimeter is generally 1 to 1.5 mA. In short term operation 4 to 6 mA have been obtained. 

However at this time long term operation at such a level is prohibited by sputtering in the 

ionizer region. The transmission of the beam from the cesium gun to the calorimeter is ~ 

40% as judged by comparing the current drain on the beam forming power supply with the 

neutral beam intensity measured in the calorimeter. 
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ATOMIC BEAM SYSTEM 

SCALE cm 
1 1 1 
A 10 20 

Figure 3: Atomic beam source. 

The atomic beam source is shown schematically in Figure 3. The atomic beam is formed 

in a room temperature radio frequency discharge, colli mated by a skimmer aperture, and 

focussed by four sextupole magnets. The beam flux can be measured with a calibrated 

compression tube at the exit of the fourth sextupole. Pumping is provided by two 2400 f/sec 

diffusion pumps on the first chamber and by one pump on eacli of chambers 2 and 3 as shown 

in Fig. 3. In the original configuration of the source, the pressure in the sextupole region 

was quite high. The pressures measured with ionization gauges near the diffusion pumps 

were ~ 8 x l 0 - 5 , 3 x l 0 - 5 , and 1.5xl0 - 5 Torr in chambers 1, 2, and 3, respectively. Although 

the system has a mechanical baffling arrangement shown in Fig. 3, a significant amount of 

gas from the first chamber was leaking into the following chambers. This was determined 

by tests in which either the skimmer was plugged or in which the beam was deflected by a 

small plate obstructing an actual beam from passing through the skimmer but allowing gas 

to go around the plate and through the skimmer. By putting tape around as many of the 

baffle joints as possible the pressures were significantly reduced in the last two chambers. 
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SCALE cm 
I 1 1 
0 10 20 

Figure 4: Temporary differential pumping scheme. 

The resulting pressures were ~ l x l O - 4 , 7 x l 0 - 6 and 7xl0~ f i Torr in chambers 1, 2, and 3, 

respectively, and the measured flux was 6 x 10 ' 5 atoms/sec, a 65% improvement over the 

previously measured flux. However ~ 1/4 of the gas flow into the sextupole region was still 

due to leakage from the first chamber. Even the improved pressures appeared to be ~ 5 to 

10 times higher than observed in other sources. 

One solution to the problem of poor vacuum in the sextupole region may be to add 

more pumping to the system. However an intermediate approach has been tested in order to 

reduce as much as possible the gas load from the first chamber. In a temporary arrangement 

the dissociator was pulled back and enclosed in a can pumped with one of the first stage 

pumps as shown in Figure 4. An additional collimator was inserted between the original 

skimmer and the dissociator. With this differential pumping scheme the gas load in chamber 

1A (see Fig. 4) was about twice that originally observed in chamber 1, as expected, and 

the pressure in the region between the skimmer and collimator was reduced by almost 

an order of magnitude. Downstream the pressures were reduced by factors of 2.5 to 3. 

Although the flux measured in the compression tube was approximately the same as before 

or perhaps slightly improved, the results are encouraging. This was quick test of a temporary 
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scheme in which the baffling had to be mechanically supported from the housing around the 

(lissorialor, requiring the nozzle to skimmer distance to be fixed. The distance could not 

be adjusted for optimum performance, and since the dissociator had been pulled out about 

I cm, one would expect at least a reduction in the geometric solid angle. Future atomic 

beam source development plans include continued examination of the differential pumping; 

scheme by niouiitingof the baffling in a more permanent arrangement and optimization of 

the skimmer sizes and skimmer-dissocialor distance. 

SUMMARY 

In summary, the present status of the source includes a measured atomic beam flux of 

(i x l ( ) , s atoms/sec. In long term, stable operation ~ 1.2 mA of neutral cesium beam is 

delivered to the ionization region, and approximately 500 nA of polarized negative hydrogen 

is obtained. These results are in reasonable agreement with what one would expect from the 

ionization cross section and the length of the ionization region. In short term operation a 

maximum of slightly over 1 yiA was observed a year ago, and from the improvements which 

have subsequently been made in the cesium and atomic beams one could expect about 1.7 

to 2 /tA now. The polarization is routinely > 93% for protons and approximately 85% of 

the maximum allowed for deuterons. Future plans include continued development of the 

atomic beam and improvement of the cesium beam tuning and diagnostics. In the long term 

the cesium gun may be redesigned to allow for adjustments of the beam position and for an 

improved mounting arrangement of the extraction and beam forming electrodes providing 

good alignment of these components. 
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STATUS OF THE BNL COLD ATOMIC BEAM AND ITS FOCUSING MAGNETS* 

A. HERSHCOVITCH, A. KPONOU, AND B. DEVITO 
Brookhaven National Laboratory, Upton, NY 11973, USA 

Abstract - Since the last workshop in Montana, Switzerland, output 
of the BNL cold atomic beam has improved by more than an order of 
magnitude to a flux of over 10^ u H°/sr/s. Spin selection and 
focusing by three different magnets: a superconducting solenoid 
lens, a long permanent magnet sextupole, and a system consisting 
of two short permanent and electromagnet sextupoles, have been 
tried. Results indicate that the latter scheme is best for our 
particular needs. 

INTRODUCTION 

One aspect of the BNL program to develop an intense source of polarized 
H" is the production of very cold polarized H° beams. The production of 
cold unpolarized H" beams has been reported . Nuclear polarization of 
the latter is achieved by a combination of magnetic focusing (the Stern-
Gerlach effect), and rf induced transitions. The original plan was to 
use a superconducting solenoid as the magnetic lens, and beyond it, a 
set of rf transition units to produce the nuclear polarization. The 
beam will then be ionized by a ring magnetron ionizer. A review of the 
entire program is given by J. Alessi in this workshop. This report 
deals only with the H° beam and its focusing. 

Cold Atomic Beam 

In Ref. 1, the setup and results are described for our first attempt to 
produce a high flux, low velocity H° beam by passage of the atoms 
through a 6 K copper accommodator section at the exit of an rf disso-
ciator. At 6 K, time-of-flight measurements of the velocity distribu
tion showed that the beam had a most probable velocity of 680 m/s, a 
FWHM of approximately 200 m/s, and a forward flux of 9.4 x 1 0 1 8 H°/sr/s. 
(Recently, we have had strong Indication, after reexamining the old data 
and comparing it with magnetic focusing results, that the most probable 
velocity is most likely about 500 m/sec). Operation of the source was 
*Work performed under the auspices of the U.S. Dept. of Energy. 
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with pulsed gas and rf for the dissociator. The source repetition rate 
was typically 0.5 Hz, and the H° pulse was flat for much more than 0.5 
ms we require. The atomic beam stage has since been further improved, 
and the present configuration is shown schematically in Fig. 1. It dif
fers from the setup in Ref. 1 in several ways. The volume of the Pyrex 
dissociator was reduced, allowing us to operate with a higher rf power 
density in the dissociator. The exit of the dissociator tube is cooled 
via a liquid nitrogen cooled copper clamp around the outside of the 
Pyrex. 

.-GATE VALVE 

1500 / /sec , 
TUR90 
PUMP 

FIGURE 1 Schematic of the setup for the cold atomic beam focusing 
experiments. 

Following this, there is a 0.3 mm gap, and then the liquid helium cooled 
copper accommodator. The accommodator channel has a 25 mm long, 5 mm 
diameter nearly straight section, followed by a 10 mm long section which 
tapers out to a final diameter of 10 mm. The first 70% of the accommo
dator channel is designed to result in frictionally choked flow, which 
ensures that the outlet Mach Number is independent of density. There-
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fore, subsequent to supersonic expansion, the final beam velocity dis
tribution depends only on outlet Mach Number and accommodator tempera
ture.' This design is based on the excellent agreement*- between theory 
and experiment. The flared section followed from a suggestion of T. 
Niinikoski, •* and is based on the desire to keep the K° density in the 
accommodator below the point where one begins to lose significant flux 
due to three-body recombination, while the H° velocity is decreasing. 

As in the previous atomic beam source, there is a skimmer following 
the accommodator which is coated with charcoal and kept at 2.5 K to 
cryopump H2. Now however, there is in addition, a stack of 5 charcoal 
coating cryopanels, (also at 2.5 K), having a combined area of about 
3000 cm 2. This tremendous pumping (about 27,000 H/s for the H2 at 
these temperatures) ensures that scattering by any gas other than H° is 
insignificant. 

With this new atomic beam stage, and an accommodator temperature of 
6 K, a pulsed H° density of 6 x 10^^/cm-' was measured 90.5 cm away. 
This density, measured via a quadrupole mass spectrometer and without 
any focusing of the atoms, was an improvement by a factor of 34 over the 
density measured with the atomic beam in Ref. 1. It should be noted 
that these results were obtained earlier with one difference: the 
accommodator was followed by 10 cryopanels with a combined area of about 
4500 cm 2 and a corresponding pumping speed of 40,000 A/s. The 5 cryo
panels were removed only very recently, and the RGA was placed closer, 
at a distance of 70 cm from the accommodator exit. 

Magnetic Focusing 

Focusing the neutral hydrogen beam with a superconducting solenoid was 
not successful at peak beam intensity due, we believe, to intiabeam 
scattering in the solenoid. This conclusion is based on the observation 
that focusing decreased with increasing beam density. On the basis of 
this observation, the H" - H° scattering cross section has been 
inferred^ to be 100 A 2, somewhat higher than values previously reported 
in the literature. 

Modifying the solenoid to give it a more open geometry for improved 
pumping was not practical, hence we decided to build a 20 cm long 
permanent magnet sextupole having a 4 cm bore diameter and a pole-tip 
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field of 7 kG. 5 This individual magnet from which the poles were 
assembled were made from Nd-Fe and specially coated to resist attack by 
atomic hydrogen. Azimuthally machined slots in the yoke allowed for 
additional (radial) pumping of the bore. 

No significant focusing was observed with this magnet, and our ina
bility to vary the magnetic field, was a serious drawback since 
subsequent simulations showed that the focusing was very sensitive to 
beam velocity. We have established that the strength of the magnet did 
not match the 680 m/s velocity, based on which the magnet was designed. 
Furthermore, correlating simulations with experimental results indicated 
a beam velocity in the 500 m/s range. 

A TWO-MAGNET SYSTEM 

The permanent magnet has now been reduced to a length of 10 cm. This 
will be used in conjunction with a conventional electromagnet sextupole 
which is also 10 cm long, has a 3.6 cm diameter aperture, and is capable 
of 6.3 kG pole-tip field in dc operation (cooling being the limitation) 
and higher, if it is pulsed. This arrangement is shown in Fig. 1. The 
permanent magnet will be nearer to the nozzle because its slightly 
larger bore and pole-tip field give it a larger acceptance. The field 
of the second magnet will be varied to focus the beam to the detector. 
The permanent magnet may also be moved axially up to 4 cm, giving us 
another degree of freedom in optimizing beam focus at the detector. 

Simulations 

We used computer simulations to determine a suitable configuration of 
the two magnet system. The simulations involved tracking individual 
atoms from the nozzle to the detector, which was placed at the position 
where the ring magnetron ionizer will eventually be located. The Monte 
Carlo technique was used to launch the atoms. The parameters which were 
randomly selected are (1) the speed of the atom - according to the 
measured supersonic velocity distribution, (2) the radial position at 
the tip of the nozzle - we assumed uniform flux density across the 
nozzle aperture, (3) the angle of elevation - we assumed a cos^ $ dis
tribution but the results are not sensitive to the value of the expo-
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nent, and (4) the electron spin state - either 1/2 or - 1/2. Azimuthal 
motion and beam attenuation by scattering were ignored. If the detector 
was assumed to have a circular aperture, then particles reaching the 
aperture were weighted with their distances from the axis there. The 
focusing factor, FF, defined as the ratio 

Weighted counts at detector with magnets on 
Weighted counts at detector with magnets off 

was used as the figure-of-merit to compare the efficacies of different 
sets of operating conditions. Results of these simulations are plotted 
in the figures of Ref. 6. We see that the two-magnet system we should 
be able to observe focusing" over a wide range of beam velocities, by 
adjusting the field of the variable magnet. 

Experimental Results 

Prior to this workshop, only two experimental runs were performed. In 
the first set of measurements, a problem developed with the accommodator 
cooling system. Consequently, the accommodator temperature could not be 
reduced below 25 K. This set of measurements was performed with the 
accommodator channel reduce to a 3 mm aperture (with a copper insert in 
the flared section), i.e., the operating conditions were identical to 
the "second peak" of Ref. 1. The second set of measurements was done 
with a 6 mm accommodator aperture, i.e., at higher H° outputs. Table 1 
displays the focusing factor of the leading edge of the H° pulse, with 
the permanent magnet in line and the electromagnet at its maximum field, 
as a function of the unfocused leading edge density N u and the accommo
dator temperature T a c c . The density values are based on RGA readings 
and comparison with previous data obtained at similar operating condi
tions (the last RGA calibration was about two years ago). 

From Table I, it is obvious that the scattering problem still 
exists (although it is substantially reduced): The focusing factor 
decreases with increase in density, and it increases with the increase 
in accommodator temperature (forward beam velocity). Some additional 
characteristics of this focusing system are (1) FF kept on increasing 
with increasing magnetic field strength of the electromagnet sextupole. 
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(2) FF changed very little with axial motion of the permanent magnet 
sextupole. (3) Vertical position of the permanent magnet sextupole had 
a substantial effect on the focusing: FF reduced to 60% of its peak 
value when this sextupole was moved 3 mm off axis. 

TABLE I Peak focusing factor versus unfocused density and 
accommodator temperature 

T a c c 4.6 K 25 K 

N u 

1 0 1 0 cm'3 10.4 

9.8 x 1 0 1 0 cm'3 8.8 

1.6 x 1 0 1 1 cm' 3 5.75 

3.5 x 1 0 1 1 3.6 8.29 

4 x 1 0 1 1 cm' 3 2.3 6.29 

In conclusion, these preliminary results indicate that, although 
scattering still exists, this two magnet system can deliver a if ° den
sity in excess of 1 0 " cm"3 into the ionizer region. With some modifi
cations (better differential pumping, a tapered permanent sextupole, and 
a higher field electromagnet sextupole), if" densities of about 10* 3 

cm - 3 are possible. 
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PRESENT RESULTS ON THE POLARIZED PROTON AND DEUTERON 
SOURCE AT SATURNE ( LNS-SACLAY) 

JEAN LOUIS LEMAIRE 
Laboratoire National Saturne 91 191 Gif sur Yvette FRANCE 

Abstract An atomic hydrogen and deuterium source has been built on a t es t 
bench at the Laboratoire National Saturne as a first s tep of a new cold 
atomic sou rce . Present resul ts on recombination effects are presented along 
with ionizer performances on the operating source . 

1 ) INTRODUCTION : From the ion source to the tes t bench 

The ion source ( Fig : 1 ) is an assembling of : 
-A ground s ta te atomic source operated in pulsed mode which consis ts 
of a pulsed molecular gas dissociated by a pulsed RF discharge. The 
atomic jet is formed by a nozzle-accomodator skimmer arrangement, 
cooled down to 80K in order to achieve a higher atomic beam density. 

-A tapered sextupole magnet running DC at room temperature for 
selecting the electronically polarized beam. 

-A set of removable RF transit ions for protons or deuterons , 
operating at low magnetic field to select the required nuclear polarisation 
s ta tes . 

-An electron beam ionizer first supplied by the ANAC company, but 
fully modified af te rwards . 

-An elect ros ta t ic focusing line made of Einzel lenses followed by an 
e lect ros ta t ic bending mirror, for transporting the ion beam after its 
extraction to 17 Kv. 
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At the Montana worshop ( ref: 1 ) we produced polarized proton and 
deuteron ion beams of 250 \iA for a pulse duration of 1 ms . Our main concern 
was to improve the performances of the source and to clearly understand why 
the velocity of the hydrogen atomic beam was not lower than 2000 m / s . The 
source is operated 24 hours a day for the whole year: it is so very 
uncomfortable to make major modifications without beeing sure of a net 
improvement on the Saturne beam performances, except for the shu t down 
periods. Only very small modifications were proved to be safe enough. 

Also we wanted to tes t the feasibility of the proposed 26 Kelvin 
operating point for the nozzle temperature ( ref: 2 ) . A few a t t emp t s shew tha t 
no reliable improvement could be obtained even if the sextupole magnet 
opening aperture was considered . We then decided to build , as a first s t e p , a 
bench in order to t es t the atomic beam formed in the temperature range from 
4 K to 300 K : beam density, dissociation rate, velocity distribution. 

2) EXPERIMENTAL APPARATUS 

Fig : 2 is a layout of the experimental bench set up . The first vacuum chamber 
is pumped by a 1500 \/s turbomolecular pump and the main vacuum chamber is 
pump by a 2000 1/s turbomolecular pump. Details are given in what is housed 
in the vacuum chambers. 

-Par t 1 : a toms are produced in a dissociator . The nozzle is first 
cooled to 16 K which is the temperature limit of the closed loop 
refrigerator . 

-Par t 2 : a time -of -fl ight set is used to measure the beam 
velocity. The beam is chopped by either a rotat ing slit or a rotat ing blade, 
then collected on an ionisation gauge . From this signal we get the 
mean velocity of the beam . A mass spectrometer , located after the 
skimmer allows to measure the dissociation-recombination ra te . 
The aim of these first s t eps w a s : 

1 - to verify the resul ts obtained on our 80 K atomic jet which is on 
operation at present on our polarized source . 

2 - to t es t the 6 Kelvin BNL operating point and to experience the 
stability of the proposed 26 Kelvin point . Fig : 3 

3 - to tes t the 35 Kelvin SIN operating point and to experience the 
effect of an additional gas like N2, H2 . 

- 117-



Although we had already injected nitrogen in 1985 and again in 1987 , and 
observed the reported effects obtained in the other laboratories , no real 
improvement on the overall atomic beam could be obtained . With the help of 
A.D Herskovitch , we have tried during a few days to cool the nozzle to the 
lowest temperature attainable with our cryogenerator , that is 18 K , then to 

warm up to 20K. without observing significant improvements : the a toms 
velocity was, indeed , lower but the jet intensity was still too low and not 
compensated by the enlargement of the sextupole aperture . 

3 ) RESULTS ON THE ATOMIC BEAM 

Fig : 4 represents a plot of the Ho beam versus the temperature , from 
300 K to 4K obtained by decreasing continuously the temperature . It is clear on 
this resul t tha t a maximum exists at 80 K and some plateau appears at about 
30 K . 

Fig : 5 gives the associated velocity measurement versus the nozzle 
temperature : lowest velocity is 1300 m/s obtained between 25 K to 30 K . 

Fig 6 shows a typical signal observed with the Belov mass 
spect rometer . first peak represents Ho , second peak represents H2 . 

Fig : 7 shows a plot of the Ho signal from this apparatus . the maximum 
Ho result ing from dissociation and recombination effects s tands at about 100 K 
and relative amount of Ho decreases when temperature is lowered from 80 K to 

4 K . 
On the same scale we have plot ted Ho and H2 on Fig : 8 . No 

enhancement of Ho is observed if the nozzle is slowly warmed to 26 K after 
having cooled down to 4 K and added or not H2 molecular gas . 

On an other hand , enhancement of Ho at 35 K after cooling down to 
4K and having added N2 gas is clearly shown on Fig : 9 . Stability is of the 
order of several minutes . Enhancement of Ho at 35 K after cooling down to 19 
K and having added N2 gas is also clearly shown on Fig : 10. Stability is then of 
the order of several hours . 
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By injecting nitrogen molecular gas in the dissociator there is no total 
gain , because if the intensity increases again near 35 K , the atomic velocity is 
1400 m/s instead of 1120 m/s as it should be at 35 K . It seems to us that the 
atoms are warmed up by either the nitrogen or the ammonium ions generated 
from the RF discharge . Jn fact , according to P.A Schmelzbach 's works , 
nitrogen has only to be adsorbed on the nozzle surface . So we intend to start 
again with these tests on the bench , but by injecting the nitrogen gas directly 
inside the nozzle instead through the bottle . 

Further attemps would be made to check over the A.D. Hershcovitch 's 
reported effects again 

It is very surprising to notice with the mass spectrometer that the rate 
of molecules is so high , even with the best adjustements of the dissociator 
parameters . It is worth to understand where do these molecules come from : 
either directh from undissociated gas or from atomic recombination . 

1 )RESULTS ON THE ANAC IONIZER 

A general view of the ionizer is given on Fig : It 
Fig : 12 shows an enlarged view of the filament , E I and E 2 extracting 

electrodes . The El voltage is now pulsed for a duration of I ms allowing a 
much better stability of the ionizer . Consequently this permits to build up a 
much higher electron beam density in the ionization region . This has led to a 
big improvement on the polarized ion beam current . 

Measurements on the beam were then performed . A layout of the 
diagnostics is shown on Fig : 13 - ion beam current on a faraday cup , emittance 
measurements with profile monitors , energy spread with a sampling sl i t , an 
analysing bending magnet and profile monitor . 

We have buil t a new upgraded ANAC ionizer with special devices that 
give a very accurate assembly of the electrodes . The electronic density is thus 
high even with a weak cathode current . As well as one can increase the wehneltt 
voltage and so . focus the electron beam . This can explain why the emittance is 
quite small , while the energy spread is rather high . 

Further improvements are sti l l possible on this kind of ionizer , for 
which , advantage is to keep the polarisation of the atomic beam very high. 
Typical ion beam signal is shown on Fig : 14 
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IONISER TUNING 

El E2 E3 Intensity first Faraday cup Real Intensity 
Voltage < K V ) through grids ( Micro Amperes ) 

1.8 2.5 2.2 
2.3 3.2 2.9 
2.5 4 2.6 
2.9 4.S 2.7 

2.9 5 2.9 

380 470 
490 605 
540 670 
560 670 
580 720 

During those t e s t s the temperature of the filament was kept constant 
to 1920 "C . Both measured horizontal and vertical emittances were unchanged 

. < Fig: 15 ) . The energy spread seemed to stay constant ( Fig : 16 ) 
Further calculations are expected to show that the beam brillance has 

been increased . 

5) CONCLUSIONS 

For the past year , the Saturne accelerator which includes Mimas has been 
running for 5000 hours . 80 % of this time was dedicated to polarized proton 
and deuteron experiences . 

The source has been working for the whole period without major failure. 
The filament has to be replaced every 1000 hours to 1500 hours . 

The source has proved to be very reliable in operation , leading to the 
usual beam intensity of 2x l0 f l polarized protons or deuterons in Mimas . 

After having crossed the depolarisation resonances in Saturne , the 
measured polarisation of the beam is be t te r than 75 % up to 3. Gev which is the 
maximum energy of the accelerator . 
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HIGH FIELD STERN GERLACH MAGNETS FOR ATOMIC BEAM 
SOURCES* 

GERHARD GRAW, ALFRED ROSS, PETER SCHIEMENZ 
Sektion Physik der Universitat Munchen, 8046 Garching, Germany 

In atomic beam sources of the Stern Gerlach type for the production of dense 
beams of spin polarized atoms, preferentially polarized if (Is) or if (Is), sextupole 
magnets are commonly used due to their harmonic focussing properties. 

In typical geometries the accepted beam solid angle is proportional to B 0, 
the magnetic field strength at the largest usable radius r 0 of the sextupole field 

|B|=B„.(r/r 0 )». 

In the commonly used electro magnets saturation in the mild iron pole 
pieces limits B 0 to about 0.9 Tesla. Higher fields might be obtained in supercon
duction magnets, hybrid magnets, (a combination of permanent magnets, mild 
iron and electric excitation) or purely permanent magnets. We studied some of 
these aspects '. Constraints are: Geometrical dimensions of the device, pumping 
conductance for atoms scattered at the inner wall of the magnets, cooling of the 
electric coils, saturation of iron, demagnetization of the permanent magnets and 
homogeneity of the magnetic field obtained (to avoid aberrations in beam focus
sing due to higher multipole components). 

Designs of superconducting magnets with mild iron poles and outer shiel
ding yield typically 2.5 T or more at the pole tip radius. However, thermal 
shielding will reduce the usable inner radius appreciably and enhance the 
mechanical dimensions. In a set up of several sextupole magnets (to provide 
acromatic focussing and magnetic substate selections with an intermediate 
RF-transition), as it will be used in the FILTEX Atomic Beam Source for 

2 31 storage rings ' ' these magnetic inactive parts reduce considerably acceptance 
and pumping conductance. 

Contribution to the "International Workshop on polarized Ion Sources and Gas 
Jets, Nat. Lab. for High Energy Physics (KEK, 12.-17.Febr. 1990) 
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The use of permanent magnets, in hybrid or purely permanent magnet 
arrangements, is limited by the demagnetization of the material. The now avail
able rare earth permanent magnetic matcial Vacuflux (Vacuumschmelzc, 
Germany), based on Ncodym-iron-boron ; oys provide species with high resi
stance against demagnetization. They allow the design of very compact, purely 
permanent magnetic material sextupoles with B 0 = 1.4 - 1.5 T and weak compo
nents of higher multipole fields. 

FIGURE la and b Distribution of the magnetization direction in the 24 
magnet-pieces and of the calculated magnetic field 
strength B in a 30° segment, determined by the symmetry 
properties of the field 

Permanant multipole magnets had been discussed by K. Halbach '. The 
magnetic field results as 

|B(r)| = § J (^)2 [1- (g) 2] cos3 (U-) • sin ( ^ / ^ 

indicating an upper limit for B 0 = 3/2 J, J being the remanent field B r (at H = 0 
Oe), typically 1 T to 1.2 T, depending on the species of the Vacuflux alloy. In our 
case (fig. 1) we use M = 24 trapezoidal pieces of Vacodym with the orientation of 
the magnetization of each piece rotated by 60° with respect to the neighbouring 
piece. The chosen ratio of their outer and inner radii r a/r; * 3.2 causes a 10% 
reduction. The geometry term for a filling factor ( = 1 and finite segmentation 
(M = 24) causes an other 5% reduction, yielding |B(ri)| = 1.47 for J = 1.15 T. 
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At six azimuthal positions this about 1.5 Tesla sextupole field is tangential to the 
inner surface of the magnets and opposite to their magnetization, acting as a 15 
kOc demagnetizing field. More details had been worked out in a Poisson magne
tic field calculation '. For the tangcntially magnetized pieces we use Vacodym 
400, a material, where a magnetization J ~ 1 T is able to withstand an about 20 
KOe demagnetizing field. For the other 18 pieces with less critical field orienta
tions we use Vacodym 315 with higher magnetization J ? 1.2 T. Due to the 
superposition principle for multipole magnet configurations ', B 0 depends on the 
value of the weighted average J = 1.15. The demagnetization values are strongly 
temperature dependent. Thus one has to be conservative with respect to an 
"allowed" demagnetizing field and one has to avoid any heating of the apparatus. 
The magnetic field calcub'ion provided in addition a delcrmiation of higher 
multipole components. (The calculated vector potential values in the r < T\ range 
were fitted by an expansion into a multipole series), yielding 

|B(r,y>)| = B 0 (^) 2 [ l + a ( ^ ) 6 cos6^+ /?(L) 1 2cos 12 *»+ ..] 

We obtain very low values a = 0.02 and /? = 0.01, thus the field homoge
neity will be determined predominantly by mechanical accuracy and by magneti-
cal homogeneity of the parts, glued together. 

The Neodym-iron-boroii alloy is extremely sensitive to hydrogen. Exposi
tion of the material to hydrogen causes a break down of the sinter-structure and 
consequently of the magnetic orientation. Therefore the glued magnets will be 
enclosed in evacuated tightly welded stainless steel vessels to prevent any contact 
with atomic hydrogen. The magnets, being presently under construction have an 
inner diameter of 2r0 = 2.5 cm, an inner stainless steel well of 0.25 mm and stain
less steel end caps of 5 mm, having thus neglectable loss of space. 

In an earlier part of our study we investigated hybrid magnets. We also 
constructed a prototype magnet, however with readily available permanent 
magnets of rectangular shape (5 x 10 x 20 mm3) and lower demagnetizing critical 
field value (Vacodym 360: J = 1.1 T, H c r = 15 kOe). Poisson calculation for this 
magnet yielded strong multipole admixtures (u = -.16, /) = -.14), the calculated 
demagnetization effects demanded a limitation to B 0 = 1-1 T. Radial and azimu-
tal magnetic field mappings with a computer controlled Ifall-meter device 
showed excellent experimental verification of the field calculation in this rather 
complex case. 
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WINKEL 
FIGURE 2 Distribution of the radial component of the magnetic field strength 

at a fixed radius as function of the azimutal angle <j> for a hybrid 
sextupole, described in the text. The solid curve results from the 
field calculation in an expansion encluding the two lowest 
anharmonicity terms, the curve reproduces well the measured values 
(crosses). The dotted curve is for a pure sextupole field. 

Calculation of a hybrid magnet in optimized geometry with the most 
resistent material against demagnetization (Vacodym 400) yields B 0 = 1.53, but 
again with large admixtures of higher multipoles a = - 0.03 and /? = -0.09. 
Furthermore these magnets have an outer diameter twice as large as the perma
nent magnets and need coils to provide 4000 Ampere turns. 

*) supported in part by the BMFT 
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R E C E N T D E V E L O P M E N T S I N O P T I C A L L Y P U M P E D 
P O L A R I Z E D I O N S O U R C E S 

R.L. YORK 
Los Alamos National Laboratory, Los Alamos, New Mexico, USA 

Abstract Four optically pumped polarized ion sources are currently opera
tional. A comparison is presented of the designs and operating parameters 
of these sources. Recent developments in lasers, diagnostic techniques and 
source designs are discussed. Future possibilities for improvement to the 
source performances, such as polarized alkalis other than Na and spin ex
change, are examined. Aspects of source performance tha t require further 
research are also discussed. 

INTRODUCTION 

The development of the optically pumped polarized ion source 1 was motivated 

by the need for higher intensity polarized beams at high- and medium-energy ac

celerators to perforin more complicated charge-exchange and neutron-spin physics 

experiments. At the Crans-Montana meeting, there were three sources under de

velopment and a fourth funded. 2 Since then, three of the four have progressed to 

the point of supplying polarized beams for nuclear physics experiments. Four years 

ago there were numerous promising areas for potential improvements including wall 

coatings, more intense lasers, alkalis other than sodium, collisional pumping, spin-

exchange, and ECR extraction optics optimization. The highest peak intensity 

reported in 198C was from the first operational optically pumped source at KEK 

with 60 /(A at 65% polarization. The present highest peak intensity reported is 

now at 1NR with '100 /i.A at 65% polarization. 3 

COMPARISON O F SOURCE P A R A M E T E R S 

One of the more interesting recent developments is that there are now four op

tically pumped sources to compare. A comparison of source parameters is shown 

in Table 1. Three of the sources, KEK, TR1UMF, and L A M P F , are very similar 

in basic design, using an ECR source for I l + injection into the polarized Na cell. 
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TABLE I. A comparison of OPP1S parameters. 
KEK INR TRRJMF LAMPF 

DUTY FACTOR <%) 0.2 0.01 100 10 
H* INTENSITY (mA) 70 200 50 50 
EFFECTIVE LASER POWER (W) 
LASER PULSE 

>35 
100|IS 

170 
100 |is 

2.4 
CW 

1.8 
CW 

Na CELL DIAMETER (cm) 1.2 1.2 1.0 .8 

MAGNETIC FIELD FOR 
POLARIZATION TRANSFER (kG) 12 12 18-25 16 
H~ INTENSITY (||A) 
AT5X10 1 3»iom»/cm z 

120 400 90 50 

BEAM POLARIZATION .65 .65 .55 .50 

The 1I + intensities of the three ECR sources are comparable even though the sources 

operate at different resonant frequencies and have significant differences in their 

magnetic bottle design. All three ECR sources use a 3 lens multiaperture extraction 

system with similar pattern design and extraction areas. 

The INR source uses the unique approach of producing the I I + ions in a three-

step charge exchange process, instead of using an E0R source. A 5 keV H + ion 

beam is produced with a conventional duoplasmatron and then converted into an 

H° beam by charge exchange in hydrogen gas. The neutral hydrogen beam then 

enters the high magnetic Field of the sodium target, where it is reionized by electron 

stripping in a pulsed helium gas jet. For INR's development source at low duty 

factor this technique has been highly successful because they can initially produce 

a COO mA I I + beam resulting in a 200 niA H + beam for injection into the polarized 

Na cell.4 

A notable difference between these four sources is their duty factors. This 

difference is very significant because the low duty factor sources at KEK and INR 

can take advantage of the tremendous laser intensities available from flash-lamp 

pumped dye lasers. KEK and INR each have developed flash-lamp pumped pulsed 

dye lasers to pump the Na vapor. 5 , 0 Both these lasers supply enough laser power 

to produce n virtually 100% polarized target at a thickness 5 x 10 1 3 atoms/cm 2 . 

Therefore, the performance of these sources is not limited by laser power. These 

sources are able to operate close to the maximum Na density allowed by radiation 

trapping. The intensity and polarization of the high duty factor sources at TRIUMF 
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and LAMPF arc limited by the amount of cw laser power available. TRIUMF uses 

three cw broad-band dye lasers pumped by one argon ion laser. The normal 30 GHz 

bandwidth of the broad-band laser has been reduced to a 3 GHz width with minimal 

loss in power to more efficiently match the absorption line of Na. A closed loop 

frequency control system for these lasers was developed at TRIUMF and details of 

this system will be presented at this conference.7 LAMPF uses two single frequency 

cw dye lasers each pumped by an argon ion laser. These have a bandwidth of 1 

MHz and produce 1 watt each at 589 inn. These lasers have a factory installed 

active frequency stabilization loop and also have a frequency scanning capability, 

which is a useful diagnostic tool. As shown in Table I, the lack of sufficient cw 

laser power at the frequency necessary to optically pump Na vapor limits the degree 

of polarization achievable in high duty factor sources. Available laser power also 

limits the diameter and thickness of the optically pumped Na target and thus the II ~ 

intensity. Measurements at LAMPF show the polarized H~ current is proportional 

to the cross sectional area of the polarized Na cell. Based on this data, if TRIUMF 

and LAMPF could obtain enough laser power to pump a 1.2 cm diameter Na cell, 

their polarized I I - intensities would be very close to the KEK value. 

All four sources rely on a Sona transition to transfer the atomic polarization 

obtained in the Na cell to nuclear polarization.8 The exact efficiency of the Sona 

transition in these sources is difficult to measure; calculated efficiencies can be as 

high as 93% for a 4 mm radius beam, but measurements imply that the efficiencies 

are between 80% and 90%. 

The useful aperture of the ionizer cell is limited by the acceptance of the various 

accelerators. This is because of the large emit.tance growth associated with charge 

reactions in a high magnetic field." All four sources use Na vapor to form H~ ions 

and operate at a thickness 2 - 7 x 10 1 4 atoms/cm 2 . The operational lifetime of 

the sources is limited by the high density ionizer cell to approximately two weeks 

before cleaning and reloading with Na is required. 

The polarized I I - currents of these sources are comparable to the value pre

dicted in the theoretical calculations proceeding the actual ion source development 

programs. 1 0 The INR source has exceeded these values, but further development 
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will be required to raise the duty factor of this source. 

The II" beam polarizations are below the value predicted by calculation." 

There are several possible explanations for this effect. Unpolarized background H° 

beam from residual hydrogen gas prior to arid in the polarized Na cell is certainly 

part, of the problem. Another possibility is that the average polarization of the Na 

targets is less than that measured by Faraday rotation techniques. With Faraday 

rotation, it is very difficult to integrate the polarization of the Na target spatially 

in the manner of the H + beam. Thus, the I I - beam polarization may be lower 

because the effective Na target polarization is lower than measured. The final 

possible explanation is that the true polarization transfer parameter is less than 

the calculated value. Accomplishing the polarization transfer reaction at higher 

magnetic field should improve Hie beam polarization. TRIUMF now has a new 

S.C. magnet capable of reaching 25 kG and some results using this device will be 

presented at this conference. 

RECENT DEVELOPMENTS 

Optical Pumping 

In 1986 one of the most exciting topic was the wall coating data of Swenson. 1 2 

Wall coatings like Diyfilin increase the relaxation time of polarized Na atoms from 

10 lis to several hundred ps. This solves laser power problems of high duty fac

tor sources and increases the radiation trapping limit for low duty factor sources. 

However, in experiments performed at KEK, TRIUMF, and LAMPF the efficacy of 

the coatings was destroyed when ion beams were introduced into the Na cell. The 

destruction mechanism is still under investigation. The hope is that other wall 

coatings that survive in the presence of ion beams may be found. The probability 

of finding wall coatings that will survive in the presence of ion beams is higher for 

the lower operating temperatures of potassium and rubidium. But wall coatings 

remain a potential improvement to optically pumped sources that is not. yet realized. 

Since the beginning of optically pumped source development, the most rapidly 

improving area has been laser technology. The development of the flash-lamp 

pumped dye laser has certainly been a major improvement for low duty factor 

sources. Obtaining adequate laser power within the optimum bandwidth to opti-
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cally pump Na vapor has always been difficult. The flash-lamp pumped dye laser 

has a much larger bandwidth than Na but produces so much power, (up to 1 kW), 

that spectral overlap is not important. The work of Levy at TRIUMF to narrow 

the 30 GHz bandwith of the broad-band dye laser to 3 GHz has greatly enhanced 

the efficiency of this type of laser. The 1 MHz bandwidth of the single frequency 

laser is a poor match to the 3 GHz Na absorption profile. A new method to enhance 

the optical pumping efficiency of single frequency lasers for Na is currently under 

development at Argoune 1 3 and LAMPF. 1 4 This method increases the bandwidth 

of the pump light by passing it through an Eleclo-Optic Modulator crystal (EOM). 

The EOM induces sidebands in the frequency spectrum to more effectively match 

the Na absorption profile. This technique appears promising and has demonstrated 

a increase in optical pumping efficiency. 

The recent development of the titanium-sapphire laser in the U.S. and the 

Alexandrite laser at INR and in Japan allows the optical pumping of alkalis other 

than Na. The flash-lamp pumped tunable solid-state Alexandrite laser will allow 

low duty factor sources to explore optical pumping of K and Rb. The TiSaf laser is 

a cw tunable solid state laser capable of optical pumping K, Rb, and Cs. Solid-state 

lasers have advantages over dye lasers in that they have more stable operation, can 

be pumped much harder, and don't sufTer from dye deterioration. A commercially 

available TiSaf laser produces 5 watts at 770 nm with a 30 GHz bandwith when 

pumped with 20 watts from an argon ion laser. Some experimenters have produced 

17 W with 54 W of argon pump power. 1 5 

The availability of the TiSaf laser means that K maybe a preferable target to 

Na in the polarizer cell. At the same vapor density, K atoms have lower thermal 

velocities than Na atoms and therefore 30% longer relaxation time. Also, because 

the potassium Dj line is at 770 nm there is a factor of 1.3 more photons per watt. 

These features result in G0% less laser power required to pump an equal thickness 

of K to the same level of polarization as Na. The normal 30 GHz bandwidth of 

the TiSaf laser can be narrowed to w 1 GHz by adding a combination of thick and 

thin etalons with only a 20% loss in power. Thus, a TiSaf laser tuned to 770 nm 

produces 4 times the laser power of a dye laser at 589 mi]. The charge exchange 
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cross sections 1 0* 1 7 for K and Na are comparable. Potassium metal can be handled 

in a manner similar (o Na because it experiences only a small amount of surface 

oxidation when exposed to air. A disadvantage to using K in the polarizer cell is 

that calculations indicate radiation trapping will limit its density to half that of Na. 

Experiments are currently being performed at LAMPF to determine the effects of 

radiation trapping in K. 

Rubidium is another possible replacement for sodium in the polarizer cell be

cause of the new solid-state lasers. The Di line of Rb is at 795 inn, which means 

there is a factor of 1.35 more photons per watt than Na. At the same vapor density, 

Rb atoms have even lower thermal velocities and therefore a 46% longer relaxation 

time. A potential complication with using Rb is that commercially available Rb 

is a mixture of isotopes: 72% Rb* s and 28% Rb*T. The relative isotopic shifts in 

the D] lines results in an elective absorption bandwidth of 7 GHz. The charge-

exchange cross section is again comparable to Na. A distinct disadvantage of Rb 

is that metal is much more reactive and therefore more difficult to handle, than 

K or Na. The primary cause of the difficulty is that Rb lias such a low melting 

point that the heat of oxidation liquifies the metal when exposed to air. Thus, the 

difficulty of handling Rb is similar to handling Cs because the metal is completely 

oxidized when exposed to air. This fact, combined with the space restriction inside 

high field solenoids, makes Rb a promising but possibly difRcult replacement for 

Na. 

Diagnostics 

One advantage of the Lamb-shift polarized ion source is that the polarization 

of the I I - beam can be measured at the source using the quench-ratio me''.od. In 

OPPIS the polarization of the alkali target can be measured using Faraday rotation 

techniques and this is normally a good relative indication of the polarization of the 

H~ beam. However, since there is always some depolarization in the polarized elec

tron capture process, there has been considerable interest in developing convenient 

methods of measuring the polarization transfer efficiency. One method that was 

used first at KEK and presently at LAMPF is a 750 KeV polarimeler which utilizes 

the 48% analyzing power of the flLi( p, 3He) 4He reaction. 1 8 Four solid-state delec-
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tors centered on ±52° and ±113° allow coincidence measurement to be made of the 

scattering asymmetry. The energy spectra in the backward arms are usually clean 

enough for measurements to be made using 'He identification alone. In singles 

mode, 2% statistics are accumulated in 5 minutes. KBK has recently purchased 

a 1.5 MV tandem Van de Graff to improve the quality of the data. TRIUMF is 

currently investigating the analyzing power of various targets for a 300 keV po-

lariineter. 

INR has developed a very effective low energy polarimeter.' The polarization 

of a beam of low energy (5-10 keV) II" or I I + ions is measured by converting part 

of the ions into metastable atoms by neutralization in Na vapor. The metastable 

atoms are selectively quenched in a spin-filter solenoid. The yield of Lymau-alpha 

photons can be measured and the photon intensity ratio between polarized and 

unpolarized beams yields the polarization of the initial H~ beam with an analyzing 

power of 50%. 

Another technique tor studying the polarization transfer in the electron capture 

reaction is to measure the H~ current from the polarized alkali-vapor target. 1 9 Since 

H~ ions only form when polarized 11° atom collides with a Na atom with antiparallel 

electronic spin, the H _ current from the polarized alkali target depends on the target 

polarization and the polarization transfer coefficient, T. Thus, 
/wilml —Ami _ pif 

Jiui|.i.l 

where P is the polarization of the alkali vapor. This technique is very sensitive to 

pump laser alignment and frequency tuning because the modulation is proportional 

to the square of the target polarization. At LAMPF the pump beam is chopped 

at 1 kHz rate and a lock-in amplifier triggered by the chopper is used to detect the 

modulated signal from the Faraday cup, providing a real lime indication of the II" 

beam polarization for tuning purposes. The disadvantage to this method is that 

the ionizer cell must be ofT and therefore it cannot be used when the source is in 

full operation. 

At LAMPF a newly implemented technique called "two detector method" 2 0 

makes it possible to optimize the Na target polarization by adjusting the frequency 

and alignment of the pump lasers without interrupting source operation. The lin-
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early polarized probe beam can be split into its horizontal and vertical components 

with a beam splitting polarizer. By monitoring the relative intensities of these 

two components with two photodiode detectors, the Faraday rotation that results 

from the atomic polarization of the Na vapor can be measured. This method is 

especially useful because it yields real-time information on the polarization of the 

Na target without interrupting polarized beam production. 

FUTURE DEVELOPMENT 

An exciting concept for the future performance of the optically pumped source 

is to use spin-exchange to replace the present charge-exchange method of producing 

the polarized atomic hydrogen beam. This concept is based on calculations 2 1 , 5 2 

and recent measurements 2 3 , 2 4 which show that spin-exchange reactions between hy

drogen atoms and polarized alkali vapor can polarize very intense polarized atomic 

hydrogen beams. There are two different types of potential ion source designs that 

might utilize this concept and they are shown schematically in Figure 1. The first 

type of source in Figure 1 is a "collisional pumping" source.2 5 This type of source be

gins with a 2 to 20 keV H + beam incident on a polarized alkali target. As originally 

proposed this concept relied on successive electron capture and loss collisions in a 

low magnetic field to produce an electron nuclear spin-polarized atomic hydrogen 

beam, Subsequent calculations have revealed that spin-exchange collision are the 

dominant mechanism for spin transfer. Thus, this type of source is a low magnetic 

field spin-exchange source that yields nuclear-spin polarized atomic beams. 
[LOW • FIELD sriN EXCHANGE] 

COLUSIONAl PUMPING 

ALKALI CELL , . 
THICKNESS 12 X 1 0 " em"' 

H * * FAST SPIN 
CHANGING COLLISIONS 

USER 
HIGH riELO 

IONIZER 

[HIGH a FIELD] 
SPIN EXCHANGE 

ALKALI CELL 
THICKNESS 3 X 1 0 " e m " ' 

H* 1 FAST SPIN 
CHANGING COLLISION ±r~iz.|—\m. 

NEUTRALIZER I S 0 N A H | C H riCLD 

LASER REGION IONIZER 

FIGURE 1. Schematics for possible spin-exchange source designs. 
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FIGURE 2. Calculated spin-exchange cross sections from Ref. 22. 

The second type of source begins with a 2 to 20 KeV H + which is neutralized 

in a hydrogen or alkali target before entering a strong magnetic field (2-4 kG) 

for spin exchange. 2 8 Because the spin exchange occurs in a high magnetic field 

the resultant atomic hydrogen beam has only atomic polarization. Thus the spin-

exchange reaction must be followed by a Sona transition to convert atomic to nuclear 

polarization. Both types of sources require a strong field ionizer for formation 

of the final nuclear-spin polarized H + or H~ beams. The calculated values of 

spin-exchange cross sections for K, Rb, and Na are shown in Figure 2 . 2 2 Recent 

measurements show slightly lower cross sections. 2 3 , 2 4 Based on these values both 

the high and low field sources require an alkali target thickness of greater than 3 

x 10 1 5 atoms/cm 2 . These thicknesses are beyond the demonstrated capabilities of 

existing laser systems and far beyond the Na radiation trapping density limit of 6 

x lO 1 2 atoms/cm 3 for high field and 6 x l O " atom/cm 2 for low field. 2 7 ' 2 8 However, 

if atomic hydrogen spin-exchange interactions do not destroy spin-preserving wall 

coatings in (lie manner of ion charge-exchange reactions in alkali vapor, then optical 

pumping these dense target might be feasible with existing lasers. 

For the high magnetic field case, a 0.75 cm diameter Na target with complete 

depolarization at every wall bounce, the Na target must have a length of 5 in and 

laser power greater than 50 W for 90% target polarization. If damage-resistent 
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spin-preserving wall coatings are available, radiation trapping effects are greatly 

reduced. Willi wall coating material adequate to achieve 1.5 msec relaxation times 

Hie required target length is reduced to 15 cm and the required laser power to 0.5 W. 

For a low magnetic Held case, the radiation trapping effects are much more severe 

because the Zeeman levels are degenerate. With depolarizing walls the maximum 

Na target density is so small that the required target length is in excess of 100 m. 

Even with polarization preserving bounces, radiation trapping effects still restrict 

this design's feasibility. 

Another extremely interesting use of the spin-exchange phenomena is intro

ducing a polarizable buffer material into the optically pumped alkali target . 2 9 ' 3 0 

Spin-exchange collisions transfer the polarization of the optically pumped atoms 

to the buffer atoms. Calculations by Cornelius and Mori, 3 1 and recent measure

ments by Zelensky24 show that mixing alkalis is an excellent method of achieving 

thicker polarized targets in conventional OPP1S sources. Alkali mixing should be 

an excellent way to diminish radiation trapping effects because lower density of the 

optically active alkali is needed. However for mixing alkalis to be effective, a long 

buffer relaxation time is required. Mixing alkalis also makes the high and low field 

spin-exchange designs more promising. With mixing, the high field case seems rea

sonable. Assuming a 20 cm target, and a Na relaxation time of 15 fis the maximum 

Na density is G x l O 1 2 atoms/ciu 3; the required buffer alkali relaxation lime is at 

least 300 /is to achieve 90% polarization. With alkali mixing in the low field design, 

the maximum Na density is 0 x lO 1 1 atoms/cm 3 requiring a buffer relaxation time 

greater than 30 msec to obtain 90% buffer polarization . Again, the low field case 

is more difficult to achieve. Experiments to investigate replacing charge-exchange 

with spin-exchange are planned for this summer by a collaboration between INK 

and TKfUMF in Canada. 

There are numerous areas of investigation for potential improvement of opti

cally pumped sources. However restricted resources require thai we focus on the 

most promising ones. Replacing Na as the polarizer target with K or Rb appears 

very promising with the availability of the TiSaf and Alexandrite lasers. ECR ex

traction optics have improved steadily, mostly without theoretical support. More 
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systematic study and theoretical calculations will be necessary for their optimiza

tion. Polarization transfer efficiency is an area where all the sources show values 

below the theoretical calculations. The effect of the unpolarized background from 

residual hydrogen gas on this efficiency requires further study. The possibility of 

biasing the alkali cells to reject the uupolarized components by selecting a single 

energy H~ beam should be investigated. The search for spin preserving wall coat

ings tha t are more damage resistant should continue. Wall coatings can increase 

the radiation trapping limit, reduce the required laser power and are essential to 

the success of spin-exchange targets and alkali mixing. Spin-exchange experiments 

should continue because of the encouraging initial results and the high level of 

potential yields tha t calculations indicate. 

CONCLUSIONS 

Since its inception 10 years ago, the high rate of progress in optically pumped 

polarized ion sources is obvious. One of the primary reasons for this progress is 

the excellent collaboration between KEK, T R I U M F , INR, and L A M P F . Another 

reason is that the separable na ture of the source's composition allows significant 

research to be performed apart, from polarized ion source facilities. For these 

reasons the high rate of progress should continue. 

The levels of performance that were forecast 10 years ago have been achieved. 

Improvement in extraction optics design and the new lasers to optically p u m p K 

and Rb should result in increased performance levels. The possibility of using spin-

exchange as the beam polarization process is certainly futuristic. But , the potential 

gains are so high that it should be investigated. At their present performance level, 

the optically pumped sources should be excellent, tools for satisfying the polarized 

ion beam requirements nf medium and high energy nuclear physics facilities. 
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STATUS OF THE OPTICALLY PUMPED POLARIZED ION SOURCE 
AT INR IN MOSCOW. 

A.N. ZELENSKII, S.A. K0KHAN0V5KII, V.6. POLUSHKIN, 
K.N. VISHNEVSKII 
Institute for Nuclear Research 
Academy of Sciences of the USSR, Moscow, USSR. 

Abstract. The last results of development of a laser source of 
polarised protons and H" ions are presented. A proton polariza -
tion of (65+3%) has been achieved for a charge exchange in a fi
eld of 15 KG. At present, a pulsed intensity of polarized pro
tons of about 4 mA and H" current of about 0.4 mA have been ob-
tained by charge exchange in a sodium cell {1?. The pulse dura
tion is about 30 mksec, repetition rate - 1 Hz, normalized emit-
tance is not more then 0.1 JT cm-mrad. 

1.Introduction. 
A source of polarized protons and H~ ions based on the method of po
larization through the capture of polarized electrons has been de
veloped for the Moscow Meson Factory. High intensity linear accele-
rater of hydrogen ions - Moscow Meson Factory (MMF) - involve four 
injectors (ions H +,H" and H , H~ polarized) • It is possible to ac
celerate either one beam from any injector, or two beams with the 
opposite charge states simultaneously. The total pulse duration is 
100 mks with the repetition rate 100 Hz. The acceptance is not more 
than 0,77rci»-mrad. 

2. Polarization scheme. Results. 
On the International Workshop in Montana in 1986 we have published 
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polarization scheme. Its advantages and shortcoming are consider brie
fly. A schematic layout of the polarized proton source and protons po
lar imeter are shown in fig.1. 

nn 
Fig.l. Schematic layout of the INR Moscow laser source: 

1) proton source, 2) focusing lens, 3) neutralizator, 4),8) pulsed so
lenoids, 5),9) ionizing He-cells, 6) optically pumped sodium cell, 
7) deflecting plates, 10) bending magnet, 11! polarimeter sodium cell, 
12) spin filter, 13) detector of L,/-photons, 14) laser radiation. 

An intense beam of neutral hydrogen atoms and additional ionizing he
lium cell (5) are the main special features of the instalation. The 
difficulties of operating the proton source in a strong magnetic field 
are removed and the opportunity arises for arbitrari adjusting the va
lue of the magnetic field. The protons produced in the cell <S) are 
retarded by 1 kV voltage applied to it. This allows to eliminate of an 
unpolarised component of the proton beam, wich is formed by atoms pas
sing through the He-cell without ionization. The unpolarized beam is 
energy separated and deflected to a diaphragm in a bending magnet(10). 
Thus, the main difficulty on the way to developing a new source - the 
emittace growth at the charge-exchange in a strong magnetic field - is 
overcome. The improvements of a four-grid system of beam formation (1), 
solenoidal lens (2) and neutralizator <3) give a possibility to the 
authors increase the source intensity. A record high current of pola
rised protons of 4 mA have bee obtained. The current Df polarized H~ 
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ions range up to o,4 mA when using sodium instead o-f helium in the 
ionizer (9). Unfortunataly, the value of the protons polarization is 
not increase. Figure 2 shows the dependence of polarization on the 
magnetic strength in the region of charge exchange in sodium. 

10 

0.5 

.V ^^_-— 

' ^ * + * 

• 4 

. . . . i . . . 

10 20 K& 

Fig. 2. Proton polarization vs value of magnetic field in the so
dium cell. Solid line - results of calculations/a/. 

It was observed that polarization achieves 65+3*/.. 

3. Further development of INR source. 
This result was achieved on the installation wich may operated at the 
repetition rate 1 Hz and the pulse duration 30 mks. Me have the prob
lem to increase the repetition rate ap to 100 Hz and the pulse dura
tion - 100 mks. The solve of this problem involve: Dconsidering and 
testing more simple new polarization scheme with optical pumping, 
2) development of the instalation from fig.l, 3)creat of the instala-
tion, wich is analogous to KEK, TRIUMF, LAMPF. We hope, that one of 
this ways to give rise to development of regular source for MMF. 

4. "Collisional pumping" of proton polarization. 
Dne of the new polarization scheme is the method for production of 
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nuclear spin-polarized ions through the multiple charge- and spin-ex
changes of hydrogen in optically pumped medium. It was proposed in 
paper 17.1. The nuclear polarization as high as 907. must be produced at 
sodium target thickness of about 3-10 at/cm*/5/.For optical pumping 
of thick target it is supposed to use a pulsed dye laser of 300 W/cm5 

power /3/. During experimental studing of polarization under such con
ditions the anomalous effect was observed in charge-exchange of a pro
ton beam in the dense sodium target by the action of laser resonance 
radiation /4/. In this case, the effective thickness of the target is 
reduced about one hundred times during a laser pulse ( see fig.3). Mo
dulation of ion pulses completely disappears at shifting a laser wave
length from resonance transitions 3S-3P. 

i.O 

I0i€ at/cm* 

Fig.3 . Production of H" ions in the sodium charge-exchange ce l l un
der action of resonance laser radiation! a) modulation of H" ion pul
sed current from the sodium cel l by laser radiation, b) curve 1 - H" 
yield without laser radiation, 2 - change of the yield under laser ac
t ion, ce l l length l=20em, 3 - l=B0cm. 

The charge-exchange eff iciency i s most l ike ly to decrease due to tran
s i t ion of a major fraction of sodium atoms to other s ta tes Na +, NaJ, 
Na4.The revealed features of charge-exchange in the exited target seem 
to be a barrier to realization of the "coll isional pumping" technique. 
In our measurements we have not polarizations about +5X up to target 
thickness 2-10 at/cm 4 . If the target thickness i s higher than 2-10* 5 

2 
at/cm (target length equals BOcm), we have ionization. 
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5. Polarization o-f a potassium target. 
At present, the laser system based on alexandrite is being on test-
bench. The alexandrite laser will provide the optical pumping of a 
potassium vapor with a repetition rate o-f 100 Hz and a pulse duration 
of 100 microseconds. In order to compare polarization o-f a potassium 
target with sodium, we make use pulse dye laser. Its parameters are: 
power - lkW/cm , wave length - 7699A, bandwidth - 0,5ft, pulse duration 
- 30 mks, repetition rate - 1 Hz. The results of testing of a potas
sium target is presented i n fig.4 and fig. 5. 

10" 2 3 4 10™ 2 3 4 iOiSat/cm1 

Fig.4. Potassium target polarization vs target thickness. 

All parts of the cell are made of thin stainless steel. The target 
length equals 200mm, aperture - 12mm. For polarization measurements we 
make use a method of analyzing the hyperfine spin states of metastable 
hydrogen atoms, wich are produced by the pick-up of polarized elect-
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Fig.5. Relaxation time of a potassium polarization. 

rons from optically pumped potassium atoms 111. The cell was placed in 
a pulsed oil-cooled solenoid with a 4 kG magnetic fild. The pulse du
ration was about 10 s. Obtaining data on potassium and sodium polari
zation are very much alike, PK =90Z at the target thickness 5-10* at/cm2 

These allow to hope, that in regular source it may be tD use the po
tassium target and the alexandrite laser. 

6. Summary. 
Thus, in this paper the some last results of development of a laser 
source of polarized protons and H'ions are presented. A pulsed inten
sity of polarized protons of about 4 mA an H~ current of about 0,4 mA 
have been obtained by charge exchange in a sodium cell in a field 15kG 
A proton polarization - 65±37.. Results of experimental testing "colli-
sional pumping" scheme shows, that scheme is apparently of little 
perspective for construction the polarized ion source. We suppouse, 
that spin-exchange scheme is more perspective /B/. By when potassium 
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testing we have that obtaining data on potassium and sodium polariza
tion are very much alike. The high average power laser will be used 
for optical pumping of the potassium target. 
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ASPECTS OF THE CONTINUOUS WAVE, OPTICALLY PUMPED II" ION 
SOURCE AT TRIUMF 

I,. Iliiclimami, C.I).P. Levy, M. McDonald, R. ltuegg and P.W. Schnior, 
TRIUMF, 4004 Wcsbrook Mall, Vancouver, U.C. VCT 2A3 

Abstract. After reconstruction within a superconducting solenoid, the TRIUMF op-
tically pumped II" ion source is now operational and has provided 5 //A of proton 
beam with 50% polarization extracted from the TRIUMF cyclotron. During the 
development of the source several types of extraction systems for the proton ECR 
source have been explored. Among different kinds of extraction electrodes a three-
electrode, small hole grid system driven in an accel-accel mode has been found to 
be advantageous in providing stable operation with a maximum of beam at a very 
specific setting. A Na polarization above 70% has been achieved for a Na thickness 
of less than 5xl0 1 3 atoms/cm2. The final polarization is lowered due to the presence 
of a significant unpolarizcd background beam and due to the presence of the proton 
beam in the optically pumped Na vapour. 

INTRODUCTION 

Following Anderson's analysis |l] an optically pumped 11" source has been developed 
for continuous wave operation at TRIUMF consisting of the following main components: a 
superconducting magnet (2 T) providing the magnetic field for the ECR source and the Na 
neutralizer cell, a laser system to optically pump the sodium, deflector plates to dump any 
of the charged beam, a Sona magnetic transition region, and a Na ionizer cliarge exchange 
cell within a normal-conducting solenoid to obtain the II" current (lig. 1). Though the 
pulsed optically pumped JI~ source at KEK reported encouraging results at an early stage 
of operation [2J, the continuously driven source at TRJUMF has encountered many unique 
problems which are partially reported here. The laser system of tlie source is dealt with in 
the contribution by CD.P. Levy to this conference [3J. A more complete publication is in 
progress [4). 
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overview (see text). 

SUPERCONDUCTING 
COILS 

THE HYDROGEN DEAM: PRODUCTION AND TRANSrOUT 

The ECR Source 

The ECR cavity is a watercooled copper cylinder of 23 cm length and 5 cm inner 
diameter (fig. 1). It is mounted to an insulating nylon holder to allow the application of the 
5 kV potential for proton extraction. The nylon holder also supports the extraction system. 
Inside the cavity an evacuated quartz tube liner contains the plasma. The rf waves are fed 
radially into the cavity and excite the plasma through the quartz tube. 

The quartz tube is cooled by an air flow in the gap between the copper and the 
quartz; the air has to be exhausted due to a large ozone production. Vacuum sealing of the 
quartz tube to the airgap is provided by a teflon O-ring capable of resisting up to 1 kVV of 
rf power. External grooves in the copper cylinder hold a SmCo hcxapole structure (peak 
surface field 0.32 T). 

Several electrode systems for the ECR source were investigated mostly in the normal 
conducting solenoid version of the source (1.2 T). A three-electrode system had the most 
merit consisting of 1 mm thick molybdenum disks with an hexagonal array of 61 1 mm 
diameter holes and 1 mm gaps between the plates, as displayed in fig. 2. 

The outer two electrodes are supported by watercooled copper holders which are 
mounted to the nylon insulator as mentioned above. The inner electrode is integral to the 
ECR cavity. 

The electrodes are driven in an accel-accel mode with the second one being about 
1 kV below the cavity potential (5 kV). The third electrode is normally driven at a slightly 
negative potential of not more than 100 V. 

Since the configuration of the electrodes was of the utmost importance in the de
velopment of the source, the subsequent sections will deal with data taken from this and 
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various electrode configurations. 

:*tf 
DSOSOXOXC 

Extroction hole pattern 

Ucam Transport and Space Charge 

Extracted Proton Currents 

Quortz tube 

-Woter cooled 
holder 

—I I—1mm Gcp 

Fig. 2 The extraction elec
trode system (see text). 

The proton current drawn from the (5 kV) cavity power supply does not show the 
usual Child-Langmuir V 3 ' 2 dependency as enforced by the beam space charge at the plasma 
sheath. On the other hand, for all configurations tested a sharp increase in current is 
observed at a very low voltage (~100 V) as shown in fig. 3. (for the superconducting 
version of the source). 

60 

1 " 
21 

-1 1 1 1 , I . 

l - f - H - i — f - T T V2 • Peak Voilovje 

Sec. Eleclr. Shortcut 

-J_ _1_ 
I 2 J 1 5 

Covily Voll .(kV) 

Fig. 3 Dependence of the 
drawn power supply current 
on the extraction voltage for 
the multiple hole system in 
the superconducting source. 

For higher voltages the current drawn is rather constant or even decreases slightly. 
The current drawn at the extraction plateau scales empirically with the extraction 

area F (for both source configurations) as 

Ip[mAJ = (1.2±0.3)F[mm»J, (1) 
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the large error being due to alignment effects, differences in Na concentrations, and space 
charge compensation, as well as different modes of operation. 

The Electrodes in the Accel-Accel Mode 

Figure 4 shows the 1I~ current vs. the second electrode potential for several electrode 
systems for the normal conducting source configuration. 

2 3 1 
Sec.Eleclf.VoM.(kV) 

Fig. 4 II" currents in an accel-
accel mode for several extrac
tion systems (normal conduct
ing version) versus the second 
electrode voltage. 

The II" current shows a resonance-like behaviour at a very specific voltage roughly 
1 kV below the extraction voltage most pronounced for small hole sizes (multiple holes). 
The plasma tended to short circuit the second electrode with the cavity voltage in this 
potential region, a short which could be removed only by switching off the rf power. The 
addition of an oil/watercooled 100 kJl ballast resistor draining the second electrode power 
supply has lead to a very stable operation at the peak current. 

100 

Fig. 5 II" currents in an 
accel-accel mode for one set 
(gap=l.G mm) as used in the 

2 3 4 5 superconducting system for 
SecEleclr.VolUkV) several rf powers. 

Figure 5 shows the II" current vs. the second electrode voltage for several rf power 
levels in the superconducting source, demonstrating the effect over a wide range of beam 
currents and plasma densities. Noticeable in this figure is a slight shift of the peak with 
increasing rf power as well as a near proportionality of the peak current with rf power up 
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to 850 W applied. Above 850 W of rf power the peak H" current extracted drops slightly. 

72 

1 2 3 0 

Sec. Eledf. Volt, <kv> 

Fig. C The cavity, reduced sec
ond and II" (unsealed) cur
rent for the multihole extrac
tion system in the accel-acccl 
mode. 

The currents at the first and second electrodes are displayed in fig. 0. The second 
electrode current in this figure (dubbed: "reduced current") is derived by subtracting the 
stabilizing resistor current from the power supply current. At the peak current a signifi
cant electron component preferentially hits the second electrode. The current on the third 
electrode (not shown) vanishes at the peak current position. The cavity current (first elec
trode) shows a minimum close to the peak of the II" current demonstrating, maybe, an 
electron current drawn from the cavity. The dependence of the II" peak position on the 
cavity potential is displayed in fig. 7. Jl shows a remarkable proportionality down to quite 
low voltage1!. 

3 1 5 
Firsl Eledr. Volt. (kV) 

Fig. 7 The second electrode 
peak potential versus the cav
ity potential. 
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Na Density Effects on the Beam Current 

IBO 200 220 240 260 2B0 300 

Reseivoir Temperature (°CI 

Fig. 8 The observed II" cur
rent, cavity reduced II" cur
rent and the cavity current 
versus the measured neutral-
izer Na density inside the 
300 kV terminal. 

Figure 8 displays the H~ current dependence on the Na (neutralizer) reservoir tem
perature as measured inside the 300 kV terminal. 

Remarkable are two observations: (i) at very low densities the H- current observed 
shows a steep increase, far above the normal linearity (not displayed) [4]; (ii) at high den
sities the current does not show the expected flattening. 

In the normal conducting and superconducting versions of the source a dependence 
of the beam current on the polarity of the deflector was observed as displayed in fig. 9. For 
positive deflection the current observed is a factor 2 to 3 less than for negative deflection. 
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Fig. 9 II" current of the nor
mal conducting source version 
versus the steerer polarity (at 
lkV). 

ELECTRONIC AND NUCLEAR. POLARIZATION 

Beam Intensity and Sodium Thickness 

A decrease of the Na density in the neutralizer cell with increasing beam intensity 
has been observed, as displayed in fig. 10 for various reservoir temperatures at maximum 
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beam intensity. The hydrogen beam is reducing the Na thickness by its interaction with the 
Na. 

Integrating the Maxwell Boltzmann distribution and using flux equilibrium with ad
ditional scattering leads to 

P i = Po(l + l/(ak0) (A/Ty/'Zffih)-1 (2) 

for the density pi of the beam interacting zone and with p0 being the density without the 
beam, 1 the length of the cell, a the area of the beam, k0 = (l/2;r m/amu) 1/ 3 , A being the 
atomic mass, T the absolute temperature, a, the interaction cross section of choice and I, 
the relative current contributing to this cross section. 

Figure 10 displays several fits to the Na density with beam on and ofr for a simple 
exponential (non-beam) behaviour of the Na density and a single cross section interaction. 
The variation of the Na density with beam (ratio between 1.4 and 1.9) can possibly be 
explained by a two component model (charged/neutral) of the beam with the neutral beam 
having a somewhat higher scattering cross section than the charged one. Unfortunately, 
because of space charge effects, the beam intensity itself depends on the Na density, thus 
leaving the finer details unresolved. 

Electronic Polarization and Ucain Current 

Desides the effects produced by varying the laser power and Na density the electronic 
polarization is also dependent on the beam current within the Na cell. As discussed above 
the Na density decreases with increasing beam current. Therefore one would expect that the 
electronic polarization measured follows this decrease with the density response function of 
the electronic polarization. This is not the case! In fact, for all cases there is relatively little 
change in the electronic polarization with a Na density change of nearly a factor of two [4]. 
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Background Currents 

Even at unobservable Na densities there is a considerable I I - current of the order of 
10 to 20 /JA for operational gas pressures. Figure 11 displays this relationship of the double 
reduced H~ current (i.e. the H~ current divided by the cavity current drawn and the gas 
flow itself) as a function of the hydrogen gas flow. 
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Fig. 11 The dependence of the 
background II" current (re
duced by the cavity current 
and the gas flow (roughly si 
ccm/min), for two extraction 
systems (superconducting). 

Figure 11 shows flat regions in which the double reduced 11" current is constant, 
followed by sudden jumps toother plateaus. At certain gas flows the plasma (sheath) prob
ably reorganizes and these jumps in current occur. If the neutral beam were to be generated 
by charge exchange with a non-hydrogen component, one would expect a decreasing de
pendency of the doubly reduced I I - current. The background current seems to stay nearly 
constant with increasing Na density. Figure 12 shows the dependence of the nuclear polar
ization on the Na density. 
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Fig. 12 The dependence of the 
nuclear polarization on the Na 
thickness for two cases (high 
and low current). 

For low densities this dependency is well fitted assuming a constant unpolarizcd background 
beam. The high density drop off is produced by the diminishing Na polarization as well 
as for high currents by the beam induced shift in the response function of the electronic 
polarization. A very good polarization transfer (>90%) is observed in all cases. 

168 



CONCLUSION 

Many surprises occurred during the development of the continuous wave optically 
pumped H~ source at TRIUMF. The beam transport through the source turned out to be 
much more complicated than anticipated, and included the pleasant surprise of the accel-
accel effect. The sodium vapour thickness and its polarization is influenced by the proton 
beam limiting seriously the polarizations achievable. 

l b ease diagnosis of the factors affecting the nuclear polarization, two polarimeters 
are under construction. One will measure the changes of H" current out of the neutralizer 
cell [5], while the other will be based on low energy nuclear reactions, such as 913e(p,a)6Li1 

which show some analysing power even at 300 keV. 
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T H E LAMPF OPTICALLY P U M P E D POLARIZED ION 
SOURCE 

R.L. YORK, O.B. VAN DYCK, D.R. SWENSON, & D. TUPA 
Los Alamos National Laboratory, Los Alamos, New Mexico, USA 

Abstract The LAMPF optically pumped polarized ion source is op
erational and the first nuclear experiments used its polarized beam in 
September, 1989. The source design and laser optical pumping system 
are described. Results of studies of ECR extraction optics and H~ beam 
polarizations are presented. Useful diagnostic techniques for optimizing 
and monitoring source performance are discussed. The present level of 
performance of the source is 50 fiA with 50% polarization. Some addi
tional improvements to the source optics and optical pumping system are 
discussed. 

INTRODUCTION 

The nucleon-nucleus interaction program and especially the neutron-spin in
teraction program at LAMPP have been limited by the available polarized beam 
intensity for a number of years. Immediately after Anderson1 proposed the opti
cally pumped polarized ion source, a feasibility study was begun. Research efforts 
at LAMPF have made contributions to the optically pumped polarized ion source 
development since 1981. 2 | 3 In 1985, based on the collaborative work with and re
sults of Mori at K E K 4 , 5 and Schmor at TRIUMF 8 ' 7 the decision was made to begin 
development of an optically pumped polarized ion source (OPPIS) at LAMPF. 

The first H + beam was obtained from the ECR source in March 1987. The 
first H" beam was obtained from the complete source in August 1988. In October 
1988, the installation of the source in the Cockroft-Walton HV injector was begun. 
Installation was completed in April 1989. In September 1989, the first nuclear 
physics experiment was performed at LAMPF using the polarized beam from OP-
PIS. For these experiments, the source ran 10 days with approximately 85% beam 
availability at a current of 8 fik from the source and an average polarization of 45%. 

SOURCE DESIGN 
A drawing of OPPIS at LAMPF is shown in Figure 1. The source operates 

at a 10% duty factor with 800 /Jsec pulses and a repetition rate of 120 Hz. The 
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Figure 1. The LAMPF optically pumped polarized ion source. 

H + ion beam is generated by an 18 GHz EGR source. One kilowatt of rf power is 
axinlly injected into the plasma chamber in the beam direction with the waveguide 
angled off axis to allow space for a laser window on the source axis. The plasma 
chamber contains a quartz liner and a sextupole array of permanent magnets around 
the plasma chamber to increase the beam proton fraction. The magnetic field for 
the ECU source and the polarized Na target is supplied by a continuous winding 
superconducting (S.C.) magnet. 

The polarized Na target is placed in a 16 kG axial magnetic field generated by 
a superconducting (S.C.) solenoid to achieve a high polarization transfer coefficient. 
The S.C'. magnet is a persistent mode device with a 13.7 cm bore. This large bore 
allows vacuum pumping passages around the ECR plasma chamber to minimize (lie 
unpolarized H° beam formed from collisions with residual hydrogen gas between the 
extraction lenses and the polarized Na cell. The vacuum pumping for the source is 
supplied by two 1,500 liter/sec cryopumps. One is mounted upstream of the ECR 
source and the other between the two Na cells with additional pumping downstream 
of the Na ionizer cell. 

The ECR source extraction electrode system consists of three multiaperture 
lenses. Each lens is 1 mm thick with 1 mm spacing between lenses. The hole 
pattern is a hexagonal close-packed array of sixty-one 1 mm holes with 0.25 mni 
spacing between holes. 

The polarized Na cell is 10 cm in length and 0.8 cm in diameter. The Na cell 
consists of a thermally isolated coaxial oven surrounding a copper tube containing 
many small holes along its length to ensure even distribution of the Na vapor. The 
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Na oven is surrounded by a coaxial water-cooled vacuum chamber to minimize the 
migration of Na vapor. The ionizer cell has a similar oven-vncuum chamber design. 
This cell design has demonstrated temperature regulation of ±0.25°C, 

Between the two Na cells are deflection plates to eliminate the residual ions 
from the polarized H° beam. The Sona transition is tuned using two bucking coils 
to compensate for the fringe fields of the S.C. and ionizer solenoids. There are also 
iron plates to diminish the fringe field of the S.C. magnet. The ionizer solenoid is 
a conventional electromagnet. The entrance and exit apertures of the ionizer cell 
are 1.4 cm to hold the normalized etnittance of the H - beam to 0.08 cm mrad. 

After the ionizer solenoid there is an einsel lens and 16° bend magnet. The 
16° bend makes it possible to insert the laser beam from the downstream end of 
the source, thus avoiding aperture losses of 60% on the ECR lenses. The 10° bend 
also avoids impinging a high intensity neutral hydrogen beam and Na vapor on the 
750 kV accelerating column and allows selection of a single energy polarized beam. 
After the magnetic bend are a second einsel lens, an rf bunrlier and well shielded 
Faraday cup where quoted beam intensities are measured. 

The H - beam polarization from OPPIS is proportional to the Na target polar
ization. The Na polarization depends on the laser power and the match of the pump 
light to the absorption profile of the Na vapor. To be a useful tool for experimental 
physics, the ion source laser must have adequate frequency stability and must be 
capable of changing frequencies under remote control to reverse the direction of the 
Na spin. To satisfy these two requirements we used two single frequency ring dye 
lasers (Coherent CR-699-29,CR-699-21). These lasers have a frequency bandwidth 
of less than 1 MHz and their frequency is stabilized and tuned by servo locking the 
frequency with a temperature stabilized etalon. 

The CR-G99-29 laser is purchased with fully automated frequency control which 
includes an integral wavemeter and microcomputer control system. Automated spin 
reversal is simple to implement, requiring only that frequency settings be transmit
ted via an RS-232 interface. Spin reversal on the CR-699-21 requires a slight modi
fication to allow computer control of the laser's thin etalon galvonometer drive. The 
2.03 cm "' wavemmiber change is accomplished by tilting the thin etalon for coarse 
adjustments and fine tuning with the thick etalon. A Burleigh WA-20 waveme-
ter with 0.01 cm" 1 resolution ii> used as feedback to set the CR-699-21 frequency. 
During normal operation, the spin is reversed every 2 minutes, requiring on the aver
age 15 second intervals. The pump laser frequencies are spaced 0.02 c m - 1 on either 
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Figure 2. A drawing of the LAMPF OPPIS optical pumping system. 

side of the Na absorption line center. With fresh Rhodaniine CG dye, the output 
of each dye laser is 1 watt with 6 watts of 514 mu pump light from each argon ion 
laser. The dye is changed after approximately 80 hours, to regain adequate power. 

The optical pumping system for the ion source is shown in Figure 2. All the 
lasers are housed in a filtered-air clean room to reduce maintenance of the laser 
optics. The laser beams are transported 8 meters to the ion source, diverging to a 
3 cm diameter. A telescope is necessary to reduce the beams to 4.5 mm (diameter 
at half power) at the 8 mm diameter polarized Na cell. The telescope's location 
far from the lasers increases the overlap of the two laser beams and reduces the 
effects of dome vibration on the laser alignment. A Pockel's cell is used to change 
the laser polarization from linear to circular. The Pockel's cell voltage is computer 
controlled to reverse the helicity of the circular polarization for spin flipping. 

OPTIMIZATION OF SOURCE PARAMETERS 

Optimization of ECR extraction optics must be done empirically because there 
is no computer code that has demonstrated adequate simulation of voltage plasma 
interaction in a strong solenoidal field. At LAMPF, we have experimented with 
numerous extraction geometries, attempting to achieve a parallel H + beam. Beam 
profile measurements of H + beams in the region of the Na cell have shown modu
lation of the beam diameter which we believe is caused by focusing effects of the 
extraction lenses in a solenoidal Meld.8 
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Ill an attempt to study extraction geometries, mulliapertiire configurations of 
various sizes ami areas have been studied. A consistent result of these studies is 
that the final II~ intensity scales with extraction aperture area. This data is shown 
ill Figure 3 and was compiled by operating the lenses in a accel-decel mode, 5 kV 
on the first len, -200 volts on the second and the third lens grounded. The II" 
intensity is also found to scale with the cross sectional area of the polarized Na cell 
for t . l cm and 0.8 cm diameter cells. 
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FIGURE 3. H~ current versus the FIGURE 4. H" current versus the ex-
extraction area, of the ECR multiaper- traction voltage between the first two 
ture lenses. ECR lenses. 

A major improvement in the H - intensity is accomplished by operating the 
lenses in an accel-accel mode. The term accel-accel refers to operating the first 
lens at I 4 kV and raising the positive voltage of the second lens until the I I - current 
is optimized. The effect is only observed if the thickness of the first lens is ecpial to 
or greater than the hole diameter. If the first lens is too thin, lowering the voltage 
gradient between the lenses causes the plasma to penetrate the holes and short the 
two lenses together before the increase in H~ current is fully achieved. We believe 
that the lower plasma extraction voltage causes the plasma sheath to become less 
concave resulting in a more parallel H + beam. The H~ beam is increased because 
more of the H° beam is created within the solid angle acceptance of the source. A 
plot of II ~ beam current versus the potential between the first two lenses is shown 
in Figure 4. This technique increased the polarized H~ current by a factor of 5. 

This ECR source operates at 18 GHz which is between the 16 GHz KEK source 
and the 28 GHz TR1UMF source. A unique feature of this design is that the ex
traction lenses are in a 16 kG magnetic field, requiring the plasma to drift 8.5 cm 
from electron cyclotron resonance point in a ramping magnetic Held. This drift dis-
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tance is considerably longer than that of KEK or TRIUMF and there was a question 
whether (he plasma density could be maintained. However, the performance of (his 
source seems quite comparable to TRIUMF and KEK. Thus, it is possible to use 
high magnetic fields for polarized electron capture collisions without compromising 
the performance of the ECR source. 

A plot of extracted H + current and final polarized H~ current versus rf power 
is shown in Figure 5. The curves indicate that both H + and H" intensities are 
still increasing with rf power. Although obtaining more than 1 kW of power is not 
feasible at this time, we do plan to reduce the size of plasma chamber in an attempt 
to reach a higher rf power density. 

The most recent improvement to H~ intensity was accomplished by optimizing 
the alignment of the magnetic axis of the S.C. solenoid. The source vacuum housing 
and S.C. magnet bore diameters differ by 1 cm, allowing adjustment of the magnet 
position in x, y, and angle. This procedure is very reproducible and yielded a 
factor of 2 increase in current. Whether this procedure results in better alignment 
of the beam with the magnetic axis of the solenoid or misaligns the beam with the 
magnetic axis to take advantage of some angular deviation in the beam envelope is 
still undetermined. We also moved the magnet in the beam direction by 1.8 cm. 
This moved the extraction lenses from the 1C kG flat field region into the slope 
of the magnetic field to a point of 15.5 kG. However, the II" beam intensity was 
unchanged by this adjustment. 

Three diagnostic techniques are used for optimizing the alignment and fre
quency settings of the dye lasers.' First, with the ionizer Na cell off, the H -

intensity from the first cell is proportional to the square of the Na polarization.10 

By chopping the laser beams and using a lockin amplifier to measure the I I - cur
rent modulation at the Faraday cup, a "real time" feedback signal for fine tuning 
of the laser alignment and frequency is provided. The second diagnostic is Fara
day rotation. A linearly polarized 100 raff probe laser beam is transported from 
the clean room to the dome with a polarization-preserving optical fiber. After 
decoupling from the fiber, the beam is 6 mm in diameter. This probe beam is 
attenuated to less than 10 mW by a neutral density filter, which helps protect the 
fiber optic from the pump beams. The probe beam is sent through the source in 
a direction opposite to the pump beams to minimize noise caused by stray light 
from the pump beams. The Faraday rotation of the probe beam was measured 
with the "two detector method",1 1 and is used to calculate the target thickness and 
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polarization. The third diagnostic is measuring power absorbed from the pump 
beam by the vapor in the polarizer cell. With the frequency of the pump lasers 
tuned away from the sodium absorption line, the alignment of the pump beams 
is optimized by maximizing the transmitted power. The frequencies of the pump 
lasers are optimized by maximizing the power absorbed in the vapor. The average 
polarization in the cell depends on the total absorbed power. 
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Another part of optimizing the laser optical pumping system is to determine 
the appropriate Na target thickness. Fig. G shows H~ beam polarization measured 
at 800 MeV versus polarized Na thickness. This data indicates that for target 
thicknesses between 1 x 10 1 3 and 3.5 x 10 1 3 atoms/cm 2 the polarization of the 
H - beam is almost constant. Above a target thickness of 3 x lO 1 3 atoms/cm 2 the 
polarization drops off due to insufficient laser power. Below 1 x 10 1 3 atoms/cm 2, 
the polarization drops off because of the unpolarized background beam. Since this 
does not occur until 1 x 1 0 l s atoms/cm 2, it indicates that the background beam 
is small. This figure also shows a plot of Il~ intensity versus Na target thickness. 
The relationship is linear and the intercept is near zero, indicating again that the 
background beam is small. For this laser system, P 21 is greatest at approximately 
4 x 10 1 3 atoms/cm 2. 

The maximum beam polarization achieved with 1.6 watts from the laser system 
is 48%. To investigate this limit, we studied the polarization of the beam as a 
function of laser power using the II ~ AI current modulation technique.9 The data 
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indicates that the H~ beam polarization is limited by the laser power of the two 
Inser synleni. To explore the improvement with higher laser power we added nil 
etalon-narrowed broad-band dye laser, increasing the power level to 2.3 watts. With 
this system, we achieved 56% polarization at a thickness of 5 x 10 1 3 atoms/cm 2, 
clearly showing that the source is laser power limited. 

SOURCE PERFORMANCE 

The true measure of a polarized ion source's performance is sustained of polar
ization and intensity. Figure 7 shows the polarization of the 800 MeV beam over 
a three day period. Some of the variation in polarization is due to deterioration 
of the laser dye. But in general, the lasers ran quite reliably and required only a 
minimal amount of tuning. 
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FIGURE 7. Stability of the OPPIS II" current and polarization during 
the 1989 experimental cycle. 

Also plotted in this figure is the intensity of II" beam measured at 750 keV. 
The intensity of the source is quite constant, reflecting stable operation of the ECR 
source. There is a small oscillation of the beam intensity with a period of several 
minutes which corresponds the temperature regulation of the polarized Na cell. We 
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are currently working to minimize this effect. 
Another feature of the source's performance is the polarization transfer effi

ciency, 1'. This is the efficiency with which the atomic polarization of the Na 
vapor is transferred to the atomic hydrogen beam. Although the polarized electron 
capture is performed in a 16 kG field in this source to enhance this process, our 
measurements of T are significantly lower than calculated values.3 

To measure T, we determined the polarization of the H ~ beam at 800 MeV 
while simultaneously measuring the polarization of the Na target using the two de
tector method.* These measurements were performed using three lasers to optically 
pump the Na cell, making it possible to explore T over a wide range of target po
larizations by blocking the lasers in different combinations. Resulting spin transfer 
values were quite consistent. We corrected the data assuming our Sona transition is 
90% efficient and for ionization at 1.5 kG being 95% efficient for nuclear alignment. 
Even with these corrections, the average value of T is only 63%, which is below the 
estimated value of about 90% at 16 kG. 2 This discrepancy could be explained by 
a large unpolarized background beam from the residual hydrogen gas. However, 
attempts to measure this component of the beam directly and the plot of beam 
current versus Na target density indicate the unpolarized background is small. An
other contribution to the apparent low value of T may be due to an overestimate of 
vapor polarization by selective sampling by the probe beam. This problem is still 
under investigation. 

CONCLUSION 
The goal in building OPPIS at LAMPP was to achieve a value of P 2 1 which is 

an order of magnitude higher than our Lamb-shift source. We have exceeded that 
goal in a development mode of operation with 50 //A and 50% polarization. In 
order to obtain higher values of I I - beam polarization, we have changed the vapor 
in (.lie polarizer cell to K pumped by a TiSaf laser. The I I - intensities obtained 
using K are the same as Na at equal target thicknesses. The II" beam polarizations 
possible using a single TiSaf pump laser are currently being studied. We expect to 
have even higher values of P 2 1 for the next experimental cycle at LAMPF in May 
1990. 

1 7 8 -



ACKNOWLEDGEMENTS 
We wish to thank Drs. W. D. Cornelius, R. R, Stevens, Jr., and M. Dulirk 

for their contributions to the OPPIS development program. We would also like to 
thank Drs. Y. Mori of KEK and P. W. Schnior of TRIUMF for their collaboration. 
We would like to acknowledge the strong technical support of J. D. Wieting, T. J. 
Wehner, II. E. Williams, W. P. Potter and J. D. Paul. 

REFERENCES 

1. L. W. Anderson, Nucl. Instr. and Meth. 167, 363 (1979). 
2. E. A. Hinds, W. D. Cornelius, and R. L. York, Nucl. Instr, and Meth. 

189, 599 (1981). 
3. W. D. Cornelius, D. J. Taylor, and R. L. York, Phvs. Rev. Lett. 49, 870 (1982). 
4. Y. Mori, K. Ikegami, A. Takagi, S. Fukumoto, and W. Cornelius, Nucl. Instr. 

and Meth. 220, 264 (1984). 
5. W. D. Cornelius, and Y. Mori, Phys. Rev. A 49, 870 (1983). 
6. C. D. P. Levy, M. McDouald, P. W. Schnior, and J. Uegaki, Helv. Phys. 

Acta 59, 674 (1986). 
7. M. Law, C. D. P. Levy, M. McDonald, P. W. Schnior, and J. Uegaki, AIP, 158., 

610 (1968). 
8. R. J. Hayden, M. J, Jakobson, O. B. van Dyck, and R. L. York, Beam 

Dynamics Calculations for the LAMPF Optically Pumped Ion Source, to be 
published in the Proceedings of the Particle Accelerator Conference, March 
1989, LA-UR-89-1159. 

9. D. R. Swenson, D. Tupa, O. B. van Dyck, T. J, Rosson, and R. L. York, 
Recent Developments in Optical Pumping for OPPIS at LAMPF, [Proceed
ings to be published from the) International Workshop on Polarized Ion Sources 
and Polarized Gas Jets, National Laboratory for High Energy Physics (KEK), 
Tsukuba, Japan, 12-17 February 1990. 

10. W. D. Cornelius, Proceeding of the Workshop on Polarized Targets for 
Storage Rings, ANL-84-50 (1984) p. 385. 

11. F. Strumia, Nuovo Cimento XL1VB, 387 (1966). 

179 



THE LASER SYSTEM OF THE OPTICALLY PUMPED ION SOURCE AT 
TRIUMF 

C.D.P. LEVY, R. BURGE, R. DEHAVEN*, M. MOUAT, S. SARKAli, 
P.W. SCHMOR, N. WILKINSON, AND A.N. ZELENSKII* 
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C. Canada V6T 2A3 

Abstract. The optically pumped ion source at TRIUMF relies on laser optical pump
ing of a sodium vapour charge exchange cell for polarization. The laser system is 
described. 

INTRODUCTION 

The TRIUMF optically pumped ion source relies on charge exchange between 5 keV 
protons and electron polarized sodium vapour to produce a beam of electron polarized 
neutral hydrogen. This is then converted to a beam of nuclear polarized H~ions and 
accelerated to 300 keV before injection into the TRIUMF cyclotron. Following the analysis 
of Anderson', sodium vapour is optically pumped on the Dl transition at 590 nni, which 
is near the peak of dye laser power when operating with rhodamine 6G. Groups at INII, 
KEK, LAMPF and TRIUMF have operational ion sources based on polarized alkalis. The 
TRIUMF source is cw and to date has produced an accelerated current of 5 fiA with 50% 
polarization at 220 MeV, operating at a sodium thickness of 3.9 x 10 1 3 atoms/cm2. 

SYSTEM LAYOUT 

A Coherent Innova-100 all lines argon ion laser is used to pump three modified Co
herent CR-599 dye lasers, which produce approximately one watt each. The nominal band
width of the dye lasers is 30 GHz (FWIIM) when operated with the Coherent 3-plnte 
bircfringent Altar (BRF) alone. An intra-cavity 12% reflectivity, 0.5 mm thick solid ctnlon 
has been added to reduce the bandwidth to 3 GHz, thus providing a better match to the 
Doppler broadened sodium absorption profile of less than 3 GHz. 

Figure 1 is a schematic of the laser beam paths through the source. The three 1 \V 
beams are combined together, passed through a Pockels cell circular polarizer and a relay 
lens assembly to a mirror situated in the 300 keV beam lino downstream of the source, 

•LAMPF, Los Alamos, NM 87545, USA 
'INR, Moscow, USSR, 117312 
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Figure 1 Schematic of laser beam paths through the source. 

and reflected into the sodium polarizing cell. The light frequency is in resonance with the 
Zeeman shifted Dl absorption line in the polarizing cell (Na cell #1) , where the longitudinal 
magnetic field is typically 21.5 kG. Because of the Zeeman shift of 40 GHz, the pump light 
has negligible interaction with unpolarized sodium vapour in the negative ionizer cell (Na 
ceil #2) , which is situated in a magnetic field of 1.5 kG. It would be simpler to send the 
pump lasers in from the upstream end, but that is prevented by the low transparency of the 
proton extraction electrodes. However, a 2mW/mm 2 probe beam passes through the 1 mm 
diameter electrode apertures and is detected after passing accurately down the axis of the 
source. The linearly polarized probe light is tuned midway between the sodium 0 lines and 
is used to measure the sodium thickness in both cells, as well as the sodium polarization, 
by a Faraday rotation technique2. After passing through the source.the probe light is 
analysed by a linear polarizer and is then transmitted by a fibre optic to a monochromator-
photomultiplier arrangement in the laser room. 

Figures 2(a) and (b) show the unfolded optics system. Each divergent pump laser 
beam is brought by the relay optics to a 1 mm diameter waist near the beam line mirror. 
The small diameter at that point allows the laser beams to be brought as close as possible 
to the source axis without obstructing the ion beam. Each beam then expands to fill the 
central 1 cm of the 3 cm inner diameter of the polarizing cell, as shown in Fifiire 2(a). 
Figure 2(b) shows how the three pump beams converge on the polarizing cell..The pump 
beams enter the source at an angle of 3 mrad to the source axis. To prevent damage by 
the 5 keV neutrals coming from the sodium ionizing cell, the dielectric beam line mirror is 

- 181 -



a) 

Polarizing 
Laser Pockels Relay Beomline cell 
output mirror cell lens mirror 9>>n>*n 

f=3.16m ' " " " " 

6.0m —« 10.7m 

Figure 2 Unfolded pump laser beam optics; a) focusing and expansion of one 
divergent beam, b) ray diagram of all three lasers, (not to scale) 

protected by an anti-reflection coated microscope slide. The slide can be translated so as to 
move contaminated areas out of the laser beam paths and fresh areas in, allowing about 2 
days uninterrupted polarized ion source operation. The slide is itself shielded with a copper 
shutter until the 300 keV beam is properly tuned down the beamline. 

A few percent of each dye laser is sampled for diagnostic reasons. The beams are 
multiplexed into a Burleigh wavemeter (model WA-10), which measures the absolute laser 
frequency to an accuracy of 2 GHz on a 0.8 s timescale. Silicon photodiodes monitor the 
power of each laser and each pump laser has a dedicated spectrum analyser. 

One attractive feature of the optically pumped ion source is that the emittance and 
current are independent of whether the spin state is up or down. The spin state depends 
on the sodium polarization, which in turn is determined by the laser polarization and 
frequency. The lasers will flip the spin at rates of up to 100 Hz. Flipping the spin entails 
shifting the laser frequency and reversing the helicity of the circularly polarized light. 

DYE LASER CHARACTERISTICS 

The dye lasers are tuned with an intra-cavity BRF and etalon. The BRF mount 
has been modified by a lever which reduces motion by a factor of 3, reducing the effective 
backlash of the Newport dc motor (model 860-1) which drives the BRF. The UV-grade 
fused silica etalon measures 9 mm X 6 mm, is mounted on a General Scanning galvanometer 
(model G102), and is manufactured by CVI Laser. It has a 10-5 research grade laser polish 
and is parallel within 1 arcsec. The settling time of the etalon-galvanometer assembly is 
approximately 1 ms. 
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Figure 3 Transmission vs frequency 
for BRF (light curve), etalon (hatched 
curve), and combined tuning elements 
(heavy curve). The BRF and otalon 
arc shown aligned. 

Figure 3 shows the single-pass 
transmission vs frequency curves 
for the I1RF and a 12% reflec
tivity etalon. (The BRF curve 
is schematic). The etalon curve 
mode peaks are separated by 200 
GHz. The laser operates where 
the total transmission, shown by 
the heavy curve, is a maximum. 
The DRF and the etalon are ide
ally kept aligned, as shown, so 
that a local etalon peak coincides 
with the BRF peak. 

If the BRF curve drifts the 
laser power will drop by up 
to 20 to 25% and the laser 
frequency will be dragged by 
up to 4 GHz, before the fre
quency suddenly "mode hops" 
by 192 GHz to the next clnlon 

mode. Figure 4(a) shows the effect on power and frequency as the BRF is manually scanned 
across one etalon mode, keeping the etalon tilt constant. Figure 4(b) shows the effect on 
power and frequency as the etalon is tilted through one etalon mode, keeping the BRF 
unchanged. Examination of the two figures shows that the coupling between (he frequency 
and power is small, especially within the required 80 GHz range. 

That simplifies the stabilization problem and allows any feedback system to separately 
correct frequency drift with the etalon and power drift with the DRF. 
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Figure 4 Laser power vs laser frequency shift (relative to the laser frequency 
when the BRF and etalon are approximately aligned); a) as the BRF is rotated, 
and b) as the etalon is tilted. The etalon is imcoated. 
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LASER STABILIZATION 

As with any accelerator ion source, long term stable operation is required. The argon 
lasers need no attention beyond maintenance of stable air and water cooling temperature 
conditions (0.5 K range). The dye solutions are also temperature stabilized and are filtered 
by aluminum oxide beads, which keep the dye solutions clean. Clean solution is important 
for maintaining optimum laser power and narrow bandwidth. 

When operating in dc mode i.e.when the spin state of the ion source is constant, the 
laser power is maximized by computer controlled movements of the DRF. The power is 
read and averaged every few seconds, and action is taken to increase it if it drops more 
than 2%. The maximum power level is recorded and updated continually to compensate for 
changes unrelated to the BRF position. When spin flipping, the BRF is not adjusted for 
maximum laser power. This is because it is a relatively large, slow device. Instead the BR.F 
is adjusted for maximum power at some frequency between the two spin state frequencies, 
such that the powers at the two required frequencies are slightly less than maximum, and 
equal. 

Figure 5 is a schematic of the laser frequency analog control system which adjusts 
the etalon tilt. When free running the tilt is controlled by a "direct" voltage applied to 
the galvanometer. A triangle sweep voltage applied to the piezoelectric mounted spectrum 
analyser mirrors (Spectra Physics model 410-04) continually scans the spectrum analyser 
cavity length over its 30 GHz free spectral range at a rate of 100 Hz. The resulting pholodi-
ode output measures laser intensity vs frequency and is multiplied by a square wave to give 
the error signal for the feedback loop. The error signal passes through a low pass filter and 
is integrated to generate the feedback signal, which is applied to the etalon galvanometer 
when feedback is "locked". Before applying feedback, the spectrum analyser photodiode 
signal is manually centred in the sweep by the application of a dc offset to the sweep volt
age. In that case the error signal is zero and no correction is applied to the etalon. If the 
laser frequency drifts, the peak will no longer be centred in the sweep and the integrator 

Laser LAj light Spectrum 
Analyzer ' ' - ( Spectrum 
Analyzer photodiode V 

aigno) 

Bp 
ago 

swe 
VOlt 

photodiode V 
aigno) 

Bp 
ago 

\ 
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\ wave 

error r-?—I 

feedback 
"direct" 
control 

Figure 5 Schematic of etalon control system. 
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generates a feedback signal. The laser frequency is adjusted, when feedback is locked, with 
the offset to the sweep voltage. The spectrum analysers determine the accuracy of the 
control system. Temperature stabilization and hermetic sealing ensure a 24 hour reference 
drift of less than 0.3 GHz. 

An extensive effort has gone into providing a user friendly VAX workstation interface 
with the laser system, using windows to call up diagnostics and control of every active 
element in the system. The BRF stabilization routine is run through an AT computer. 

SODIUM POLARIZATION 

Figure 6 shows sodium polarization vs thickness, measured on several different runs 
under varied operating conditions. It is known that the pump light is elliptically polarized 
due to multiple reflections after the Pockels cell, and requires improvement. 

~i 1 1 1 r 
0 2 4 6 8 10 

Sodium thickness ( I 0 U a toms /cm 2 ) 

Figure 6 Sodium polarization vs sodium thickness in the polarizing cell. 

FUTURE WORK 

We have purchased a titaniumrsapphire laser in order to investigate the possibility of 
replacing sodium with potassium or rubidium, pumping at 770 nm or 795 nm respectively. 
Rubidium should be particularly advantageous with its low photon energy, slow atomic 
velocity and broad absorption width. 

We may also increase the polarization by rapidly scanning the laser cavity length so 
as to smear out the multi-mode spectrum3. 
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R E C E N T DEVELOPMENTS IN OPTICAL P U M P I N G FOR 
OPPIS AT LAMPF 

D.R. SWENSON, D. TUPA, O.B. VAN DYCK, T.J. ROSSON, & 
R.L. YORK 
Los Alamos National Laboratory, Los Alamos, NM, USA 

Abstract We present the results of progress in optical pumping for the 
Optically Pumped Polarized Ion Source (OPPIS) at LAMPF. Several 
methods of estimating vapor polarization are discussed, including details 
of several techniques for measuring optical rotation. The polarization of 
Na vapor pumped with two single frequency ring lasers as a function of 
laser beam size, frequency, and power is examined and optimized. Data 
is presented on the polarization preserving properties of a spontaneously 
formed wall coating and Dryfilm and their destruction. An electro-optic 
modulator (EOM) is used to increase the spectral coverage of the Na ab
sorption profile and hence improve optical pumping efficiency. We assess 
the advantages of using a titanium:sapphire (TiSaf) laser with power ex
ceeding 3 W at 770 nm to pump K for a polarized vapor target in OPPIS. 

INTRODUCTION 

Highly polarized optically pumped alkali vapor targets are necessary for OP
PIS operation. Polarizations exceeding 90% at thicknesses of 5 x l O 1 3 c m - 2 are 
especially desirable. Much progress has been made at LAMPF on producing such 
targets. Faraday rotation has been developed as a diagnostic technique, the ef
ficiency of optical pumping has been improved, and polarization preserving wall 
coatings have been examined. Both sodium and potassium have been used as a 
target medium. 

MEASUREMENT OF TARGET DENSITY AND POLARIZATION 

An alkali vapor in a magnetic field produces optical rotation by the Faraday 
effect. The degree of optical rotation depends on the thickness and polarization 
of the alkali. Theoretical descriptions of the Faraday effect are available. 1 ' 2 ' 8 Ro
tation of the plane of polarization of a probing light beam is the basic technique 
for measuring vapor density and polarization in optical pumping at LAMPF. This 
method is capable of absolute determination, can be made non-perturbing, and can 
have a well defined sample volume. A disadvantage, in our implementation, is 
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a geometry that does not allow for perfect overlap between the pump and probe 
beams. Also, the probe beam may not. sample the target polarization in the same 
way the ion beam does, so the spatial dependence of the target polarization may 
affect them differently. 

We have worked on several systems to measure Faraday rotation. A typical 
set up is shown in Fig. 1A. A probe beam is chopped and seat through a clean
up polarizer before traversing an alkali cell. A rotatable polarizer, photodiode, 
and lock-in amplifier are used to measure the polarization plane of the emergent 
beam either by nulling the photodiode signal or by fitting the output signal vs. 
polarizer angle to a curve and finding a minimum. The Faraday rotation can be 
found quite accurately (± 0.1°) when a computer controlled motorized stage rotates 
the polarizing cube. Unfortunately, this method is slow, and our rotating stage 
takes up a great deal of space and has been damaged in the high voltage injector 
environment. 

To optimize polarization while the source is operating, it is very useful to have a 
rotation measurement that is instantaneous. With the rotatable polarizer set ±45° 
from the null point for the unpumped vapor, the lock-in amplifier displays a signal 
that varies with probe rotation, so rotation angle, and therefore polarization, can 
be maximized. This version of the rotating polarizer method is so useful because of 
its speed, but fluctuations in the probe intensity affect the signal. A fast method 
of measuring polarization that can survive in the high voltage environment of the 
ion source and gives a less ambiguous angle reading is the "two detector" method, 1 
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FIGURE 1. Methods of measuring Fara
day rotation in an alkali vapor. A. A 
rotatable polarizer finds the final polar
ization of the probe beam. B. In the 
"two detector" method, the amplitudes 
of orthogonally polarized components of 
the emergent beam give its final polar
ization. C. In the "rotating waveplate" 
method, the initial polarization of the 
probe beam is continuously rotated and 
its final polarization is monitored. The 
phase shift between the initial and final 
polarizations gives the Faraday angle. 
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Fig. ID. This method uses a beam splitting polarizer to divide the probe beam 
into its two orthogonal components. An electronic circuit takes the arc tangent 
of the square roots of these amplitudes and produces a voltage proportional to the 
polarization angle. Alternatively, we use a standard computer to calculate the 
polarization angle from the output of the pholodjodes in near real-time. The two 
detector method is fast, can be performed remotely, and, with large photodiodes, 
is insensitive to probe alignment. Care must be taken to compensate for imperfect 
operation of the beam splitter and unequal gain of the two photodiodes. 

Fast Faraday rotation measurements are also made with the "rotating wave-
plate" method, Fig. 1C, suggested by W. Cornelius in 1988. A half waveplate is 
mounted in a high-speed motor to rotate the linear polarization of a probe beam. 
A reference signal is taken from the waveplate as it rotates to give the angular phase 
of the polarization of the incident probe beam. After passing through the alkali 
vapor and a polarizer, the angular phase of the final polarization of the probe can 
be measured by the lock-in. The Faraday angle is given by the phase shift between 
the two signals. Stable motor speed is required to minimize differential electronic 
phase shift between the signals. The reliability and accuracy of this technique have 
not been fully evaluated. 

The amount of rotation caused by the vapor depends upon the frequency of the 
probe laser. Considerations of accuracy determine the probe frequency. Far from 

WAVENUMBER cm 

FIGURE 2. The repeatability of a Fara
day rotation measurement. A single 
frequency laser is used as a probe to 
measure the thickness of a Na vapor 
with the Faraday rotation method pic
tured in Fig. 1A. The thickness mea
surements were made over a 12 hour 
time period and for probe frequencies 
varying between the Di and D2 reso
nance lines, denoted by arrows. The 
data points show the relative deviation 
of eacli measurement from the average 
thickness, demonstrating consistency 
well within 10%. The solid line gives 
the Faraday angle predicted by theory 
for our thickness of 8 x l O i J c m - 2 in a 
3 kG field, showing that the measured 
angles ranged from 2° to 50°. 
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the resonant lines, the rotation is not very sensitive to the frequency of the probe 
beam, but the angles to be measured are small, about 1°. When the frequency 
is closer to one of the resonant absorption lines of the alkali, the rotation angle 
is large and can be measured relatively well, but uncertainty of laser frequency 
becomes the dominant source of error in density and polarization results. Also, 
when the frequency is too close to resonance, the probe intensity affects the Faraday 
angle and polarization. 

We present data to demonstrate the usefulness of these measurements. Fig. 
2 shows the long term consistency of a density measurement by Faraday rotation. 
We compare Faraday rotation to polarization measured other ways in Figs. 3 and 4. 
The most important use of Faraday rotation is to estimate the polarization we expect 
in the PI~ beam produced by the source. We compare the rotation to the beam 
polarization determined by the 750 keV and 800 MeV polarimelers in the beam line 
in Fig. 3. The linear relationship demonstrates that Faraday rotation is a good 
indicator of relative polarization. The laser on/laser off modulation4 of I", AI~, 
is also used to monitor polarization of the vapor; a comparison of modulation to 
Faraday rotation is in Fig. 4. 
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FIGURE 3. The ion source Na cell 
polarization measured with Faraday ro
tation vs. H~ beam polarization mea
sured with the 800 MeV polarimeter for 
a Na target and the 750 keV polarime
ter for a K target. The 800 MeV data 
was used to determine the polarization 
transfer efficiency. 
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FIGURE 4. A comparison of 
laser on/laser off modulation of the I I -

beam, AI~/I~, vs. polarization mea
sured by Faraday rotation for different 
laser intensities. The square of the va
por polarization is proportional to the 
modulation with the ratio equaling the 
polarization transfer efficiency. 
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FIGURE 5. Absorption by the Dt line 
in Na in a 4 kG magnetic field. A lin
early polarized single frequency beam 
parallel to the magnetic field is used as 
a probe. In the first scan, there is no 
pump laser. In the second scan, a sin
gle frequency laser of 110 mW pumps 
the <r+ transition. The "hole burning" 
in the velocity profile is clearly seen, 
and the increase in absorption by the 
a~ transition indicates a greater popu
lation of the Ms = +1 /2 sublevel, demon
strating that the vapor is polarized. 

Since, in our arrangement, the pump and probe beams do not overlap perfectly 
for Faraday rotation measurements, the probe measures polarization along a path 
not coaxial with the pump. Another indication of polarization is found by mea
suring the power absorbed from the pump beam. The average vapor polarization 
is given by the relation P = 2TRTP/ZNV (Eq. 1) where rR is the ground state 
relaxation time, Tp is the rate of photon absorption, and NV is the number of 
atoms in the target. Absorbed power is a simple real-time indication of relative 
polarization and is free of the pump/probe overlap ambiguity. However, it may 
not be so useful for absolute polarization measurement because it requires accurate 
values of relaxation time, number of atoms, and the optical power within the vapor 
cell. Absorbed power has been a fairly linear and reproducible indicator of relative 
polarization over the region of interest for our density and laser power. 

SPECTRAL AND SPATIAL COVERAGE OF THE ALKALI 

The OPPIS source at LAMPF in 1989 used sodium vapor in (he polarizer cell 
pumped with two single frequency dye lasers (Coherent 699-29, 699-21). These 
lasers were chosen because they are frequency stabilized and can change frequency 
easily to reverse the spin of the sodium target. The drawback of using single 
frequency lasers is that only atoms of certain velocities in the inhomogeneously 
broadened sodium vapor can absorb the pump light. This "hole burning" is illus
trated in Fig. 5. To pump all the atoms with two single frequency lasers more 
efficiently, their frequencies should be offset from each other. This offset becomes 
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greater as the laser power is increased, the absorption becomes more saturated, and 
consequently the hole burned by each laser in the velocity distribution of nfoms 
becomes wider. Calculations show that, for a sodium target of thickness 4 x 10 1 3 

c m - 2 , lasers of 900 mW power give the best polarization when spaced ±0.02cm _ 1 

from line center. Observations confirm this calculation. 
Our motivation for choosing a single frequency laser system is discussed above, 

as well as the problem of adequately covering the absorption profile of sodium. One 
method to improve the efficiency of pumping with a single frequency laser has been 
recently proposed,5 Light of frequency v„ passing through an EOM driven with rf 
power of frequency u' emerges with frequencies v0 and ua ± »ii/\ The effect of this 
frequency modulation with both narrowband and broadband rf on the spectrum of 
a single frequency laser beam is seen in Fig. G. The increase in optical pumping 
efficiency with narrow band rf is demonstrated in Fig. 7. As expected, the effect 
is most important for laser powers high enough to burn a hole in the center of 
the absorption line, otherwise removing photons from the line center frequency can 
actually be detrimental to polarization. The EOM may prove to be particularly 
useful in obtaining uniform coverage of Rb using a broadband TiSaf laser, whose 
mode structure may leave gaps in the Rb absorption profile. The main limitations 

FIGURE 6. The spectral profile of a 
beam from a single frequency laser af
ter passing through an EOM when the 
EOM is undriven and when driven by 
15W of rf white noise and 15W rf at 
500 MHz. 
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FIGURE 7. Polarization of a Na target 
when pumped by laser beams of powers 
300 mW and 100 mW as a function of rf 
power driving the EOM, which modifies 
the spectral profile of the pump beam. 
The Na target thickness is 2.5 x 1 0 " 
cm~2 and diameter is .48 cm. 
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of this technique are that it is only beneficial when the laser power is great enough 
thai there is R high polarization already, so improvements in polnrizntion will be 
modest, and the laser power might damage the crystal. More detailed results of 
EOM experiments performed at LAMPF will be available soon. 8 

The size of the pump laser beams is important to the average polarization of the 
alkali vapor. The laser beam diameter must be chosen for the best polarization, the 
choice depending on cell diameter, wall relaxation time, target thickness, and laser 
power. In general, the target polarization varies radially and in the z direction. 
Preliminary experimental results of the effect of beam size on average polarization 
and of the spatial dependence of polarization in a target show that beam size is an 
important factor, but the "spontaneous" wall coating described below has made our 
quantitative measurements suspect. We plan to pursue this topic further. The 
spatial variation of the polarization illustrates why the relative alignment of pump 
and probe beams can be so crucial to the observed polarization, because a skewed 
probe traversal of the cell renders the measurements only relatively accurate. The 
H + ion beam integrates polarization over yet another sample volume. Thus it is 
important to understand the spatial variation of polarization. 

WALL RELAXATION STUDIES 

We have studied the relaxation of Na and K vapor on Cu surfaces and Na 
on a Dryfilm7 surface with the Faraday rotation method. The optical setup is 
similar to Fig. 1A with the rotatable polarizer set 45 degrees from the null point, 
for unpumped vapor. An acousto-optic modulator switches the pump beam on and 
off with a switching time less than 100 ns. The transmission of the probe beam 
through the polarizer is recorded as a function of time after switching the pump 
beam off. This data gives the time dependent Faraday rotation and hence the rate 
of decay of the atomic polarization of the Na vapor. 

After the ECR plasma is turned off, TR increases from 1 to 5 bounces in 18 
hours. When the Na cell is exposed to the 5 keV ion beam from the ECR source, 
TR decreases from 5 to 1 bounce in 5 minutes. A similar behavior is observed with 
a Cu surface in a K cell. These results indicate that the long relaxation time is 
due to a spontaneous wall coating formed in the presence of Na vapor and, perhaps, 
oxygenated surfaces or vacuum contaminants. These tests also indicate that, for 
normal operation of our source, the Na atoms are depolarized at every wall collision. 
Also, whenever optical pumping studies are performed without an ion beam or ECR 
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plasma, the wall relaxation time should be measured to assure consistent results. 

Relaxation studies have also been performed with a Dryfilm coating on the Cu 
wall of the cell. Dryfilm surfaces can significantly increase the relaxation times of 
polarized Na vapor.7 Even with the ECR plasma on, the relaxation time corre
sponds to more than 100 bounces over a period of 2 hours. However, when the cell 
was exposed to ion beam, the relaxation time decreases to 1 bounce in 5 minutes. 

The spontaneous wall coating on Cu is apparently destroyed by thermal atomic 
hydrogen or plasma leaking through the extraction lenses. A Dryfilm surface 
survives exposure to plasma, but is destroyed when exposed to the ion beam. The 
by products of the ion beam that might have attacked the surface are high energy 
neutral hydrogen, radiation from collisionally excited atoms, Na + ions, and 1I + ions. 
Further studies of the destruction mechanism would help find a damage resistant 
wall coaling or might aid the design of a cell that would protect the walls from 
destruction. 

POTASSIUM PUMPING EXPERIMENTS 

The most recent experiments in optical pumping for OPPIS have used a TiSaf 
laser (Spectra-Physics 3900) to pump a K target. It has become evident that, for 
cw pumping of a Na target, lack of laser power limits the ion source current and 
polarization. With a Na vapor target of thickness 5 x 1 0 1 3 c m - 2 , diameter 0.8 cm, 
and relaxation time 1 0 _ s s (corresponding to depolarizing walls), Eq. 1 predicts that 
1.2 W of light must be absorbed in the vapor to give a target polarization of 100%. 
Since the absorption of a polarized vapor is nonlinear, several times this amount 
must be provided to give this much power absorbed. It is difficult to provide this 
much cw laser power matching the bandwidth of Na. The TiSaf laser is capable 
of producing, in our lab, 3.8 W of of power at 770 nm in an 0.8 GHz bandwidth. 
The bandwidth nearly matches the 1.2 GHz linewidth of K, and there is 1.3 times 
more photons per watt than at the Na frequency. However, the linewidth of K is 
half that of Na; radiation trapping will limit the target density more severely, so 
the ultimate K target density that can be pumped to a high polarization is only 
half that of Na. 

Results of a very recent experiment to measure the polarization of a K vapor 
as a function of laser power and K thickness are iu Fig. 8. Care has been taken 
to eliminate any spontaneous wall coating that may form. We see substantial 
polarizations for K thickness below 3 x 10" c m - 2 in our 10 cm long, 0.8 cm diameter 
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FIGURE 8. Polarization measured by 
Faraday rotation in a target cell of K 
pumped by a TiSaf laser. The cell is 
uncoated and has a diameter of 0.8 cm 
and length of 10 cm. Four target thick
nesses are pumped by a varying laser 
power. The laser power showii is mea
sured on the laser table; we expect a loss 
of about 15% in transport to the cell. 
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cell. The polarization is less for larger thicknesses. It is not clear whether the drop 
in polarization is due to radiation trapping or insufficient laser power. Experiments 
are now in progress to determine which is the case. 

CONCLUSION 
In conclusion, we have developed various techniques to measure or monitor 

both absolutely and relatively, the polarization of an alkali vapor. We have made 
substantial gains in understanding wall coating phenomena. We have successfully 
pumped a Na vapor to moderate polarizations, and expect better results using a 
TiSaf laser. 

We thank Dr. M. Dulick for his work on optical pumping development for 
OPPIS and Dr. W. D. Cornelius for many helpful conversations. We acknowledge 
technical assistance by J. D. Wieting, T. J. Wehner, W. P. Potter, H. E. Williams, 
and J. D. Paul. 
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DENSE POLARIZED INTERNAL TARGETS FOR HIGH INTENSITY 
ELECTRON STORAGE RINGS 

E. STEFFENS 
Max-Planck-Institut fur Kernphysik 
Postfach 10 39 80, 6900 Heidelberg, FRG 

ABSTRACT Design considerations and preliminary development of a 
dense internal polarized hydrogen and deuterium target for a DIS 
experiment at the HERA electron ring are described. It is based on 
an atomic beam source which supplies a storage cell target. 

1, INTRODUCTION 

It is my goal to discuss internal polarized gas targets for a deep-in
elastic scattering (DIS) experiment in a high-intensity electron storage 
ring. Such an experiment is sensitive to the quark structure of the nu-
cleons. In order to study the proton and neutron structure, targets of 
hydrogen, deuterium and He are of interest. Recently, a DIS experiment 
with polarized muons and a polarized hydrogen solid state target has 
been performed by the EMC collaboration at CERN . Unexpected results on 
the spin dependent structure function of the proton were found, which 
lead, at least for a time, to the so-called spin crisis . In the wake of 
this result, three experiments have been proposed in order to repeat the 
EMC experiment with improved set-up and accuracy and to extend it to the 
neutron structure function: 

•3 

- The already approved SMC experiment at CERN , in which the scattering 
of longitudinal polarized muons from an improved proton and deuteron 
polarized target will be measured. 

- The HERMES experiment proposed for the HERA electron ring at DESY. 
The goal is to study DIS of polarized electrons from an internal tar-
get of polarized hydrogen, deuterium and He. 

- The experiment at SLAC to scatter polarized electrons from an exter-
nal polarized high-pressure He target in order to study the neutron 
structure function. 

We note that for the study of the same fundamental physics problem 
two entirely different target concepts are employed - external targets 
in two experiments, and for the HERMES experiment, an internal polarized 
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gas target. 
Polarized jet targets or, more general, polarized gas targets, can 

be regarded to some extent, as a by-product of polarized ion source de
velopment. Although these targets have been used first with low-inten
sity beams from tandem-accelerators ' , their full potential can only be 
exploited in combination with storage rings, where the low target den
sity is compensed by the high circulating current. 

Obvious and often mentioned advantages of these targets in compari
son with polarized solid state targets are their purity, high polariza
tion and capability of fast switching of polarization. Equally clear, 
although not always mentioned, are technical and possibly even con
ceptual problems to integrate such a target into the storage ring. 

Therefore, no general answer can be given whether internal polar
ized targets are useful for a specific experiment. On the contrary one 
has to compare the two alternatives "external polarized target plus ex
tracted beam" and "internal polarized target plus stored beam" and to 
estimate merits and shortcomings of the two concepts. 

As already mentioned, polarized (internal) gas targets have dis
tinct advantages over solid (external) targets, in particular for hydro
gen and deuterium. On the other hand, the interference of target and 
beam makes a storage ring experiment more complicated and requires crit
ical techniques which have not yet been fully tested. Under such circum
stances we clearly rely very much on experience gained at the only oper
ating target of this kind, the Novosibirsk polarized deuterium target in 

a 
the VEPP-3 electron storage ring, both with free jet target and addi-

q tional storage cell . The present status is presented at this workshop 
by D. Toporkov 1 0. 

In the following, I will discuss the design aspects of the HERMES 
target, which have been layed down in the recent proposal . Of course, 
the way how to produce large quantities of polarized gas is crucial and 
of highest interest for this workshop. As HERMES target source for hy
drogen and deuterium, the AB source will be employed, which has been de
veloped for the FILTEX experiment in the LEAR ring at CERN . The actual 
status of the FILTEX target is presented at this workshop by U. 
Haeberli 1 2. 

But the design of the HERMES target goes far beyond the source as
pect. Problems like transient fields from the intense electron bunches, 
which lead to rf heating and depolarization, and shielding of syn-

13 chrotron radiation need to be discussed and solved . Precise knowledge 
of the target polarization is crucial for the significance of the exper-
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iment, and the detection of scattered electrons must not be hampered by 
the target. Clearly the target becomes part of the storage ring and the 
design can only be done in close contact with machine physicists. 

2. THE HERMES PROTON AND DEUTERON TARGET 

A. General overview 
The electron ring is part of the HERA electron proton collider 

under construction at DESY. The electrons with up to 35 GeV in energy 
are stored in 210 bunches 27 ps long with frequency 10.41 MHz. Each 
bunch contains 3.8 x 10 electrons, which results in an average current 
of 60 mA and a peak current of more than 200 A. 

Due to the Sokolov-Ternov effect, the electrons will be polarized 
vertically. Spin-rotators installed before and after the experiments 
provide longitudinal polarization. We assume that the third interaction 
point in the East hall is available for the experiment and that the lat
tice is rebuilt such that proton and electron beam are separated within 
the -200 m long straight section by nearly 1 m. 

A storage cell will be employed in order to enhance the target 
12 2 16 2 

density from 10 /cm of a free jet to about 10 /cm , a density which 
is required for the feasibility of the experiment. The most important 
requirements for the storage cell target are: 
- Flux of 10 atoms/s (single substate) into the acceptance tube of the 
target cell (see 2B) 

- As small openings as possible which are compatible with electron beam 
size and distribution of synchrotron radiation. 

12 
- Suitable wall coating for low depolarization and recombination 
- Strong non-resonant magnetic guide field to inhibit bunch field depo
larization 1 6' 9 (see 2 C) 

- Target cell and chamber optimized for minimum rf heating and trans
verse beam kick (2C) 

- Shielding against synchrotron radiation (2C) 
- Thin walls of target cell (0.1 mm Al) and exit window for minimum 
straggling and background 

- Range of scattering angles from 40 to 200 mrad 
- Continuous measurement of target polarization with 3% in precision 

(see 2D) 



B. Target source 
17 18 The FILTEX atomic beam source (ABS) * is depicted in figure 1. It is 

optimized for the highest possible flux into the target acceptance tube 
(1 cm 0, 10 cm long). In order to meet the design goal of 1017fl/s in 
a single substrate, the dissociator and differential pumping system were 
designed for high gas flow up to 5 mb 1/s of H2. After having con
structed the beam formation system, extensive measurements on intensity 
and velocity distribution of the atomic beam were performed. Based on 
these results, an optimum system of sextupole magnets was designed, 
which is produced in industry at present. After delivery in spring 1990, 
tests will be performed with the complete source and the final intensity 
determined. 

POLARIZED HVDROGEN SOURCE 

Figure 1 Schematic cross section of the FILTEX atomic beam source 
and target chamber 

As shown in figure 1, the ABS consists of a dissociator of the SIN 
1 q 

type , a two-stage differential pumping system based on turbomolecular 
pumps, and two chambers for magnets and rf-transition. Atomic beam mea
surements were done using a quadrupole mass spectrometer with 10/is rise 
time. For the determination of the intensity and degree of dissociation, 
a slow chopper and lock-in amplifier was applied. Alternatively, a com-
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pression tube with ionization gauge was used for H9 intensity measure
ments. 

Residual gas scattering: Little is known about the beam attenuation 
in existing sources due to residual gas scattering, i.e. the fact that 
the intensity saturates at a certain gas flow. As an attempt to localize 
these losses, we have measured the intensity of iU beams as function of 
gas flow for various conditions. In figure 2, the upper curve was 
recorded for the empty source, i.e. without magnets. The intensity in
creases linearly up to Q(Hj) - 3 mb 1/s and deviates from linearity for 
higher flow values, indicating the onset of residual gas scattering. 

0 1 2 3 4 5 
H2-THR0UGHPUT[mbar l/s] 

Figure 2 Intensity of a molecular hydrogen beam as function of gas 
flow without (upper curve) and with (lower c) magnet dummy 

Clearly these losses are enhanced by any obstacle near the beam 
axis, in particular by the (first) sextupole magnet. In the FILTEX 

20 source, segmented permanent magnets will be used with a cylindrical 
21 inner bore of 2,4 cm in diameter . Let us estimate the attenuation by 

the pressure bump in the magnet bore (d^=2.4 cm, 1=20 cm). If we inject 
9 

about 10" mb l/s of gas into the bore from the center, and if this 
amount flows to the two ends, the total target density of this triangu-
lar pressure bump is about 10 mb • cm, which corresponds to 2.4 • 
10 /cm . The total scattering cross section is of the order of 10 

9 cm . The resulting attentuation is as high as 91%! This example shows 
how critical the magnet bore is, in particular for cold beams. 

Ue have used non-magnetic dummies of various geometries to simulate 
18 

the blocking by the first magnet . For example with a bore 2 cm in di
ameter and 20 cm long, the intensity was reduced to 40%, compared to the 
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ideal case without scattering losses. With nozzle cooled to 50 K the 
beam went down even more to 20%. Therefore a magnet will be used, which 
is split into a short and long part, separated by a 2 cm gap for im
proved pumping.as indicated in figure 2. The attenuation with split mag
net dummy (lower curve) is now acceptable up to the highest flow values. 
At the working point of Q(H2)=3inb 1/s, the 1*2 intensity is reduced by 
the dummy magnet to about 60% of the ideal value. 

Degree of disoclation: This quantity can be defined and measured in 
different ways, which lead to unequal numbers. We have used for our men-

71 
surements a crossed beam quadrupole mass spectrometer with fast out
put , yielding the densities n,p and nt^ of atoms and molecules in the 
beam. The degree of dissociation a is given by: 

on 
"HI J i2_ 

° " 2 "H2 + "HI " " n ^ f 

The first definition implies that we leave the dissociator "on" all 
the time and measure n.^ and n.,? one after the other. Of course we have 
to know the calibration factors for atomic and molecular hydrogen in
cluding mass-dependent transmission effects etc. 

For employing the second definition, we have to compare the densi
ties of molecular hydrogen with and without rf-power. So we do not have 
to know the calibration for different molecules, but we rely on the as
sumption that the parameters of the jet like mean velocity, peaking fac
tor etc. are not affected. This assumption is clearly violated. For in
stance at fixed gas flow the pressure in the dissor;iator depends on the 
particle miraber, i.e. on a, we see Hi - 1U mixing effects in the beam 
formation etc. So the first definition should be better and we have used 
it. 

In figure 3, the measured or is shown as function of gas throughput 
Q(Ho). The upper curve was measured using a Faraday cup as ion detector, 
the lower one with multiplier detector, where a dependence on the ion 
velocity, i.e. ion mass is expected. Therefore we consider the upper 
curve In fig. 3 as the most reliable measurement of a. 

The measured a decreases from -65% at 1 mb 1/s to 40% at 3 mb 1/s 
and to even lower values for higher gas flow. It falls off linearly for 
increasing nozzle temperature. At present the lowest nozzle temperature 
we can reach is TJJ - 150 K, but a further lowering of T« would certainly 
be advantageous. 
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q(H2)(m(wrl/<| 

Figure 3 Degree of dissociation as function of Q(H,) with water 
admixture and Al nozzle at T, N 150 K: * measured with 
Faraday cup. + measured with multiplier 

We also observe a strong and reproducible dependence of a on a 
small admixture of water or oxygen, which increases the degree of disso
ciation by a factor of 1.7 to 1.8. This effect can be understood as a 
catalytic dissociation of OH molecules on the glass surface 2 2. It should 
be noted that the measurements of figure 3 were done with water 
admixture. 
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Figure 4 Experimental arrangement to measure the velocity distribution 
by the time-of-flight method 
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Figure 5 TOF spectrum of atomic hydrogen. H(T) is a polynomial fit to 
the data and F(t) the spectrum corrected for the chopper 
opening function. 

Velocity distribution: The velocity distribution of the hydrogen 
beam was measured using a time-of-flight technique. The arrangement is 
shown in figure 4. By a fast chopper rotating at 280 Hz, short bunches 
50 M S long were produced and their time structure detected after a 
flight path of 55 cm. The huge background from residual gas was sub
tracted after signal averaging. In figure 5, a typical TOF spectrum for 
atomic hydrogen is shown. The curve H(t) is a fit to the measured data 
points. F(t) is the TOF spectrum unfolded with the chopper opening func
tion. From this curve, the parameters Vp (drift velocity) and T g (beam 
temperature) are extracted, which determine the velocity distribution 
f(v): 

f(v) e x p [ - 2kT < V - V r 

A series of measurements on the H^ and Hj velocity distribution has been 
performed with and without rf power and as function of gas flow and noz
zle temperature. The results ' can be summerized as follows: 
- Pronounced nozzle effects are observed, e.g. the drift velocity in
creases with increasing gas flow and the beam temperature decreases. 

- The mutual influence of the H^ and Ho component is clearly visible, 
i.e. during beam formation the atoms are decelerated and the molecules 
accelerated, resulting in an additional cooling effect for the atomic 
hydrogen. 

- Measurements of the beam profile of the collimated beam at large dis-
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tance indicate that during expansion a highly-parallel flow is pro
duced . 

- Typical beam parameters at Q(H2> - 3mb 1/s and T^ - 130 K are: 
vdrift " 1 8 0 ° m / s ; TS " 2 0 K- 25 Compared with the Bonn measurements at low gas flow, our beams turn 

out be colder and faster due to the expansion and mixture effects. 
Expected performance: On the basis of these measurements, it is justi
fied to estimate the beam intensity I accepted by the target cell, using 
the formula: 

1 4 Q H O T A 

The factor 1/4 takes one substate out of four into account. Q^ is the 
effective flow rate of atomic hydrogen (max. Q^ - 6 • 10 /s); tSl/il is 
the relative acceptance solid angle (Afl/O - 0.02 for the cold nozzle), T 
the transmission through the system of four sextupole magnets into the 
acceptance tube (1 cm dia. 10 cm long); and A is the attenuation in the 
magnet bore due to scattering. 
The expected intensity is: 

I = (7 + 4) • 1 0 1 6 H/s 

The uncertainty is mainly due to the attenuation term, and the assump
tion on the flow which affect drastically the calculated transmission T. 

C. Beam-target interference 
Due to the very short and intense electron bunches, the target may be 
overheated by the induced wall currents and the target gas depolarized 
by the transient fields, which are of the order of 0.1 T. In addition, 
the target with its narrow collimators may give rise to beam instabili
ties. Also potentially very harmful is the intense synchrotron radiation 
generated e.g. by the machine quadrupoles upstream the target. All these 
effects have to be estimated carefully and, if necessary, tests have to 
be done. 

Rf heating: A lower limit of the target heating is derived by con
sidering the wall current at the inner surface of an aluminium tube 
within the skin depth. This leads to the non-resonant contribution of 
P - 4 W. Calculations on rf losses by excitation of resonant modes in 
the target cell and chamber have been performed ' using TBCI and 
URMEL 2 7. 

They show that resonant modes in the target cell itself, a conduct
ing tube 40 cm long, 0.8 cm high and 2.3 cm wide, cannot be excited. 
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Therefore the figure for the non-resonant heating applies which is ac
ceptable. On the other hand, the conical target chamber of about 1 m in 
length and maximum diameter of 0.5 m exhibits many resonant modes. They 
lead to rf losses of a few hundred Watts, which might be reduced by 
damping the most powerful ones with suitable antennas. 

Bunch field depolarization: The bunch frequency of the HERA elec
tron beam is f^ - 10.41 MHz. Therefore its Fourier spectrum consists of 
lines at the harmonics of f[, up to very high frequencies. 

A strong guide field, e.g. in the longitudinal direction, is ap
plied over the target region. Polarized atoms are injected into the tar
get cell and perform a random motion while diffusing out of the cell. 
During many distant or close encounters, they are exposed to the bunch 
field and their spins may be flipped ' . The transition energy E^£ = h 

u^£ depends on the magnetic field B Q at the target. A resonant transi
tion occurs if: 

w i f ( B 0 ) = n • 2TT f b 

In this way "resonant" guide fields are defined. For hydrogen, the spac
ing between resonances at B - 0.3 T is about 50 mT. For deuterium, 
there are no resonances at high guide field. 

Calculations on the time evolution of the substate population for 
hydrogen and deuterium atoms have been performed, taking into account 
the random motion of the atoms ' ' . The results for a guide field of 
0.34 T show that depolarization by the bunch field is about 9% for hy
drogen and 2% for deuterium. 

Synchrotron radiation: Without a proper shielding of the target 
cell, synchrotron photons would be scattered from the cell walls into 
the detector, thus disabling the operation of the wire chambers . The 
distribution of synchrotron radiation in the target region has been sim-
ulated and a collimator system proposed . About 300 W of synchrotron 
photons are absorbed by the main collimator 1.5 m upstream the target 
and 400 W pass through the collimator and target cell without hitting 
the wall. A second collimator close to the target cell is for protection 
against photons slit-scattered on the first collimator. According to the 
simulations, this collimator system reduces the compton background to an 
acceptable limit. It requires very narrow collimators, e.g. 4.6 mm spac
ing in the vertical dimension. The question, to which extent this leads 
to increased background produced by electrons from the tails of the 
beam, has to be clarified in a test experiment. 
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D. Target polarimeter 
A precise determination of the average target polarization seen by the 
beam is crucial for the HERMES experiment . In the case of the storage 
cell target, where atoms perform several hundred wall collisions and 
pass the vicinity of the electron beam many times, we assume that we 
have a uniform distribution of polarization. This assumption is checked 
by Monte-Carlo calculations, which can also be used to apply small cor
rections for non-uniform polarization, if the actual wall and bunch 
field depolarization has been measured "in-situ" 

The polarimeter is based on a sample atomic beam extracted from the 
target, which is then analyzed by rf spectroscopy. The molecular frac
tion of the target gas is determined by a quadrupole mass spectrometer 
and the target polarization is corrected accordingly. The polarimeter 
analyzing the substrate population of the sample beam consists of a set 
of rf transitions, a sextupole magnet and a chopper plus atomic beam de
tector. Using lock-in technique the focussed beam with partial pressure 

_ q of 10 mb or higher, can be detected free of background. By switching 
on and off certain transitions from state i to f, the difference in pop
ulation between these states is measured, from which the target vector 
polarization can be calculated. 
A prototype polarimeter is presently under study at Heidelberg . 

3. OUTLOOK 
A dense polarized internal hydrogen and deuterium target in an electron 
storage ring offers unique experimental opportunities, but requires some 
development to solve problems like synchrotron radiation or bunch field 
depolarization. First attempts at Novosibirsk led to promising results, 
but the density achieved needs improvement by two orders of magnitude. 

The target technique described here, i.e. a storage cell target fed 
by an intense atomic beam source, might be suited for targets of 
10 /cm in density. Limits are imposed by wall and bunch field depolar
ization. Therefore the only way to increase the target thickness seems a 
more intense target source. The experience to be gained on the FILTEX 
atomic beam source will show whether significant improvement can be ex
pected in the future or whether we have already come close to its physi
cal limits. One method which has the potential to deliver a high gas 
flow into the acceptance tube of the storage cell target, is the spin-
exchange optical-pumping source developed by the Argonne group . Here a 
small alkali admixture is optically pumped and by spin-exchange, the 
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hydrogen gas is polarized. This method is under study, but important as
pects, like performance with ionizing beam, have not been investigated 
so far. 

I have tried to show that the methods which where developed for po
larized ion sources, could be useful for answering fundamental physics 
problems in nuclear and particle physics. Dense polarized storage rinu 
targets represent a challenging problem and I hope that our communil. 
will contribute to its solution. 
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POLARIZED GAS JET TARGET IN NOVOSIBIRSK 

D.K.Toporkov 
Institute of Nuclear Physics, Novosibirsk, 630090, USSR 

Abstract The source of polarized deuterium atoms using 
as an internal polarized gas-jet target in an electron stora
ge ring is described* The results of utilizing a storage cell 
to increase the density and thickness of the target as well 
as an analysis of the processes determining the polarization 
of the target are also given. Additional improvements of the 
atomic source is discussed. 

INTRODUCTION 

Experiments with an internal target in a storage ring 
for charge particles have certain advantages as compared with 
using linear accelerators, as was shown by Budker et al . The 
experiments with unpolarized internal gas-jet target in an 
electron ring were started in Novosibirsk since creation of o the first accelerators . 

The polarized gas jet target was designed and fabricated 
in Novosibirsk to inve sfcigate properties of a deuteron, the 
simplest nuclear system-'. At the VEPP-2 and VEPP-3 faciliti
es measurements of the asymmetries of elastic and inelastic 
electron scattering from the deuteron were carried out *'•* . 
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ATOMIC BEAM SOURCE 

The source of polarized deuterium atoms, made accor
ding to the classical scheme, produces the total flux of 
polarized atoms of 2x10 atoms/s and gives a jet target 
thickness of 2x1011 atoms/cm . The geometry of the dicharge 
tube, liquid-nitrogen cooling nozzle, skimmer and sextupole 
magnet are shown in Pig. 1. 

Pig.1. Details of the construction: 1 - dicharge tube; 2 -RF 
coils; 3 - teflon gasket; 4 - nozzle; 5 - skimmer; 
6 - 77 K shield; 7 - superconducting sextupole. 

In Ref.3 the source is described more detail, but here it is 
necessary to mention that the magnet is superconducting one, 
its length equals of 30 cm and its cover acts as a cryopump. 
The aperture varies from 8 mm at the entrance of the magnet 
to 25 mm at the center of the sextupole and remains constant 
at 25 mm to the exit. The pole tip field changes from 1 T at 
the entrance to 1.8 T at the center of the magnet for 6000 
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ampere turns. The routine gas flow of D 2 is ~ .3 std-cc/sec. 
The dissociation degree in the quartz discharge tube is clo
se to 50% and slightly changes from tube to tube. The additi
on of a small amount of oxygen ( < 1% of the total gas flow) 
to the discharge significantly changes the dissociation deg
ree, which reaches 805? and is a reason of more stable disch
arge. 

The usual temperature of the skimmer is close to liquid-
-nitrogen temperature. In order to increase the velocity of 
the atoms and molecules reflected by the skimmer and decrease 
their influence on the atomic beam the skimmer was heated up 
to **« 450 K. The affect of the skimmer temperature on the ato
mic beam intensity was insignificant. This result indicates 
that the principal attenuation of the beam, under experimen
tal conditions, occurs inside the magnet. 

The desired states of nuclear polarization for atomic 
beam are produced by sextupole and high-trequency transition 
unit (HF1 in Pig.2) following just the magnet. 2*-*6 and 
3"~5 HP transitions at 380 MHz were used. 

MEASUREMENT OP ATOMIC BEAM DISSOCIATION AMD POLARIZATION 

Figure 2 gives a general view of the experimental equi
pment installed in the second straight section of the storage 
ring. Originally a polarized gas-jet was used as a target. 
The intersection angle between a jet and electron beam equals 
30° in order to inerease the interaction region. The gas pre-
ssure in the straight section was P e x n -̂  10 Torr during 
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Pig.2. Schematic view of the experimental set up: 1- detec
tor system for scattered electrons; 2 - cryopump; 
3 - HP transition unit (HP1); 4 - sextupole magnet; 
5 - discharge tube; 6 - movable vacuum gauge; 7 -
ion pump; 8 - magnet and solenoid coils for holding 
field; 9 - detection system for heavy particles; 
10 - Ti sublimation pump; 11 - ion trap; 12 - HP 
transition unit (HP2); 13 - Rabi magnet; 14 - phase 
1 storage cell. 
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the experiment and P b <: 10" 8 Torr without a gas jet. This 
pressure does not significantly change the lifetime T = 

10 4 sec of the electron beam in the ring at 2 Gev energy. 
The measurement of atomic beam dissociation and pola

rization was based on the deflection of atoms by the non-
-uniform magnetic field of the Rabi magnet. Before the Rabi 
magnet there is a screen with a slit of 1 i 10 m for for
ming the narrow atomic beam. During the dissociation measu
rements, when sextupole is off, the ratio of detected flux 
with the Rabi magnet on and off determines the atomic-to-mo
lecular ratio in the beam. Figure 3 shows the space distri
bution of the intensity of the atomic beam after the Rabi 
magnet during polarization measurements. 

The actual tensor polarization of the atomic beam is 
determined by the efficiency of HP transitions 

P z z = i 3 x (1 - A 3/ A 2 ) (1) 

Pig.3. Space beam profile: 1 - Rabi magnet off; 2 - magnet on; 
3 - magnet on, transition on. 
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where Ag and A_ are average intensities shown in the right 
part of curves 2 and 3 (Fig.3). Figure 4 shows the distri
bution of P measured under experimental conditions during 
two months. 

£ 2 - 6 Pzz=1.08±0.07 3 - « P«= 1.07*0.07 
z -Ul 
2 UJ 
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Fig.4. The distribution of P„„ measured under experimental 
zz conditions. 

The difference of the average value P z z from unity can be 
explained by absorption and dynamic flow processes in the 
vacuum gauge. For constant polarization control the diffe
rence of signals was measured for Rabi magnet on and off 
when the movable channel was set at the position correspon
ding to the maximum intensity of atoms under going the HF 

+ transition. The polarization of the target P" is less 
than the atomic beam polarization P z z « This reduction is 
due to the finite value of the holding magnetic field, de-
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polarizating influence of the electron beam, confinement 
of unpolarized ions near the electron beam and unpolari-
zed beam background. The polarization of the target is 
P* = 0.65. 
Z3 

THE STORAGE CELL 

It has been proposed that the target thickness can be 
6 7 significantly increased by using the storage cell f . With 

this purpose an aluminum storage cell fabricated at Argonne 
was installed into the vacuum chamber of the storage ring. 
(Pig.2). Its length is 940 mm, cross section has an ellip
tic shape 24 x 46 mm being determined by electron beam 
aperture during injection. The cell has a channel of 60 mm 
length and 10 mm diameter for loading of the atomic beam 
from the source andasmall slit to form narrow beam for po
larization analysis. The walls of the cell were coated with 
"drifilm" because of its excellent vacuum properties, high 
temperature stability and spin-relaxation characteristics . 
The average number of wall collisions is V = 470 and ave
rage dwell time in the cell is 5«6 ms. 

A transverse magnetic field was applied to the central 
part of the cell and solenoidal field to the remainder of 
the tube as shown in Pig.2. This guide field was necessary 
for keeping the polarization in presence of the time-varying 
magnetic fields of the electron beam pulses. When the guide 
magnetic field was increased so that the minimum field in 
the cell was approximately 350 G a large asymmetry for the 
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D (e, pn)e reaction was observed . This asymmetry is coin
cide, within the error bars, with the asymmetry that was 
obtained when jet was used as a target. Pig.5 shows the 
time dependence of the asymmetry in D (e, pn) e reactionf 

measured during nine months. The dependence of the asymmet
ry from the electron current in the storage ring is shown 
in Pig.6. The depolarization effect from the electron bunch 
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on the atoms of the beam (single crossing of the electron be
am by the atomic beam) was given in Ref.5« As shows results 
given above the polarization of the atoms in the cell is high 
enough under experimental conditions for a long time. This 
demonstrates the small depolarization induced by the elect
ron bunch and collisions with the walls. It should be noted 
that over this time the cell was crossed by an electric char-
ge of ̂ 1 0 Coulomb. This convinces that drifilm coating is 
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of sufficient radiation hardness. The analysis of the asym
metry in elastic ed" scattering gives the magnitudes of the 

c + ' tensor polarization of atoms into the cell P 2 Z • 0.58-0.05 
To improve the density of the target we replaced the 

described cell with a cell of cross section 9 x 20 mm and 
length 520 mm, which can be mechanically opened during pe
riod of loading of the electron beam in the ring (Pig.7). 

Pig.7. 1 - atomic beam from the source; 2 - inlet tube; 3-
Ti foil; 4 - cell; 5 - electron beam position; 6 -
vacuum chamber; 7 - to polarization control. 

This gives a factor of 8 increase in density compared to 
the direct jet. The absence of the cracks between the two 
parts of the cell was control by pressure rising in the 
chamber before tha inlet tube during closing procedure* The 
measured magnitude of the pressure rising is in agreement 
with calculated one and comes to ~35%« Increasing the mag
netic guiding field to 1 kG should keep high polarization 
of the atoms in the cell. As shown preliminary computation, 
prepared by E.Kinney, the depolarization effect in this ca
se should be small if there is no resonant condition for de-
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polarization. How the storage cell is under testing with 
electron beam. 

FURTHER Hffl?ROVEMENTS 

As it was mentioned above the main attenuation of the 
atomic beam occurs in the sextupole and is conditioned by 
insufficient vacuum. In order to increase the pumping spe
ed a new design of sextupole was carried out. It's apertu
re is twice larger in comparison with described one. At the 
same time the pumping speed in the nozzle chamber will be 
increase by factor of 5. The geometry of the superconducting 
sextupole and calculated value of the magnetic pole tip field 
are shown in Pig.8. The calculations have been performed for 

Pig.8 . The geometry of the superconducting sextupole and 
the magnitude of the pole tip field versces the 
ampere turns. 

the ARMCO iron. Pole tip field of 3 or 4 T is attainable. We 
expect to be able to improve the flux of the polarized atoms 
in the cell by factor of two or more. 
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Another way to improve target thickness is the use 
af a laser-driven source of polarized atoms which is in 
progress now in ANL and has much potentional possibili-
bies 1 0 . 
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DENSITY LIMITATION ON FOCUSING OF GROUND STATE COLD H" BEAMS* 

ADY HERSHCOVITCH 
Brookhaven National Laboratory, Upton, NY 11973, USA 

Abstract - Based on recent experimental data regarding H°- H° 
scattering at low temperatures, limits on achievable if* density 
are shown to be substantially lower than what was previously 
thought. Upper density limit due to the requirement that the mean 
free path in the spin selection magnet must exceed the magnet size 
is an order of magnitude lower as a consequence of much larger col-
lisional cross sections than those previously assumed. Addition
ally, transit time effects set even lower limits on densities that 
can be practically reached with slow beams. 

INTRODUCTION 

At the last workshop-"- which was held in Montana, Switzerland, and in a 
subsequent publication, it was noted that limits on achievable focused 
if' was two orders of magnitude higher than what sources were deliver
ing. In the case of cold atomic hydrogen beams, the beam density limit 
in a spin selection and focusing magnet was given by 

n £ 6 x 1 0 1 4 cm"3 x (D/cm)"1. (1) 

Equation 1 was derived from the requirement that a particle mean free 
inside a magnet, with a characteristic limiting dimension D, be longer 
than D. In the system which we planned for originally, D was the magnet 
bore, since we expected to have (with our cold atomic beam and high mag
netic field solenoid), a very large acceptance angle and a short focal 
point. Consequently, beam bending by the magnetic field is strong, 
hence, the magnet bore becomes the critical dimension. For reasons that 
are beyond the scope of this paper, that focusing scheme required a long 
focal point. Therefore, like in most cases of interest, density limit 
is determined by requiring the mean free path to be longer than the mag
net length. 

Limits set by Equation 1 are based on collisional cross sections 
commonly used by researchers in our field during the past decade. This 
*Work performed under the auspices of the U.S. Department of Energy. 



value of the cross section for unpolarized H" gas - 4.9A . It was 
calculated by Friend and Etters.^ Pioneering work by Dalgarno^ and his 
collaborators during the 1960's culminated in the results published by 
Allison and Smith-* which predict a cross section of somewhat below 
100 A 2 for H°- H° collisions (at 2 K). A number of review papers, writ
ten during a period between the publication of the results by Allison 
and Smith-* and by Friend and Etters,' quoted results from various calcu
lations which predicted lower cross sections than Allison and Smith. 
The reason cited for not using Allison and Smith was "their use of wrong 
potentials". By potentials, it is meant the interaction potentials of 
hydrogen atoms. The term "wrong" always referred to potentials other 
than those computed by Kolos and Wolniewicz. Indeed, Dalgarno and his 
collaborators calculated and used different interaction potentials dur
ing a decade prior to the publication of the results by Kolos and Wol
niewicz. However, the results by Allison and Smith-* are based on compu
tations which used the interaction potentials calculated by Kolos and 
Wolniewicz" (which were published six year earlier). 

Allison and Smith did not just tabulate old results. They 
updated'-" whenever necessary, earlier calculations with recent poten
tials. The interaction potentials calculated by Kolos and Wolniewicz, 
however, did not include adiabatic corrections, to which the low energy 
cross sections have some sensitivity (these corrections were not avail
able until the late 1970's). Friend and Etters^ had used the most up-
to-date interaction potentials available even to this day. Their s-wave 
scattering cross section was adopted by researchers in our field, 
since at sufficiently low energies only s-wave scattering needs to be 
considered. Even our cold atomic beam^ with a 2.3 K thermal spread 
meets all the conditions necessary for s-wave scattering, i.e., for 
neglecting higher partial waves. Consequently, we based our estimated 
density limits on a scattering cross section of somewhat under 5 A . 

Experimental results-*-0 and subsequent literature search'-'- indicated 
the H° - H° scattering cross section to be an order of magnitude higher. 
There is no disagreement with the results by Friend and fitters-* which 
are correct. The problem stems from the fact that Friend and Etters' 
results are for I « 0 K only, and that for higher temperature, the 
s-wave scattering cross section is larger as it can be seen from the 
partial-wave analysis by Lhuillier. '•'• 
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THE EXPERIMENT 

Even though the atomic-hydrogen beam source2 and the experiment10 have 
been previously described, the following is a repeated description for 
the reader's convenience. 

Figure 1 shows the experimental apparatus which is an improved 
version of our source.2 Atomic hydrogen Is produced in a conventional 
room-temperature rf dissociator. The H' atoms then flow through a 
transition section in contact with liquid nitrogen, and into a copper 
accommodator channel which could be cooled to as low as 3.2 K. 

MASS ANALYZER 

ACCOMMODATOR 

Fig. 1 Schematic of the experimental arrangement. 
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The accommodator is followed by a skimmer at 2.5 K, and ten charcoal-
coated cryopanels at the same temperature, having a combined area of 
about 4500 cm.^ This tremendous pumping (of about 40,000 1/sec for H2 
at these temperatures) ensures that scattering by any gas other than H* 
is insignificant. Inunediately following this stack of cryopanels, there 
is a small cryostat, filled with liquid helium, which houses a supercon
ducting solenoid whose entrance is 15.5 cm downstream from the accommo-
dator exit. The solenoid consists of three coils in series with an i.d. 
of 9.4 cm and a length of 10 cm. The current in the outer two coils 
flows counter to the current in the middle coil resulting in a large 
magnetic field with strong gradients, which focus" H° atoms like con
ventional sextupoles. 

With this atomic beam stage at an accommodator temperature of 6 K, 
without focusing, a peak H° density of 6.1 x 10** cm"3 was measured via 
a residual gas analyzer (RGA) located 90.5 cm from the accommodator 
exit. This peak density is an improvement by a factor of 34 over the 
maximum density measured with the atomic beam in Ref. 2. When the 
accommodator channel was reduced to the configuration of Ref. 2, with a 
copper insert, the peak H° output was reduce exactly to that obtained 
previously. Furthermore, by using two different inserts in the flared 
section of the accommodator (and adjusting the "normal" controls of gas 
and rf power), the H° density measured at the RGA could be varied from 
as low as 2 x lo" cm"3 to as high as 6.1 x 10H- cm - 3. Time-of-flight 
measurements* of the velocity distribution showed that the beam had a 
most probable velocities from 500 m/sec to 680 m/sec and a FWHM of 
196 m/sec corresponding to a beam temperature of 2.3 K. The perpendi
cular thermal spread is also 2.3 K as the experimentally determined 
sextupole acceptance angle indicated. (Previously a chopper and a sex-
tupole magnet could be easily installed alternately.) No provisions 
exist for time-of-flight measurements, since the H° beam velocity is 
expected to be the same as in Ref. 2 for the same accommodator temper
ature. The accommodator is designed to result in frictionally choked 
flow, which ensures that the outlet Mach number is independent of den
sity; therefore, subsequent to supersonic expansion, the final beam 
velocity distribution depends only on outlet Mach number and accommoda
tor temperature'-3. Even though this design is based on the excellent 
agreement^ between theory and experiment, an additional test was done to 
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prove that the H" beam velocity in this setup is the same as that of the 
previous configuration, where time-of-flight measurements were done. In 
this check, the thermistor H* detector signal, which measures beam 
flux,1'* was compared to the H° density measurements and showed a linear 
relation. This indicates that the H" beam velocity is unchanged for all 
densities including those at which the H° beam velocity was measured. 
Furthermore, if the most probable velocity is indeed 680 m/sec, the 
atomic beam forward flux of 3.2 x 1 0 2 0 H°/sr sec matches the atomic beam 
flux of Belov et al. 1 5 A higher velocity would imply an even higher 
flux, which is very unlikely due to the similarity of this dissociator 
and its mode of operation to that of Belov et al. 1 5 

While the peak output from the atomic beam reached all projects 
parameters, the focusing of H° atoms exhibited an unexpected limitation. 
Figure 2 shows the "focusing factor" (the ratio of the H° density at the 
RGA with the solenoid peak magnetic field B - 4.38 T to the H° density 
with B = 0) versus the H" density at the RGA with B - 0. 

5 

a: o i -o 

I 

UNFOCUSED ATOMIC BEAM 
DENSITY X 10 9 H'/cc 

Fig. 2 Variation of the focusing factor (ratio of H° density at B -
4.38 T to density at B = 0) vs H° density at B - 0. Dashed 
curve is a plot of Eq. 8 with the cross-sectional value of 
Eq. 3. 
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Focusing is observed at lower densities, but it falls off as density is 
increased. Eventually a complete "cutoff" In focusing, i.e., the focus
ing factor becomes 1, is reached at an unfocused density of 244 x 10« 
H°/cm3 at the RGA. Taking into account the 1/R2 falloff in density as 
one moves away from the accommodator, cutoff occurs at an H* density of 
8.32 x 1 0 " cm -' at the solenoid entrance. Any analysis and measure
ments presented here refer to the beam on axis; therefore, beam density 
is governed by 1/R2 falloff (any angular contributions'-" have a cos11 8 

dependence and cosn0 — 1). 

ANALYSIS 

As it follows from the cryopanel description, intrabeam H° - H° scatter
ing is the only significant collisional process to prevent separation of 
atoms of opposite electron spin, and hence focusing. A cutoff in focus
ing results when the mean free path A for H° scattering is reduced to 
the length of the solenoid, i.e., X - 10 cm. From the simple relation 

X - 1/na, (2) 

the total scattering cross section o can now be estimated. Since the 
density n - 8.34 x lO^-2 cm'2 at cutoff, the estimated cross section is 

o - 1.2 x 10" 1 4 cm2. (3) 

Computing a from the Fig. 2 data can alternatively be done from the 
dependence of the focusing factor Fj. on the unfocused density iiy. 
Moreover, as It will become an obvious later, analysis of the Fig. 2 data 
will provide additional insight regarding diminishing of focusing with 
increase in beam density. Downstream from the skimmer i^ varies, for 8 

- 0, as 
ny - n 0 (R 0/R) 2, (4) 

where n Q and R Q are the density and radius (distance from the accommo
dator exit) of a "freezing surface", a point beyond which the velocity 
distribution freezes, i.e., no further cooling occurs and intrabeam 
scattering (in absence of focusing) can be neglected. The focused beam 
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has a rather complex functional dependence on R: first there is a term 
similar to Eq. 4, which looks like 

this term describes a beam which has undergone supersonic expansion, 
following which, the beam is subjected to spin selection and to focusing 
which enhances the density by a factor G(R). Since all measurements in 
Fig. 2 were done at a fixed magnetic field and at a fixed position, G 
(for gain) is a constant for this analysis. However, because of focus
ing, collisions beyond the freezing surface can no longer be ignored. 
Therefore, there is an additional term due to collisions. This second 
term is a differential equation describing like-particle losses due to 
scattering dn/dt - - n 2 ov^, where v t n is thermal velocity. A trans
formation of this relation from time to R coordinates (R - v

0 t ) results 
in an equation dn/dR - - n 2 a/H describing collisional losses from a 
volume element as it moves downstream (vQ is the most probable velo
city, M - v0/vt-^ is the Mach number). Combining these two terms yields 

dn f 2n Q R Q
2 n f

2o 
• G (5) 

dR R 3 M 

Solution of this equation subject to the constraint n - n 0 at R - R„ 
yields an expression for the density of the focused beam nf. Equation 5 
is a Riccati type equation which in general is not soluble. However, 
our particular case is one of the few exceptions. Use n - V /VoM"* and 
Eq. 5 becomes 

1 
+ — V - 0 (5a) 

d^ V 2n0R0*GoM 

dR* 

Equation 5a is of the form 

V" + T 2 RP" 2 V - 0 (5b) 

where p - -1, Eq. 5b has a solution*^ of the form 
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2rR°-5P 
' i /p ' V - R°- 5 Z 1 / D ( ) (5c) 

where Z is any linear combination of Bessel functions of first, second, 
and/or third kinds. Next step is to substitute nj for V and to solve 
for the integration constants using boundary conditions. But, the 
resulting expression contains Bessel functions for which the only option 
for an analytic solution is to use their series expansion. Unfortu
nately, many terms in each series expansion need to be kept since the 
Bessel function arguments are convoluted expressions containing both the 
dominant beam expansion (R) and the smaller scattering effects (aM''- in 
n. 

Another possible solution is to use the principle of superposition. 
Since d/dR is a linear operator and since dn/dR equated with each of the 
left hand side terms of Eq. 5 has a solution, then nf - C^n^ + C2n2 is a 
solution of Eq. 5 

dn x 2n 0R Q
2G 

dR 
has a solution ni 

and 
dno 

- -nj oM~ has a solution n2 
dR l+n0 ohT 1 (R-R0) 

Both solutions are subject to the constraint n - n 0 at R - R 0. There
fore, solution to Eq. 5 is 

Ro 2 
n f - Cxn0 ( ) G(R) + C 2 . (6) 

R U n ^ M " 1 (R - R„) 

For reasons mentioned earlier, G is a constant. C^ and C2 are constants 
that account for the relative importance of each effect (density fall 
off and scattering). Next, from Eq. 4, n Q - r^ (R/R0)2 is substituted 
into Eq. 6 which is then divided through by n u. Also, constants Cj, C2, 
G, R, and R Q are lumped, where appropriate, into K and C to obtain 
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n f C 
F F - K + . (7) 

iH, l+n u(R/R 0) 2aM" 1 (R-R„) 

Equation 7 shows the functional dependence of the focusing factor on n u 

with all other quantities being constant. From the abundant exper
ience^ 8 with atomic beams undergoing supersonic expansion, modern 
sources have been designed with a skimmer just beyond the freezing-
surface position R„; in this device R„ - 5 cm. Constants K and C can be 
evaluated from extrapolation of the Fig. 2 data: As n u — »>, Fp -» 1, 
i.e., no focusing; hence K - 1. close to the other extreme (n -• 0 ) , 
the lowest density data point is Fp - 6.3 at n u - 2.10' cm" . Substi
tuting these values and M - 3.4 into Eq. 7 yields C - 5.3 (1 + 1.65 x 
10*-3 a ) . Thus, Eq. 7 becomes (in cgs units) 

5.3 (1 + 1.65 x 1 0 1 3 o) 
F F - 1 + . (8) 

uu 1 + n„ 8.24 x 10 3 a 

A least-squares fit of the Fig. 2 data by Eq. 8 using the MIGRAD code 
(performed by D. Weygand, Applied Math, BNL) yields 

•14 „ m2 a - 1.25 x 10-i£» cmz. (9) 

Scattering by H2 can be discounted for the following reasons: (1) 
Very little H2 is produced since modern dissociators are close to 100% 
efficient. Walraven and Silvera^' measured a degree of dissociation as 
high as 94%. Correlation of input gas pulses with beam outputs in 
Refs. 2 and 15 corroborate those results. (2) The highest possible 
residual pressure that the leading edge of the beam encounters is about 
8 x 10" 7 Torr inside the magnet (vapor pressure of Hj at 4.2 K ) . At 
this pressure, the H2 density is 3 orders of magnitude lower than that 
of the beam atoms. (3) The upper limit on the H° - H2 scattering cross 
section can be taken to be 5,8 x 1 0 " " cm. 2 This value was measured by 
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Harrison.20 Later studies2* proved it to be too large. Thus, the com
bination of the H2 density and the H° - Hj scattering cross section 
strongly suggests that Hg effects can be neglected. (4) Finally, depo
larization effects, e.g., spin exchange, are unimportant due to their 
lower cross sections (orders of magnitude). 

At 2 K, Allison and Smith5 predict a - 8.7 x 10" 1 5 cm2 for H* 
gas. Since polarization is never 10018, the value of o to which Eqs. 3 
and g should be compared is slightly lower (but definitely higher than 
6.8 x 10"*5 cm2 for unpolarized H°). Lhuillier^- performed a partial-
wave analysis for if°- if° collisions in the temperature range 0.04 -
10 K. From the collision phase-shift results (Fig. 1 in Ref. 11, with 
k* - 0.806 at 2.3 K) the scattering cross section [a - (47t/k2) Z_j (21 + 
1) sin2 &i ] can be calculated to be o = 3 x 10" 1 5 cm2 at 2.3 K. The 
values of Eqs. 3 and 9 are most likely lower because of contributions 
which can be only qualitatively22 addressed. In Eq. 2, A was arbi
trarily chosen to be the physical length of the solenoid (10 cm). How
ever, by equating A in Eq. 2 to a path length during which atoms are 
subjected to significant focusing effects, e.g., an e-folding distance 
of total B, ads 1.857 cm to each side of the solenoid, and yields in Eq. 
3 a - 8.75 x lO"" cm2. Similarly, since the solenoid focusing has a 
radial dependence, and because Eqs. 5 - 8 refer to the beam on axis, 
there are small underestimates of both the effective density and intra-
beam scattering length, based on which qualitative arguments can be 
invoked to adjust the value of o from Eq. 9 to slightly below 10"1^ 
2 cm . 

CONCLUSION 

An experimental H° - H° scattering cross section has been extracted from 
the Fig. 2 data. This value of a is somewhat below 10"^ cm2. It is 
model dependent, and by choosing slight different parameters, e.g., R 0 

and A from those chosen in the previous section, a a value, which is in 
agreement with that inferred from Lhulllier's calculations, can be 
obtained. In short, the H° - H' scattering cross section is 10's of A 2, 
rather than only 4,9 A 2 as it was previously thought'-'2'9. 

Although both experiments^, and extrapolation from the most up-to-
date theoretical work** indicate an order of magnitude higher scattering 
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cross section, the real culprit for severe density limitation is the 
slowness of the beam. Equation 7 indicates that the attenuation in 
focusing has a contribution from a term o M"* R. There is not much one 
can do to shorten R since magnets and rf transition units have finite 
length. Even though a is an order of magnitude larger than what we 
thought before the experiment, ^ vth. * s s m a l l e r than in other devices.^ 
Therefore, a v t n is not much larger than in other warmer sources. How
ever, the problem is greatly aggravated by beam transit time (R/v) bet
ween the accomraodator exit and the RGA. Our beam is close to a factor 
of 4 slower than Belov's. 

Absolute cutoff in focusing is a function solely of 0, as Eq. 2 
indicates. But, how useful is it to operate a source with a focusing 
factor of 1.2. Consequently, Eq. 7 needs to be considered and beam 
slowness becomes a problem. 
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POLARIZED GAS JET TARGET DEVELOPMENT AT CERN. 

L.DICK 
Univ. Milano, Italy, and CERN, Geneva, Switzerland 
W.KUBISCHTA 
CERN, Geneva, Switzerland 

Abstract The construction of a Polarized Atomic Hydrogen Beam Target is being 
prepared at CERN in view of its use in experiments at the SppS collider, at LEP or at 
LHC. We discuss results on atom optics and some design aspects. 

INTRODUCTION 

An unpolarized hydrogen cluster target has been 
used for several years at the CERN SppS collider 
(UA6-collaboration 1)). The replacement of this 
target by a polarized atomic beam target has been 
proposed. 
As discussed earlier 2 ) 3 ) we plan to use a single pass 
free atomic beam as target. We expect to achieve a 
target density of about 1 0 1 3 atoms/cm2 in one pure 
hyperfine state, compatible with a collider 
environment. Several design improvements 
compared to existing atomic beams are necessary, 
mainly 

- a large aperture rectangular nozzle, cooled 
to about 30 K 

- superconducting sextupoles with 4T 
poletip fields. 

- a very efficient vacuum system including 
an optimized cryo-pump as beam dump. 

The schematic layout of the target is shown in fig.l. 

statas in 
beam 

dissociator 1 
1 -— 1.2.3.4 

first saxtupola 

1 • 1.2 

RF-transiWon 2-4 

1 • — 1.4 

sacond saxtupola 

•—— 1 

coiiidar btam (•law 2. 

atomic beam dump 

FIGURE 1 Schematic diagram 
of polarized atomic hydrogen 
beam target 

SOME RELATIONS USEFUL FOR THE DESIGN OF LARGE ACCEPTANCE 
ATOM OPTICAL SYSTEMS. 

In absence of a complete theory, the design of a large-acceptance atom optical system has 
to proceed to a large extent by 'intelligent guessing' and trial-and-error in order to achieve 
an optimal performance. The following considerations can serve as orientation in this 
process. 
As is well known, atoms of velocity v and mass m starting from a point on the axis of a 
sufficiently long sextupole with poletip radius r p and poletip field Bp, follow a trajectory 

r = r0'.(v/p).sin((p/v).z) 

p2 = 2.nBp/(rp2.m) 
(1) 
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The angular acceptance (the solid angle including the atoms not touching the poletips) 

A*(v) = 2.K.uBp/(m.v2) (2) 

is independent of magnet aperture. 
At a distance L , an image of the source is formed for atoms with velocity 

v n = p.L/(n.ic) (3) 

with n the order of the image. 
The magnification is 1, and a diaphram with a radius R at least equal to the radius of the 
source does not limit the acceptance given by equation 2. For velocities between the vn's, 
the acceptance is approximately 

A(v) = A*(v). (R/rp)2 (4) 

which shows that in this simple case the acceptance is equal to the ideal acceptance A* for 
all velocities only if the radius of the exit aperture is equal to the magnet radius. 
If we design our system such that the velocity for the first order image corresponds to the 
most probable velocity in our beam, the atoms with velocity V2 = vi/2 forming the 
second order image will come from the edge of the distribution and therefore not 
contribute much to the intensity. This can be improved by cutting the magnet in the 
middle between source and image and separating the two halves by a distance D = k.L 
For a small source this will not affect the acceptance at the two velocities very much, and 
the ratio vj/v2 can in this case be calculated from 

k. (vi/v 2 ).(p/2) + tan ( ( V l / v 2 ).(p/2)) = 0. (5) 

The solution of this equation is shown in fig.2 
as a function of k. The second order peak will 
approach the first order peak with increasing 
distance between the two magnet halves. 
Images of odd order will not be affected. 
For several reasons - necessity of pumping and 
installation of auxiliary equipment etc. - both 
source (nozzle) and the region where the atoms 
are used (target point , ionizer) have to be 
outside the magnet(s) in a real system . The 
situation is now more complicated and 
quantitative results can be obtained by the 
acceptance diagram method4) or, especially for 
non-circular geometries, ray tracing calcula
tions3), but the qualitative results obtained in 
the previous paragraph are still valid. 
Let us consider a system consisting of a single 
magnet (the first half tapered), a nozzle at a 
distance as required for pumping and an exit 
diaphragm near the target point 
Diameters of nozzle and diaphragm are small compared to magnet diameter.The poletip 
field is about 4.5T, and in order to keep the total length short, the magnet length has been 
chosen such that atoms near the maximum of the velocity distribution produce a first 
order image of the nozzle at the target point. 

FIGURE 2 Ratio of velocities of 
first and second 
order image 
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The curve marked A* on fig.3 is the 'ideal' acceptance (equ. 2) as a function of velocity 
for 4.5 T poletip field. Curve 1 is the actual acceptance (averaged over the nozzle 
surface). As expected there are peaks at vi, about vj/2 and vi/3. The First order peak 
goes beyond the ideal curve due to the taper of the first part of the magnet, while higher 
order peaks are 'suppressed' since the tapr is not optimized for their acceptance. When 
folding with the velocity distribution, even ihe second order image contributes little to the 
intensity. 
When cutting the magnet in two and separating the two parts by a distance corresponding 
to k = 0.52 we get curve 2. As predicted by equ. 5, the second order peak is now at V2 
= 0.72.vi. 

1000. 
V(M/S) 

2000. 

FIGURE 3 Ideal acceptance A*, actual acceptance for various 
conditions (curves 1,2 and 3, see text) and velocity 
distribution f(v) (not to scale) as function of velocity 

Opening the exit diaphragm to about half the diameter of the second magnet results in 
curve 3, the valley between the two peaks is more or less filled, and we get an 
"achromatic" system with almost constant acceptance for a large fraction of the velocity 
spectrum. (From an optics point of view the system is of course not achromatic, since 
this would imply constant imaging conditions over the velocity interval considered!) 
This acceptance diagram now has to be folded with the velocity distribution and the 
emission characteristic of the nozzle (see ref. 3 for details). Assuming realistic 
throughput, it turns out that we still do not get enough density. We can now increase the 
nozzle aperture until the size of the image corresponds to the exit diaphragm size. The 
average acceptance is somewhat lower, but the gain (under the assumption of useful 
throughput proportional to nozzle surface5)) more than compensates for this effect. 
A round nozzle produces a round image, and due to the small size of the accelerator beam 
the overlap is poor. An appreciable fraction of the target beam crosses the system without 
having a chance to be used and has to be pumped away. It is therefore an advantage to 
use a rectangular nozzle and exit diaphragm, reducing the total gas throughput while 
keeping the same target thickness. 
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SUPERCONDUCTING SEXTUPOLES 

It follows from equation 2, that the ideal acceptance for an atomic beam with a given 
velocity distribution is proportional to the field at the poletips. With careful design, the 
actual acceptance will aproach this value over a large fraction of the velocity spectrum. 
Magnets with normal conducting windings being limited to about 1 T, we intend to use 
superconducting sextupoles. For a sextupole with ideal sector windings with internal 
radius r a and outer radius r 0 we get the following expression6) for the 'poletip field' 
Cpoletip' meaning here the internal surface of the free aperture) 

B p = 7.10- 7 jr a . ( l . -r s /r 0 ) (MKSA-units) (6) 

For a given maximal current density j this 'poletip field' is essentially proportional to r a . 
It is therefore more difficult to build superconducting sextupoles with high field and small 
aperture. As result of some iterations we decided to build magnets with free diameters 
between 3 and 9 cm and poletip fields of the order of 4 T (see Table 1 for more details). 
The required overall cui Mt density of 700 A/mm 2 in combination with the maximum 
field of about 7.5T is somewhat beyond the standard wire characteristics at 4.2 K, but 
recent technological progress should allow the fabrication of the relatively small quantity 
of wire needed with required properties. Operation at 2 K is considered as a fall-back 
solution. 
A section of magnet 2 (constant 
aperture) is shown in fig.4. The winding 
of each pole is made up of two coils of 
rectangular cross section in order to 
simplify construction. Magnet 1 is 
tapered and requires a more complicated 
winding. Again there are two coils per 
pole, one has constant aperture, the other 
one is tapered (fig.S). 
Fringing fields are no longer negligible. 
We have performed calculations with a 
three-dimensional magnet-program 
(TOSCA7)) and included the result (fig.6) 
in the optics calculation. 

U»TT»l Ufa. 

FIGURE 4 Section of magnet 2 

OE + OI 
FIGURE 5 Coil pair of magnet 1 
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RE 6 Magnetic field at the 'poletip' of magnet 1. Dimensions in cm, IBI in 
Gauss. Curve 1 in plane of pole, curve 2 at 30°. The two vertical bars 
mark the coil ends. 

lADIO-FREQUENCY TRANSITION 

["o produce a pure state-1 target beam, a 
!/4 RF-transition is needed between the 
wo magnets. In this region, the atomic 
warn has a diameter of 70 mm. We will 
ise a rectangular TE]02 cavity, which 
iroduces a field sufficienly homogenous 
tver the required area. In order to avoid 
he well-known problem of exciting a 
ligh-Q cavity with a tuned generator we 
ntend to run the cavity with a phase-
ocked loop as shown in fig.7. 

CATTERING BY BACKGROUND GAS 

cavity m 
vco amplifier I] 

atomic b t tm 

FIGURE 7 Schematic circuit for 
RF-cavitv 

"he large skimmer (about 25 x 28 mm2) accepts a relatively high fraction (between 15 
nd 17%) of the total gas input. About half of this fraction, consisting partially of 
nwanted atoms in states 3 and 4, partially also of states 1 and 2 and undissociated 
nolecules, is lost on the walls of the first sextupole. Depending on the conductance of 
he inner tube of the magnet a certain background pressure is built up by this gas. The 
arge diameter of our magnets is a big advantage here, and in addition we have to provide 
'warm boring', the density being proportional to A/T. We have started to do Monte-

-arlo type calculations8) in order to study this problem in more detail. Preliminary results 
;ive an average background density of about p = 3 .10 1 2 atoms per cm 3 over 22 cm, 
ssuming a temperature of the inside tube of 300K and no recombination. The resulting 
nean free path 

L = l / ( o .p) (7) 

rith a scattering cross section o = 3.10"15 cm 2 would be about 100 cm. We therefore 
ave to expect a reduction factor of about 0.82. More detailed calculations are in 
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preparation, including also other parts of the system, but due to the uncertainties in the 
emission characteristic of the nozzle and in the total cross section, the final answer will 
only be known after tests in the actual geometry. 

BASIC PARAMETERS OF THE TARGET SYSTEM 

The following table shows the main parameters of the planned target system. The target 
thickness has been calculated assuming a gas throughput proportional to nozzle area and 
an emission characteristic similar to a round nozzle. It includes an attenuation factor 0.82 
due to background gas. 

TABLE 1 Basic parameters of the target system. 

Nozzle 
size 2x 14 mm 
temperature 30 K 
total gas input 2 mbar.l/s 
distance to magnet 1 60 mm 

Skimmer at entry of magnet 1 25 x 28 mm 
Magnet 1 

entry diameter 33 mm 
exit diameter 90 mm 
length(incl.fringe field) 240 mm 
'poletip' field 3.8/4.5 T 

Distance magnet 1/magnet 2 350 mm 
Magnet 2 

internal diameter 90 mm 
length (incl. fringe field) 300 mm 
'poletip' field 4.5T 

Diaphragm before SpS-vacuum 14 x 30 mm 
Target 

width x length 15 x 30 mm 
thickness 9.1012atoms/cm2 

polarization >0.90 
gas flow = 1.2 I018atoms/s 

VACUUM SYSTEM 

The present state of the project layout of the target is shown in fig. 8. The axis is vertical 
as required by the geometry of the tunnel. There are essentially 6 stages of differential 
pumping. The two first stages are pumped by turbomolecular pumps, the necessity of an 
additional stage between nozzle and first magnet is not yet clear, since for realistic 
pumping speeds the pressure in this stage would be comparable to the one in the first 
stage. 
The regions before and after the second magnet are pumped by large cryo-panels covered 
with charcoal. 
Particular care will be taken to keep the pressure in the accelerator low, since it 
contributes to the unpolarized background over about 100 times the target length. Gas 
backstreaming from the beam dump and gas diffusing out of the last diaphragm will 
contribute to this pressure. In order to profit from the fact that this latter contribution has 
a well defined direction we plan to install a 150 mm diameter cryo pump opposite to the 
diaphragm, which also has a section acting as beam dump. 
A simple polarimeter consisting of 1/3 and 2/4 RF-transitions, a permanent magnet and a 
mass spectrometer will analyze a fraction of the beam passing through a hole in the center 



Firsl sexlupote 

FIGURE 8 Target layout. 



of the dump. It allows continuous monitoring the performance of the target, while a 
precise measurement of polarization will be done occasionally by measuring the elastic 
scattering asymmetry in the Coulomb-nuclear interference region. 

CONCLUSION 

We have studied the design of a high-density polarized atomic hydrogen beam target to 
be used as internal target in one of the CERN high energy colliders. By making full use 
of the large angular acceptance of the target region we expect to achieve a target thickness 
of about 10 ,3atoms/cm2 with a polaization > 90% and a reasonably well defined target 
section of 1.5 x 3 cm. _ 
A proposal for an experiment in the UA6 facility at the SppS proton-antiproton collider 
has been submitted recently, and other projects for LEP or LHC are under preparation. 
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PRESENT STATUS OF THE M I C H I G A N - M I T 
U L T R A - C O L D POLARIZED HYDROGEN J E T 

T . ROSER 
Randall Laboratory of Physics, The University of Michigan 
Ann Arbor, Michigan 48109-1120 USA 

Abstract The Storage of ultra-cold spin-polarized hydrogen atoms 
offers the possibility of producing a high intensity nuclear polarized 
atomic hydrogen jet. We stored electron spin polarized atomic hy
drogen at 0.4 K in an open 5 T magnetic storage cell. We observed 
directly the extraction of hydrogen atoms from the storage cell by flip
ping their spins using a 140 GHz microwave driven transition. Recent 
tests showed that the operation is greatly improved by using a 7.6 T 
magnetic field and 213 GHz microwave radiation. The results are 
being used to design a high intensity jet of nuclear polarized atomic 
hydrogen to be used as an internal target in the 400 GeV to 3 TeV 
UNK accelerator. 

INTRODUCTION 

I am reporting here on work conducted in collaboration with J. A. Bywater, D. 

G. Crabb, W. A. Kaufman, R. S. Raymond, J. A. Stewart, B. S. Van Guilder, and 

B. Vuaridel of Michigan; G. R. Court of MIT and Liverpool; Yu. M. Melnik and A. 

F. Prudkoglyad of IHEP, Protvino, U.S.S.R.; and V. G. Luppov and M. Mertig of 

JINR, Dubna, U.S.S.R.. We received considerable support and advice from A. D. 

Krisch of Michigan, and T. J. Greytak and D. Kleppner of MIT. 

Spin effects in proton-proton collisions are now usually investigated witli ex

ternal polarized proton beams and solid cryogenic polarized proton targets. 1 A 

polarized proton gas jet target would allow such experiments to be performed with 

a circulating beam in a storage ring. Since a jet target contains only pure hydrogen, 

it eliminates the difficulty in discriminating against the background from the bound 

nucleons in a conventional solid target. This greatly simplifies the study of exclusive 

reactions and is essential to the study of inclusive reactions. Present atomic beam 

production techniques2 allow a maximum target thickness of approximately 10 1 2 

atoms/cm 2 . For many high energy physics experiments this is too small by a factor 
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of 100 to provide an adequate event rate. 

Electron spin-polarized atomic hydrogen can be stored at high densities 3 over 

relatively long time periods since two hydrogen atoms with their spins aligned can

not recombine to form a molecule. Both storage and a high degree of electron spin 

polarization can be achieved in a high magnetic field (<5 5 T) and at low tempera

tures (& 0.5 K) since the magnetic energy of a hydrogen atom, approximately fie • B, 

is then considerably larger than the thermal energy kT. In an external magnetic 

field the four energy states of the hydrogen atom ground state are labeled o, 6, c, 

and d in order of increasing energy. Atoms in the lower energy a and b states are 

trapped in a high magnetic field region whereas the c and d states are expelled.4 

D. Kleppner and T. O. Niinikoski5 proposed that a high density atomic hydrogen 

beam could be produced by using electron spin resonance (ESR) pumping to extract 

hydrogen atoms from a magnetic storage bottle. Such a microwave driven extraction 

process could provide an intense low velocity atomic beam with a narrow velocity 

distribution. With such a beam it should be possible to attain a target thickness of 

about 10 1 4 atoms/cm 2 by using magnetic focusing. 

The transitions a to d and 6 to c are both allowed since they involve only 

one photon absorption. At a field of 5 T both transition frequencies are near 140 

GHz; their frequency difference is equal to the hyperfine splitting of 1420 MHz. If 

cither of these transitions is pumped, then c or d state atoms are generated in the 

trapping volume. These atoms diffuse into the field gradient regions at the ends of 

the volume; if the atoms do not recombine, they are then ejected forming a nuclear 

and electron polarized atomic beam with a velocity of about 240 m/s and a narrow 

velocity spread of about 60 m/s. Spin exchange processes such as rf+A^o+c 

with trapped a and b state atoms may reduce the nuclear polarization 7. However, 

full electron spin polarization will still be maintained. 

DESCRIPTION OF APPARATUS 

Our apparatus, shown in Fig. 1, was designed specifically to develop the tech

nique of producing a high density atomic hydrogen beam by microwave driven ex

traction. The vertical section contained a continuous Row dilution refrigerator with 

a cooling power of 27 mW at 0.35 K. The storage cell was a horizontal double-walled 

copper tube with an internal diameter of 48 mm. The space between the two walls 

formed the mixing chamber of the dilution refrigerator. The storage cell was open 
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at both ends and thus allowed the hydrogen feed and the microwave input hardware 

to be separated from the extraction region. The cell was mounted inside the bore 

of an 8 T superconducting solenoid, which lias a magnetic field uniformity of 10~ 5 

over a 10 mm diameter sphere. 

H 2 INLET 

FIGURE 1. Prototype jet apparatus. 

Hydrogen atoms were produced in a rf dissociator. They were cooled to a 

temperature of approximately 30 K and guided to the low temperature region in 

a Teflon tube and a Teflon-coated copper tube. A fast temperature transition 

was then made to a tube which was cooled to a temperature of 0.3-0.5 K by the 

dilution refrigerator. All cold surfaces were stably coated by a 4 He film with a 5 nm 

estimated thickness at a partial helium pressure of a few l O - 4 Pa . The helium film 

prevented rapid recombination of the atomic hydrogen. 8 

The cold atoms were then guided into the fringe field of the solenoid where 

electron-spin selection takes place. Atoms in states a and b were accelerated to-
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wards the maximum field region at the center of the solenoid, while states c and d 

were repelled. After thermalization by gas and wall collisions states a and b were 

trapped axially by the magnetic field and radially by the cylindrical storage cell 

walls. Microwaves were injected from the left in Fig. 1 and we detected atoms 

in states c or d that exited toward the right. At this extraction end the storage 

cell extended only to the point of maximum field gradient where the magnetic field 

is about half of the maximum field in the center. This represents a compromise 

between maximizing the trapping efficiency and minimizing the number of wall col

lisions of the extracted atoms. The microwave radiation, had a frequency in the 

range of 139 to 141 GHz and a total power level of up to 60 mW at the horn, which 

was cooled to 4.2 K and mounted 20 mm from one end of the storage cell. 

We installed two types of detectors to observe the extracted atomic hydrogen 

beam. The thermal detector measured the thermal energy of 4.5 eV, which was 

released when two hydrogen atoms recombined on its surface. This detector was 

made of copper and operated at a temperature of 4.2 K. At this temperature the 

specific heat of copper is very small and the sticking time of hydrogen atoms on 

the surface is long enough to ensure a high probability of recombination. The 

detector had a 44 mm outer diameter and a 22 mm diameter hole for atoms to pass 

through to the compression tube detector described below. A series of 10 mm deep 

circular baffles were soldered onto the backplane to increase the hydrogen capture 

probability. The thermal detectors were coupled to a 4.2 K heat sink via a thermal 

resistjuice which gave a one degree Kelvin temperature rise for an incident flow 

of 2.4 x 10 1 5 atoms/sec assuming 100% recombination efficiency. The measured 

time constant of the thermal detectors was then approximately 4 seconds. The 

temperature rise was measured with a Au 4- 0.07% Fe - Chromel thermocouple 

which gives an emf of 12.G / 'V/K at 4.2 K. An electric heating wire was wound 

around the rim of the detectors to allow periodic calibration. 

The compression tube detector was located downstream of the storage cell as 

shown in Fig. 2; it measured the increase of the partial pressure of molecular 

hydrogen in an enclosed volume whose only opening was a 1 cm diameter tube 

which was 19 cm long. Assuming that all the hydrogen atoms recombined, the 

molecular hydrogen pressure, as measured by a quadrupole mass spectrometer, was 

proportional to the flow of atomic hydrogen into the compression tube opening. 

The detector was calibrated by bleeding molecular hydrogen into the volume at 
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a measured rate. The detector entrance was movable between 17 cm and 31 cm 

downstream from the end of the storage cell. 

H IN SOLENOID SEXTUPOLE 

MICROWAVE THERMAL COMPRESSION TUBE 
HORN DETECTOR DETECTOR 

0 5 10 15 20 cm 

FIGURE 2. Layout of the storage cell and extracted beam detectors. 

Since neither of these detectors gave information on the spin state of the ex

tracted atoms, we installed a sextupole magnet spin filter which focused atoms in 

the r. and d states and defocused the other states. 9 Hence, the focusing of extracted 

atoms by the sextupole was a clear signal for the presence of the c or d state atoms. 

The sextupole magnet was 10 cm long with 15 mm bore iron pole tips, and was 

located to overlap the movement range of the compression tube detector. 

RESULTS OF EXTIIACTION STUDIES 

The first extraction tests were made with continuous inputs of both microwave 

power and atomic hydrogen. The magnetic field was ramped through the ESR tran

sitions near 5 T. Fig. 3 shows a typical signal from the thermal detector obtained 

by first raising and then lowering the magnetic field. The two peaks in each ramp 

correspond to the a —* d and b —» c transitions 5. The separation of the peaks in 

Fig. 3 was measured to be 510 ± 10 G, agreeing well with the calculated separa

tion of 507 G or 1420 MHz due to the hyperfme splitting. The sharp edges at the 

low field side of the peaks correspond to the rapid change of hydrogen extraction 

as the center of the trap suddenly passes into or out of the resonance condition. 

In the tail on the high field side, the resonance region slowly moved towards the 

edges of the trap. Wc compared the size of the peaks with electric pulses applied to 
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the calibration heater of the thermal detector. We observed repeatedly peaks that 

corresponded to an instantaneous flow of 10 1 6 atoms/sec. 

Solenoid Magnetic Field [Testa] 
4.90 4.95 5.00 5.05 5.05 5.00 4.95 4.90 

200 300 
Time [sec] 

FIGURE 3. Thermal detector response for a ramped magnetic field. 

We used the combination of the compression tube detector and the 15 mm 

bore sextupole magnet to determine the electron spin state population of the ex

tracted hydrogen atoms. When both the microwave frequency and the magnetic 

field were kept fixed to drive the a —> d transition, hydrogen atoms were extracted 

continuously. We simultaneously recorded the signal from the ring-shaped thermal 

detector and used it to correct for changing hydrogen feed conditions. Fig. 4 shows 

the scxtupole-on to sextupole-off ratio of the atomic beam flow measured along the 

beam axis with a sextupole pole tip field of 0.12 T. We observed a clear focusing 

effect due to the sextupole establishing the presence of c and d state atoms. The 

three curves in Fig. 4 are the result of a calculation 1 0, which tracked c, d and an 

equal mixture of c and d state atoms from the center of the storage cell to the 

d c ^ tor. The data points are in good agreement with the tracking calculations 
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demonstrating not only that the extracted hydrogen atoms are electron spin polar

ized, but also that they have the expected velocity of 240 m/sec. The data may 

also suggest that the extracted atoms are still mostly in the d state and thus still 

have nuclear polarization. If true, this would suggest that spin exchange processes 

were not important. 
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FIGURE 4. The sextupolc-on to sextupole-off ratio of the compression tube de

tector response is plotted against the detector position measured from the upstream 

face of the scxtupole. The errors show the variations of repeated measurements. 

RECENT IMPROVEMENTS 

We have recently implemented several improvements. First we installed a 

213 GHz microwave system consisting of a 71 GHz klystron feeding a microwave 

frequency triplet'. The frequency triplcr was mounted on the 4 K heat shield and op

erated at a temperature of approximately 7 K. The maximum available microwave 

power delivered into the storage cell was 5 mW. We studied both pulsed and con

tinuous microwave extraction of atomic hydrogen now stored at a magnetic field 

of 7.G T. The extraction process was significantly more reliable and stable. This 
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results from the fact that .at the higher value of the storage field the hydrogen den

sity necessary for efficient microwave extraction can be achieved at a higher storage 

cell temperature. We measured the flow of extracted atoms with the inner half of 

the ring-shaped thermal detector in the position shown in Fig. 2. We were able 

to extract atomic hydrogen continuously for several hours with a flow of 1.5 x 10 1 5 

atoms/sec incident on the thermal detector, which has an area of 4 cm 2 . 

We also installed a new helium film burner assembly, which limits the surfaces 

that are coated with superfluid helium film to the walls of the storage cell. This 

resulted in a reduction of the helium background pressure to less than lO -" 1 Pa 

independent of the thickness of the helium film 

CONCLUSION 

We have directly observed an extracted beam of electron spin polarized atomic 

hydrogen obtained by driving an ESR transition with microwaves. The measured 

properties of the microwave extracted atomic beam are in good agreement with 

the expected formation of a slow, monoenergetic jet of spin polarized hydrogen 

atoms. These results, obtained with this prototype device, are being used to design 

a high density jet. We plan to use this high density ultra-cold spin polarized atomic 

hydrogen jet as an internal target in the 400 GeV to 3 TeV UNK accelerator at 

Protvino, U.S.S.R., as part of the NEPTUN-A 1 2 and NEPTUN 1 3 experiments which 

will study spin effects in proton-proton scattering. 

This work was supported by grants from the U .S . Department of Energy. 
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T violation in neutron-nucleus interaction 

Y. Masuda 

National Laboratory for High Energy Physics 
1-1 Oho, Tsukuba-shi, 305 Japan 

Abstract A possibility of the large enhancement of the T-violation 
effect in the neutron-nucleus interactions is discussed. A 
measurement of a triple correlation between the neutron spin, the 
neutron momentum and the nuclear spin is proposed for the T-
violation test. Productions of polarized neutron and polarized 
lanthanum target are presented for the T-violation experiment. Also, 
feasibility of polarized 3 He nuclei as a polarized neutron detector is 
discussed. 

Introduction 

Nuclear polarization has been used for tests of fundamental 
symmetry violations, P violation and T violation. In the experiments, 
psuedoscaler terms under space/time reversal are measured. In the 
P-violation experiment, a a • k term is measured, where o is a 
particle spin and k is a particle momentum. In the nucleon-nucleon 
interaction, P-violation effect is very small. An asymmetry in the 
cross section with respect to the helicity is about 10"7 for the proton-
proton scattering. Concerning T violation, only CP violation is 
observed in the K° decay. If we assume the CPT theorem, T 
invariance is violated in the K° decay. No other T-violation process is 
found yet. In the nucleus, the symmetry violations are occasionally 
enhanced. P-violating asymmetries in I • ky terms of y-ray angular 
distribution from polarized nuclei are enhanced to 10 _ 2 _10 - 4 . 
Circular polarizations of y-rays from unpolarized nuclei, namely oy • 
ky terms are enhanced to 10 _ 3 _10 - 4 . Here, I is the nuclear spin, ky 
is the photon momentum and ay is the photon spin. Recently, far 
more enhancement has been found in the neutron-nucleus 
interaction. The largest observed effect is for a p-wave resonance of 
1 3 9 L a at the neutron energy of E n = 0.734 eV. An asymmetry in the 
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neutron helicity, namely the o n • k n term is about 10 %, where a n is 
the neutron spin and k n is the neutron momentum. The same kind 
of large enhancement is also expected for T-violation effects. 

Large enhancement of P-violation effect in n-nucleus interaction 

The large enhancement in the p-wave resonance has been 
found by several groups at Dubna1, KEK2, Kurchatov3 and Los 
Alamos 4 . In the experiment at KEK, longitudinally polarized neutrons 
were incident on a lanthanum target. The direction of the neutron 
polarization at the target position was alternated every 2.5 sec. 
Neutron capture y - r a y s and transmitted neutrons through the target 
were measured as a function of the neutron time of flight. The 
asymmetries, AL,IJ and AL,y in the total cross section and radiative 
capture cross section in the p-wave resonance were obtained by the 
transmission and capture 7-ray measurements, respectively. The 
results are AL.II = 9.7+0.5% and AL,Y= 9.5±0.3%. The asymmetry in 
the p-wave resonance was also measured by the other groups. The 
Dubna group obtained, AL.II = 7.3+0.5%. The Kurchatov group 
obtained, PL.II = 7.6±0.3% by a measurement of the neutron 
polarization which was produced by helicity dependent transmission 
through the lanthanum target. A small difference was found 
between the KEK results and these two results. However, the recent 
data by the Los Alamos group, PL.II = 9.7+0.3% confirmed the KEK 
result. 

As the result, we observed enormous enhancement of the P-
violating asymmetry in the p-wave resonance by the factor 10 6 in 
comparison with the proton-proton scattering. The large 
enhancement is explained in the following. Since the neutron is 
chargeless and free from the Coulomb barrier of the nucleus, eV 
leutrons can induce nuclear reaction. In this energy region, s-wave 
sotential scattering and s-wave radiative capture processes are 
lominant. Higher angular momentum processes are greatly 
suppressed because of the centrifugal barrier. Occasionally, very 
.mall p-wave resonance is observed in the eV region. In this case, 
/ery large parity admixture is expected, since the level spacing 
>etween threshold states is very narrow. Sushkov et al. 5 , Bunakov et 
i l . 6 and Vanhoy et al. 7 explained the large enhancement by means of 
1 perturbation. They used an s- and p-wave parity mixing between 
:ompound nucleus states. In the n - ' 3 9 La reaction, an s-wave 
esonance at E n = -49 eV mixes with the p-wave resonance. The 
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large enhancement of the P-violation effect is predicted only in tht 
p-wave resonance, since the parity favoured p-wave width is grea 
suppressed compared with the parity unfavored s-wave width. 
While, Yamaguchi used the S-matrix formalism and explained the 
large asymmetry by a parity mixing between eigen-channels of thi 
S-matrix 8. In his prediction, large asymmetry should be also foun< 
in the non-resonant s-wave processes, if the large asymmetry in tl 
p-wave resonance comes from a parity mixing between s- and p-
wave eigen-channels. This prediction is inconsistent with the 
experimental result. Therefore, he suggested another possibility, 
namely a p- and d-wave mixing assuming the existence of a d-wa\ 
resonance in the quite vicinity, within the energy difference of less 
than about 1 eV. The large asymmetry is only in the p-wave 
resonance in this prediction. He also suggest another possibility, a 
new CP-violating interaction, if there is no such d-wave resonance 
the vicinity. In order to judge which theory explain the large P-
violation effect in the right way, detailed measurements of the par 
violation effect are required. 

T-violation experiment 

Many theoreticians expect such large enhancement also in T-
violation effects as in the P-violation effect 8 - 9 - 1 0 - 1 1 . It is proposed t 
measure a triple correlation term, I • o n x k n in the neutron 
transmission for the T-violation test. In the T-violation experiment 
transmission of polarized neutrons through a polarized target is 
measured as it is schematically shown in Fig. 1. The two processes 
Fig. 1 transform to each other under time reversal and two rotation 
around the nuclear polarization axis and the beam axis. The second 
process is realized by inversion of the neutron polarization in the 
first process. The T-odd asymmetry which is defined as, 

A T = (T(+)-T(-))/(T(+)+T(-)) (1) , 

is considered to be free from final state interactions, since initial an 
final states as well as motion directions are reversed in the two 
processes in Fig. 1. Here, T(+) and T(-) are neutron transmission for 
the first and second processes, respectively. The effect of final state 
interactions is serious problem in the measurements of T-odd 
angular correlations in y-decay and p*-decay, since initial and 
finalstates can not be reversed in the decay processes. 
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Fig. 1 T-violation test on the polarized neutron transmission through 
a polarized nuclear target. 

For the T-violation experiment, we need polarized neutron 
beam, polarized nuclear target and polarized neutron detector. We 
have already a neutron polarizer, namely the polarized proton 
filter 1 2 . Protons in organic material in a liquid 4 He container are 
polarized by means of the dynamic nuclear polarization. The liquid 
4 He is cooled by 0.5 K liquid 3 He from outside through a heat 
exchanger in order to avoid neutron absorption by 3 He nuclei. The 
proton polarization is 80%. Neutrons from the spallation neutron 
source are polarized upon passing through the filter. The neutron 
polarization in eV region is more than 70% for a 1-cm thick filter. 

The second problem is to polarize lanthanum nuclei. For this 
purpose we also used the dynamic nuclear polarization in a LaF3 
single crystal. We replaced about 0.1% of lanthanum atoms with 
neodymium atoms. The space group of the LaF3 crystal is P3cl, but 
the crystal shows hexagonal symmetry by the twinning. Therefore, 
there are six magnetically inequivalent lanthanum sites into which a 
paramagnetic ion may substitute 1 3. The orbital angular momentum 
of the paramagnetic electron of the neodymium atom is quenched in 
the crystal, but the Zeeman energy of the paramagnetic electron is 
affected by the orbital angular momentum through the spin-orbit 
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Fig. 3 Paramagnetic resonance of Nd in LaF3. 
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interaction. Therefore, the g-factor of the paramagnetic electron 
changes from the free electron g-factor, g e = 2. The g-factor is 
generally expressed by a tensor. The g-tensor is same for the six 
sites, because of the symmetry property of the crystal. The only 
difference is in orientation of the principal axes of the g-tensor. We 
measured the paramagnetic resonance of this crystal as a function of 
crystal orientation. A typical result is shown in Fig. 2. In this figure, 
the crystal is rotated around the crystal a* axis, which is set to be 
perpendicular to the magnetic field Ho. The rotation angle 9 is 
defined by the angle between the crystal c axis and the magnetic 
field Ho. The present result is consistent with the result of Baker and 
Rubins 1 4 . The g-factors for the six sites should coincide with each 
other at 6 = 0°. The experimental results did not coincide, since the 
a* axis slightly deviated from the vertical axis to the magnetic field. 
For the dynamic polarization, we set the crystal orientation angle at 6 
= 45°. The signal of the electron spin resonance ( ESR ) is shown in 
Fig. 3 in this orientation. Here, the temperature of the crystal was 
0.5 K and the microwave frequency was 69.5 GHz. In the 
measurement of the ESR, a carbon resister was used as a bolometer 
of the microwave radiation in the microwave cavity where the 
crystal placed. The dynamic polarization was carried out at the 
magnetic field of 19.6 kG. The microwave frequency was shifted 
from the center of the ESR. The shift in the frequency corresponded 
to the nuclear Zeeman energy. The microwave power of about a few 
tens mW was switched on and a nuclear polarization build-up was 
observed. The result is shown in Fig. 4. In the figure, nuclear 
magnetic resonance ( NMR ) signal amplitude for fluorine nuclei is 
plotted against time in minute. The polarization of lanthanum nuclei 
can be estimated from the polarization of fluorine nuclei by means of 
the spin temperature theory. The present NMR detector is not 
calibrated for the signal amplitude. We could not obtain the value of 
the polarization. However, the effect of the dynamic polarization is 
clear as shown in Fig. 4. The NMR signal showed small relaxation 
after the microwave power was switched off. This is also shown in 
Fig. 4. The nuclear spin relaxation time was more than several days. 
The present polarization is small, but we can improve it by 
overlapping the g-factors for the six sites so that all the 
paramagnetic electrons contribute the dynamic polarization. It is 
possible by setting the crystal at 0 = 0° accurately, or by using some 
paramagnetic centers which show no anisotropy in the g-factor. We 
can also improve the nuclear polarization by using more strong 
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Fig. 4 Dynamic nuclear polarization of La(Nd)F3. 

magnetic field and a lower temperature cryostat, since the nuclear 
relaxation time become longer in these conditions. 

Lanthanum nuclei in a La2Mg3(NC>3)i2-24H20 ( LMN ) crystal 
can be of course polarized 1 5. However, other nuclei have the large 
neutron scattering cross section and the concentration of lanthanum 
nuclei is very small. In this point of view, LaF3 is quite suitable for 
the transmission measurement, since the concentration of lanthanum 
nuclei is large and the neutron scattering cross section of the fluorine 
nucleus is very small. In fact, we could observe clear parity violating 
transmission difference for this crystal. A typical example is shown 
in Fig. 5. The dip at E n = 0.734 eV is due to the p-wave resonance of 
1 3 9 L a . Other small dips are due to the nuclear Bragg scattering. 

In the measurement of the T-violating transmission difference, 
we must control the neutron spin rotation. The neutron spin 
precesses around the magnetic field which is used for the 
polarization of the target nucleus spin. For example, the neutron spin 
precesses 60 turns during the passage through a 1-cm thick target in 
the magnetic field of 25 kG at E n = 0.734 eV. The neutron spin also 
rotates around the nuclear polarization because of the spin 
dependent neutron-nucleus interaction 1 6. This rotation is called 
pseudomagnetic rotation. This phenomena was observed by the 
Saclay group 1 7 . The pseudomagnetic rotation is obtained by the 
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Fig. 5 P-violating transmission difference for a LaF3 target. The solid 
and dotted lines are the results for positive and negative helicity 

states, respectively. 

following equations, 

o) = -y„H* 
H* = 47tN0u.N*P 
HN*/HB = I/ignl- <(b+ - b-)/d+l/2))/r 0 

(2), 
(3), 
(4). 

Here, y n is the gyromagnetic ratio of the neutron, N 0 the number of 
nuclei in the target, P the nuclear polarization, g n the neutron 
magnetic moment expressed in nuclear magneton, r 0 the classical 
electron radius and U.B the Bohr magneton. b+ and b- are neutron 
scattering amplitudes for parallel and antiparallel spin states 
between neutron and nuclear spins. The pseudomagnetic field H* 
corresponds to 25 kG for 100% polarized protons in the LMN crystal. 
We can cancel out the two rotation in the target crystal, the Larmor 
precession and the pseudomagnetic rotation by adjusting the 
magnetic field strength. After the dynamic polarization, we can 
switch off the microwave power. The microwave heating disappear 
and the temperature in the crystal decrease. Therefore, we can 
reduce the magnetic field strength without a loss of the nuclear 
polarization so that the two rotation are cancelled out. 
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Finally, we need a polarized neutron detector. 3 He nuclei are 
quite suitable for the detection of polarized neutrons. The 3 H e 
nucleus has the large resonance capture cross section for neutrons in 
the eV region. The resonance energy is E 0 = -518 keV and the width 
is F = 1153 keV. The capture cross section is about 1000 b at E n = 
0.7 eV. In the resonance, the neutron spin is antiparallel to the 3 H e 
spin. Therefore, polarized 3 He nuclei are quite suitable to detect 
polarized neutrons. 3 He nuclei are polarized by 3He-Rb optical 
pumping. The Princeton group polarized 3 x 10 2 0 3He nuclei up to 
90% in order to polarize the neutron beam 1 8 . However, the number 
is short for this purpose. Recently, the TRIUMF group polarized the 
larger number of 3 He nuclei up to 60_70% by using a powerful Ti-
sapphire laser 1 9 . The polarized 3He nucleus number is 1.4 x 10 2 1 . 
The number is sufficient to detect polarized neutrons. The detection 
efficiency for 100% polarized neutrons is about 40% for the detection 
area of 4 cm 2 . 

In conclusion, the T-violation test on the p-wave resonance of 
, 3 9 L a is quite promising. The upper limit of the T-violating 
transmission asymmetry is depend on the neutron counting statistics 
and the systematic error which comes from an uncertainty of the 
cancellation of the neutron spin rotation in the target. We estimated 
we can obtain the upper limit of less than 10~3. Of course, we need 
to improve the lanthanum nuclear polarization for this purpose. We 
believe this is not out of the present technology. 

This work is carried by the collaboration called PEN-TRI. 1 
would like to thank Prof. A. Masaike, Prof. K. Morimoto, Dr. T. Adachi 
Dr. S. lshimoto and Mr. H.M. Shimizu for their nice collaboration. I 
am much indebted to Prof. Y. Yamaguchi for his valuable discussion. 
I also thank Prof. H. Nagasawa, Dr. Y. Saito and Dr. Y. Uchida for their 
kind help in the ESR study and Dr. F. Okamura for his kind help in 
the crystallography. I also thank Prof. H. Sugawara, Prof. N. 
Watanabe and Prof. K. Nakai for their kind encouragements. 
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SPIN POLARIZED PARTICLES IN SOLIDS 

S. MATSUKI 
Research Center for Nuclear Physics, Osaka University, Osaka, Japan 

Abstract Significant nuclear polarization of unstable particles has been recently 
obtained with optical pumping in solids. The experimental results on the nuclear 
polarization of unstable Tm isotopes are firstly presented and discussed. An exten
sion of the method presently being investigated for getting nuclear orientation of 
other kind of atoms is then briefly discussed. 

INTRODUCTION 

Oriented samples of nuclei are of profound utility in solid, nuclear, and particle physics. 

Among various methods1 in use for orienting nuclei, optical pumping of atoms in a gas or in 

a beam is a relatively simple room-temperature method and has been especially used for al

kaline and rare gas atoms.2 On the other hand, the application of optical pumping in solids 

for nuclear orientation has not yet been well developed, although appreciable nuclear po

larization has been achieved for some stable nuclei.3 , 4 The development of such a technique 

for orienting, in particular, unstable nuclei in solids is quite desirable for nuclear physics, 

since the method is rather simple in that it does not require any sub-Kelvin temperature, or 

high magnetic field, and still it can maintain the appreciable nuclear polarization in solids 

for a long time after the nuclei are produced in or implanted into the solids. 

In this talk we present an experimental result on orienting unstable nuclei with optical 

pumping in solids for the first time and on directly detecting their degree of polarization 

with sensitive detection of optical pumping via the beta-decay asymmetry from polarized 

nuclei (/?-RADOPS;beta-ray radiation-detected optical pumping in solids). The unstable 

"°Tm in Tm 5 +;SrF2 was polarized up to about 4% and the hyperflne coupling constant 

(hfs) was thus measured in high precision with beta-ray radiation-detected magnetic reso

nance, thereby determining also the value of the nuclear magnetic moment. 

EXPERIMENTAL RESULTS ON 1 7 0 T m in SrF? 

The magnetic circular-dichroism of rare-earth atoms in alkaline-earth fluoride hosts is so 

large5 that the electron-spin polarization can be significantly enhanced by pumping with 
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circularly polarized laser light. The electron polarization enhanced by pumping the 4f-5d 

band of T m 2 + in SrFj, 6 for example, is then transferred to the nuclei by the hyperfine 

coupling and/or the selective spin-lattice relaxation processes. The electron polarization 

can also be transferred to the nuclei by inducing microwave transitions between the relevant 

hyperfmc-Zeeman sublcvels (dynamic nuclear polarization7). Normally the number of un

stable nuclei produced in a crystal via neutron activation or implantation is so quite small 

that it is inevitably difficult to detect the nuclear polarization with conventional magnetic 

resonance(NMR and EPR)methods and even with more sensitive optical methods. The 

methods of the /?-RADOP and/or 7-RADOP thus have to be invoked to get enough sen

sitivity for the detection of nuclear polarization; the degree of nuclear polarization can be 

enhanced and/or depressed by applying an rf magnetic field corresponding to a transition 

between adjacent hyperfine-Zeeman sublevels. Observation of this kind of magnetic res

onance with the detection8 of /7-decay asymmetry resulting from parity non-conservation 

in the weak interaction is a sensitive method for measuring the lifs constant A, thus en

abling us to get the relevant information on the structure of nuclei such as the spin and the 

magnetic moment. 

The overall experimental setup is shown schematically in Fig.]. A sample of 3x3 mm2 

area and of 1 mm thick crystal of SrFj containing 0.02 % stable , 6 9 T m 2 + was irradiated 

by thermal neutrons from the Kyoto University Nuclear Reactor. About one part in 106 of 
1 6 9 T m was converted to unstable 1 7 0 T m (half life is 129 days and nuclear spin Ino is 1~), 

radio-activity being about 4 /iCi. After annealing the sample in vacuum at 250°C for 10 

minutes, the sample was set in a liquid helium cryostat in the dc field of an electromagnet. 

The temperature of the sample was cooled to about 2 K by evacuating the helium chamber. 

The pumping source was laser light of about 594 nm wavelength from a ring dye-laser 

(Spectra Physics, SP-380-A)pumped by an Ar ion laser(SP-164-09). The direction of the 

laser light is parallel to that of the applied dc magnetic field. The laser intensity on the 

whole area of the sample was 150-200 mW. The /?-rays emitted in the decay of l 7 0 T m 

were detected with a CaFj(Eu) scintillator set just behind the sample in liquid helium, 

and the scintillation light was transmitted via a light guide to a photomulliplier outside 

the cryostat. After amplification, the signals were fed to and analyzed with a pulse height 

analyzer. The overall experimental procedure was controlled with a microcomputer. 

The sense of circular polarization of the pumping light was reversed every 45 seconds and 

the experimental /3-decay asymmetry \ e x p in the /3-ray distribution defined by 
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Fig.L Experimental arrangement for /MtADOPS, showing optical system, liquid He cryo-
stal with a sample and /?-rays counting system, and data processing system. 
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A c r p = (N(<r+))-N(0)/(N(<r+)+ N ( O ) 

was thus measured, where N(<r') is the number of /9-rays delected in optical pumping with 

<T' polarized light. The value of A.cxp measured as a function of applied magnetic field with 

optical pumping is shown in Fig.2. 

The observed A«rP was found to oscillate periodically with applied magnetic field. The 

magnitude of this oscillating variation is shown by the shaded area in Fig.2. This oscillation 

is quite reproducible with respect to the applied magnetic field. Detailed discussion of this 

interesting phenomenon will be given elsewhere.9 The value of AeXp averaged over this 

oscillation is shown with a solid line in the figure. This mean value of the experimental 

asymmetry increases with increasing magnetic field up to about 500 Oe and then decreases 

monotonically. It is estimated that the maximum value of A e l p at about 500 Oe corresponds 

to a nuclear polarization of about - 1 % . 1 0 The suppression of the polarization at low field can 

be qualitatively understood to be due to the effect of cross-relaxation between the stable 
l 6 9 T m and the unstable 1 7 0 T m . The decrease of the polarization with increasing magnetic 

field above 500 Oe, on the other hand, suggests that the nuclear-spin memory cfTcct in the 

optical pumping cycle 1 2 , 3 is smaller at higher fields, where the hyperfine coupling becomes 

weaker than the electronic Zeeman interaction. 

In addition to the optical pumping, a microwave magnetic field of 6.891 GHz was applied 

to the sample via a 5-turn helix coil, and the enhancement of the polarization due to the 

saturation of the forbidden transition between the substates 2 and 6 

(|M,=1/2,M/ = 0 >(in the main component) to |M,=-]/2, M; = 1 >) 

(see the energy levels in Fig.3) was observed at 1.35 KOe. In Fig.3a is shown the result 

of the observed resonance with varying magnetic field 11. The observed resonance indicates 

that the microwave transition enhances the polarization by about a factor 6 compared to 

that from the optical pumping alone. 

Magnetic resonances corresponding to the transitions between the sublevels 2 and 3 (tran

sition b in Fig.3) and also 5 and 6 (transition c) were also measured by fixing the magnetic 

field at 527 Oe and by varying the rf frequency, in which a frequency modulation of 160 

kHz was applied at 400 Hz. 1 3 The results are shown in Fig.3b. 1 4 From the valnes of the 

resonant rf frequency and the applied magnetic field, the hyperfine coupling constant Ann 

of divalent 1 7 0 T m in SrF2 was thus for the first time determined to be 589.38 (30) MHz. 

The accuracy of this value is almost one order of magnitude better than those in free atoms 

obtained by other methods. . The error of the determined value A170 is mainly due to 
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Table I. Hyperfine coupling constant A of divalent ' Tm 

in SrF2 and magnetic moment of 1 7 0 T m obtained in the present experiment 

together with previous data. 

A(MHz) H{VN) 

present 

3) 

4) 

5) 

589.38(30)a l 0.2476(16) 

589(20) a 2 0.247(8) 

200(3)6 0.2476(36) 

195(13)6 0.247(4) 

199.0(6)6 0.2464(17) 

a) for divalent 1 7 0 T m in SrF2; 1) transitions b and c 
2) transition a 

b) for free atoms; 3) Ref.15, 4) Ref.16, 5) Ref.17. 

A.„p(X> 

0.0 

, 7 0 T m - Y l ( 1 2 8 . 6 d ) 

\s. 2 
i7o>, i y» *• + Q f l = 9 6 8 k e V 

200 400 600 800 1000 (Oe) 

M a g n e t i c F i e l d H 
Fig.2. Experimental /?-decay asymmetry Amp obsetved as a function of applied magnetic 

field H. The value of k a r oscillates periodically with applied field. The region of this 
variation is shown with the shaded area, and an avenged value over this oscillation 
is represented with a solid line. In the inset is shown the decay scheme ot l™Tm. 
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ig.Z. The observed /9-rays radiation-detected magnetic resonances, a) a magnetic reso

nance observed with the transition a as a function of magnetic field at an applied 

microwave frequency of 6.891 GHz. b) magnetic resonances observed with the 

transitions 6 and c as a function of the applied rf frequency at 527 Oe. Solid 

lines in a) and b) are the results of a least chi-squares fit to the experimental data 

with a resonant Gaussian function plus quadratic background, where the position, 

height and width of the peak and constant background were free variables to be 

determined. The error bars shown in a) and b) are due to statistical only, c) The 

relevant transitions in the energy levels of divalent i r o T m in SrF2. 
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the uncertainly of the applied magnetic field strength (±2 Oe at 527 Oe); the accuracy can 

be increased to more than 0.01% with more stabilized and uniform magnetic field. Neglect

ing a possible hyperfine anomaly, the magnetic moment fijro of Tm was thus obtained 

to be 0.2476(16)//jv from the newly determined hfe constant Airo of , 7 0 T m (589.38(30) 

MHz) with the known value15 of A, I and /i of the stable 1 6 9 T m by the following relation; 

A*170 = /Jl69*(Al70*ll7n)/ (A t69*ll69)-

The present results for the hfs constant and the magnetic moment are given in Table I 

together with previous d a t a . 1 6 - 1 8 It should be emphasized that the error of the deduced 

magnetic moment of °Tm mainly comes from the error of the previous data of the mag

netic moment for stable , 6 9 T m , not due to our present data of Ajro- The obtained value 

of the magnetic moment of 1 7 0 T m is in agreement with previous results within errors. 

DISCUSSION AND FUTURE PROSPECT 

We have shown that significant nuclear polarization of unstable 1 7 0 T m can be achieved and 

efficiently detected by /?-ray radiation-detected optical pumping in solids; this experiment 

is the first to observe directly the nuclear polarization of paramagnetic ions due to optical 

pumping in solids, thus giving for the first time the hyperfine coupling constant of unstable 

Tm in SrF2 and also giving an accurate magnetic moment. The method demonstrated 

here for the achievement of significant nuclear polarization will be applicable to the nuclei 

with half life longer than about 100 msec, which is a strong advantage to other methods 

such as the adiabatic demagnetization and nuclear orientation at low temperature. This 

observation together with rathe: simple experimental arrangement for this method thus 

suggest profound potentiality of the method for the study of unstable nuclei far from the 

stability line. Also it is to be noted that the degree of nuclear polarization (about 4% in the 

present case) can be expected to increase in the case of atom implantation because in such 

case we can use pure crystals for implantation media which include only quite small number 

of paramagnetic impurity center so that no significant deterioration of nuclear polarization 

due to cross relaxations will occur even in the low magnetic field less than 1 kOe. Actually by 

laser optical pumping in solids we achieved increased degree of nuclear polarization (6 ~ 

10%) of I 6 4 ' 1 6 6 T m which were produced with the reaction 1 5 8 ' 1 6 0 G d ( 1 2 C , 6 n ) 1 6 4 ' I 6 6 T m 

at 100 MeV and implanted into CaF2 crystals after mass sepa ition. 1 9 Since the optical 

as well as magnetic properties of rare-earth and transition metal atoms have been well 

investigated , this method of optical pumping in solids is expected to be applicable to 
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many elements. Radiation detected magnetic resonance with optical pumping in solids 

thus provides a new powerful method to measure the magnetic moment of unstable nuclei 

in the rare-earth and transition-metal regions. 

It is interesting to apply the method of optical pumping in solids to other kind of atoms 

besides the above mentioned rare- earth and transition-metal atoms. One of the extension 

of the method will be to use semiconductor crystals of III-V type for the implantation 

media. As have been well investigated so far for stable atoms, conduction electrons excited 

from the valence band in the semiconductor material like GaAs can be appreciably (up to 

25%) polarized by exciting them with circularly polarized laser light, the energy of which is 

just higher than the energy gap between the valence and the conduction bands. The nuclei 

in Donor states and also in lattice site are then polarized via hyperfine interactions between 

the polarized electrons. 

Although it has not yet been applied, the method has a potential applicability to any 

unstable atoms which belong to III to VI families in periodic table of atoms. Especially 

interesting in connection with this is that the recently well developed Ti-sapphire laser can 

be used to excite the electrons in GaAs semiconductor crystals since the necessary wave 

length for this purpose is around 800nm. With this powerful laser, the nuclei implanted into 

a broad area larger than 10x10 mm 2, which is quite often required to collect all unstable 

nuclei produced in some nuclear reactions and mass separated, will be polarized more easily 

. We are currently investigating the nuclear polarization of unstable In, Te, Se and P in 

GaAs with the same apparatus used for Tm isotopes and with a Ti-sapphire laser. 

CONCLUSION 

We have shown that the optical pumping in solids is a powerful method to get apprecia

ble nuclear polarization of unstable nuclei. Combined with the detection of the nuclear 

polarization by j3—ray asymmetry and/or 7—ray anisotropy measurements, it provides 

one oe the most sensitive method to measure the magnetic and quadrupole moments of 

unstable nuclei. By using this method, for example, long-standing open problems in spin-

gap isomers of Po isotopes may be expected to be solved , since the Po nuclei in GaAs 

can be polarized with optical pumping in solids. Also the method will be applicable to 

many neutron-rich nuclei produced with medium energy heavy-ion reactions via projectile 

fragmentation processes22. 

This experimental study on Tm isotopes presented here has been performed in collaboration 
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with K. Shimomnra, S. Uemura, T. Kohmoto, Y. Fukuda, S. Ito, K. Okano, T. Muramoto 

and T. Hashi. 
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NARROW STRUCTURES OBSERVED IN THE P-P ANALYZING POWER 

SHIMIZU, HAJIME 
Department of Physics, Yamagata University, Yamagata 990, Japan 
Representing the RING (E174) Collaboration* 

Abstract The momentum dependence of the p-p elastic analyzing power has been 
measured in small steps using an internal target during polarized beam acceleration 
from 1 to 3 GeV/c. The momentum bin size ranges from 5 to 18 MeV/c. The 
relative uncertainty of the analyzing power is typically less than 0.01 for each 
momentum bin. Narrow structures have been observed in the two-proton invariant 
mass distribution of the analyzing power. A brief discussion on the interpretation of 
the present results is also given. 

INTRODUCTION 

The nucleon-nucleon (N-N) interaction in the intermediate energy region is of great 
interest in view of the fact that the interaction transits the region of asymptotic freedom and 
confinement of quarks. There are enormous amounts of data on various observables in N-
N scattering over a wide energy range. However, there exist only a few measurements of 
the energy dependence of observables, with very fine energy bins and good statistical 
accuracy,1-2 since normally it is difficult to change the beam energy in fine steps. For this 
reason, the results of energy independent phase shift analyses (PSA), using the Argand-
plot technique, do not give answers about very narrow resonances in a particular partial 
wave. The existence of narrow structures in the N-N amplitudes is hence an open problem 
from the experimental points of view. Evidence for such narrow structures would be seen 
in N-N scattering observables only if data of very good statistical accuracy are obtained in 
very fine energy steps over some region of incident beam energy. It is particularly helpful 
to measure the energy dependence of spin observables, in which a resonance structure may 
be enhanced by interference terms even when, in the cross section, the resonance is buried 
under a large background. 

Y. Kobayashi, J.A. Holt, S. Hiramatsu, Y. Mori, H. Sato, A. Takagi, T. Toyama, and 
A. Ueno (KEK); G. Glass, J.C. Hiebert, R.A. Kenefick, L.C. Northcliffe, and A. Simon 
(Texas A&M); H.Y. Yoshida, and H. Ohnuma (Tokyo Tech.); K. Kobayashi, and T. 
Nakagawa (Tohoku); S. Nath (LAMPF); K. Imai (Kyoto). 
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EXPERIMENT 

We measured the momentum dependence of the p-p elastic analyzing power in the 
beam tunnel of the KEK proton synchrotron (PS) using an internal thread target of 
polyethylene. The number of circulating polarized protons in the PS ring was typically 
l* 10 9 . The average luminosity was estimated to be ~1.5* 1 0 3 2 cnr 2sec-' for free p-p 
scattering. A timing diagram of acceleration and data taking procedure is shown in Fig. 1. 
Acceleration starts at the time, P2. The target was flipped into the beam 100 msec before 
the start of the acceleration and was flipped out of the beam every acceleration cycle of 2.5 
sec. A similar thread target of carbon was also used, to measure background events which 
arose from carbon in the polyethylene target. Beam momentum was given as time from P2 

P3 IM 

noostcr Donm J T J T J T J T T I 
Intensity 

MR Target In 
Gate !—! ' 

100 (msec) ; 
—* n-~ Dntn Talcing :—i i 

Galo 
220 (msec) 

FIGURE I Timing diagram of acceleration and data taking. 

and was automatically calibrated at two momenta where the sign of the beam polarization 
flipped in crossing the depolarization resonances at yG=vz and yG=7 ? The sign of the 
beam polarization was alternated every acceleration cycle. 

A left-right symmetric, four-arm detector system was installed in the PS ring to 
detect the left (right) forward-scattered proton in coincidence with the conjugate right (left) 
backward-recoil proton. A scintillator-hodoscope array was mounted on the forward arm 
and a small scintillator telescope was placed on the backward arm. Each hodoscope 
consisted of six adjacent vertical bars (*;,...,*$) in tandem with Ave adjacent horizontal 
bars {yi,...,ys) giving thirty (jry, yj) detector cells. The cell size was 25 * 25 m m 2 . 
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Coincidences between each cell and the back angle telescope were scaled in 1 msec 
intervals, which defined the momentum bin size, ranging from 5 to 18 MeV/c. The forward 
hodoscopes were placed so that the angular region conjugate to p-p elastic scatterings 
detected by the recoil telescopes mapped approximately onto the central yj cells, (AJ, JO), of 
these hodoscopes. Thus this arrangement enabled elastically scattered protons to be chosen 

by a coplanarity condition and 
two-body kinematics. The 
remaining cells were used to 
provide a supplementary 
measure of the deviations 
from conjugate angle and 
coplanarity and to give 
information on background 
due to quasi-free scattering 
and many body reactions. The 
time-of-flight difference 
between the forward and 
backward counters was 
measured in each momentum 
bin with a time-to-digital 
converter (TDC) in a sampling 
mode. The fraction of 
accidental coincidence events 
was found with the TDC data 
to be less than 2% up to 2 

GeV/c and below 10% up to 3 GeV/c. After correction for the accidental coincidence 
events, all other background coincidence events were subtracted using information 
provided with the (*/, yi) and (*/, y$ cells together with the data taken with the carbon 
target, as indicated in Fig. 2. 

An "Injection Polarimeter", also located in the PS ring, was used to monitor the 
polarization of the beam. This polarimeter consisted of double-arm counter telescopes with 
conjugate backward counters. The relative beam polarization was continuously measured at 
1 GeV/c, just before the start of acceleration, with the injection polarimeter target inserted 
into the beam in the PS ring. The data taken with the polarimeter gave a beam polarization 
at 1 GeV/c equal to 0.46. 

50 100 150 
Time From P2 (msec) 

FIGURE 2 Time (momentum) dependence 
of coincidence events detected on the (X4, jy) 
cell. The dotted curve shows accidental 
coincidence events. The crosses correspond 
to background coincidence events. 
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RESULTS 

The measured analyzing power is shown in Fig. 3ai 
momentuni and Fig. 3b together with all data previously 
proton backward scattering angles of this experiment (68'±l 

pp Elastic Analyzing Power 
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FIGURE 3 The momentum dependence of 
the analyzing power for p-p elastic scattering 
at the laboratory backward angle of 68 "(a) 
and (b) together with the world avilable data. 
No correction is made for the apparent 
depolarization of the beam at yG = 4. 

as a function of incident proton 
available4-9 for the laboratory 
1.5*). The present results are in 

good overall agreement 
with the world's data. The 
special value of the 
present results is that all of 
the data were obtained in a 
single experiment, so that 
the problem of relative 
normalization between 
different data sets is 
avoided. It is for this 
reason, and because of the 
high statistical accuracy 
and fine energy binning, 
that the present experiment 
affords a unique 
opportunity to detect 
structure if it exists. 

In this momentum 
region 3 weak 
imperfection resonances 
capable of causing 
depolarization occur at 
yG=3, 4 and 5, where 
G'(gp-2)/2 is the 
anomalous part of the 
proton magnetic moment 
and y is the Lorentz factor. 
The corresponding beam 
momenta are indicated 
with vertical dash-dotted 
lines in Figs. 3. The 
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resonance widths are calculated to be much less than 1 momentum bin. Thus, the beam 
polarization and consequently the measured asymmetry are expected to decrease like a step 
function at the momentum bin where depolarization occurs. No such step is seen in Figs. 3 
at beam momenta corresponding to yG=3 and 5, but a small step is apparent at 1.87 GeV/c 
corresponding to yG=4. Similar evidence of depolarization at the same momentum was 
seen in the data taken with backward monitor counters placed at 01ab= 7-5*. The beam 
polarization was estimated to be 0.46 for beam momentum up to 1.87 GeV/c and 0.44 for 
the remaining range of beam momentum covered by the present data. No correction for 
this small change has been made since it does not affect the structures reported here. 

Figure 4 shows the p-p elastic analyzing power as a function of the invariant mass of 
two protons. These are essentially the same data as those shown in the lower-momentum 
region of Figs. 3. The mass resolution is 2 MeV at 2.15 GeV and gradually increases to 5 
MeV at 2.30 GeV. Two small, but narrow structures are observed in the figure. The solid 

u 

o 
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0.45 — 
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7G = 3 

2.10 2.15 2.20 2.25 
M p p (GeV) 

1.60 
— I — 

2.30 

FIGURE 4 The invariant mass distribution of analyzing power for p-p 
elastic scattering, for the momentum region below (.63 GeV/c. The solid 
curve is fit to the data with a sum of 2 Gaussians and a 4th-order polynomial 
function. The background shown by the dotted line is explained in the text. 
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curve shows the result of fitting the data with a sum of 2 Gaussians and a 4th-order 
polynomial function. The positions and full widths T at half maximum (FWHM) of these 
structures are listed in Table I. The fit has a x 2 of 46.1 for 51 degrees of freedom (d.f.), 
while the x 2 of a pure 4th order polynomial fit CL jring the same mass region is 79.8 (57 
d.f.). The statistical significance of the first peak at 2.160 GeV with r~14 MeV and the 
second peak around 2.192 GeV (T= 13 MeV) is computed to be 4.1 and 3.1 standard 
deviations respectively using a smooth background curve given by another 4th-order poly
nomial fit to a modified data set which excludes the 6 points in the vicinity of each peak. 

TABLE I Positions and widths (in MeV) of the peaks observed 
in fits to the invariant mass distribution of the p-p elastic 
analyzing power, compared with LNS and LAMPF results. 

present results LNS results'" LAMPF results'1 
p-p elastic 3He(p,d)X 3He(p,d)X 

position FWHM position FWHM position FWHM 

2015+5 34 
2054±4 11 

2121+3 25 2125±3 6 
2160+3 14 2155 ? 2152+4 20 
2192+3 13 2192+3 25 2181+5 20 
2242 ? 2240+5 16 

A hint of a small dip is also observed at 2.242 GeV. The positions of the structures 
coincide well with those of narrow enhancements observed in the missing mass spectra of 
the 3He(p,d)X reaction,1 0-1 1 also listed in Table I. 

DISCUSSION 

As a first attempt to explain these narrow structures we introduce narrow 
resonances in the 3 P waves since the triplet waves give the main contribution to the 
analyzing power and the P waves are dominant in this energy region. We employ the 
energy dependent amplitudes deduced from Arndt's PSA (SM88) to describe the smooth 
background. Narrow resonances will not show up due to the coarse steps which are 
between 50 and 100 MeV in this energy region. At this level of the discussion, the 
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previously existing data are still sparse, with the exception of the energy dependent 
differential cross section data taken at LNS.2 The data of this exceptionally fine energy 
dependent measurement are already taken into account in the SM88. Therefore we cannot 
improve the situation in reproducing the differential cross section by adding a narrow 
resonance to the SM88 amplitudes. The question is whether we can reproduce the 
structures observed in the analyzing power with a narrow resonance without having any 
big influence on the energy dependence of the differential cross section. 

Introducing a narrow resonance in the 3 P| wave at 2.160 GeV with a width of 15 
MeV gives very good shape in explanation for one of the observed structures as shown in 
Fig. 5a. This resonance, however, gives a very big effect on the elastic differential cross 
section (Fig. 5b), and no such structure is seen in the existing data. A resonance in the 3P2 

pp Elastic Analyzing Power pp Elastic Analyzing Power a 

! 

U„ (GeV) 
2.1 2.15 2.2 2.25 

U„ (GeV) 

pp Elastic Differential Cross Section pp Elastic Differential Cross Section 

: . . . >.i , 
2.15 2.2 2.25 

M„ (GeV) 

FIGURE 5 The analyzing power (a) and 
the differential cross section (b). The solid 
lines correspond to predictions of SM88 
with a resonance in the 3Pj wave at 2.160 
GeV (r= 15MeV) with n=0.1. The dash-
dotted lines show predictions of SM88. 

FIGURE 6 Same as Fig. 5, but the 
solid curves show predictions of SM88 
with a resonance in the 3P2 wave at 
2.170GeV (f=l5MeV) with r|=0.03. 
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a b 
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FIGURE 7 Same as Fig.S, but the solid curves correspond to predictions 
of SM88 with 2 resonances in the 3 P 2 wave at 2.170 and 2.200 GeV. The 
width and the elasticity of each resonance are r= 15 MeV and n=0.03, 
respectively. 

wave at 2.170 GeV with a width of 15 MeV reproduces the structures well and gives no 
large effects on the cross section (Figs. 6a-b). The elasticity n of this resonance is 0.03. Of 
course we can obtain better results with one additional resonance (Figs. 7a-b). The 
conclusion of the present analysis is that the elasticity of the resonance, if it exists in the 3 P 
wave, must be very small (n. * 0.03). This might be the reason why narrow structures have 
not been observed previously in the N-N channel. In this case the resonance structure is 
really enhanced in the analyzing power by interference terms of amplitudes. Since the 
elasticities are very small in the case of the 3 P resonances we should also make this kind of 
analysis for other partial waves. 
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Abstract - Studies on the application of the polarized fuel to the inertia! fusion reaction 
have been carried out. It is shown that the use of the spin-polarized fuel D-T or D-'He 
reduces the irradiating laser power more than 50% compared with the use of the unpo
larized fuel. The depolarization rate of the polarized fuel during the fusing prosess is 
found to be alomost neglisible. 

1. Introduction 

The idea of the polarized fuel fusion was proposed by Kulsrud et al1' of Princeton Univer

sity in 1982. They have shown that the modification of the fusion reaction may occur by po

larizing both of the fusing nuclei. For the magnetically confined D-T fusion reaction (MCF), 

we can expect 50% increment of fusion reaction rate compared with that of the unpolarized 

fusion reaction. Rosen et a l a have extended this idea to the inertia! confinement fusion 

reaction (ICF) and have shown that the driver energy may be decreased by 1/3,4. 

Since a large amount of 'He (astrofuel) was found on the moon surface, the D-'He fusion 

reaction has been considered seriously. Because 99% of the energy release from astrofuel is 

in a form of charged particles, the D-'He reaction has many benefits; 

(1) High efficiency of generating electricity (-70%), 

(2) Neutron lean and inherently safe energy production, 

(3) Less radiation damage and induced radioactivity to the surrounding equipments. 

On the other hand, the D-'He reaction cross section is about one order of magnitude lower than 

that of D-T reaction. Therefore, high power of laser driver will be needed to ignite the B-'He 

(pellet) fusion. In the present paper, we have studied the effect of polarizing D, T and 'He 

nuclei on the laser power requirements. There would be, however, little practical value in 

polarizing nuclei if the depolarization rates were rapid compared with the fusion reaction rate. 
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2. Depolarization 

We estimated the depolarization rates caused by the following four mechanisms. They are 

(1) inhomogeneous static magnetic field, (2) magnetic fluctuations, (3)atomic effects and (4) 

binary collision. Among these four mechanisms, the binary collision is found to be the most 

influential effect. The triton (or 3He) can interact with electrons, deuterons, and other triton 

(or 'He) by spin-orbit and spin-spin interactions. The deutoron also interact by means of it's 

quadrupole moment. The depolarization cross section of electron-triton(or 3He) collision 

(spin-orbit interaction) is much larger than the other cross sections. We have, therefore, 

calculated the depolarization cross section due to the spin-orbit interaction of electron-triton 

(<rs0(T)) by using, 

a^CT) = 8.75" 10" • ln{67.9 (Te(ev)) / pOT(g/cc)} (cm2) 

where Te is electron temperature, and pm (g/cc) is the density of D-T fuel. 

The same cross section for electron-'He collision(<Tso('He)) was calculated by using, 

a s o('He) = 4.46*10-" • ln{55.5 (Te(ev)) / pD<H*(g/cc)} (cm2) 

where pi> >ik is the density of D-3He fuel. Next depolarization mechanism to be considered is 

the spin-spin interaction. Since the spin-spin interaction can be calculated by u(magnetic mo

ment) of triton or 'He and yp(classical diameter of proton), the spin-spin interaction cross 

sections for DT (oss(T)) and D-'He (cjss(3He)) fusion reactions become constant, namely, 

a s s (T) = 8.02" 10" (cm2) , and o s s ('He) = 4.09" 10" (cm2). 

Fig. 1 shows these depolarization cross sections for D-T and D-3He fuel as a function of fuel 

density. 

3. Results for D-T fusion reaction 

ILESTA-1D code developed by Takabe3' was used to simulate the implosion-burn process 

for the D-T pellet fusion reaction. Calculation model is shown in Fig.2. In this figure, ARF and 

ARp are thickness of D-T fuel and CH ablator, respectively. Fig.3 shows a relationship 

between pellet gain and input laser energy. It is clearly seen that the effect of the polarized 
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fuel is bigger than the unpolarized fuel especially for the lower laser energy. Table 1 shows 

the ratio Eunpoi/Epoi (Ewipoic >s laser power for the unpolarized fuel and Epoi is the one for the 

polarisedjuel) obtained to achieve the same pellet gain. 

4. D-T/D-3He fusion reaction 

MEDUSA-Q code was used to simulate the D-T/D-3He pellet fusion. Time dependent 

neutron transport was also considered. Calculation model at the end of the implosion used 

in this simulation is shown in Fig.4. Fuel density of D-'He pellet is assumed to be 0.16 g/cc 

and the fuel density of pR product (density radius product) of D-T ignitor is fixed at 0.5 g/cm2. 

At first, we have studied the burnup of deuterium as a function of pRnr which is density radius 

product of DT fuel, fixing the pR'He at 15g/cm2. The result is shown in Fig.5. The pRcr value 

of the ignitor to ignite D-'He fuel can be reduced from 3g/cm2 for unpolarized fuel to 2g/cm2 

for polarized fuel and the burnup of D increases from 32% to 41%. From the burnup 

simulation, it is found that burning of the DT ignition region initiate the burning of D-3He fuel. 

Next, we have studied the depolarization due to the spin-orbit interaction. The results are 

shown in Fig.6. In the same figure, time variation of the average electron temperature and 

density are also shown for pRur=2.5g/cm2 and pRr>'H,.-=15g/cm2. Fuel gain has also been 

calculated by changing the pRD'Hc value. Table 2 show main parameters to achieve about the 

same value of the fuel gain. As can be seen from the table the initial internal energy can be 

reduced from 1.830 MJ to 0.722 MJ by polarizing the fuel. 

4. Summary 

The same pellet gain is obtained both for the DT and DT/D-3He polarized fuel with 

reduced incident laser energy (-1/2.5). The depolarization of polarized nuclei is mainly due 

to the spin-orbit interaction and we found that this is almost neglisible (10' -10 2%). More 

detailed simulations would be necessary to optimize the design of the pellet. Fablication 

methods of the polarized pellet should also be developed. Finally, we think that the present 
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studies would be very helpful for a design study of the fusion propelled rocket development. 
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Driver Energy (kJ) 30 50 100 300 500 1000 3000 
Pellet Radius Ro (mm) 0.67 0.79 1.00 1.44 1.71 2.15 3.11 
Fuel Thickness ARF ftum) 8.57 9.88 12.0 16.3 18.8 22.8 31.1 
Ablator Thickness ARp( îm) 6.29 7.46 9.4 13.6 16.1 20.3 29.2 

Fig.2. Structure of DT pellet table below the figure summarizes the driver 
energy, pellet radius, fuel thickness and ablator thickness. 
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Fig.6. (a) Depolarization, (b) Electron temperature, and (c) time variation 
of the density. (pRur = 2.5g/cm2 , pRo'He = 15g/cm2) 
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Table 1. Pellet gain and the ratio of E..ii,wic/Epoi. Eunpoi is laser power 
for the unpolarized fuel and Epoi is for the ploarized fuel. 

Pellet Gain Driver Energy (kJ) Eun|K)l/E|Xjl Pellet Gain 
unpolarized polarized 

Eun|K)l/E|Xjl 

1 0 8 0 3 4 2.35 
2 0 2 0 0 8 9 2.25 
3 0 5 0 0 2 1 1 2.37 
4 0 2 1 7 6 7 1 I 3.06 

Table 2. Comparison of the implosion-burn characteristics beween the unpolarized 
and the polarized pellet to obtain the fuel gain of about 460. 

unpolarized polarized 
Total pR (g/cm 2) 18 .0 13.0 
Ignilor pR (g/cm 2) 3.0 2.0 
Initial Internal Energy (MJ) 1.830 0 .722 
Output Energy (MJ) 8 3 9 3 3 6 

D-T (%) 10.6 7.8 
D-D-p (%) 1.6 1.2 
D-D-n (%) 1.2 0.8 
D-3Hc (%) 8 6 . 7 9 0 . 2 
Plasma (%) 70 .3 77 .7 
Radiation (%) 2 6 . 0 19.( 
Neutron (%) 3.7 3.3 

Number of escape neutrons 
( I 0 1 6 ncutrons/MJ) 

2 .20 1.98 

Burnup of Deulcriurn (%) 32.1 30 .5 
Internal TBR 3 .82 2.41 
Fuel Gain 4 5 8 4 6 6 
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Abstract We report the present status of construction of the polarized heavy ion 
source at the Research Center for Nuclear Physics (RCNP), Osaka University. 
Production of the polarization is based on spin and charge exchange collisions 
between highly stripped heavy ions and polarized sodium atoms. Our first proj
ect aims at the production of the polarized 3He beam with an intermediate en
ergy by a new ring cyclotron being under construction at the RCNP. 

INTRODUCTION 

Polarization phenomena in nuclear physics give us fruitful information on both the nu
clear structure and nuclear reaction mechanism. So far, the polarization studies at an 
intermediate energy region have been carried out mainly with polarized protons and 
deuterons, whereas those with polarized heavy ions have been scarcely done at this 
energy region in spite of their importance because of experimental difficulties. It is 
quite timely that we now start constructing a polarized heavy ion source so as to offer it 
to a new ring cyclotron (K=400MeV) being now under construction at the RCNP for 
intermediate nuclear physics". 

Basic principle of our polarized heavy ion source is as follows; a highly stripped ion 
extracted from an ECR ion source collides with a polarized sodium atom optically pumped 
by laser, a polarized electron of sodium atom is transferred to the ion, and a certain amount 
of the electron polarization is then transferred to the nucleus through hyperf ine interactions. 
This principle has been successfully applied for polarized proton ion sources21. Using this 
principle, it is also expected that any heavy ion can be polarized as long as it has a nuclear 
spin. As the first step of our project, we try to produce polarized 3He beams, because 3He 
beams will be of primary importance in terms of studies at an intermediate nuclear physics, 
for example, a spin-isospin excitation mode or delta formation in nucleus. 

At present, construction of an ECR ion source has been almost finished. The 
performance of the ECR ion source has rigorously been measured with 3He gas. The 
polarization of sodium vapor by means of optical pumping has been investigated in a various 
way; the sodium polarization was measured under the external magnetic field by changing 
the laser power and the strength of the external field with various wall conditions of the 
sodium cell. A first measurement on the 3He nuclear polarization generated by the spin 
and charge exchange collisions has been succeeded using, so called, the beam foil 
spectroscopy31. 

Note that a part of our work was reported in refs. 4, 5 and 6. 
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Fig. 1 Top view of the RCNP Polarized Heavy Ion Source 

BASIC CONCEPT AND ACTUAL COMPOSITION OF ION SOURCE 

A top view of the RCNP polarized heavy ion source is shown in Fig. 1. The ion source is 
basically composes of four sections; 1) an ECR ion source,2) a spin and charge exchange 
section, 3) a section where the polarization direction is rotated, and 4) a polarization 
detection section, where the nuclear polarization of spin-and-charge-exchanged ions is 
measured. 

Some focusing elements like an extraction electrode, einzel lens and three electric quad-
rupole lenses are used for the beam transportation. Highly stripped ions, A"* extracted from 
the ECR ion source are analyzed by a D, magnet and transported to the spin and charge 
exchange part. In this section incident ion picks up a polarized electron of sodium atom with 
an efficiency given by on, where a is a spin and charge exchange cross section and n is the 
sodium vapor thickness. Here the polarization of sodium vapor is achieved by means of 
laser optical pumping. The atomic polarization of the spin-and-charge-exchanged A'* 
'>• ion is then converted into the nuclear polarization under the influence of thehyperfine 
interactions. 

Thereafter the polarized ions, A"1'* are separated by a D2 magnet from the unpolarized 
component, A">* which pass through the sodium vapor without collisions. Meanwhile.the di
rection of the polarization is adiabatically rotated from the beam direction to the direction 
normal to the beam axis according as the rotation of guiding fields formed by the 
combination of a weak solenoidal field located at an entrance of the D2 magnet with the 
the fringing field of the Ds magnet. 

Finally, the polarized A*"* ions are introduced into the polarization detection section, 
where the beam foil spectroscopy technique is tried to measure the nuclear polarization. 

As mentioned in the previous section we aim at the production of 3He as a first step of 
our work. Therefore, the discussion hereafter is confined only on the production of polarized 
3He beams. 

ECR ion source 
The ECR ion source is a single stage ion source using 2.45GHz microwave. The maximum 
microwave power is 5kW. For plasma confinement, a mirror magnetic field is generated 
by a couple of solenoidal coils, and a hexapole magnetic field by ferrite core magnets. The 
maximum DC voltage of 15kV can be applied to the ECR chamber for ion extraction. Two 
1200 l/s diffusion pumps are stationed at the ECR chamber and at the ion extraction region, 
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respectively. After evacuating the ECR chamber, the gate valve of the diffusion pump 
connected to the chamber is closed in order to save 3He gas consumption. 

Spin and charge exchange section 
Sodium vapor is produced by a temperature controlled oven in a solenoidal coil. The mag
netic field (up to 3kGauss) helps in keeping the sodium polarization large, and reducing 
the electron depolarization of spin-and-charge-exchanged 3He* ions caused by the atomic 
L-S coupling. A single mode cw dye laser is used for optical pumping by tuning the fre
quency to the D, line of sodium atom. A broadband dye laser is offered as a probe light to 
measure the polarization of sodium atoms by means of the Faraday rotation, i.e., the 
direction of the linear polarization rotates by an angle defined by the product of the polari
zation and the thickness of sodium vapor7', where the frequency of the probe light is tuned 
just midway between D, and D2 lines of sodium atom. 

Detection of 3He polarization 
In our work, we employed the beam foil spectroscopy for measuring the 3He nuclear 

Fig. 2 Detector for circular polarization of emitted photon 

polarization. This was successfully applied to the detection of the polarization for proton8'. 
Principle of this method applied for detecting the 3He polarization is as follows: Polarized 

3He* ion passes through a thin carbon foil, picks up an unpolarized electron of the carbon 
atom and goes out from the foil in a neutral but excited ionic form. Since the period that 3He 
traverses the foil is enough short compared to hyperfine periods, the nuclear spin is not af
fected during the passage through the foil. As the exited atom moves away from the foil, an 
angular momentum transfer occurs via the hyperfine interaction from the 3He nucleus to 
the electron.which will eventually make disintegrating photons circularly polarized in the 
transitions to the lower levels. Hopefully, the ^P j - 23S, transition of helium atom ((the 
wavelength is 388.86nm, and halflife is 105 ns) will be a good candidate for the present 
purpose as mentioned in the next section. 

The whole layout of the detection system is shown in Fig. 2. The electric coils are wired 
around the beam chamber to produce a keeping field of about 5 Gauss. The thickness of 
a carbon foil used is about 4 ug/cm2. Photons emitted from neutral 3He atoms in flight are 

290 



collected and converted into a parallel light by a complex couple of convex and concave 
lenses. Circular polarized photons are then converted into linear polarized photons through 
a wavelength filter (MIFW-389, FWHM=25 nm, Vacuum Optic Corp.) and X/4 plate. Finally 
the degree of the linear polarization is measured by counting photons passing through a 
linear polarizer (HNP, B388nm, Polaroid Corp.). The photons are detected by a photon 
counter (R464, Hamamatsu) at room temperature. 

PERFORMANCE OF ION SOURCE AND DISCUSSION 

ECR ion source 
Fig. 3 shows an example of a mass spectrum of extracted ions using 3He gas. About 50 
ejaA He* and 1 euA He2* were successfully extracted under the following conditions; the ex
traction voltage of 10kV, gas flow of about 0.1 cc/min, and the microwave power of about 
500W. The ratio of 3He2*/3He* was about 1 %, which did not drastically change by tuning ECR 
parameters. Besides 3He ions, hydrogen, carbon, nitrogen, and oxygen ions were ob
served. They might be originated from the oil of the diffusion pump or the gas leakage of 
the system. 

Enutien cuntm ot Dl mapnci i*i 

Fig. 3 Ion currents measured by varying the strength of the D, analyser magnet 

Polarization of Sodium Atoms 
In the production of the nuclear polarization by the spin and charge exchange collision, the 
large atomic polarization of sodium is required so as to obtain the large nuclear polarization. 
From a simple consideration of optical pumping, the magnitude of the polarization is deter
mined from the competition between pumping and depolarization processes. 
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Fig. 4 Observed polarizations as a function of the pumping light intensity(a), and 
external magnetic field (b). 
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The depolarization is mainly caused by the interaction of sodium atoms with the wall 
surface of the sodium cell. In other words, the local field generated on the wall makes the 
sodium polarization destroyed9*. Therefore, it is indispensable to choose a suitable wall 
material with a small local field and to apply the decoupling magnetic field in order to obtain 
a large polarization with a relatively weak laser power. For this purpose, we examined some 
wall materials, such as copper, pyrex glass, and pyrex glass coated with dry-film in the 
presence of the external magnetic field10'. In Fig.4-a), the observed polarizations are plotted 
as a function of the intensity of pumping light for a pyrex glass wall coated with and without 
dry-film,together with the results of theoretical calculations. In Fig.4-b), the observed polari
zations and the results of theoretical calculations are plotted as a function of the external 
magnetic field at the sodium cell. 

0.6 

NL (atoms/cm*) M 

Fig. 5 Observed polarizations as a function of the sodium vapor thickness 

In Fig. 5 the observed polarizations are plotted as a function of the sodium vapor thickness 
with the calculated results. The calculations also take the effect of radiation trapping"' into 
account. This seriously affects in reducing the polarizations when the sodium vapor 
thickness is increased more than, say 1014 atoms/cm2, because of the increase of the 
unwanted probability to absorb non-polarized photons emitted from neighboring excited 
sodiumatoms. The overall behaviors of the experimental results are fairly well reproduced 
by the calculations by choosing the strengths of the local fields as 0.4kGauss for the dry-
film coated wall, 1.5kGauss for the pyrex glass wall, and 2.0kGauss for the copper wall, 
respectively. The detailed description of the calculations is presented in ref 12. 

Beam-foil spectroscopy 
At first, photon spectra emitted from the 3He beam in flight are measured by using a mono-
chrometer (H-20 VIS, Jobin Yvon) calibrated by lights from sodium and mercury atomic 
lines. It is found that only a 388.86 nm line corresponding to the transition from the 33Pj to 
23S, state in 3He I atom is prominenty observed. Then above photons are detected by the 
circular polarization detector outlined in Fig. 2. Their pulse height spectra are plotted with 
about 30 nA beam (upper spectrum) and without beam (lower one) in Fig. 6. This 
demonstrates the background (lower one) is small enough to get true events. Ratios of the 
photon yields taken with the condition of laser-on and with the condition of laser-off are 
plotted in Fig. 7. The left ratio is taken by switching the adiabatic field off and the right one 
is taken by switching it on. Since the deviation of the ratio from unity corresponds to ̂ n 
occurrence of the nuclear polarization, the right ratio in Fig. 7 obviously shows an evidence 
for 3He polarization. This is due to the expectation that the 3He nuclear spin is rotated to the 
diirection normal to the beam by the adiabatic field and emitted photons are circular 
polarized. The prescription of R. Boettiger13'gives 0.1 for the3He polarization, tentatively. 
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Fig. 6 Photon spectra. Upper spectrum is Fig. 7 Yield ratio of photons taken with laser-
taken with 3He beam current of 
about 30 enA. Lower spectrum is 
taken without beam. 

CONCLUSION AND FUTURE PERSPECTIVE 

on and with laser-off. Left and right 
ratio are observed by switching adia-
batic field on and off, respectively. 

For the first time we succeeded in producing about 30 enA polarized 3He beam from the 
RCNP polarized heavy ion source. The polarization degree is about 0.1. In order to 
increase the beam intensity a more powerful ECR ion source is hopefully installed. In order 
to increase polarization, it is necessary to use a higher magnetic field fordecouping atomic 
LS couplings at the spin and charge exchange section and more powerful pumping laser. 
It is further necessary to strip 3He* because 3He s + should be injected into the isochronous 
injector cyclotron so as to obtain the maximum accelerated energy. 
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ABSTRACT 

•5 

A high pressure polari/.cd He external target has been constructed and operated 
with the polarized proton beam at TRIUMF. The target depends on spin exchange 

3 213 
between optically pumped Rb and He. Typically 1.4 x 10 He atoms were 65% po
larized. Measurements of light absorption in Rb allow the Rb polarization to be pre
dicted reliably, and have also shown the existence of a thin unpolarizcd layer of Rb 
at the surface of the glass wall. 

INTRODUCTION 

Polarized " He has been proposed as the target of choice to determine fundamental 
properties of the neutron, e.g. the electric form factor and the spin structure 
function.The quantitative interpretation of these cxpcrimcnls requires that the spin 

structure of the " He wavefunction be known. We have studied spin-momentum cor-

relations of protons in ' He by simultaneous measurements of the spin obscrvablcs 

A . A and A in prolon induced knockout reactions on a polarized He target. The 
experiment was carried out with the 290 McV polarized proton beam from the 

TRIUMF cyclotron, and will be reported separately . Typical prolon current was 

several nA. 

The ' He polarized target recently built at TRIUMF is based on the principle of opti

cal pumping of Rb vapour and collisions! transfer of the Rb polarization to He gas 
•a 

via the hyperfinc interaction between the Rb electron and He nuclear spins. In the 
3 

steady state the ' He polarization, which can be measured by an NMR technique, is 
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proportional to the average Rb polarization in the cell. High target densities have 

been achieved using recently developed high power infrared laser technology. At 

TRIUMF we use a Spectra-Physics tunable lilanium.sapphire laser emitting up to 5 W 

at the Rb D, wavelength. 

TARGET SET-UP 

The target is a cylindrical Corning 1720 glass cell (1.62 cm inner diameter, 8.3 cm 

long) containing several atmospheres He, 100 Torr N , (both at STP) and a few milli

grams of Rb. Initial cells were filled at liquid nitrogen temperature, resulting in a 
3 Hc pressure at STP of 2400 Torr for a total of 1.4 x 1 0 2 1 atoms in the 16.6 cm 3 volume. 

Typical He polarizations in such a cell were 60-70% under operating conditions. 

Cells arc now cooled with cold He gas while filling. One such cell, in use, contains 3.1 

x 10 He atoms and the polarization achieved so far at that value is approximately 

40%. To date, the highest thickness cell was filled with 4.3 x 10 He atoms at a pres
sure at STP of 7400 Torr. At a temperature ot 452 K the Rb number density was (3.6 + 

Argon 
Laser 

> r '*•" Main Coil 

. '' / J .Wllcnm cx|miiilnr 
.-•' / ,(P"---Ol'holo -liaclr 
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"=-"- — U_K Laser 

II n 

Fig. 1. Polarized target experimental configuration. 

0.1) x 1 0 1 4 atoms cm"3, 
found by a computer fit 
to absorption measure
ments. High energy 
protons from the 
TRIUMF cyclotron travel 
along the long axis of 
the cell through 80 mm 
thick curved glass end 
windows. The window 
thickness was found by 
measuring the absorp
tion of X-rays. 

Figure 1 shows the 
configuration of the 
experimental set-up. The 
tilanium:sapphire laser 
is pumped by a 20 W all 
lines argon laser. The 
laser light power at 795 
nm is continually moni
tored with a photodiode. 
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Trie beam is shaped to fill the largci cell area by a system of spherical and cylindrical 
lenses, and the illumination is parallel to the holding magnetic field and perpendicu
lar to both the direction of travel of the particle beam and the drive coil field used in 

the He polarization measurement, which is carried out using a non-destructive 

NMR adiabatic-fast-passagc technique . The polarization of the laser light is con
trolled by a manually rotated zero order X/4 plate. 

A small pick-up coil perpendicular to the other coils is used to detect the NMR signal 
from the cell, as the holding field is swept across the nuclear resonance near 30 G. It 

•l 
is removed from the cell when not required for He polarization measurement, thus 
allowing complete illumination of the cell by laser light. The drive coil oscillates at 

100 kHz with an amplitude of several inG during the He polarization measurement 
process. Proton NMR signals from a water-filled cell of the same dimensions were 
used lor calibration. 

POLARIZATION CREATION AND DESTRUCTION 

Rb polarization is produced by optical pumping on the D. transition in a low mag
netic field wilh circularly polarized laser light. The laser lincwidth of 18 GHz (FWHM) 

is much smaller than the total absorption width F of the D, line in the high pressure 
cell which is dominated by pressure broadening. At the Rb densities used, the polari
zation would be severely limited by radiation trapping i.e. the rcabsorption of fluo
rescence, were it not for the presence of the nitrogen quench gas. This provides a 
non-radiative decay path for the excited state energy, with equal probability of 
decay to the two ground stale spin stales. In that case it takes on average the absorp
tion of two photons to transfer one unit of angular momentum to a Rb atom, corrc-

19 -1 sponding to a total optical pumping rale of 1.0 x 10 s for an absorbed power of 5 

W. The most important Rb depolarization mechanism under our conditions is colli
sions between Rb atoms with like spin, in which the spin of one atom flips. The equi
librium Rb polarization is given by 

pRb = ^ r , d ) 

where T . is the Rb spin destruction rale due to collisions and y is the optical pump

ing rate. The spin destruction rate due to Rb wall collisions is relatively small due to 

the buffering action of the He gas. Also relatively small is Rb spin destruction due to 

spin exchange wilh He. The spin exchange interaction between Rb and He is very 

weak and requires of the order of 10 collisions lo polarize each He atom. The most 

important lie depolarization mechanism is wall collisions, and it is crucial to have 
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clean glass of ihc right type for significant He polarization to build up. The time 

dependent He polarization is given by 

W > = r R b M T | e +r w >} { • - e ^ . e V ) 
where y is the spin exchange rate between Rb and He, and T w is the He spin 

-i 
destruction rate due to wall collisions and particle beam interactions. Typical He 

polarization risetimes arc several hours. In one cell the 1/e decay time was 42.7 hrs 
when cold and 4.94 hrs when the cell temperature was 452 K and the laser was orf. in 
which case unpolarizcd Rb vapour is present. This shows the relative importance of 

rLand y respectively. A detailed discussion of the above can be found in reference 
|2 | . The following section describes detailed studies carried out on the Rb polariza
tion. 

THE POLARIZATION OF OPTICALLY PUMPED Rb VAPOUR 

To assess the laser power required to pump a specific number of Rb atoms a thor
ough understanding of the relevant parameters is desirable. Wc have probed the Rb 

polarization indirectly by measuring the transmission of linearly polarized (O ) and 
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Fig. 2. Power of linearly polarized light transmit- Fig. 3. Transmission scan obtained at T=452 
ted at T=393 K through a glass cell filled with 2400 K with linearly polarized light. 
Torr 'He. The effective length through the cell was 
1.57 cm. The fitted curve determines the total 
width r and the Rb number density N. 
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Fig. 4. Transmission scan obtained at T=452 K 
using circularly polarized light. The theoretical 
curves are explained in the main text. 

Fig. 5. Transmission scan obtained at T=4S4 K 
using circularly polarized light. See the main 
text for parameters used for the theoretical 
curves. 

circularly polarized ( o . ) light at frequencies close to the D. transition. Since line
arly polarized light is absorbed by both magnetic substates of the ground state, the 
absorption length on resonance and at typical number densities is very short (230 

urn at 4.5 x 10 Rb atoms cm ). Circularly polarized 0 + light can travel much fur
ther in regions of high Rb polarization where the m = -1/2 substate, which can 
absorb the light, is depleted. A comparison of the transmission of circularly and 
linearly polarized light thus provides sensitive and quantitative information on the 
Rb polarization in the cell. 

The laser power transmitted by the cell in Fig. 1 was measured with a photodiode 

aperturcd to an area of 0.5 cm . The photodiodc was calibrated in the wavelength 
range of interest , and at various power levels,relative to two factory-calibrated 
COHERENT power meters whose readings agreed to belter than 2%. Reflection losses at 
the various glass surfaces were measured and corrected for in the data analysis. A 
second cell which contained pure Rb was used to calibrate (he wavelength and lin-

ewidth of the laser light by observing D. and D , resonance fluorescence. 

Transmission scans observed with linearly polarized light at 393 K and 452 K arc 
shown in Figs. 2 and 3, respectively. At T = 393 K the Rb number density, N, is low 
enough that transmitted intensity is measurable even on resonance. The data were 
filled with the expression 

ln[l(x)fl(0)\ = tfvNx 
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where 

°v = ( > H r M , r / ( ( v - v / + (r/2)2)) 

where the natural linewidth r' = 5.66 MHz is unchanged by the presence of high 

pressure buffer gas and X0 = 794.8 nm. The data of Fig. 2 determine T = 58.5 +/- 2.9 

GHz in good agreement with T = T( 4 He) + T ( N 2 ) = (56.3 + 1.8) GHz = 58.1 GHz calcu-

latcd from the data of Ch'cn et al with the assumption thai He pressure broadening 

is independent of velocity. Also fitted is the Rb number density N(393 K) = (2.05 +/-

0.06)10 cm . It is well known that N calculated with saturated vapour pressure 
formulae from Ihc literature may vary by more than a factor of two. Our value for 
N(393 K) is in excellent agreement with the formula 

loglQN = 26.41 - 4132/T - log^ 

which corresponds to the vapour pressure curve of Killian . At T = 452 K (see Fig. 3) 

the transmitted power near resonance is loo small to be measured. Assuming that T is 

constant between 383 K and 452 K we obtain N(452 K) = (3.57 +/- O.I2)10 1 4 cm"3, cor
responding to a 13% lower density (or a 3 K error in temperature) than implied by 
the above formula. The discrepancy might also be attributed to increased chemical 
reactivity of Rb with aluminosilicale (Corning 1720) glass at higher temperatures. 

The data in Figs. 4 and 5 were obtained using C light and a 30 G holding field par
allel to the direction of the laser beam. The curves were calculated by numerically 
following the decrease in the intensity of the circularly polarized light 

dldx l+(x) = -2 l+(x) O v N p_ 

where I +(.v) is the intensity of the circularly polarized light at a given laser fre

quency and p is the probability of finding the Rb ground state in the m = -1/2 

substatc.The factor of two arises from Ihc m-dcpendence of the transition probability 

(Wigncr-Eckart theorem). We also consider clliptically polarized light, i.e. an admix

ture of linearly polarized intensity 1° which is attenuated exponentially according to 

dldx l°(x) = -l°(x) O v N 

The occupation probabilities of the m = +/-(l/2) substatcs arc obtained from the 

optical pumping rate equation 
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didx P + w = 0.5 [(2 i+(*) o v +1%) o v + r s d ) P j x ) 

- <»°W °v +

 rsd>P +W] 

In this expression the spin destruction rale, T . = <rj .v>N , is the probability per 
second that a spin flip occurs in like-spin Rb-Rb collisions. The rate equation as
sumes that the presence of nitrogen quench gas results in equal probabilities of dc-

cxcitalion to the m = -1/2 and m = +1/2 substates of (he ground state. Numerical 

integration of the above equations at different laser frequencies shows that the 

equilibrium polarization, P(x) = p (x) - p_(x), is typically attained a few ms after the 
laser light is switched on. 

The upper curve in Fig. 4, obtained with the value < 0 ,v>=0.78 x 10 cm /s from 

Knize and Happcr ,is in poor agreement with the data. Increasing < o .v> to 1.7 x 10" 
cm /s (lowest curve) 

increases the absorption 
near resonance but does 
not reproduce the sharp 
dip in the data. A good fit 

is obtained with <(J .v> = sd 

1.1 x 10" 1 2 cm 3 / s and the 
additional assumption of a 
40 u.m thick unpolarizcd 
layer at the surface of the 
glass. 

We have concluded that 
the sharp absorption 
spike cannot be explained 
by elliplically polarized 
light. The data for T= 454 

7!ir> 79G 
n-ai'eleuglh (mil) 

Fig. 6. Average Rb polarization calculated for a Rb density of 
4.5 x 10" cm' and assuming r and <oMv> determined by the data 
of Figs. 2-5. The cell dimensions are given in the main text. 
Uniform illumination at various intensities was assumed. 

K in Fig. 5 are shown with curves which assume a common rate constant of 1.1 x 10' 

cm /s. An unrealistically large 10% admixture of linearly polarized light implies 
more absorption but docs not reproduce the sharpness of the data whereas a 40 |im 
thick unpolarized surface layer (solid line) is in agreement with the data. 
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The success of the model calculations in reproducing details of the transmission data 
implies that the average Rb polarization can be predicted reliably. In Fig. 6 we show 
the results of a 3-dimcnsional model assuming uniform illumination of the cylindri
cal cell at various power levels. An interesting feature of the calculations is the dip 

in the Rb polarization al X . This dip arises from the unpolarizcd surface layer and 
becomes more pronounced at lower power densities. It would also be more important 
for cells having a smaller diameter, or for cells with planar geometry. 

CONCLUSION 

In summary, we have built polarized " He external target cells, which contain up to 

4.3 x 10 He atoms and a polarization of about 65% at 1/3 that number of atoms, and 
have begun a program of experiments using the TRIUMF cyclotron polarized proton 
beam. Further improvements in the target polarization will parallel the improve
ment of the titanium .sapphire laser system. For example, it is simple to double the 
laser power by the addition of more lasers. 

Transmission measurements with circularly and linearly polarized light determine 

consistently the parameters which determine the Rb polarization: the number den

sity N , the total width F\ and the spin destruction rate constant <G rtv>. The latter 

quantity is least well determined (lo about +/- 20%) because transmission data near X 

determine merely the product < o ,v> N , i.c a 10% error in N implies a 20% error in 

<CT ,v> . It is likely that time-resolved absorption measurements will determine the 
parameter set wilh improved accuracy. Our data provides evidence for an unpolar
izcd Rb layer of about 40 urn effective thickness which may be caused by Rb interac
tions with the glass wall. 
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LNA LASER FOR POLARIZED 3He ION SOURCE BASED ON 
OPTICAL PUMPING 

T. Fujisawa, A. Minoh, Y. Taniguchi, and K. Hatanaka 
The Institute of Physical and Chemical Research, 
Wako-shi, Saitama 351-01, Japan 

Abstract This paper describes proposal of a polarized 3He ion source 
based on optical pumping for the RIKEN ring cyclotron and development 
of an 1083 nm LNA laser for pumping. 

INTRODUCTION 

Despite a polarized 3 He ion beam is very useful to study nuclear physics, no 
extensive development of the source was made since the first polarized beam 
had been accelerated more than twenty years ago and only three ion sources 
are at work in the world. 1 "3 The principles of these ion sources are different 
from each other. We think that the most simple way to polarize the 3 H C 
nucleus is the optical pumping method developed by Colegrove et al.4 but its 
polarization degree was not good(about 10%)' because no powerful light 
source had been available. 

Recently, significant nuclear polarizations(60-70%) were obtained in 
gaseous 3 He by optical pumping method using a color center laser by Laloc's 
group 5 and using an LNA laser by Daniels ct al.6 Furthermore, ECR ion sources 
deliver high intensity beams of high charge slate heavy ions very stably. 
Thus we plan to construct a polarized 3 He ion source consisting of a laser 
system and an ECR ionizer for the RIKEN ring cyclotron(K=540) which has 
accelerated various kind of ions since the first beam was accelerated in 1986. 

CONFIGURATION OF ION SOURCE 

Figure 1 shows a block diagram of the polarized 3 He ion source proposed. 
The 1083 nm linearly polarized light is produced from a LNA crystal excited 
with an Ar laser(514 nm) and polarized circularly by a quarter wavelength 
plate. In the RF discharge region where a weak magnetic field is supplied, the 
ground states of 3 He are excited to the 2S triplet states and the 2S states are 
excited to the 2P states by the circularly polarized light which travels along 
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the magnetic field. The 2S mctastable state has a long lifetime(4000 sec) and 
the 2P state spontaneously decays to the 2S state by emitting the light(1083 
nm). Thus the 2S state atom and a 3 He nucleus can be polarized because the z-
componcnt of spin of the circularly polarized light is 1 or -1 corresponding to 
its polarization. The polarization of the 2S state transfers to the ground state 
very quickly(The order of 10" 6 sec).? The polarized atoms are transported into 
the ionization region and ionized by an RF field(28 GHz, 1 kW) in a static 
magnetic ficld(about 1 Tesla) strong enough to hold the nuclear polarization.8 

Ar Laser 
(514.5 nm) 

1083 H I light 
for feed back 

LNA Laser 
(1083 nm) 

1/4 A 
Pla t e 

H e - 3 Gas 
C i r c u l a t o r 

R F - D i s c h a r g e 
and 

O p t i c a l Pump. 

E C R - I o n i z e r 
(1 Tesla> 

and 
E x t r a c t o r 

500 W. RF 
Ampl i f i e r 

28 GHz IkW 
Am p l i f i e r 

Fig.l. Block diagram of a polarized 3 He ion source by laser optical pumping. 

CREATION OF 2S METASTABLE STATES 

In the experiment of Laloe group, the 2S mctastable state was created by 
weak RF discharge in which the RF power of a few watts was fed at about 10 
M H z 9 and the buildup time of the nuclear polarization was about 2 minutes in 
a glass cell of 100 cm^ at a pressure of 0.3 Torr.6 However, in our case the gas 
must flow out of the cell, and the RF power dependence of the population of 2S 
states was not known. Thus we studied the population of the 2S stale by using 
the atomic beam type polarized ion source installed on the cyclotron of the 
Institute for Nuclear Study of the University of Tokyo. The dissociator tube is 
made of Pyrcx and the aperture of the exit channel is 2.2 mm. In this study, 
^He gas is used for economical reason. The gas was excited by a 20 MHz RF 
electro-magnetic field and flew into the ionizer through the sextupole magnet 
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whose field converges only He atoms whose spin components are + l . 2 Thc Hc + 

ion beam is extracted by 8 kV DC voltage and separated from other ions with a 
bending magnet next to the ionizer. We measured the difference of the beam 
intensities between when the scxtupole field was supplied and when not 
supplied but we detected no difference though various conditions were 
examined.'" This fact means that the population of 2S states is less than 1%. 
We also measured RF power dependence of the light of transition from the 2P 
slate to 2S state. The light intensity increased linearly as the RF power 
increased up to 500W, and doesn't depend on the pressure in the tube from 0.02 
Torr to 1 Torr. 

antireflection coating 

3, . . ._ . \ - a, 
i vi, > 

500 

CVJ 

Fig. 2. Pyrex discharge tube for bench test. 

According to Rcf. 6 and our study, il must lake about 2 minutes for He gas to 
pass a discharge tube at a pressure of about 0.1 Torr. Figure 3 shows a Pyrcx 
discharge tube which designed for bench test. Pyrex glass is the best for 
keeping the nuclear polarization.9 The aperture of the exit channel is about 
0.1 mm to hold the gas for long time in the tube and keep the good vacuum 
(10"<> Torr) of the ECR ionizer chamber. The RF power for discharge will be 
changed from a few watts to a few hundreds watts as shown in Fig. 1. 

LNA LASER SYSTEM 

A stable laser system is indispensable to construct a polarized 3Hc ion source 
based on optical pumping. Initially, a color center laser using F2 + in NaF was 
employed by Laloe group. However, it should be operated at liquid-nitrogen 
temperature and its colored crystal should be replaced periodically. The YAG 

304 



laser is a very excellent and technically established laser system, but the wave 
length of laser line is slightly shorter than 1083 nm. Recent development of 
solid-stale laser provides us with more convenient laser materials. Nd-*+ ion 
(from ^F3/2 t o ^ I n / 2 transition) in proper host crystals can be laser action 
in the 1 um infrared region.1 1 Two materials with a laser line near 1083 nm 
have been known; one is yttrium aluminatc perovskite (YAP)12 and the other 
is lanthanum ncodymium hexa-alminate(LNA)." 

At the start, we measured the fluorescence yield of the YAP laser rod which 
is cylindrical, 2 mm in diameter and 12 mm in length. The rod was excited with 
a GaAlAs diode laser of 800 nm(Sony SLD-301V) and an Ar laser of 514.5 nm. A 
beam from the laser was focused in the YAP rod. The emitted fluorescence was 
analyzed with a 50 cm grating spectrometer and detected with a 
photomultiplier. The observed fluorescence spectrum shown in Fig. 3. The 
intensity of the fluorescence excited with the Ar laser was four limes of that 
with the diode laser though the output power of the diode laser was 20 times of 
that of the Ar laser. An unpolarized absorption spectrum of the YAP rod was 
also measured with a spectrophotometer. The result showed that the 
absorption coefficient at 514.5 nm is almost same as that at 800 nm. 1 3 The 
quantum efficiency of the fluorescence does not depend appreciably on the 
excitation wavelength in these range. Thus we conclude that the output beam 
of the diode laser was not well focused on the rod. It means that the beam from 
the diode laser had a large divergence angle so an Ar laser is more excellent 
for a pumping laser than a diode laser. 

Next, we studied two LNA rods which are single crystals of 5 mm in 
diameter and 20 mm in length; in one(LNAIO) made by Union Carbide Co. Ltd., 
Nd^ + concentration is 10 atomic, percent and in the othcr(LNA15) made by 
Synthetic Crystal Product Co. Ltd. is 15 percent. The crystal ends are polished 
perpendicular to the cylinder axis and antireflection coted . The LNA10 
crystal absorbs 70 % of the incident light and the LNA15 is 80%. The crystal c-
axis is set in the longitudinal direction and the Ar laser beam was focused on 
the rod along the c-axis. The fluorescence spectrum is shown in Fig. 4 
together with the spectrum of the laser oscillation. The peak at 1082 nm is 
more suitable for laser oscillation at 1083 nm than that of 1084 nm of YAP 
because it is very difficult to suppress the laser oscillation of 1079 nm whose 
yield is very large and near to 1084 nm peak. On the other hand, the 1083 nm 
laser oscillation is realized by suppressing the 1054 nm oscillation of LNA.<> 
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1090 A(nm> 

Fig. 3. Fluorescence spectrum of Nd^+rYAP. The sign indicates the 1083 
nm line of -*Hc. The broken line shows the laser oscillation spectrum. 

1030 1050 1070 
wavelength 

1090 A (run) 

Fig. 4. Fluorescence spectrum of LNA. Sec the caption of Fig. 3. 

In order to see the distribution of the gain medium, a simple laser cavity arc 
set up as shown in Fig. 5. The laser oscillation was realized when the laser 
system was set in the longitudinal accuracy of better than about 1 mm and the 
azimuihal accuracy of 10 urn. It is very essential for the oscillation that the Ar 
laser beam is focused by short focal length lens. Thus the gain medium is 
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distributed in the range of the order of 10 |im. Figure 6 shows the output power 
of ihc LNAs and YAP laser against the exciting power. The difference between 
LNAs is not clear. 

Lens 

flr Laser 
(5 14.5 nm> 

Laser cavity 

Li 
Mirror 
R = 3cm 
Ref. lOOX 

Crystal 

Lens 
f=17cm 

Mirror 
R= 15cm 
Ref. 9 8 * 

Spec t r o m e t e r 
or 

Power meter 

Fig. 5. A schematic view of the laser system used for testing the laser 
material. 

150 

^ 1 0 0 

P(mW) 

LNA15 
1051 nm 

1.0 1.5 P ( W ) 
Ar 514 nm PumP Power 

Fig. 6. Output power of the LNAs and YAP lasers. 
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According to the paper of Daniels" and the present study, the laser system 
arc designed as shown in Fig. 7. The concentric laser cavity consisting of the 
mirrors Ml (F=1.5 cm), M2(F=infinitc) and the lens L2(F=3 cm) is as long as 30 
cm because the several axial mode arc fed into the 2S mclastablc atoms whose 
Dopplcr width is estimated to be 2 GHz. The lens LI whose focal length 4 cm 
focuses the Ar laser beam on to the LNA crystal where the 1083 nm laser 
radiation is focused by the mirror Ml and the lens L2. The mirror Ml reflects 
100% of the 1083 nm light and 96% of the 1054 nm, and reflectivity of the 
mirror M2 is larger for 1083 nm than for the 1054 nm in order to suppress the 
undesirable 1054 nm oscillation. The reflectivity of M2 will be chosen to 
optimum coupling. The whole mirrors and lens arc anlircflcction coated. The 
frequency tuning is accomplished by an air-gap(0.1 mm) ctalon consisting of 
two prisms inserted at the Brewster angle in the laser beam and the direction 
of the polarization is determined by the surface of the Brewster angle. One 
prism is mounted on a piczoccramic which permits servo locking of the gap 
spacing on a external signal. The fluorescence signal from the RF-dischargc 
and optical pumping region shown in Fig. 1 is used to servo lock the laser 
tuning on the atomic frequency by applying a low-frequency small 
modulation to piczo high voltage. 

. 1 M l 12 

->-

Ar laser 
Bean 
I 5 H . 5 PIU I 

-B-
INA 

Modulator 

J 5 0_! Z_ 
Seference 
Signal 

Scanning 
etalon H2 

-> 

-> 

PZT 

Lock in 
AMP 

Pumping 
Region 

1083 nm 
Filter 

y 
P h o t o m u l , 

Fig. 7. A schematic view of the laser system designed. 

308 -



FURTHER STUDY 

We designed the main configuration of laser system and discharge tube. 
However, the ECR ionizer is not designed and depolarization problem in the 
ECR ionizer is not studied. If the circularly polarized light is created, it will be 
fed into the ECR ion source which have been operated successfully and the 
created 3 He ion should be accelerated by the AVF cyclotron up to 33 Mcv. We 
want to have information to solve the problem by monitoring the polarization 
of the 3 H C + + beam with a ^C polarimcter. 

We thanks Profs. M. Lcduc, P. J. Nachcr, and F. Laloe for their useful advice 
concerning laser and Profs. R. J. Slobodrian and C. Rioux for their useful 
advice concerning mctastablc stale of ^He. 
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INVESTIGATION OF SPIN-EXCHANGE PROCESSES 
IN THE OPTICALLY POLARIZED IONS SOURCE 

A.N.Zelenskii, S.A.Kokhanovskii, V.G.Polushkin, 
K.N.Vishnevskii 

Institute for Nuclear Research, Moscow, USSR 

ABSTRACT 
Polarization at spin-exchange collisions of an atomic 

hydrogen beam with optically pumped sodium vapours has been 
studied in the optically pumped polarized , ions source. The 
dependence of polarization on beam energy and magnetic field has 
been measured. At a target thickness of 3.- 10 W at/cm ̂  proton 
polarization achieves 30-35%. 

I. INTRODUCTION 

The optically pumped source of polarized ions which was 
developed in the Moscow Institute for Nuclear Research produces a 
polarized proton current up to 4 mA and H ions current of 0.4 mA 
with a 65% polarization and the normalized emittance of 0.1 TT 
cm mrad in pulsed mode of operation /l/. Optically pumped sources 
of polarized H~ions with the ECR-source of primary protons beams 
have been developed in KEK, TRIUMF, LAMPF /2, 3/. In these sources 
the capture of polarized electrons occurs in a high magnetic field 
of 10-20 kG to decrea'se the depolarization due to spin-orbital 
depolarization in excited states. The spin-exchange in a high 
magnetic field is the main drawback of these sources since the 
formation of a proton beam in a high magnetic field gives rise to 
a large increase in angular divergency of the beam and large 
losses of polarized current. The scheme with a superconducting 
solenoid and high power RF oscillators makes the source too 
expensive. 

The different original scheme is used in the INR source (see 
Fig. 1). The proton beam is formed in the external source in a 
zero magnetic field then it is neutralized in a hydrogen cell and 
the hydrogen beam is injected into the solenoid where a helium 
ionizer cell is placed.The cell is actually the proton source 
inside the magnetic field. Formation of a high brightness primary 
beam allowed us to produce the record polarized H beam in pulsed 
mode of operation /l/. 

But it is difficult to realize the vacuum pumping of a helium 
ionizer cell in the case of a high repetition rate or a 
continuous mode of source operation. Thus, the pick-up 
polarization technique is very effitient due to a high charge 
exchange cross-section but requirement of using a high magnetic 
field leads to limitation of the increase in current and 
polarization. 
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II. SPIN-EXCHANGE POLARIZATION 
There is the possibility to polarize electrons through 

spin-exchange collisions of hydrogen atoms with optically pumped 
alkali atoms. In the case of thermal • atoms velocities these 
processes are well studied and are successively used for optical 
pumping of different atoms mixtures /4/. Anderson et al./5/ 
estimated the spin-exchange cross-sections for collisions of fast 
hydrogen atoms with different alkali targets. The results of 
calculation are presented in Fig. 2. At beam energy of 2-5 keV, 
which allows one to get a high current atomic beam with low 
divergency, the spin-exchange cross-sections can achieve 10" 
c m 2 . To produce a 95% electron polarization in this case a 
thickness of optically pumped targets must be 3-10 1 atoms/cm . 
A new scheme of the spin-exchange source is very close to that of 
the INR source (Fig. 1). It is only necessary to remove the helium 
ionizer cell. The electrons in a hydrogen beam are polarized in 
spin-exchange collisions, then as usual Sona-transition and 
ionization in the alkali cell proceed with production of a 
polarized H" ions beam. 

The spin-exchange polarization technique has many advantages 
over the electron pick-up scheme. 

Pick-up technique Spin-exchange polarization 

1. Pick-up of electrons are most 
likely in excited states. To pre
vent depolarization caused by 
spin-orbital interactions a high 
magnetic field ( 10-20 kG ) is 
required. 
2. Charge-exchange in a high 
magnetic field gives rise to 
emittance growth of the beam. 
The technique of the ECR source 
inside the magnetic field has 
the difficulties of beam forma
tion in a high magnetic field. 

3. The high current ions beams 
( which consist of hydrogen and 
alkali ions ) are produced in 
the charge-exchange processes. 
The ions collide with the cell's 
walls and destroy the wall 
coatings which are used for 
increasing the spin-relaxation 
time. 

1. Spin-exchange occurs between 
ground states of the hydrogen 
and alkali. The magnetic field 
as high as 2-4 kG is required 
for optical pumping of high 
density vapours. 

2. Spin-exchange occurs between 
neural hydrogen and neutral 
alkali atoms. There are no prob
lems with external formation 
and transport of a high current 
and high brightness beam. 

3. In spin-exchange collisions 
ions are not produced. Thus wall 
coatings are likely to be used 
for increasing the spin relaxa
tion time and hence the cell 
thickness up to 3-10 at/cm 2 . 
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One can obtain a high proton polarization at a target 
thickness of 3-5-1012" at/cm2- by removing the background caused 
by neutralization on residual gas. In a spin-exchange technique at 
least a 10 * 5 at/cm z thickness of the optical pumping cell is 
required to produce high proton polarization ( higher than 60%). 

III. OPTICAL PUMPING OF HIGH OENSITY ( n 5 10 1 2 , at/cm 3 , ) 
HIGH THICKNESS ( hi 3 1 0 " at/cm 2- ) TARGETS 

The main factors which determine the limit of a target 
thickness and polarization are laser power, relaxation time and 
radiation trapping. 

1. Laser power. 
The 1W laser power, if properly used, allows one to pump 

10 i 8 at/s. At present for optical pumping of a sodium cell in 
cw mode of operation the laser system consisting of a few dye 
lasers is used, with full power 3-5 W. The laser power in pulsed 
mode of operation is higher than 100 W. The tunable solid state 
lasers ( alexandrite, titanium-sapphire and others ) are used for 
optical pumping of potassium, rabidium vapours. The cw power of 
these lasers is higher than 5 W at the 20 W argon laser pumping, 
which produces 10 1 3 at/s. 

2. Polarization relaxation time. 
The atoms loss polarization in collisions with walls of the 

cell. These losses depend on the wall material. In the case of 
stainless steel walls a full depolarization occurs, and relaxation 
time is equal to atoms time of flight along the diameter of the 
cell of about 10-20 microseconds. The special dry film coating of 
the wall increases the relaxation time up to 1-5 ms, the number of 
bunchers without depolarization achieving 100 ! The dry film is 
destroyed under the action of alkali vapours. The life time is 
sufficienly high ( about 300 hours ). In the 0PPIS with the ECR 
proton source the high intensity sodium ions beam, which was 
produced in charge-exchange collisions, bombarded the wall and 
destroyed the wall coating. The life-time of coatings in 0PPIS is 
very short. In spin-exchange collisions ions are not produced, 
the direct collisions of the well formed hydrogen beam with the 
cell wall are excluded, so it is reasonable to propose that there 
will be no strong damage of a dry film in this case. Therefore 
examination of destruction of different wall coatings in 
spin-exchange collisions is very important for the spin-exchange 
source. 

3. Radiation trapping. 
Radiation trapping imposes limitations on achievable 

optically pumped target density. These limitations are very strong 
in the case of a low magnetic field. This was not taken into 
account in the proposal of "collisional pumping" technique of 
proton polarization. Actually, it is impossible to pump the 
vapours of 10** atoms/cm2, density in the low magnetic field. 

The radiation trapping depolarization is much smaller if a 
magnetic field is sufficiently high for "optical isolation" of 
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transitions with an opposite circular polarization. The results of 
optical pumping in the presence of radiation trapping are 
illustrated in Fig.2. This calculation shows that it is possible 
to optically pump the cell with a (1-3) 10 atoms/cm density 
for practically available laser power and relaxation time of 
100-300 microseconds. The condition of "optical isolation" is 
fulfilled when Zeeman splitting of opposite helicities 
transitions is much larger than an efficient linewidth A V : 

A\) = k ^ + A\^sp , where h\>^> i s a Doppler broadening and 
AOeF is a width of superfine structure. 

For potassium A v s p = 770 MGHz and the magnetic field of 2-4 
kG is enough to reduce sufficiently the resonance radiation 
trapping and optically pump the cell with density of 1 0 * 5 

atoms/cm2" . 
This field does not effect on the beam transportation because 

both primary and final beams are neutral in the spin-exchange 
technique. The magnetic field of 5 kG strength increases the 
relaxation time at collisions with dry wjll coating from 0.05 ms 
up to 0.25 ms as it has been observed at TRIUMF/2/. 

IV. MIXTURES OF ALKALI VAPOURS 
At optical pumping of sodium mixture with buffer vapours of 

potassium the spin exchange collisions of optically pumped atoms 
with buffer atoms produce polarization of the latter ones. The 
cross-sections of alkali .spin-exchange collisions at thermal 
energies are equal to 10" T B I 1 . At a buffer vapours density of 

10 1 L | at/cm3, the velocity of motion to the wall decreases and 
the relaxation time increases at least up to 0.1 ms. The results 
of optical pumping calculations for sodium-potassium mixture are 
presented in Fig.3. At laser power of 7W/cm the mixture 
polarization may be 70% /A/. 

In the case of application of the alkali mixture the 
radiation trapping is not so dangerous because the density of 
pumped atoms is not too high, and the high full thickness 
( 10 at/cm ' ) is determined by buffer atoms. Furthermore, in 
this case there are no problems for ionization in the media with 
a high density of excited states, which was observed in the 
experiments on optical pumping of high density targets by a high 
power laser /9/. 

The application of alkali mixtures in the spin-exchange 
source seems very promising. For practical realization the 
problems of partial pressure stabilization should be solved. 

V. EXPERIMENTAL STUDY OF SODIUM-POTASSIUM MIXTURE 
SPIN-EXCHANGE POLARIZATION 
IN THE OPTICALLY PUMPED SOURCE 

Spin-exchange polarization in the Na-K mixture was 
experimentally studied at the test-bench of the optically pumped 
source ( see 1, Fig.l ). In this experiment potassium vapours 
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were added into the sodium cell from the container with a 
separate heater and the dependence of polarization on the full 
vapours thickness was studied. 

Polarization was measured by analysing the modulation (M) of 
a H" ions pulsed current under the action of a pulsed dye laser: 

i" - r 
M = ~ 

I" + I" 
Oscillograms of the pulsed current are presented in Fig.4. At 

the first stage of H production the pick-up of polarized 
electrons gives rise to hydrogen polarization P{H): P(H) = <?Pe , 
Pg is electron polarization in the Na-K mixture, C is 
depolarization factor due to spin-orbital interaction in excited 
states, for magnetic field of 10 kG, €. ~ 0.7. 

The capture probability of the second electrons and hence the 
probability of H - production depend on P(H) since a single bounded 
state of a H~ion is i S 0 . Thus, the ion current modulation will 
be proportional to the square of electron polarization: M ~ 
- £ Pj" • The H~ ion beam being produced in a high magnetic field 
has a large divergence and the losses of beam current at 
transportation are very high. To decrease the current losses the 
bending magnet was installed at short distance from the solenoid. 

Ionization effects under the action of high power laser 
radiation in the high atoms' density in the cell also result in 
H current modulation. It was first observed by authors /9/. These 
effects could be separated since this modulation exists also in a 
proton current. The results of H"~ ions yield measurements are 
presented in Fig.5 as a function of target thickness n(Na)-l. The 
sodium electron polarization is determined from modulation 
measurements, curve 1 in Fig.6. At a target thickness of 1 0 i ^ 
atoms/cm the polarization is equal to 90%. Ionization effects at 
this density are very small. 

In measurements of sodium-potassium mixture polarization this 
sodium density was fixed n(Na) ~ 1 0 i i at/cm "* and the 
polarization of mixture was determined in dependence of full 
target thickness: nl, n = n(Na) + n(IO. When potassium density is 
increased, the polarization drops and then at density higher than 
10 at/cm 3 , it increases due to spin-exchange collisions. The 
polarization "-.70% has been measured at a full mixture 
thickness 7-10 at/cm2- . 

Stabilization of sodium-potassium components is required for 
these measurements. The possibility of increasing the cell 
thickness due to usage of alkali mixtures is extremely useful for 
application in the spin-exchange source of polarized ions and 
this work will be continued. 
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VI. EXPERIMENTAL MEASUREMENTS OF SPIN-EXCHANGE POLARIZATION 
IN THE OPTICALLY PUMPED H" IONS SOURCE. 

First spin-exchange polarization measurements <were made ' at 
the polarized ions source test-bench for conventional geometry 
with a helium ionizer cell and a sodium cell of 17 cm length ( see 
Fig.l ). Polarization was measured by means of a low energy 
polarimeter. The additional cleaning plates were installed at the 
entrance of the solenoid for removing ions from the hydrogen beam. 

Then the longer length cell ( 1=35 cm ) has been manufactured 
and installed into the solenoid. The helium ionizer cell was 
removed. This allowed one to increase the full target thickness up 
to (2-3) 1 0 1 / f at/cm 2 at high (80-90%) polarization. 

The results of spin-exchange polarization measurements are 
presented in Fig.7 in dependence of target thickness. The proton 
polarization of about 30-35% has been measured at hydrogen beam 
energy of 2 keV, 16% - at 4 keV, 6% - at 8 keV. From these 
measurements, the cross-section of spin-exchange collisions has 
been evaluated, at 2 keV ^ e * - iS-10'15 cm *•. The results of 
theoretical calculations (see Fig.2) are in a reasonable 
agreement with the experiment. 

The dependsr.ee of polarization on magnetic field is presented 
in Fig.8. The saturation was observed in the field higher than 5 
kG, it is in agreement with evaluation of a magnetic field 
strength which is required for "optical isolation" of transitions 
( see topic III.4 ). 

CONCLUSION 

The spin-exchange collisions in the mixture of sodium and 
potassium vapours allow one to obtain 7-101'' at/cm 2 , in a 
short length cell of 17 cm, without wall coating increasing 
relaxation time. The usage of such a target in the source will get 
more than 10 mA polarized protons and above 1 mA of H~ ions with 
the emittance acceptable for high energy accelerators. 

In the case of monoatomic target it is required to increase 
the cell length up to 50-100 cm and use the dry film wall coating 
increasing the relaxation time up to 200-300 microseconds. 
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Fig. 1. Schematic lay-out of INR source: 1 - proton source; 
2 - focusing lens; 3 - hydrogen neutralizing cell: 4,8 - pulsed 
solenoids; 5,9 - ionizing helium cells; .6 - optically pumped 
sodium cell; 10 - bending magnet; . 11 - sodium cell of the 
polarimeter; 12 - spin filter; 13 - detector of H(2S); 
CF, , ,'- Faraday cylinders. 
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Fig. 2. Calculated spin exchange cross-sections for fast H atoms 
incident on sodium and potassium target /5/. 'Experimental resu l ts . 
Y.Mori / AIP Conf. Proc. No 187, p. 1200, 1989 / . 

0.0 U i 
JO" {0 « (0 / 2 iO* 10* f o ' W V a 

Fig. 3. Calculated polarization of sodium atoms (solid line) and 
buffer potassium- atoms (dashed line) for optical pumping of 
sodium. The potassium density was fixed at 10 at/on /4/. 
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Fig. 6 Dependence of polarization on total target thickness: 
1 - sodium electron polarization P e i_2 - modulation of H~ from 
optically pumped target: M = ( I~- I")/( i"+ f") s P V , £. -
- factor of spin-orbital depolarization; 3 - electron 
polarization of sodium potassium mixture determined from H yield 
modulation. 
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Fig 7. Dependence of spin-exchange polarization on target 
thickness at different hydrogen beam energies. 
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Abstract 
The spin-exchange reaction between hydrogen atoms and optically oriented sodium atoms was 

used to produce a polarized atomic hydrogen beam. The electron-spin polarization of atomic hydrogen 
beam, which underwent the spin-exchange reaction with the optically oriented sodium atoms, was 
measured. A beam polarization of-(8.0+0.6)% was obtained when the thickness and polarization of 
the sodium target were (5.78 ±0.23) X101S atoms/cm2 and -(39.6 ± 1.6)%, respectively. The value of 
the spin-exchange cross section in the forward scattering direction, whose scattering angle in the 
laboratory system was less than 1.1° , was obtained from the experimental results as (3.39+0.34) 
x 10 ' 5 cm2. This value is almost seven times larger than the theoretical value calculated from the 
theoretically estimated Na-H potential. 

1.Introduction 
Nowadays, an intense polarized negative hydrogen beam is required, especially in high energy 

proton synchrotron, to carry out the experiments using a polarized beam without disturbing other 
unpolarized beam experiments. Optical pumping with intense lasers has been used to produce an 
intense polarized negative hydrogen beam. Since there is no laser with a frequency matching an 
appropriate resonance of the hydrogen atom, an indirect method which was proposed by Anderson 
using the spin-charge exchange reactions between protons and optically oriented alkali atoms was used 
11 J. At KEK, this idea has been realized and an intensity of 60 fi A with 60% polarization has been 
produced from the polarized ion source so far 12,3]. 

In order to produce a more intense polarized beam, a new scheme has been proposed by Happer 
et at., which is based on the spin-exchange reaction between thermal energy atoms and optically 
oriented alkali atoms (4). Recently, the spin-exchange cross sections between hydrogen atoms and 
alkali atoms were theoretically estimated by Olson et al. [5J. This method could produce a thick 
polarized hydrogen gas which would be very attractive not only for accelerators but also for nuclear 
fusion with polarized atoms [fi|. 

In order to examine this idea experimentally, the electron-spin polarization of the atomic 
hydrogen beam, which is polarized by the spin-exchange reaction with the optically oriented sodium 
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atoms, has been measured|7|. Also from experiments, we can estimate the spin-exchange cross section 
of the Na-H system in the forward scattering direction. 

The measurements are performed with a sextupole magnet to analyze the electron-spin polariza
tion of hydrogen atoms after collisions with sodium atoms whose electron spins are polarized by optical 
pumping with a dye laser. The analyses of the experimental results give the value of the spin-exchange 
cross section between hydrogen atoms and sodium atoms in the forward scattering direction, whose 
scattering angle in the laboratory system was less than 1.1" . The Obtained spin-exchange cross 
section in the forward scattering direction is compared with the theoretical value calculated from the Na
il potential. 

The obtained spin-exchange cross section in the forward scattering direction shows the 
possibility of a new type of polarized atomic hydrogen beam source. 

2.Experimental apparatus 
The experimental setup for the polarization measurement of the atomic hydrogen beam is 

schematically shown in fig. I. Hydrogen atoms are produced by dissociating the hydrogen molecules 
with an rf dissociator. The frequency and the output power of the rf source for the dissociator were 
about 30 MHz and about 2(X)\V, respectively. Hydrogen atoms from the dissociator are scattered by 
electron-spin-polarized sodium atoms in a sodium cell. 

The distance between the dissociator nozzle and the sodium cell is 33.3 cm. A skimmer with a 
5 mm diameter slit was located 2 cm downstream from the nozzle. The sodium cell was made of 
stainless steel. The length and the inner diameter of the cell are 33 and 4 cm, and the entrance and the 
exit apertures are 4 and 8 mm, respectively. The sodium cell is placed in a solenoid coil producing a 
homogeneous axial magnetic field of 4000 G. Sodium vapour is produced by heating the cell up to 240 

C with a sheath heater wound around the cell. The distance between the cell and the sextupoie magnet 
is 11.2 cm. The length of the sextupole magnet is 44.9 cm. The aperture of the magnet is 16 mm in 
diameter at the entrance and it linearly decreases to 8 mm at the exit. The maximum magnetic field at 
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Fig. 1. Experimental setup for ibe polarization measurement of die atomic hydrogen beam which is spin-exchanged with the sodium 

atoms polarized by optical pumping with a dye laser. 
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the surface of the pole is 8(XX) G. The distance between the sextupole magnet and the QMA(quadrupole 
mass analyzer) is 25.6 cm. 

A single frequency dye laser (Spectra Physics 380C) tuned to the sodium Dl line was used to 
polarize the electron spin of the sodium atoms by passing through a quarter-wave plate. In order to 
estimate the spin-exchange cross section, the thickness and the electron-spin polarization of the sodium 
target have to be measured. A useful method, witch is based on Faraday rotation (paramagnetic 
rotation) of linearly polarized light in sodium vapour located in a magnetic field, was used to measured 
the target thickness and the polarization of the sodium target 18,9]. A Faraday rotation angle 6 0 in the 
presence of sodium vapour and a further rotation angle 0 p , if the sodium was polarized, are related 
to the target thickness nl and the electron-spin polarization Pc as follows: 

nl=Co(lU)eo, da) 

and 

P D =Cp(lU)/nlxep. < l b> 

Mere, B is the magnetic field strength and A is the wavelength of the probe laser beam. The coefficients 
C„ and C,,can be calculated from B and X. The probe beam forthe measurement of the Faraday rotation 
angle is produced from another single frequency dye laser whose wavelength is tuned midway (589.3 
nm) between Dl and D2 lines. 

After collisions with the electron-spin-polarized sodium atoms, the hydrogen atoms undergo 
focusing or defocusing by passing through the sextupole magnet according to their electron-spin-states 
of + 1/2. The hydrogen atoms are detected by the QMA at the exit of the sextupole magnet The rf source 
is operated in a pulsed mode, which can increase the S/N ratio of the signal detected by the QMA. 

3. Measurements 
The electron-spin polarization of hydrogen atoms after the spin-exchange reaction can be 

obtained from the following equation by measuring the atomic hydrogen beam intensity difference at 
the exit of the sextupole magnet, which is caused by making the sodium atoms polarized or unpolarized: 

(Ip-Io)(a+[3) 

Io(a-(3) ' ( 2 ) 

Here, I,, is the atomic hydrogen beam intensity when the sodium atoms are polarized and \ is the 
intensity when the sodium atoms are unpolarized. The acceptances of the sextupole magnet for the 
+1/2 and -1/2 states of hydrogen atoms are represented as o and ,<?, respectively. The analyzing power 
of the sextupole magnet (a - (3)/(a + /9) was estimated as 0.97 by calculating the trajectory of the 
hydrogen atom using a transfer matrix. In this calculation, we assumed that the source of the atomic 
hydrogen beam is a point at the center of the sodium cell and the hydrogen atom velocity distribution 
is a Maxwell-Boltzmann one (T„=300 K). 

At the exit of the sodium cell, the atomic hydrogen beam intensities for each electron-spin state 
are given by the following equations: 
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I+=|{l+Pc(l-exp(-Aaexnl))}, 

I.=|{l-Pe(l-exp(-Aaexnl))), 

(3a) 

(3b) 

where I„'=l,+I.. Therefore, the measured intensities I p and I0 at the exit of the sextupole magnet are given 

Io=$a+p). ( 4 a ) 

IP=aI++pi.=^{(a+p)+(a-p)P e(l-exp(-Aa e xnl))) ) 

it 
(4b) 

From eqs.(2) and (4), the spin-exchange cross section in the forward scattering direction is given 

by ^Wifcf^r. 
nl \ P ( |a-p)lo I 

On the other hand, the total scattering cross section a ,, which includes the elastic scattering cross 
section and the inelastic scattering cross section, can be also estimated from the anenuation of the atomic 
hydrogen beam intensity due to the scattering by the sodium atoms. 

nl llo (6) 

Here, I^ is the atomic hydrogen beam intensity detected by the QMA when no sodium atoms are in the 
cell. 

The measured atomic hydrogen beam intensity Ip. when the sodium atoms are negatively 
polarized, the intensity I„ when the sodium atoms are unpolarized and the intensity l?t when the sodium 
atoms are positively polarized are shown in fig. 2. 
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Fig. 2. Wave forms of the atomic hydrogen beam intensities as a 
function of lime for three different sodium polarizations; 

(39.8 ± 1.6)% (negatively polarized), 0% (unpolarizcd) 
and (37.9± 1.6)% (positively polarizcd).Thc sodium tar 
get thickness was (5.7 ±0.23) X 10" atoms/cm'. 
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Fig. 3. Wave forms of the atomic hydrogen beam intensities as a 
function of lime for three different sodium polarizations; 

(40.5 ± 1.8)% (negatively polarized), 0% (unpolarizcd) 
and (44.0 ± 1.8)% (positively polarized). The sodium largcl 
thickness was (3.36±0.23)X 10" atoms/cm'. In this case, 
the sextupole magnet was off. 
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By computing the difference between the 
intensities when the sodium atoms are polarized 
or unpolarized, the polarization of the atomic 
hydrogen beam and the spin-exchange cross 
section in the forward scattering direction were 
obtained from eqs. (2) and (5) as 

P=-(8.0+0.6)%. 
A a =(3.39±0.34)X10' 5 cm 2 . 
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Fig.4. Wave forms of the atomic hydrogen beam intensities as a 
function of lime for two different conditions. One is when 
there is no sodium target. The other is when the sodium target 

thickness was (3.<M±2.3)X 10" atoms/an*. 

We show in fig. 3 the hydrogen beam inten
sity when the sodium target is negatively polar
ized, the intensity when the sodium target is 
unpolarized and the intensity when the sodium 
target is positively polarized. In this case, the 
sextupole magnet was off. As can be clearly seen 
from this figure, there was no difference among these three intensities and we found that the 
measurements were not disturbed by unpredictable effects. 

We also measured the total scattering cross section with the attenuation method detecting the 
difference between the atomic hydrogen beam intensity I0 when the sodium target was in the cell and 
the intensity l m when there was no sodium target. The measured hydrogen beam intensities \ m and l a 

are shown in fig. 4. With the measured intensities 1^ and ^, we were able to estimate total scattering 
cross section from eq. (6): 

( T=<1.82±0.10)X>0" , cm 2 . 

4. Theoretical estimation of the spin-exchange cross section 
The spin-exchange cross section of the Na-H system can be estimated using the partial wave 

analysis. In order to do the analysis, first of all, it is necessary to obtain the interaction potential of the 
Na-M system. 

The electronic singlet state energy e t and triplet state energy e t of the NaH molecule play the 
role of the interaction potential when a hydrogen atom collides with a sodium atom. In order to calculate 
£ s and e,, which are functions of the internuclear distance R, the computer codes JAMOL3, 

developed by Kashiwagi et al. for SFC (self-consistent-field) calculations, and MICA3, developed by 
Murakami et al. for CI (configuration-interaction-method) calculations, were used [10,11]. The results 
of the calculations are shown in fig. 5. 

Using these potentials and the WKB approximation, the partial wave phase shifts 7 (

! am' 17,' 
according to the singlet state and the triplet state were calculated. 
The scattering amplitudes f and ft according to the singlet state and the triplet state are represented by 
phase shifts as follows: 
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f t t a i . e ^ - l - X (2/+l){exp(2iriJ(vre,))-l>Picos 9 c m ) . 

(7a) 

(7b) 

Here, 0 is the scattering angle in the center-of-mass system, P, is a Legendre polynomial and v i d is 

the relative velocity between a hydrogen atom and a sodium atom. 

Using these scattering amplitudes, the differential cross section of the spin-exchange reaction can 

be given by the following equation 1121: 

da, 
dOc 

V r e l ,6c nj— . (8) 

Substituting the scattering amplitudes into eq. (8), we calculated the differential cross section of the 
spin-exchange reaction d a JA 0 c m (v r d , 0 J . The weighted averages d c JA 0 m{v„ 0 J and {do 

IAO tv 0 )lsin0 with the assumption of a Maxwell-Boltzmann distribution for the velocity 
ex' cm v rcl* c m " cm* 

of hydrogen atoms (T„=30() K) and sodium atoms (TN l=500 K) is shown in fig. 6. 

Using the calculated d a JA 0 c m ( v i d , 0 J , we could estimate A a „ from the following 

equation: 

It I d0cm| dvHil A o e x = 2 ? t | 

= 5 . 1 4 x l 0 ' l 6 c m 2 . 

dvMajGHfvuiJGNnfVNpi^Mvrel.ecmJsinec 
de. 

(9) 

Here, v n i is the initial velocity of the hydrogen atom and v N i i is the initial velocity of the sodium atom. 
The maximum scattering angle in the center-of-mass system to be accepted by the sextupole magnet 
after collision is shown as A 0 . Maxwell-Boltzmann distribution functions for hydrogen atoms and 

Fig.5. Interaction potcnlisls t , and t , of the Na-H system. 

Scattering Angle 8 0 m (Degree) 

Fig.6. Averaged differential spin-exchange cross sections 
d " «/d 0 „ and (d 0 J&O „ )sin »„, weighted by Uie 
velocity distribution. 
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sodium atoms are represented as G^v,,.) and Gj,,(vNii), respectively. This calculated value is rather 
small compared with the experimental value. The weighted averages of A 0 l t k i and 4 J W for the 
hydrogen atom of+1/2 electron-spin state were 

A e l n b + = 1 . 1 0 o , A9 c m + =2.71° . 

We also estimate the total spin-exchange cross section a a from the following equation: 

a M = 2 n l d e c m l dvHij dvNniGl^VHiJGNnlVNniP^Vrei.ecmlsinecm 
h h Jo d O c m 

=6.30xl0- , 5cm2. ( 1 0 ) 

This value is almost the same as the result calculated by Olson et al. [51. 
The total differential cross section including the spin-exchange cross section and the elastic 

scattering cross section is given as follows: 

dot(v l 8 )jKNtf 
——lV r el,BcmJ- . • (II) 
a o c m 

Using the differential cross section, the measured total scattering cross section a _ was also 
theoretically estimated by the following equation: 

Ot=2jtl decml dVHij dvNaiGH(VHi)GNa(VNai)—^Mvrel.ecnjsin e e m 

Ao,„ Jo Jo d9cm 
=1 .93xW M cm 2. ( ' 

This cross section showed good agreement with measured value. 

5. Conclusion 
The electron-spin polarization of the atomic hydrogen beam, which was polarized by the spin-

exchange reaction with optically pumped sodium atoms, was measured to examine the possibility of 
milking a new type of polarized hydrogen atomic beam source. We have obtained a beam polarization 
of -(8.0+0.6)% when the thickness and polarization of the sodium target were (5.78+0.23)X 10" 
atoms/cm2 and -{39.6+1.6)%, respectively. From the experimental results, we could obtain the spin-
exchange cross section in the forward scattering direction, A a a , and it was (3.39 ± 0.34) X 10" ,s 

cm2. This value was about seven times larger than our calculated value of 5.14X 10' l 6 cm 2 which was 
estimated by integrating the differential spin-exchange cross section obtained from the theoretical 
potential of the Na-H system over the acceptance of the sextupole magnet The potential was calculated 
with the computer codes J AMOL3 for the SCF calculation and MfCA3 for the CI calculation. The cause 
of the discrepancy is not clear. One of the sources of the discrepancy might be the accuracy of the 
calculation of the potential, since the number of orbital basis sets for the Na-H system may not be 
enough. The slight energy difference between the singlet and the triplet states of the Na-H system at 
large internuclear distances should affect the spin-exchange cross section strongly, especially in the 
very forward scattering angle. Recently Hershcovitch measured the total H°-H° scattering cross section 
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at very low temperature about 2 K[ I3|. The measured total scattering cross section is also two or three 
times larger than the theoretical value. This result is consistent with our large spin-exchange cross 
section in the forward scattering direction, because the slight potential energy at the large internuclear 
distance, which affects the forward .scattering cross section of the thermal energy ineraction, should 
also affect the total scattering cross section of the very low energy interaction. 

Using the measured spin-exchange cross section, we could estimate the sodium target thickness, 
which is necessary to make a highly polarized hydrogen atomic beam. For example, if the thickness 
and the polarization of the sodium target are 3.2 X lO'4 atoms/cm2 and 90%, respectively, the hydrogen 
atomic beam can be polarized to more than 60%. These values of the thickness and the polarization of 
the sodium target would be attainable with cw dye lasers or a intense pulsed dye laser | 3 | . 
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ECR-IONIZER FOR INTENSE POLARIZED BEAMS 

P.A. SCHMELZBACH 
PS1, Paul Scherrer Institute, C. 5232 Villigen PS1, Switzerland 

Abstract The present status of the ECR ionizer development is presented. 
Results from different laboratories are analysed. With this new technique a 
significant intensity gain has been achieved, but the presently observed polar
izations are still below expectation. 

INTRODUCTION 

The idea of improving the performances of the atomic beam polarized ion source by means 

of an ECR ionizer has been already discussed at earlier meetings of this series in 1981 and 

1983 (1,2]. The main concern was that spin-flip induced by the ECR field might lead to 

depolarization of the atoms before they are ionized [3,4]. Feasibility studies by Clegg et 

al [5,6] arrived, however, to the conclusion that this fear was not justified and it was clear 

at the Montana meeting in 1986 that time was mature to proceed to an experimental test 

of such a device. Since then the positive outcome of the experimental investigations made 

in 1987/1988 by a KfK/PSI collaboration [7] and the enthousiastic development work at 

different laboratories have resulted in having today three ECR ionizers of various design 

routinely operated on accelerators at Bonn, TUNL and PSI. Tests on accelerator are cur

rently under way at KfK. In this paper, some important features of these ECR ionizers will 

be stressed and an attempt will be made to summarize the experience accumulated dur

ing the development and operations of these devices. Many of the results presented here 

are very preliminary, (and yet unpublished), but they already make it possible to discuss 

highlights (intensity) and problems (polarization) of this new technique of polarized ion 

production. 

DESIGN CONSIDERATIONS 

An ECR ionizer for a polarized atomic beam source has the same basic features as an 

Electron Cyclotron Resonance Ion Source (ECRIS). A B-minimum structure is generated 

by a longitudinal mirror field and a radical multiple (hexapole) field. If microwave of an 

adequate frequency is injected into a plasma contained in such a field structure, there exists 

a closed, egg shaped surface where the gyrofrequency of the electrons equals the frequency 

of the microwaves. Upon repeated crossing of this surface the electrons can be accelerated 
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to energies of several keV. For ionization of polarized atomic hydrogen in mixed hyperfine 

states a longitudinal B-field in the range 100-150 mT is required, corresponding to frequen

cies of 3 to 4 GHz. The much convenient frequency of 2.45 GHz with B 0 = 87.5 m T at 

the resonance if acceptable also, however, at the cost of a lower proton polarization. In the 

studies of Clegg et al [5,6], the operating parameters of the Jtilich pre-ISISl source [8] were 

found to be a suitable basis for the design of an ECR ionizer for a polarized ion source. The 

experimental investigations by KfK/PSI confirmed the assumptions on improved ionization 

efficiency and safety against spin-flip mechanisms, but it was also found that the achiev

able polarization critically depends on the molecular background in the plasma chamber [7]. 

OPERATING SOURCES 

The presently operating ionizers are represented in fig. 1 to 3. The PSI ionizer is a techni

cally improved version of the prototype developped during the KfK/PSI tests. The plasma 

chamber is a Pyrex vessel building the vacuum enclosure and containing also the extrac

tion electrodes. In this version the plasma potential is defined by the high voltage applied 

to the first electrode only, i.e. all external parts are at ground. The microwave cavity 

surrounds the plasma chamber and is located inside the sextupole magnet. The currently 

used frequency is 2.45 GHz, but the solenoids are designed to allow frequencies up to 6 

GHz also. The microwave power is 20-30 W. A striking feature is the large diameter (5 

cm) of the electrodes of the extraction system. The atomic beam can pass the whole sys

tem and is dumped downstream of the ionizer in a chamber evacuated by a combination of 

pumps (Kryogenic, turbomolecular, titanium sublimator) with a pumping speed of 23001/s. 

In the Bonn ionizer [9], schematically shown in fig. 2, the sextupole is located inside the 

vacuum chamber, which is kept at the extraction voltage and electrically insulated from the 

coils, the vacuum pumps and the microwave connections. The plasma chamber is a Pyrex 

cylinder with slots allowing pumping between the pole bars of the sextupole magnet. The 

bars are magnetized in the tangential direction. The source is operated with 60 -80 W of 

2.45 GHz microwaves (5 GHz in a previous version with a smaller pumping port and thus 

room for additional coils). The extraction system has electrodes of enlarged diameter, also. 

The system is evacuated by a 2200 1/s turbo pump. 

In the TUNL ionizer [10J shown in fig. 3, the sextupole is located inside the vacuum cham

ber, the bars are covered with aluminium oxyde plasma limiters and pumping is provided 
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FIGURE 1 The PSI ECR Ionizer. The microwave is injected through a wave 
guide (left on the figure) into a cavity surrounding the Pyrex 
vacuum vessel. The sextupole magnet is outside the rf cavity. 
The buffer gas is supplied directly to the plasma chamber. 
With good vacuum conditions (i.e. low total extracted beam) 
the extraction works best if the second electrode is mounted 
closer to the plasma electrode and kept at positive voltages. 
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FIGURE 2 Schematic representation of the Bonn ECR ionizer, showing 
also the particular sextupole and plasma chamber geometry. 
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FIGURE 3 The TUNL ECR ionizer and charge-exchanger system. The 
axial magnetic and electric field profiles are also 
shown. The source has also been operated with high (-15 kV) 
voltages on the extraction electrode. 
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between the pole pieces. The whole system is at a local ground. The source is equiped with 

a Cs charge exchanger closely following the ionizer. The ionizer chamber is evacuated by a 

1500 1/s Kryo pump and the following compartment by a 3000 1/s Kryo pump. Microwave 

power at 2.8 to 4.8 GHz is injected by a horn between the sextupole. The power required 

for optimum operation is less than 60 W. The whole source is installed on a high-voltage 

platform rated for ± 100 kV. 

POLARIZATION RELATED PARAMETERS 

Magnetic field 

The three ionizers are operated at low power. The axial B-field structure has apronounced 

minimum and is characterized by large gradients at the B 0 locations. According to the anal

ysis by Clegg et al depolarization by spin-flip will not be a problem in such a configuration. 

The result of an experiment performed on the PSI test bench is shown in fig. 4. 

10 

P D 2 

15 20 
C lO- 7 mbar ] 

FIGURE 1 Typical behaviour of the deuteron tensor polarization 
as a function of the D, background pressure. The additional 
amount of 0. is supplied directly to the plasma chamber. 
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Here we show the behaviour of the polarization of a deuteron beam as a function of the D2 

background pressure in the ionizer. Considering that the beam consists of polarized parti

cles originating from the atomic beam and an unpolarized background from the ionization 

of D2 arising from atomic recombination or by controlled addition, the extrapolation of the 

fitted curve to the limit of no background (i.e. zero D 2 partial pressure) allows to estimate 

the influence of possible depolarization mechanisms. The extrapolated polarization is suf

ficiently close to one to allow the conclusion that no depolarization of the atomic beam 

occurs at it passes the ECR ionizer. This figure illustrate also the dramatic influence of the 

D2 background pressure on the actual polarization of the ion beam. 

The low axial B-Field in the ionization region limits the polarization achievable in an ECR 

ionizer operated at low frequencies, especially in the case of polarized proton production. 

At 2.45 GHz, the resonant B„ is 87.5 mT and B m , „ can be as low as 70 mT. In such a 

case, the polarization of the hyperfine states 2 and 4 will be effectively between 80 and 

85 %, whereas for two times higher B-field values (corresponding to the frequency 5 GHz) 

it would exceed 95 %. 

This dependence was investigated at TUNL between 2.8 and 4.8 GHz. It was indeed found 

that the best polarizations are obtained at the higher fields, and the ionizer is routinely 

operated above 4 GHz. 

Contradictory results are obtained if the axial field shape is changed. While at TUNL the 

polarization drops for very low or very high currents in the coil at the ionizer entrance, the 

polarization observed at PSI is larger for currents higher than required for maximum beam 

intensity. In the range with the better polarization the intensity is reduced by a factor two. 

The origin of this effect is not yet understood. 

Vacuum Problems 

To minimize the influence of the transverse components on the polarization, the radial field 

has relatively low values (< 10 mT) within the atomic beam diameter. With such a dis

tribution , however, the effective diameter of the ionizing region extends radially to more 

than twice the atomic beam diameter. Consequently, the "active" volume is significantly 

larger for the background gas than for the atomic beam, i.e. the beam may be strongly 

contaminated by an unpolarized component. At PSI, the analysis of an extracted Deuteron 

beam revealed the following features: the total D + intensity is about twice that of the 

molecular ions. Since the background molecules are ionized to one part D + and three parts 
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molecular ions, the total D + beam contents about 15 % unpolarized particles. 

As seen in fig. 1 to 3 the goal of establishing a good vacuum in the ionizing region has 

been addressed in quite different ways, which are partly conditioned by the specific local 

environment of the ionizer. At TUNL and Bonn, pumping is provided through the sex-

tupole. This is especially needed if the ionizer is followed by small apertures as required for 

a charge-exchanger. At PSI the atomic beam can be dumped in a compartment following 

the ionizer. The large apertures of the extraction system allows an undisturbed passage of 

the atomic beam, but backstreaming of recombined molecule remains a problem. 

In any case, none of the three lay-outs is optimal. The H 2 (or D 2 ) residual pressure in the 

ionizing volume seems to be too high with the present designs. This argument is confirmed 

by the results obtained with polarized deuterons, where other effects are less important. 

TUNL reports 78 %; the best measurements on the PSI/KfK test bench never exceeds 

85 %. Since a significant improvement of the vacuum conditions will not be simple, the 

question is open if a cure of this problem may be found by reducing the radial extension of 

the plasma volume. 

For hydrogen the polarization is lower, due in addition, partly to too small axial magnetic 

fields, partly to other contaminants in the vacuum. At PSI the contribution of the latter to 

the total H + beam is < 5 %. Today, the following proton polarizations are achieved: Bonn 

65 %, TUNL 70 %, PSI 73 % (79 % at reduced beam intensity). 

INTENSITY RELATED PARAMETERS 

The analysis of ref [5,6] predicts that an ECR ionizer operated at 2.45 GHz would be 

three times more efficient than the best present electron beam ionizers. Further, it is 

suggested that, due to the quadratic dependence of the cut-off density on the frequency, 

an accordingly larger efficiency could be expected as higher frequencies. The prediction 

at 2.45 GHz is confirmed by the KfK/PSI tests and by the ionizer operation at the PSI 

Philips Cyclotron. Comparisons made at Bonn between intensities observed at 2.45 GHz 

and at 5 GHz and investigations between 2.8 and 4.4 GHz performed at TUNL show only 

a slight increase of the intensity as the frequency is increased. While the larger emittance 

degradation at the higher fields may play a role in this behaviour, it is likely that the low 

atomic beam density (< 1 0 n c m - 3 averaged over the ionization volume) is a more stringent 

constraint than the cut-ofT density (n«, max = 1 0 n c m - 3 at 3 GHz). 

Very intense beams (~ 1 mA) at 10 keV could be extracted from the KfK/PSI prototype 
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[7), however, only a small fraction was a "usable" beam. The effort in improving the 

quality results in a 70-80 % transmission through the lens system of the source. The 

properties of the beam mesured 90 cm downstream of the extraction are shown in fig. 5. 

After substraction of the molecular ion contribution (determined in another experiment) 

the effective polarized deuteron beam intensity was 350 (iA. The diagramm of fig. 5 reveals 

the presence of a small contribution due to a "parasitic peak", which like the resulting 

asymmetry observed in tbi beam profiles depends on the orientation of the measuring plane 

against the sextupole field. Such effects are not unexpected in our extraction geometry and 

certainly deserve a yet not performed, closer investigation. 

Cmrad] 
60 

20 

2 A 
•20\ 

V 
/ 
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FIGURE 5 

Emittance measurement for a (non analysed) 10 keV 
deuteron beam. The crosses include a small parasitic 
peak. About 801 of the 0 beam is in the area limited 
by the solid lines. 

Large positive and negative beam intensities have beeen observed at TUNL also. At 15 keV 

extraction energy, 175 /iA of H + and 11 \iA of H" were analysed and focused in a Faraday 

cup behind an 1 cm aperture. At 50 keV injection energy, about 60 % of the negative beam 

can be accepted by the tandem accelerator. 

The beam from the ECR ionizer has an expected energy spread of a few eV, i.e. much 

lower than for an BB or a Penning ionizer. As a result, the buncher efficiencies significantly 

improved. At Bonn, the bunching factor increased from 2 to 3. At PSI, for operation at 

72 MeV, the bunching factor at 50 MHz increased from 2 to 4, which value corresponds to 

the (unchanged) bunching factor at 17 MHz. 

So far, the following accelerated beam intensities have been reported: 

• At TUNL (tandem accelerator) 12 Mev: 2.5 fik (protons) and 4 fiA (deuterons) 

• At PSI (cyclotrons) 72 MeV: 11-12 /iA (protons) 

590 MeV: 9 /iA (first transmission test with 9.5 fik from the injector cyclotron). 
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CONCLUSION 

The installation of ECU ionizers on the polarized sources of different accelerator laborato

ries brought the expected gain in the beam intensity. At present, the beam polarization 

arc still low compared to the standard usual with the atomic beam polarized ion source 

(> 85 %). The reason is essentially an unfavourable vacuum situation connected with a 

problematic geometry of the ionizing volume. For protons, operation at 2.45 GHz is not 

ideal, since the low magnetic field results in a reduced polarization of hyperfine states 2 

and 4. 

The application of the ECR technique to the ionization of polarized particles is extremely 

new and ideas for improvements have certainly not yet been exhausted. Hopefully, the 80 

% brandmark for the polarization of an intense proton beam will be reached very soon. 
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NEGATIVE ION FORMATION PROCESSES: A GENERAL REVIEW 

G. D. ALTON 
Oak Ridge National Laboratory,* P. O. Box 2008, Oak Ridge, Tennessee 
37831-6368 

Absttast The principal negative ion formation processes will be briefly 
reviewed. Primary emphasis will be placed on the more efficient and 
universal processes of charge transfer and secondary ion fo'mation 
through non-thermodynamic surface ionization. 

INTRODUCTION 

The existence of the negative ion state has provided us with an additional means for 
producing charged beams containing most of the naturally occurring chemically active 
elements. Negative ion beams have been used for many years in high-energy, 
accelerator-based atomic, nuclear, and applied research, as well as low-energy 
fundamental atomic physics and controlled thermonuclear research programs. 
Negative ions are also being utilized in a variety of applied research, including tandem 
accelerator-based high-energy ion implantation, radiation damage, high-energy 
sputtering, and in surface analysis based on Rutherford backscattering spectrometry 
(RBS), secondary ion mass spectrometry (SIMS), tandem accelerator mass 
spectrometry (TAMS), x-ray fluorescence, and hydrogen depth profiling. Important to 
the theme of this conference is the fact that negative ion beams of H - play an important 
role in Lamb shift,1 optically pumped,2"4 and atomic beam 5 ion sources for the 
production of intense, nuclear spin polarized proton beams for use in high-energy spin 
physics experiments. These and other negative ion applications have provided the 
impetus for the development of sources capable of producing negative ion beams 
containing almost every element in the periodic chart.6'7 

* Research sponsored by the U.S. Department of Energy under contract 
DE-ACU5-84OR21400 with Martin Marietta Energy Systems, Inc. 
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In this review, brief descriptions are given of the negative ion formation 
processes of radiative capture, dielectronic attachment, polar disassociation, 
dissociative attachment, tenerary collisional attachment, charge transfer, and thermo
dynamic and non-thermodynamic equilibrium surface ionization. Particular emphasis 
will be placed on parameters important for generating negative ion beams by the more 
universal and high probability processes of charge transfer and secondary ion 
formation through non-thermodynamic surface ionization. In addition, the electron 
affinities of the elements are reviewed and a limited amount of electron affinity data are 
provided. For more detailed information concerning negative ions, negative ion 
sources, and methods of negative ion formation, the reader is referred to reviews such 
as those by Massey8 and Smirnov9 and to references cited within the present report. 

THE NEGATIVE ION STATE 

The Electron Affinity 
The processes involved in the attachment of electrons to neutral atoms or molecules 
are exothermic in contrast to the endothermic processes required for positive ion 
formation. The parameter which characterizes the negative ion is the binding energy 
of the additionally attached electron or electron affinity EA- The binding energy or 
electron affinity EA of the negative ion is a measure of the stability and ease of ion 
formation, as well as ease of detachment. The electron affinity EA is defined as the 
difference in energies of the neutral atom E 0 and negative ion states E_ given by 

E A = E 0 - E _ . (1) 

EA must be positive for stable or metastable negative ion formation. 

The Electron Affinities of the Elements 
Approximately 78% of the naturally occurring elements have positive electron affinities. 
Table I displays experimentally determined atomic electron affinities for many of the 
naturally occurring elements - many of which were taken from the compilations of 
Ref. 10. The electron affinities of the elements have values ranging from EA S 0 to EA = 
3.618 eV for CI. We note that Be and Mg of the group IIA elements and all members of 
the group IIB and VIIIA elements, as well as the elements N, Sc, Mn, Y, and Hf, have 
negative ground state electron affinities. 
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Table I A partial list of the ionization potentials and electron affinities of the naturally 
occurring elements. 

IONIZATION POTENTIAL 

1 H l 
13.595 'i 
0.7542 r 

V 
HA 

ELECTRON AFFINITY 

III A IV A VA VIA VIIA 

2 He 
24.S8 
0.078 

• 
3 Li 
5.39 

0.620 

4 Be 
9.32 
019 

* 

5B 
8.30 
0.28 

6C 
11.26 
1.268 

7N 
14.64 
<0 

8 0 
13.61 
1.462 

9F 
17.42 
3.399 

10 Ne 
21.56 
< 0 

11 Na 
5 M 
0.548 

12 Mg 
7.64 
<0 

13 Al 
5.98 
0.46 

14 Si 
8.15 
1.385 

15 P 
10.55 
0.743 

16 S 
10.36 

2.0772 

17 CI 
13.01 
3.615 

IBAr 
15.76 
< 0 

19 K 
4.34 

0.5012 

20 Ci> 
6.11 

0.043 

31 Ga 
6.00 
0.3 

32 Go 
7.88 
1.2 

33 A! 
9.81 
0.80 

34 Se 
9.75 

2.0206 

35 Br 
11.84 
3.364 

36 Kt 
14.00 
< 0 

37 Rb 
4.18 

0.4860 

38 Sr 
5.69 
>0 

49 In 
5.78 
0.3 

50 Sn 
7.34 
1.25 

51 Sb 
8.64 
1.05 

52 Te 
9.01 

1.9708 

531 
10.45 
3.061 

54 Xe 
12.13 
< 0 

55 Cs 
3.89 

0.4715 

56 Ba 
5.21 
>0 

81 Tl 
6.11 
0.3 

82 Pb 
7.41 
036 

83Bi 
7.29 
1.1 

84 Po 
8.43 
1.9 

85 Al 
9.5 
2.8 

86 Hn 
10.74 
•CO 

VIII B 
l l l l I V I V.» V I I VII6 , *• , 1 8 | | B 

21 Sc 
6.56 
< 0 

22 Ti 
6.B3 
0.2 

23 V 
6.74 
0.5 

24 Cr 
6.76 
0.66 

25 Mn 
7.43 
< 0 

26 Fe 
7.90 
0.25 

27 Co 
7.86 
0.7 

28 Ni 
7.63 
1.15 

29 Cu 
7.72 
1.226 

30 Zn 
9.39 
< 0 

39Y 
6.5 
= 0 

40 Zr 
6.95 
0.5 

41 Nb 
6.77 
1.0 

42 Mo 
7.18 
1.0 

43 Tc 
7.28 
0.7 

44 Ru 
7.36 
1.1 

45 Rh 
7.46 
1.2 

46 Pd 
8.33 
0.6 

47 Ag 
7.57 
1.303 

48 Cd 
8.99 
< 0 

57 La 
5.61 
0.5 

72 Hf 
7. 

< 0 

73 Ta 
7.88 
0.6 

74 W 
7.98 
0.6 

75 Re 
7.87 
0.15 

76 0s 
8.7 
1.1 

77 Ir 
9. 
1.6 

78 Pt 
8.96 
2.128 

79 Au 
9.22 

2.3086 

80 Hg 
10.43 
< 0 

•METASTABLE 

The group HA elements span the complete spectrum of possible electron 
affinities. Be has a negative ground state electron affinity, but is bound metastably in 
the ls22s2p2(4P) state; the ion is metastable against direct Coulomb autodetachment 
and electric dipole radiative decay processes, has a lifetime of a few ft S, and thus lives 
long enough for practical use. 1 1 Mg, on the other hand, forms neither a bound ground 
state nor metastably bound state and thus cannot be produced as an atomic negative 
ion. On the other hand, the heavier members of the group (Ca, Sr and Ba) all form or 
are believed to form stably bound ground state negative ions. For example, Ca~ is 
bound in the [Ar] s 2p( 2P) electronic configuration by 45 meV. 1 2 While the electron 
affinities of Sr and Ba have not been measured to date, they are expected to be stably 
bound in the [Kr] s 2p( 2P) and [XeJ s 2p( 2P) states, respectively, similar to C a - . 1 3 
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In addition to negative atomic species, many molecular negative ions have 
been observed. In many cases, molecular negative ions containing the atom of 
interest have much higher electron affinities than the atom itself and, therefore, can be 
formed with higher probability than can the atomic species. In some cases, molecular 
ions offer the only alternative for producing beams containing elements which do not 
form stably bound negative ion states. For tandem accelerator applications, the 
unwanted species can be easily rejected by collisional dissociation in the positive ion 
formation process (stripping) followed by magnetic (m/q) analysis. Table II provides a 
partial list of electron affinities of molecular species containing elements which have 
negative or low positive electron affinities. These data were derived from Refs. 14-25. 

TABLE II A list of electron affinities for a few molecules. 

Molecular Radical EA (eV) Reference 

BO 2.79 14 

B 0 2 
4.1 15 

BeO 1.76 16 
CN 3.82 17 
FeO 1.49 18 
LiH - 0.4 19 
LiN 0.4 19 
NaH 0.32 19 
NH 0.38 20 

NH 2 0.76 21 

N 2 0 0.22 22 
N 0 2 3.1 23 

UF 6 4.9 24 

WF 6 4.3 25 

Metastable Negative Ion Formation 
There is an important class of negative ions which can be formed in excited states of 
the parent atom and live long enough to be of use experimentally. Such long-lived 
states are categorized as being metastable. In order to induce electron attachment 
and thus form such states, it is necessary, first of all, to form a particular excited 
electronic state of the neutral atom to which an electron can be attached. The charge 
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transfer process which will be discussed later in this report is particularly well suited for 
metastable ion formation. The subsequently formed negative ion may live for 
extended periods of time if decay of the excited compound state is forbidden. 

Classic examples of metastable negative ions which can only be formed 
through attachment to excited states of the parent atoms are He - - 2 6 2 7 and 
Be -- 1 1. He - and Be - form with high probabilities in the 4 P states through sequential 
charge exchange with a low ionization potential charge exchange vapor M such as a 
member of the group IA elements through the following spin conserving interactions: 

He + (2S) + M (2S) -> He (3S) + M+ (1S) 
He (3S) + M (2S) -> He" (4P) + M+ (1S) (2) 

Be + (2S) + M (2S) -> Be (3P) + M+ (1S) 
Be (3P) + M (2S) -> Be" (4P) + M+ (1S). (3) 

The attachment energy for He - relative to the He (3S) state is 78 meV and is 
metastable against direct Coulomb autodetachment and electric dipole radiative decay 
processes.26'27 The lifetime of the negative ion depends on the particular magnetic 
substate; the Pi/2,3/2 states have lifetimes of -10 and 16 us, respectively, and the P5/2 
substate has a much longer lifetime (~500 us ) . 2 8 2 9 Be - is also formed in the 4 P state 
which lives for a few us before autodetaching.1' Evidence of the metastability of Be - is 
displayed in Fig. 1 which shows the electron energy spectrum of the autodetaching "P 
state. 

The He 2 molecular ion is a very interesting example of a spin-aligned, 

complex negative ion state. Two distinct autodetachment channels are observed in 

the electron energy spectra of He 2 formed by sequential charge transfer of energetic 

He 2 in lithium vapor.30 A single narrow peak is observed which is attributed to 

vibrational autodetachment, e.g., He 2( n J 1 ->He 2 (a i j v = 0 + e ) . The second 

+ 
peak is broad and results from autodetachment of He 2 into the He2(X1Zg) + e 

repulsive continuum. The electron affinity for the 4He2(a 3£ u) state is found to be 0.175 

eV, while that for the analogous 3He2 (a 3 £j ) state is 0.178 eV. 
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Fig. 1. Electron energy spectra from 55 keV Be~ ions with and without a thin 
argon target illustrating the metastable nature of the ion species (Ref. 11). 

PRINCIPAL NEGATIVE ION FORMATION PROCESSES 

Negative Ion Formation Through Electron impact or Photo-dissociation 
Radiative Capture The simplest way in which negative ions can be formed is by direct 
capture of a free electron by a neutral atom according to the following interaction: 

e + X->X- + hu. (4) 
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For attachment to take place, the initial kinetic energy of the electron T 0 plus the 
electron affinity EA must be released through radiation or transfer to a third body. Such 
mechanisms are referred to as radiative capture processes and are characterized by a 
continuum emission of radiation with longest wavelength given by 

X = ^ (5) 

whenever third body energy transfer processes are not involved. The process, 
however, occurs with low probability and, therefore, is not a practical means of 
producing negative ions. 

Dielectronic Attachment Another attachment mechanism is possible involving 
radiative stabilization. Attachment is possible if the incident electron has energy such 
that the energy of the atom plus electron is within the level width of a doubly excited 
state of the atom. Thus, it is possible to capture the electron by reverting to the ground 
state by radiative emission; the atom may revert back to the neutral by ejecting the 
electron back into the continuum. Dielectronic attachment is a low probability process 
and, therefore, not important in high-intensity negative ion sources. The process for 
capture can be represented by the following interaction: 

e + X->X~ + hu. (6) 

Polar Dissociation Attachment may occur as a result of photon.electron, or heavy 
particle interactions with molecular neutrals in which sufficient energy is imparted to 
the molecule to excite the molecule to an unstable state which dissociates 
spontaneously into positive and negative ions. 

Polar photodissociative attachment is a process whereby a molecule XY 
absorbs a photon of sufficient energy hu to cause spontaneous fragmentation 
according to the reaction 

XY + h\>->X-+Y+. (7) 

Negative ion formation may also occur by this mechanism, as well, whenever 
an electron of sufficient energy for molecular excitation to an unstable state interacts 
with a molecule XY as follows 

e + XY->X+ + Y~ + e. (8) 

We note that the electron is not itself captured, but only serves as the means by which 
the molecular excitation occurs. 
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In polar dissociation processes, the Franck-Condon principle can be invoked to 
estimate the relative kinetic energy of the X + and Y~ Ions after the collision.31 - 3 Z If the 
minimum energy transfer necessary for molecular fragmentation to occur is given by 
E m i n and the dissociation energy DXY is known along with the ionization energies of 
the positive and negative ion fragments E,. EA respectively, the minimum relative 
kinetic energy T of the fragments can be calculated from the following expression: 

T=Emin + EA-E j -DxY . 0) 

Dissociative Attachment Electrons may be stably attached to atoms during their 
interactions with molecular neutrals according to the following reactions: 

e + X Y - > X ~ + Y 
e + X Y - > X + Y~. (10) 

The process may be viewed as a three-body process where the excess energy 
released during the reaction can be adsorbed by transfer to the relative motion of the 
atomic nuclei or fragments and thus the state can be readily stabilized. Such 
processes are characterized by curve crossing of the respective molecular-neutral and 
negative-neutral potential energy curves as illustrated in Fig. 2. 

NUCLEAR SEPARATION 

Fig. 2. Potential energy curves illustrating three possible ways for electron 
attachment to a molecule XY or dissociative attachment to one of the fragments. 
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In Figs. 2a, b, and c, the solid curves refer to the ground or normal states of the 
neutral molecule XY; the dotted curves refer to states of the molecular negative ion. In 
the limit toward infinite nuclear separation, the curves are spread apart by an amount 
equal to the electron affinity of the atom Y. The range of nuclear separations Rt -> R2 
corresponds to the amplitude of oscillation (a -> b) of the molecule in the ground or 
normal state. The transition resulting in electron capture will occur between points c 
and d, provided that the nuclear coordinates R1 and R2 remain fixed (Franck-Condon 
principle). Autodetachment can occur over a considerable range of nuclear 
separations. Molecules which survive without autodetachment will dissociate into an 
atom X and an ion Y~ with relative kinetic energy between Ea and E4. Once the 
nuclear separation R passes Rc, autodetachment can no longer take place (Fig. 2a). 

In Fig. 2b, electrons captured with energy between E3 and E1 can produce 
dissociative attachment of atoms X and ions Y~ with relative energies between 0 and 
E5. Electrons which are captured with energies between E2 and E3 induce vibrational 
excitation of the molecule XY~. 

Attachment to the molecule can occur for molecules with positive electron 
affinities without dissociation, thereby forming the molecule XY~. Vibrational states of 
the molecule will be stable for frequencies u < u'; those with vibrational frequencies w > 
v will be unstable toward autodetachment (Fig. 2c). Again, this process is possible 
because electronic excitations take place on a time scale short with respect to the 
motion of nuclei (Franck-Condon principle). 

Production through Ternary Collisions between Electrons and Molecules Ternary 
collisions are the most efficient in producing negative ions in a dense gas or plasma at 
low electron energies. These occur as follows: 

e + X + Y->X- + Y 
X + 2e->X- + e (11) 

where X and Y are atoms or molecules, and e is the electron. The first process is of 
much greater practical importance because the second occurs only in systems with 
high electron densities. 

While all of the previously discussed radiative and collisional processes may 
take place in certain types of negative ion sources, radiative and dielectronic capture 
are known to be low probability processes and, therefore, are not practical 
mechanisms for negative ion production. In most sources, utilizing charged particles 
for production (electrons or ions), photo-polar dissociation processes are infrequent 
because of the low photon flux environment. In direct-extraction plasma-type negative 
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ion sources, electron polar dissociation, dissociative attachment, and three-body 
(ternary) collisional transfer processes dominate. 

The reader is referred to Refs. 6 and 7 for a review of direct extraction plasma-
type negative ion sources for the production of heavy negative ions, and to Ref. 33 for 
a review of volume-type H~ ion sources. 

Negative Ion Formation through Charge Transfer 
The single charge transfer process is often referred to as "charge exchange" or 
"electron capture." The charge transfer process can be represented by the following 
projectile X target Y interaction where AE is referred to as the energy defect: 

X+ + Y->X + Y+ + AE. (12) 

In general, the collision takes place at relatively large impact parameters, for 
which the projectile scattering angle is small and the product ion is scattered nearly 
perpendicular to the impact momentum vector. From the standpoint of beam quality 
degradation, low-momentum transfer pressures are clearly desirable. 

Such transfer processes can be cast into two distinct categories: (1) 
symmetrical (resonance) processes, and (2) unsymmetrical or non-resonance 
processes. In the first category, the projectile and target are the same species while in 
the latter category, which is of generally of more practical importance as a means of 
producing negative ion beams, the projectile and target are different. 

Symmetrical (Resonance) Charge Transfer 
The symmetrical charge transfer process in which the projectile and target are identical 
can be described by the following reaction: 

X+ + X->X + X+ + AE. (13) 

The energy defect is equal to the difference between the ionization energies, i.e., AE -
E| (X) - E| (X) and is. thus, zero. Hence, the cross sections can be very large. Negative 
ion formation requires the following sequential projectile-target reactions: 

X+ + X->X + X+ + AE(AE = 0) 
X + X -> X~ + X+ + AE (AE = EA (X) - Ej (X)). (14) 

As noted, the energy defect for the second reaction is equal to the difference between 
the electron affinity of the first projectile atom EA and the ionization energy Ej of the 
stationary target atom. Thus, symmetrical processes may not necessarily be 
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commensurate with efficient negative ion formation because of the possibility of a high 
ionization energy Ej for the donor species. However, consideration may be given to a 
two-step process in which the first process is symmetrical, for which the cross section is 
large for neutral energetic atom formation, followed by an asymmetrical non-
resonance process in which the energy defect is much smaller, e.g., 

X++X-> X+ X+ + AE where AE = 0 
X + Y -> X- + Y+ + AE where AE = EA (X) - Ej (Y). (15) 

Obviously, the energy defect can be minimized by selection of a charge transfer 
medium which has a low first ionization energy E| (Y). Cesium is an excellent choice 
because it has the lowest ionization energy of the elements. 

Theoretical Description The cross section for the symmetrical charge transfer process 
has been shown to decrease with projectile velocity v according to 

01/2 = a-bln(v) 

when a and b are constants. The cross section given by the usual expression 

o-=2re f °°bP(b)db 
"'0 

(16) 

(17) 

where b is the impact parameter and P(b) is the probability of finding the system in the 
final state of interest. For an ion moving along the x direction and interacting with a 
target atom at impact parameter b with respect to the direction of projectile motion, the 
probability is given by 3 4 

P(b,v) = sin s 
E j ( x 2

+ b 2 ) 

fiva„ -exp I13.6J 
( x 2

+ b 2 f 2 

dx (18) 

where ao is the first Bohr orbital. The cross section, thus, is oscillatory in impact 
parameter b. Measured symmetrical charge transfer cross sections35 for H+ + H versus 
projectile energy E are compared with the calculations of Ref. 36 in Fig. 3. 

Asymmetrical (Non-Resonantt Charge Transfer 
The most general application of the charge exchange formation technique is for 
interactions between unlike ions. These processes occur with high probability 
between projectiles interacting with exchange vapors which possess a low energy 
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Fig 3 Symmetrical (resonance) single-electron charge transfer cross section a 
versus H+ Energy E in hydrogen, (o experimental (Ref. 35); theoretical (Ret. 36)). 

defect. The probability for charge transfer from the electron donor (exchange vapor) 
and the projectile ion is sensitively dependent on the velocity of the projectile. 

The atomic charge transfer process occurs between unlike ions and differs from 
the symmetric resonance process in that it involves an electronic transition which 
requires a change in internal energy of the system referred to as the energy defect AE. 
The energy defect AE of the process 

X+ + Y - > X + Y+ + AE (19) 

can be equated to the difference between the ionization energies Ej of the interacting 

atoms or molecules as 

AE = E (X+) - E (X) + E (Y) - E (Y+) = Ej (X) - E| (Y). (20) 

Two-electron capture during a single collision is much less likely due to the very high 

energy defect as seen from the following reactions: 

X + Y->X~+Y++ + AE 
where AE = E A (X ) -E i (Y ) -E i (Y+) . (21) 

Rapp and Francis34 derived the following expression which relates the cross 
section for non-resonance electron transfer a and impact parameter b: 
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r= f"sech 5 

Jo ^ r 1/2 
h2nb 

2m ee 2 
2abdb. 

(22) 

In expression 22, AE is the energy deficit, Ej is the ionization energy of the projectile of 
velocity v, and m e is the mass of the electron. Comparisons are made between Eq. 22 
and the experimental data of Ref. 37 for resonant and non-resonant interactions 
involving H+ interacting with H and He, Ne and Ar and with exchange media with 
energy defects AE = 1,3,5 and 10 eV in Fig. 4. 
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Fig. 4. Comparison of theoretical and experimental symmetrical (H+ on H) and 
asymmetrical charge transfer cross sections ( H + on He, Ne, and Ar) and for AE = 1.3, 
5, and 10 eV versus H+ velocity. — theoretical (Ref. 34); - - - experimental (Ref. 37). 

The formation of metastable H ( 2S) is of fundamental importance in Lamb-shift 
spin polarized sources1 and several studies of the cross sections for electron capture 
in various noble gases, Hz and alkaline and alkaline earth metal vapors have been 
made, including those described in Refs. 38 through 43. These studies usually involve 
quenching the H( 2S) state in a high-electric field. Examples of single electron capture 
for energetic H + in He, Ar, Mg, and Ba vapors4 3 are shown in Fig. 5. These data 
illustrate clearly the advantage of an alkaline-earth metal charge transfer media over 
noble gases. Single and double electron transfer cross sections for H+ projectiles 
versus projectiie energy E interacting with various group IIA element vapors 4 3 ' 4 4 are 
contrasted in Figs. 6 and 7, respectively. The cross-sections are small at the lowest 
energies, rise to a maximum, and fall off at high energies as would be expected of the 
symmetrical resonance process. 
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Fig. 5. Single electron capture a, 0 into the H(2S) state versus H+ energy E in 
He and Ar gases and Mg and Ba vapors (Ref. 43). 

The Massev Adiabatic Criterion The adiabatic criterion proposed by Massey4 5 is of 
practical importance in charge transfer collisions. At low projectile energies, where the 
relative motion of the atoms Is slow enough so that electronic motion can adiabatically 
adjust to small changes in the internuclear distance, the electron transfer process 
becomes unlikely. However, if the impact energy falls outside this 'adiabatic region' 
and the electronic transition time is comparable to the collision time, the probability for 
electron transfer can be very high. The time of collision is taken as a/v, where v is the 
impact velocity and a is known as the 'adiabatic parameter,' the parameter a Is of the 
same order as atomic dimensions within which the charge transfer transition becomes 
likely. The characteristic time for the electronic transition is given by h/AE, where AE is 
the energy defect. Thus, the condition 

v « 
a|AE| 

(23) 

characterizes the adiabatic velocity region and 
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group HA element vapors. (MgandBa: Ref. 43; Ca and Sr: Ref. 44). 

vs 
alAE| (24) 

characterizes the velocity region for which the maximum in the charge transfer process 
occurs. 

The criterion has been applied by Hasted to many charge transfer cross-section 
reactions at projectile energies EMAX at which the cross sections have maximum 
values. 4 6 The assumption is made that the criterion holds as an equality at this 
energy. The energy EMAX of a projectile of mass M, interacting with a stationary target 
then is given by 

^MAX = — 
MWaAE 

(25) 
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Fig. 7. Sequential two-electron capture cross sections a,., versus H + energy E 
in various Group HA element vapors: (Mg and Ba: Ref. 43, Ca and Sr: Ref. 44). 

The parameter a, obtained from many different reaction processes, was found to have 
a value of a = 7 A 0 . The "adiabatic maximum rule" is thus a convenient method of 
estimating the energy of a cross-section function maximum, apparently valid over a 
large range of impact energies. 

Equilibrium Negative Ion Charge Transfer Fractions 
The differential fraction of negative ions dFi produced during passage through a 
vaporous target of thickness die can be expressed In terms of a set of first order linear 
differential equations given by 

dFi/dic = ZF i o j i , -ZF i Oi j (26) 
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where F,, F; are beam fractions in the jth and ith states, respectively, and op, o\\ are 
cross sections for transferring electrons from state j to state i and from state i to state j . 
Solutions to the set of coupled equations requires the knowledge of n (n-1) cross 
sections for a system involving n states. 

The electron capture and loss processes which take place during collisions 
between energetic ions and atoms or molecules in a gaseous vapor result in a 
statistical distribution of charge states of the emergent beam. Equilibrium between the 
competing capture and loss processes takes place whenever the beam passes 
through a target of sufficient thickness so that a balance between production and loss 
occurs. A particular emergent charge state is in equilibrium whenever the fraction no 
longer depends on further increases in target density. In order to efficiently generate 
negative ions by the charge transfer technique, knowledge of the dependence of the 
negative ion fraction F™t on cell temperature and ion energy is essential. 
Experimental schemes for measuring such processes have been described by several 
experimental groups, including the devices described in Refs. 38 and 47. 

Equilibrium fractions F^ for H in several group IA, and group IIA metal vapor 
are shown in Fig. 8; 4 8 analogous equilibrium fractions for D in various group IA have 
also been measured in these vapors by this group.48 An excellent review of charge 
transfer processes related to polarized ion sources is given in Ref. 49. Many other 
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Sr, Ca, Cs, Ba, Rb, Mg, and Na vapors (Ref. 48). 
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investigations have been made of the probabilities and energy dependencies of 
charge transfer negative ion formation, including the following: H - in Na , 5 0 and Cs 
vapors51 and He - in Li, Na and Mg, 5 2 K, 5 3 Rb, 5 4 and C s 5 5 vapors. 

Charge transfer, using both sodium and magnesium vapor, has also been 
utilized for the efficient production of many negative heavy ions during the past several 
years. 5 6 ' 5 7 These investigations show production efficiencies ranging from -0.5 to 
>90% for the elements considered. These studies show that Mg is a more effective 
electron donor for high electron affinity elements while Na vapor is desirable for the 
production of beams from low affinity materials. Further evidence of the efficiency and 
universal character of the charge transfer process is given in Figs. 9-12 for groups IA, 
IIIA, IVA, and VA projectiles in cesium vapor.58 

40' 

- GROUP I PROJECTILES 
Cs TARGET 

* 50 60 70 80 

Fig. 9. Negative ion equilibrium yields F_ versus projectile energy E for various 
Group IA projectiles in Cs vapor (Ref. 58). 
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Fig. 10. Negative ion equilibrium yields F_ versus projectile energy E for 
various Group IIIA projectiles in Cs vapor (Ref. 58). 

THERMODYNAMIC EQUILIBRIUM SURFACE IONIZATION 

Atoms or molecules impinging on a hot metal surface may be emitted as positive or 
negative ions in subsequent evaporation processes after mean residence times t a and 
TJ, respectively. The process of direct surface ionization is statistical in nature and 
therefore, statistical and thermodynamic arguments can be applied to such systems to 
derive equations for the degrees of positive or negative ion generation under 
thermodynamic equilibrium conditions. The subject has been reviewed in a 
comprehensive manner by Kaminsky59 which contains many older review references 
on the subject. 
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Fig. 11. Negative ion equilibrium yields F_ versus projectile energy E for 
various Group IVA projectiles in Cs vapor (Ref. 58). 

The probability for arrival at a position far from the metal in a given state 
depends on the magnitude of the difference between the surface work function <t> and 
the electron affinity EA of the atom or molecule or <t> - EA- For thermodynamic 
equilibrium processes, the ratio of ions to neutrals which leave an ideal surface can be 
predicted from Langmuir-Saha surface ionization theory. The form of the langmuir-
Saha equation for the probability of negative ion formation for neutral particles of 
electron affinity EA interacting with a hot metal surface at temperature T and constant 
work function § is given by 

to_/1-r_ 

P, = - (27) 

exp(EA-<|>)/kT 

to /1-r \ 
1 + — _ r 6Xp(EA-<|>)/kT 
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Fig. 12. Negative ion equilibrium yields F l versus projectile energy E for As + 

and P+ Group VA projectiles in Cs vapor (Ref. 58). 

where r_, r0 are the reflection coefficients of the particle at the surface and <o-, WQ are 
statistical weighting factors for the negative and neutral ion, respectively. ca_, <o0 are 
related to the total spin of the respective ion or neutral given by 

© = 2£ 8. + 1 (28) 

where s is the spin of the electron. Expression 27 is more complex in reality because 
of the variation of (j> with crystalline orientation in cases whe.e the metal is 
polycrystalline or the surface has uniformly or non-uniformly distributed surface 
contaminants. All of these effects can be taken into account by approximately 
summing over the admixtures of existing work functions and statistical weighting 
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factors in the respective expressions. From the relationships, it is evident that negative 
ion yields could be enhanced by lowering the work function $, or by increasing the 
surface temperature T for elements where EA S <t>. Negative surface ionization has not 
been utilized frequently as a means for practical production of ion beams - principally 
due to the lack of chemically stable low work function materials. A few examples, 
however, can be cited. These include the resistive heating of uranium metal 6 0 and 
carbon61 to produce uA beams of UF6~. A source based on the use of LaB 6 has been 
described in Ref. 62. The source utilizes a porous graphite ionizer which is 
impregnated with LaB6. A compound containing one of the halides is diffused through 
the low-work-function surface where it is ionized with high efficiency. 

SECONDARY ION SURFACE IONIZATION 

The processes for which the Langmuir-Saha relation apply are those which take place 
under thermodynamic or quasi-thermodynamic equilibrium. Such conditions are 
achievable for neutral particles incident on a surface at thermal energies where the 
sticking probabilities are approximately unity and consequently the residence time x is 
long enough to approach thermodynamic equilibrium before evaporation occurs. 
However, the interactions involved in sputtering and ion scattering are not 
thermodynamic in nature and theories other than that of Langmuir-Saha are required 
for a proper description. 

The probability that an atom will be ejected as an ion during a collision-induced 
cascade has been the subject of many investigations during the past several years. 
While considerable progress has been made toward a better understanding of 
negative ion formation by this process, the precise mechanism continues to be 
debated. 6 3 6 7 The key question is the role of the ejection velocity in the formation 
process. The probability for ion formation in models based upon local thermodynamic 
equilibrium (LTE) in the region of primary ion impact depends weakly on the ion 
ejection velocity.67 On the other hand, theoretical treatments involving atomic 
excitation, leading to electron capture or loss, predict a strong velocity dependence for 
the secondary ion emission probability. 6 3 6 6 Theories have been developed which 
treat either negative ion formation in terms of an electron tunneling mechanism64 or in 
terms of a velocity-dependent surface ionization mechanism.65 Bond-breaking 
mechanisms have been proposed to explain secondly ion formation during sput
tering of oxidized metal surfaces and atomic ion emission from molecular sol ids. 6 8 7 0 

The simplest forms of the local thermodynamic equilibrium (LTE) approach to 
secondary ion emission are conceptually different from either the bond-breaking, the 
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electron tunneling, or the velocity-dependent surface ionization mechanism. The 
simple LTE models predict weak or no velocity dependence for the probability of ion 
emission,67 while the bond-breaking mechanism, 6 8 7 0 electron tunneling,64 and 
velocity-dependent surface ionization65 mechanisms predict secondary ion emission 
that has an exponential velocity dependence. 

Although several independent and distinct negative ion formation processes 
may coexist during sputtering, particularly from compound and alloyed samples, there 
is convincing evidence that the mechanism of formation during sputtering of "clean" 
metal surfaces is a form of surface ionization. In sources based on the sputter 
principle, positive ion beams, usually formed by either direct surface ionization of a 
group IA element or in a heavy noble gas (Ar, Kr or Xe) plasma discharge-seeded with 
alkali metal vapor, are accelerated to energies between a few hundred eV and several 
keV where they sputter a sample containing the element of interest covered with 
fractional layers of a highly electropositive adsorbate. Highly electropositive 
adsorbates such as the group IA elements dispersed on the surface of a metal greatly 
enhance the probability for negative ion formation by lowering the work function. This 
phenomenon makes possible the generation of a wide spectrum of negative ion 
beams in sources based on the sputter principle.7 

Electropositive Adsorbate-lnduced Work Function Changes It is well known that 
atomic adsorption of a dissimilar element on a clean surface affects the surface work 
function. The magnitude and sign of the change depends on the chemical properties 
of the adsorbed atom (adsorbate) and those of the host material (adsorbent). 
Electropositive atoms decrease the work function while electronegative atoms tend to 
increase the work function. The importance of surface adsorbates on negative ion 
formation processes has been realized since the discovery by Krohn that negative ion 
yields can be greatly enhanced by sputtering a material in the presence of an alkali 
metal. 7 1 The first direct correlation between negative ion yield and surface work 
function was made by Yu. 6 4 

Semiempirical relations have been proposed which relate the work function 
change A#. in units of volts, V, to the surface coverage o \ 7 2 - 7 4 A simple analytical 

expression has been derived by Alton7 4 which can be used to predict, with good 
accuracy, the value of the work function a over the complete range of adsorbate 
coverage (o = 0 to o = 1). The equation which expresses the functional dependence of 
4> on a can be written as follows: 

M-^j^^o-^XJ^^l^^^l (29) 

(3-0"m)o-m ( 3 - O h X (3-O-mK. 
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where $0 's the intrinsic work function of the surface at a = 0 and A(f>m is the maximum 
change in work function which occurs at a relative adsorbate coverage value of a = o m . 
The expression which gives the maximum change A$ m in the work function at o m is 
given by 

A<).m = - 1 . 2 4 [ 0 o - l ( l A + E A ) ] [ V ] , (30) 

where IA is the first ionization potential and EA the electron affinity of the adsorbate 
material. Expression 30 reproduces, with good accuracy, maximum work function 
changes observed for alkali and alkaline earth metal adsorbates.74 

Theoretical Negative Ion Current If we ignore collisional detachment processes and 
interference to sputtering of sample atoms by surface adsorbate atoms, the negative 
ion current l~ can be expressed by the following simple relationship: 

r = 27tl+(E1)S(E1,0 i)Jv

E' J * ' 2 p-(E2,0)f(E2,0)sin0d0dE2, (3D 

where l + is the incident positive ion current of energy E1, S (E1, 0j) is the sputter ratio of 
the target at projectile energy Ei and angle of incidence with respect to the surface 
normal 8i, f (E2,8) is the neutral atom energy-angular distribution function and P - {E2, 8) 
is the probability for negative ion formation for atoms ejected at energy E 2 and polar 
angle 8 with respect to the surface normal. The limits of integration over energy E 2 are 
taken between V). the Image potential induced in the surface by the departing negative 
ion, and E', the maximum energy transfer that can occur between a projectile of energy 
E1 and mass Mi and a target atom of mass M 2 . E' is given by the relation 

, _ 4 M ] M 2 _ 
E '(r^f E ,> < 3 2 > 

The Narskov and Lundqvist Model Nurskov and Lundqvist65 determined expressions 
tor positive- and negative-ion emission probabilities P* {v j j and P~ (vjj as a function 

of the perpendicular component of the ejection velocity of the particle with respect to 
the surface, v ±. For purposes of the present paper, we are only interested in P- {v±). 

In the prescription of Ref. 65, the probability for negative ion formation can be 
cast into a simple energy-dependent form given by 
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v ' x [ i]2E2COS0 J 

where $ is the work function of the surface (<j> depends on the relative adsorbate 
coverage a), EA is the electron affinity of the ejected particle of mass M 2 and energy 
E2, Vj is the image potential induced in the surface by the escaping Ion, 9 is the polar 
angle of the sputtered Ion with respect to the surface normal and B is a constant. In Eq. 
33, ^ / 2 E 2 / M a c o s 0 = v±, is the component of the velocity of the escaping particle 
perpendicular to the metal surface. The mechanism for ion formation based on this 
theory is a velocity-dependent form of surface ionization. Experimental evidence in 
support of the velocity dependence of the secondary ion formation process has been 
provided by Yu for negative ions 7 5 and by Vasile for positive ions. 7 6 

The Energy-Angular Distribution Function Under the assumption of isotropic collision 
cascades and a planar surface potential E b > linear cascade theory predicts the 
following energy-angular distribution function for sputter-ejected atoms:7 7 

where E 2 is the energy of the ejected particle, 6 is the polar angle with respect to the 
normal of the surface and m Is the power potential parameter. The maximum in the 
distribution occurs at Emax - Eb/(2 - 2m) and is independent of the emission angle 6. 
For the low energies appropriate for sputtering, m is found to be close to zero. 7 8 - 7 9 The 
resulting expression, 

was first developed by Thompson77 and is often referred to as the Thompson model. 

Computed Negative Ion Energy Distribution Functions The Narskov and Lundqvist 
model is assumed valid for purposes of illustration. Figure 13 shows the energy 
distribution of neutral and negative ions sputtered from a Mo surface at four surface 
coverages 0 as determined by integrating, respectively, the Thompson relation and the 
product of the Thompson and the Narskov and Lundqvist relation over the complete 
range of polar angle 0 s & s n/2. We use Eq. 29 to simulate the work function $ versus 
relative cesium coverage a. The parameter p was obtained from the fits to the Yu data 
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of Ref. 64 with Vj = 1.4 eV, the electron affinity EA and intrinsic work function $ 0 for Mo 
were used in Eq. 29 for calculating the work function $ at a particular cesium surface 
coverage a. We note that the peaks in the negative ion energy distribution functions 
shift toward lower energies as the work function 4> is lowered and reach the left-most 
position when a = 0.5; at higher relative coverages, the distributions shift toward the 
right-hand side of the energy scale. The maximum probability for negative ion 
formation occurs for a cesium adsorbate coverage of o = 0.5, in keeping with the 
observations of Yu. 6 4 Thus, the energy distributions of secondary negative ions in the 
energy-dependent prescription of Narskov and Lundqvist are seen to be sensitive in 
shape and position to the surface work function 4> at adsorbate coverage a. The effect 
of work function changes on secondary ion energy spectra have also been discussed 
by Wittmaack.80 The extreme velocity dependence predicted by this theory is now 
being seriously challenged. 

| i i 11 uij i i 11 in i i 11 ini| i i i iinij i i 11ng 

0.1 1 10 100 1000 10000 
E j (EV) 

Fig. 13. Energy distributions of sputtered Mo neutral atoms and Mo - ions 
calculated by integrating the Thompson relation77 (Eq. 35) and the product of the 
Thompson7 7 and Narskov and Lundqvist65 relations over all azimuthal and polar 
angles, respectively. The parameter p was determined by fitting to the Mo~ versus 
relative cesium coverage data of Y u 6 4 with an assigned value for Vj = 1.4 eV. Four 
relative cesium coverage values were used: a = 0.1, a = 0.25, a = 0.50, and o = 0.75. 

Computed Total Probabilities for Negative Ion Formation In order to determine the 
total probability for negative ion formation at a particular surface coverage, one must 
integrate Eq. 33 over the complete range of particle ejection energies Ea and over all 
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polar angles 6. Figure 14 displays the total probability Pjf versus the cesium surface 

coverage o for the case when the Thompson relation is used. 

(X 10" 3 ) 

o. 
> 
i -3 
5 
< 
m 
o 
<E 
a. 
_i I 

RELATIVE CESIUM COVERAGE O 

Fig. 14. Calculated total probability Pf for Mo~ formation versus relative cesium 
coverage o. The total probability Pf was determined by integrating the product of the 
Norskov and Lundqvist relation65 (Eq. 33) and the Thompson relation7' (Eq. 35) over 
the complete energy range Vi s Eg s E' with image potential V| = 1.4 eV and E' given by 
E' = 4MiM2Ef/(Mi + M2) 2. The parameter p of Eq. 33 was determined by fitting to the 
experimental data of Yu - 6 4 The Alton model 7 4 (Eq. 29) was used to estimate the work 
function of the Mo surface at a particular cesium coverage a. 

The Local Thermodynamic Equilibrium (Sroubek) Model 
The Nerskov and Lundqvist non-thermodynamlc velocity-dependent surface ionization 
model was developed for the situation appropriate for a broad valence band atom 
ejected from a solid in which the Fermi distribution is not disturbed. In this model, the 
atomic level of the sputtered particle varies rapidly with distance z from the surface. 
According to this model, the probability for ionization P± depends exponentially on the 
width of the atomic level A (z c) and on the perpendicular component of velocity v x at 
the point at which the atomic level crosses the Fermi level z c according to 

P ± = exp[-2A(z c ) /»>v J L (z c ) ] (36) 

where y is the characteristic decay length. This relation assumes that the atomic level 
A decreases exponentially with distance z from the surface. Therefore, the probability 
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p± depends on the assumptions made for the functional dependence of A and the way 
that EA varies with distance as well . 6 6 ' 8 ' The velocity dependence of Eq. 36 has been 
verified for high probability processes.7 5-7 6 However, if the level width A is assumed to 
vary linearly, a power law dependence results. 6 6- 8 2 The power law dependence is 
consistent with excitation of electrons within the solid and, therefore, is more important 
in low probability processes. The model described by Eq. 36 does not include 
excitations of the Fermi distribution of electrons within the solid which, if excited, 
enhance the probability of capture to the sputter ejected atom. The Sroubek LTE 
model 8 2 neglects non-adiabatic transfer of continuum electrons to and from the sputter-
ejected atom, but includes excitation of the electrons within the solid with effective 
energy kT s. Under these assumptions, Sroubek LTE derives the following expression 
for the negative ionization process: 

P" = exp E A - < 
kTs 

(37) 

The Modified Surface Ionization Model Although basic surface ionization theory is, in 
the strictest sense, only applicable to systems in thermodynamic equilibrium and the 
sputtering process does not meet this criterion, a modified form of the Langmuir-Saha 
relation was found to reproduce maximum negative ion yields from a plasma-type 
negative ion source.83 In an early study, this model was found to reproduce negative 
ion yields on a relative basis for a wide range of elements. In this treatment, kT s was 
found to be a constant and independent of species. 

In this model, the probability of a particle leaving a surface as a negative ion is 
given by 

P" = 
O)0 ^ j e « * E » - * " K T - ,3S, 

1+ wfcH*-^ 
where r_, ro are surface reflection coefficients of the negative and neutral particles, 
respectively, EA is the atomic electron affinity of the target material, k is Boltzmartn's 
constant, T s is the effective temperature of the surface, ex. and too are statistical 
weighting factors which are related to the total electronic spin of the respective species 
given by Eq. 28 and $ is the value of the work function at optimum surface coverage 
previously defined by Eq. 30. The reflection coefficients r_ and ro are assumed to be 
identical. This model is then identical to the Sroubek LTE model 8 2 with the exception 
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of the multiplication <o_/<oo factor, which is usually 1 or 2, depending on the net spin of 
the negative and neutral components. 

Comparisons of the relative probabilities estimated from negative ion source 
yield data taken from the source described in Ref. 83 and values computed for P - from 
the modified surface ionization model in conjunction with work function cha.iges A<t>m 

computed from Eq. 30 are shown in Table III. The probability of ion extraction from the 
source is assumed to be unity. The probabilities P~ (meas.) were determined from 
measured values of momentum-analyzed negative ion currents, nominal cathode 
sputter ion currents, cathode voltages, and calculated normal incident ion sputter 
ratios. The effective temperature T s of the surface is found to be independent of source 
operating conditions and assumed to be associated with the sputter process itself. A 
steady state value of 673K was found to best fit the data for the modified surface 
ionization model. This value is obviously much too low in relation to typical energies of 
negative ions generated by sputtering. Neither the Sroubek model 8 2 nor the modified 
surface ionization model 8 3 incorporates the image potential Vj which must be 
overcome by the escaping ion. Incorporation of an image potential (typically Vj= 1.4 
eV) which is additive to the work function value would increase the effective 
temperature of the surface. 

Experimental Results Related to Non-thermodynamlc Equilibrium Negative Ion 
Generation - Temperature Effects One of the key questions related to negative ion 
generation by sputtering is whether or not sputter-generated negative ion yields are 
dependent on the sample temperature in the sense predicted by the Langmuir-Saha 
relation (Eq. 27). Measurements of negative ion yields versus sample temperature 
during sputtering of samples mounted in negative ion sources have been made by 
Alton 8 4 and Takelri.8 5 Figures 15 and 16 display total negative Ion yields versus 
sample temperature for carbon and copper samples as measured in a refocus 
geometry cesium sputter negative ion source.84 

As noted, the carbon data appear to have a very weak temperature depend
ence, while those for copper appear to be essentially independent of temperature over 
the ranges indicated. From these data, we conclude that negative ion yields are only 
marginally affected by sample temperature. The moderate temperature dependence 
for the total negative ion yields from the carbon sample are believed to be associated 
with the redistribution of Cjf, C3, and higher-order components with sample 
temperature. It, thus, appears that negative ion formation by sputter ejection is not 
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strongly dependent on the sample temperature, at least below 400°C for carbon and 
200°C for copper. At much higher temperatures, however, there is loss of cesium at 
the surface through thermal evaporation.85. 

TABLE III Calculated and observed relative negative ionization probabilities: 
Modified surface ionization model. 

Ion Species <to>v) EA(eV) ' (moas) P(calo) 

c- 4.39 1.268 2.67 X10" 3 2.5 X 10~3 

v- 4.11 0.5 4 x10" 5 3.8 x10~ 1 0 

Co- 4.18 0.7 1.35 X10" 4 1.5 x10" 8 

Ni" 4.84 1.15 1.77 x10~ 3 2.13 x10" 3 

Cu" 4.47 1.226 1.32 x10" 3 1.3 x10" 3 

Nb- 3.99 1.0 6.67 x10" 5 1.21 x 1 0 ' 6 

Mo" 4.27 1.0 2 x10" 5 1.6 x10" 5 

Ag- 4.28 1.303 5.7 x10" 4 7.4 x 10" 4 

Sn- 4.11 1.25 5.3 x10" 4 5.8 x 10" 4 

Sb" 4.08 1.05 4.5 x 10- 5 4.14 x 1 0 - 6 

Ta- 4.12 0.6 4 x l O - 6 2 x 10" 9 

W 4.52 0.6 4.7 x10~ 5 4 x 10- 8 

Pb- 4.02 1.1 2 x10" 5 3 x 10- 5 
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Fig. 15. Total negative ion yields from a carbon sample vs sample surface tem
perature with cesium ion beam power as a parameter (Ref. 84). 
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Fig. 16. Total negative ion yields from a copper sample vs sample surface tem
perature with cesium ion beam power as a parameter (Ref. 84). 

However, materials which have low thermal conductance, such as boron, can 
reach sufficiently high temperatures during bombardment to affect negative ion yields. 
These findings are also consistent with the constant temperature value required by the 
modified surface ionization model to fit maximum negative ion yields, regardless of 
species, extracted from a sputter-type plasma sputter negative ion source.83 

Experimental Probabilities for Negative Ion Formation During Sputtering The absolute 
probability for negative ion formation during sputtering is difficult to quantify on an 
absolute basis. Effective probabilities versus extraction voltage for generation of total 
negative ion beams in a refocus-geometry cesium negative ion source have been 
measured by Alton. 8 4 The results obtained for carbon and copper samples are 
displayed in Figs. 17 and 18. 

Negative ion yields versus cesium ion beam intensity have been measured by 
Takeiri 8 5 using a high-intensity source developed by Ishikawa and colleagues.86 The 
results of 1 2 C ~ and T 1 B _ Ion currents versus Cs + target ion current as measured by 
Takeiri are displayed in Figs. 19 and 20, respectively. The data for both processes 
exhibit constant efficiencies over a wide range of values. These data also reflect the 
effect of cooling the sample. If the sample surface is too cool as reflected by the C~ 
data when liquid nitrogen or liquid CO2 is used, the efficiency of ion formation Is 

w 

3 50 

30 

20 

(0 -

- 369 -



Fig. 17. Effective probability Pell for generating and extracting negative ions 
from a carbon sample in the refocus geometry negative ion source as a function of 
extraction voltage, V e x , at optimum cesium oven temperature (Ref. 84). 

reduced. This is more than likely a result of condensation of too much cesium on the 
surface, which interferes with the ejection of carbon atoms during the sputter process. 
On the other hand, when liquid nitrogen or liquid CO2 target coolant is used, the 
efficiency for 1 1 B~ ion formation from sintered boron samples is enhanced. This effect 
is attributable to the fact that boron has a low thermal conductivity and that the sample 
temperature reaches values high enough to thermally evaporate cesium at a rate 
sufficient so that optimum cesium surface coverage cannot be maintained. 
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Fig. 18. Effective probability Pen for generating and extracting negative ions 
from a copper sample in the refocus geometry negative ion source as a function of 
extraction voltage. Vex. at optimum cesium oven temperature (Ref. 84). 
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Fig. 19. Mass separated 1 2 C ~ ion current versus sputter target current showing 
the effect of target cooling on negative ion production efficiency (Ref. 85). 
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the effect of target cooling on negative ion production efficiency (Ref. 85) . 
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SUMMARY OF THE INTERNATIONAL WORKSHOP 
ON POLARIZED ION SOURCES AND POLARIZED GAS JETS 

Yoshiharu Mori 

National Laboratory for High Energy Physics 
Oho 1-1, Tskuba-shi, Ibaraki-ken 305, Japan 

The international workshop on polarized ion sources and polarized gas 
jets (l]was held at the National Laboratory for High Energy Physics(KEK) in 
Tsukuba Science City from February 12 to 17 in 1990, sponsored by KEK and 
International Committee for Symposia on High Energy Spin Physics . This is 
the fourth workshop following after Montana meeting, Switzerland in 1986. 
There were totally 65 participants from the 9 countries and 36 papers were 
presented in the workshop. 

At the beginning of the workshop, the important roles of the polarized 
ion beams and targets in high energy physics were expressed by Krisch and 
Masaikc. Especially, recent very impressive experimental results on a 
Siberian snake technique in the Indiana cooler ring. This technique is 
opening a new window for acceleraling polarized beams to much higher 
energies in future by eliminating the depolarization resonances during 
acceleration of polarized beams in synchrotrons and storage rings. 

Following these reviews, there were two review talks on polarized 
sloragc cell and optical pumping, which are very important techniques for 
recent polarized gas jet and polarized ion source developments, respectively. 

Development of the polarized gas jets at Univ. Wisconsin and Max. 
Planck Inst, in Heidelberg for future experiments in LEAR were reviewed by 
Hacbcrli. In the storage cell configuration, in order to achieve the target 
thickness of lO^n/cm^, which is two orders of magnitude larger than the 
ordinary gas jet target, several hundred bounces on the cell wall without 
depolarization are necessary and he showed that in the recent experimental 
results on the wall depolarization for various materials, 80 % polarization 
can be maintained for 400 wall collisions. 
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Optical pumping, which is a recent very important technique for 
generating polarized particles, was reviewed by Anderson. He showed many 
possible schemes of optical pumping in producing polarized particles such as, 
spin-charge exchange, spin exchange and so on. He clarified also that one 
of the most severe limitations for optical pumping is radiation trapping. 

Topics on developments of polarized ion sources were concentrated 
mainly in two categories; one is atomic beam polarized ion source and the 
other optically pumped polarized ion source. 

Gurublcr summarized the recent development works on cold atomic 

beam sources and showed that wall recombination of atomic hydrogen could 

be reduced at the wall temperature of 35°K. One of the keys to increase the 

beam intensity of atomic beam polarized ion source is its ionizer. Bclov 

showed that the new plasma type of ionizer, which has been developed at INR 

in Moscow for the pulsed atomic polarized ion source, had a good efficiency 

for ionizing atomic hydrogen and he quoted that more than a 5mA polarized 

proton beam was obtained in pulse operation with this source. Another 

efficient ionizer developed recently is an ECR ionizer. Schmcllzbach 

presented the recent developments on the ECR ionizers at PSI and TUNL. 

Development of the atomic beam polarized ion source with colliding beam 

ionizer with cesium atoms for the cyclotron/linac facility at Univ. of 

Washington was presented by Cosset. Alcssi reviewed the present status of 

the BNL polarized ion source and llcrschcovitsch presented the development 

work on the ultracold atomic hydrogen source also at BNL. Hcrschcovitch 

found a very interesting phenomena concerning his cold atomic source;thc 

cold atomic beam deteriorates largely by multiple scatterings of the polarized 

atoms and this could be explained by the large clastic scattering cross section 

between polarized hydrogen atoms. The large cross section for polarized 

atoms was shown by a different experiment with hydrogen and polarized 

sodium atoms performed at KEK by Ucno ct al, which was also presented in 

the workshop. This might be a serious limitation to have a large focused 

atomic beam flux after a 6-polc magnet. Development of a new type of 6-pole 

magnet with permanent magnets was presented by Grow. Lcmairc 

reported the present status of the atomic polarized ion source at Saclcy, 

which provides about 0.5 mA pulsed polarized proton and dcutron beams lo 

the synchrotron. 
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Recent development of the optically pumped polarized ion source was 
reviewed by York. This type of polarized ion source has been developed at 
LAMPF.TRIUMF.INR and KEK, and at the Montana meeting, there were three 
sources under development and a fourth funded, however, three of them arc 
now supplying polarized beams for physics experiments. Three of the 
sources , KEK.TRfUMF and LAMPF are similar in design using an ECR ion 
source. Recently, beam intensities from these ion sources were improved by 
using acccl-acccl. configuration at the beam extraction in the ECR source, 
which was discovered at LAMPF. On the other hand, the INR source uses a 
complex configuration composed with a duoptasmalron, a neutralizcr and an 
ionizer. The INR source, as Zclcnskii reported, is generating a 400 U.A 
negative hydrogen beam of 65 % polarization. Only the TRIUMF source is a 
DC beam operating source and Buchmann at TRIUMF presented various 
problems pertaining to DC beam operation and he quoted that the 
depolarization effect was induced by proton beams from the ECR source. 
Laser systems for optical pumping were presented by Tupa from LAMPF and 
Levy of TRIUMF, respectively, and they showed that recently developed Ti-
sapphirc laser seemed to be very promising in optical pumping for K and Rb 
atoms. Zclcnskii showed his recent measurements on spin exchange cross 
sections between low energy (2-5kcV)hydrogcn atoms and optically pumped 
Na atoms. He emphasized that this scheme would be promising if very thick 
optically pumped targets were obtained. 

Various acilivitics on polarized gas jet target developments were 
presented. At MPI in Heidelberg, reported by Steffcns and at Novosibirsk, 
reported by Toporkov, storage cell types of polarized gas jet targets for 
electron storage rings have been developed. There are several difficulties 
due to beam-target interference that was pointed out by Steffcns for such a 
storage cell used in electron storage rings;(l)RF healing by wakefield 
induced by bunched electron beams (2)dcpolarizalion due to bunch field 
(3)synchrotron radiation. Especially, the estimated depolarization by bunch 
field, according to his paper, was 9% for hydrogen and 2% for deuterium, 
respectively. Background from electrons scattered out from the collimator 
used for eliminating the synchrotron radiation heating has lo be also 
checked in a test experiment. The polarized gas jet target at CERN was 
reported by Dick and Kubischta. They arc developing a superconducting 6-
polc magnet with a large aperture and with this, they aim to obtain the target 
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thickness of 10'3 n/cm^ without using a storage cell configuration. Recent 
development of the open geometry ultra-cold polarized gas jet at BNL was 
presented by Roscr and the beam extraction by an ESR transition was 
successfully done by high frequency(213GHz) microwave. This will be used 
as an internal target at the 3TeV UNK proton accelerator in the future. 

Polarized heavy particle production techniques were reported by 
several groups. Tanaka at RCNP showed the recent results of the polarized 
3Hc ion source with optical pumping and a 30nA beam of about 10% 
polarization was obtained so far. Fuzisawa at al at RIKEN reported their 
recent progress on the production of polarized •'He atoms by direct optical 
pumping between He 2S-2P stales with an LNA laser. Levy presented the 
development work at TRIUMF on a polarized 3 He 8 a s l a r g c t w ' l n s P ' n 

exchange reactions between 3 He atoms and Rb atoms optically pumped by a 
Ti-Sapphirc laser, and he quoted 4.3x10^1 n/cm^ ^He atoms of 65 % 
polarization were obtained with this technique. 

Topics on polarized ion sources and polarized gas jets presented at the 
workshop have been briefly summarized. Various interesting developments 
arc now proceeding as described above and it is certainly believed that there 
would be a fruitful future in this field. I recall the following set of poem: 

"Time present and time past 
Arc both perhaps present in lime future. 
And time future contained in time past. " 

T. S. Eliot 

[I] Proceedings of the workshop will be published as the KEK Report. 
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