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The beginning of the end of two decades' efforts
The picture shows the activities on the site of the new experimental
hall as of 9 November 1976. Approximately 5000 m 3 of granite are
being removed by blasting.
In the background is seen the uncovered side wall of the 225-cm
cyclotron hall. On top of it is a water pond, acting as a radiation
shield and providing cooling water for the cyclotron heat exchangers.
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I
PREFACE

In all branches of science one faces the very difficult task of trying
to achieve the best possible research results with the available facilities,
while at the same time making a forecast for the decades to come with many
scientific, economic and policy-making uncertainties involved.

Proposals

have to be made but by definition discoveries are not predictable.

Proposals

also have a tendency to produce new generations of proposals at the risk of
reducing the creativity of the scientists concerned.
In the middle of the fifties, there was a great interest at our institute
in studying new heavy elements using heavy ions.
jectiles

-

heavier than the a-particle

-

This interest for heavy pro-

returned at the end of the sixties

when it was clear that these ions were particularly useful for investigations
of nuclear properties of very large angular momenta.

Since 1967 the institute

has been very much involved in such investigations, especially in the angular
momentum region 10 n - 20 n.

As is evident from this Annual Report, several

groups are now seriously trying in different ways to study properties of nuclei
with J >20 h.
It was very clear at an early stage that the 225-cm cyclotron needed a
much larger experimental area than the one used for the past 10 years.

Due

to different circumstances and after several generations of proposals during
almost two decades, our government finally approved, on December 29 last year,
the building of a substantial and modern experimental area.

The construction

started at the end of August this year and the blasting of an eight meter deep
hole in the granite rock between the 80-cm and the 225-cm cyclotron vaults
will be completed in the middle of December 1976.

In April 1977 the new ex-

perimental area will be connected to the two old cyclotron laboratories, which
means that there will be a shut down for about a year starting March 1977. At
the end of August 1977, the installation of new beam handling equipment will
begin.

It is hoped that the new cyclotron laboratory will come into operation

during the first quarter.

The new laboratory will include six target stations

and new data collection equipment as well as data handling laboratories.
The basic facilities for the groups working in atomic, molecular and surface physics are one 2 MV van de Graaff generator, one 100 kV and one 400 kV

- k -

VI
electrostatic accelerator (for all kinds of ions) and a prototype equipment
for a chopped 10 kV electron beam used for molecular lifetime measurements.
The 100 kV accelerator has been equipped with a scattering chamber for sputtering and similir experiments in ultra-high vacuum (10~ 10 torr).

An entirely

new system with a much more powerful electron gun for determinations of molecular lifetimes is under construction.

The groups working with atomic, mole-

cular and surface physics at the small accelerators will have an easy access
to the new data handling laboratory, which will have a central position between
the nuclear and the other laboratories.
The coming year will thus be very much dominated by technical problems
but changer are necessary to meet future demands in the research fields in
which we are interested.

The new facilities will enable us to move beyond

our present limits of research and provide a more creative atmosphere for our
scientists. This:, along with the technical development work now in progress,
wili very much stimulate our extensive cooperation with other laboratories
both in and outside Sweden.
We take this opportunity to express our deepest gratitude to the Knut
and Alice Wallenberg Foundation for a generous grant which will enable our
institute to get a new modern data handling system.

Stockholm in December 1976

Ingmar Bevgström
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ATOMIC AND MOLECULAR PHYSICS

3.1.1 PREDISSOCIATION RATES AND PERTURBATIONS OF THE A 2 E + , BZII, C 2 H, D 2 E + ,
F Z A AND B | 2 A STATES IN NO STUDIED USING TIME RESOLVED SPECTROSCOPY
(J. Brzozowski, P. Ennan and H. Lyyra*)
Nitric oxide is one of the major constituents of the lower atmosphere
which truly characterize its chemistry. As is well known NO plays an important role as a balancing factor in the production and destruction of the
UV-light-absorbing ozone layer of the atmosphere. NO is also important as a
source of ions in spite of its low concentration compared with the bulk components N2 and O2 due to the fact that in addition to chemical production of
ions also the dissociation limit of NO at 1350 A makes it the prime candidate
for ionization by Ly « radiation from the sun (1216 A ) . Because measurements
of concentrations of different species of atoms, molecules and ions have been
made only intermittently during short-lived rocket flights in the upper atmosphere, this region is still relatively unexplored and not properly understood.
Recently also much attention has been focused on the problem of NO formation
in aurcrae. Since it has been shown that the major contribution to the aeronomic dissociation of NO in the mésosphère and stratosphere comes from the
predissociation effects and because our measuring system gives us an excellent
chance to study these effects, we have systematically studied predissociation
in the electronic states near to the first dissociation limit.
A couple of years ago, an extensive set of lifetime measurements in NO
was performed using the HFD technique at this laboratory
. However, with
the resolution available at that time (2 A FWHM, which was the highest applied
earlier in this context) not even the coarse vibrational structure of the com- .
plex NO spectrum was resolved and no measurements could be performed in the
»zigg V»O
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FIGURE 1
Energy level diagram of
some low-lying electronic
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vacuum UV region, where the interactions between the excited states of different electron configurations are of special interest and have been studied
2 3)
in several spectroscopic works '
Besides the aeronomic importance of the C2II state predissociation, it
is also responsible for the population inversion in the NO laser
earlier estimates for the photodissociation coefficient

. The

of NO show that
2

the principal effect comes from the absorptions in the X 1T - C2II (0,0) and
(1,0) bands which are about 10 times more efficient from this point of view
than the X2II - B2II and X2II - A 2 E + bands.

The concentration of the NO molecule

in the atmosphere depends, via the C state photodissociation rate, also on
the lifetime of the C state and a large value would correspond to a higher NO
concentration.

Figure 2 shows very complex sections of the NO emission spectrum

recorded at 0.1 A FWHM resolution and 1-5 mtorr pressure.
2

These sections in-

2

clude C II - X II (0,0) and (0,1) bands as well as the disturbing bands of the
B 2 n - X2II system and the B |2 A - X2IT system.

This spectral pattern provides

the first experimental evidence for a break-off in the C2II (v= 0) state which
is a direct proof of the existence of a strong predissociation of the upper
(J5 4 1/2) rotational levels of the CZII (v* 0) state.
cording

In a high pressure re-

these components appear with normal intensities, which indicates

that predissociation is compensated by the new NO molecules formed via inverse predissociation.
On the basis of earlier experimental evidence it is known that the probability for nonradiative decay of the C(v= 0) state is 12-33 times higher
than the probability for radiative decay.

Using this fact and the measured

radiative lifetime (see Table I ) , we find the predissociation probability to
be of the order (2-6) • 10 8 s"1.

NO

C-X (0,0)
,B-X(7.P)

1910

FIGURE 2

1915

XVAC

1980

1985

Sections of the spectrum of electronically excited NO gas
involving the C2II - X2II (0,0) and (0,1) bands and the
B 2 n - X 2 n (7,0) band.
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TABLE I

Measured predissociation rates for low-lying electronic
states in NO

Level

State

Measured lifetime

V»

T ns

«r

_i

c2 n

0

<h1/2

32.0 + 2.0

(R)

0

**V.

-

D2Z+

0
1

head

2U.6 + O.5

II

25.8 ±0.5

< 2 • 10 6

2

ii

19.8±0.5

3

H

1U.2 + 0.5

(1.8±0,6) • 10
7
(U.0±0.9) • 10

0

ii

205 + 10

0

3
3

n

207 ± 10

0

27.5

57 ± 3

7
(1 .27±0.15) • 10

head

3100 ±200

0

(R)

A2I+

(R)

B2n
(NR)

0
1
2

j

3

k
5
6
7
B' 2 A
(NR)

j
i

F2A
(R)

n

0
a) (1*±2) • 108
b)

0
7

2860 ± 200

0

2770 + 200

0

2630 ± 200

0
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Given errors are the absolute errors. The relative errors in a.given
progression which decides the accuracy in AP r e ^ are frequently considerably smaller.

,
- 4 As can be seen from Fig. 1, rotation.-.1 levels of the B IT (v= 7) state
could be energetically subjected to predissociation.

However, our measured

lifetimes show normal T ( V ' ) variation as a function of the electronic transition moment.

This fact is of importance because it settles the predissocia-

tion route via the continuum of the a^II state by excluding the double route
predissociation of the C2II state via the repulsive A | 2 £

state, which in turn

would make possible direct observation of the B2II (v= 7) predissociation.
In spite of the fact that all levels of the Rydberg state D 2 I

could be

energetically subjected to predissociations, for example, the level v 1 = 0
has been shown to have smaller predissociation rate than radiation rate to
the ground state.

But the levels v'= 3 and 5 are strongly perturbed by pre-

dissociated levels of the B2IT state, which could possibly cause predissociation of these D 2 Z

states. Our present lifetime results and the correspond-

ing predissociation rates of Table I show that there is little doubt that
higher vibrational levels are subjected to predissociation effects of increasing rates.
The presence of the A 2 I

predissociation has been discussed in several

papers but never directly observed.

Our lifetime measurements for the rota-

tional levels which exceed the dissociation limit give a considerably shorter
lifetime than for the lower levels.

The corresponding predissociation rate

is of the same magnitude as that of the D 2 £

state but clearly lower than

the C II state predissociation rate. Our measurements also show a smooth
variation of the electronic transition moment for the transition A 2 £

- X2II

(0,v") with considerably smaller variations than observed by earlier workers.
The behaviour of the non-Rydberg (NR) and Rydberg (R) levels is more
pronounced in NO than in any other molecular system.

This is one of the

reasons why the interactions between these different electron configurations
are of special interest.

Spectroscopically it has been noticed that positions,

shapes and intensities of perturbed bands are altered.

The branches in the

perturbed bands change from the NR type into the R type and vice versa with
one of the partners of mutually perturbed pairs appearing strengthened.

We

have studied experimentally the effects on the lifetimes in the homogeneous
B |2 A (v= 4) ~ F 2 A (v= 1) "avoided crossing" perturbation.
The present case of the B 1 (v= 4)~F (v= 1) perturbation has been studied
in detail spectroscopically in Ref. 2 and an experimental energy diagram is
reproduced in Fig. 3a.

It can be seen that the higher-lying B'2A (NR) state

gradually assumes the properties of the F 2 A (R) state with increasing rotational energy J(J+ 1).

As seen from Table I, this effect is observed in our life-

time measurements which show a drop in the B r2 A lifetime series for v = 4.

- lft -

- 5 -

65000

FIGURE 3
a)

Perturbation diagram for
B' (v=4)~F (v=l) con- „.
figuration interaction
.

b)

Normalized perturbed intensities for two different
values of the transition
moment ratio R B /R F .
e e

Using the expressions deduced for perturbed intensities

7), we find the

intensity sum rule for all J
I P (B1)

TP
P
I
(F)

I (B') + I (F)

Here I

denotes perturbed intensity and I unperturbed intensity. The normalp
ized intensity ratios I /I can be seen in Fig. 3b and it can be noticed that

perturbation causes an increase of the B f2 A - XZII component intensities for
low J values at the expense of a corresponding decrease of the F 2 A - X2JT
intensities and vice versa for high J values.

To put this in another way, it

can be said that the perturbing states exchange oscillator strengths so that
the intensity sum rule is always fulfilled.

From the constancy of the life-

|2

times of the remaining B A levels the variation of the electronic transition
moment can be expected to be small, and from the above considerations we can
reproduce even quantitatively the decrease for the B l2 A (v= 4) lifetime.
constant electronic transition moment we get

T (B\ v=4)
TP(B', v=4)

£ v. „ I. „
4,v" 4,v"

v.i

Zi. v.
„ I. „
4,v" 4,v"

= R

v

where R is the average intensity ratio for rotational components yielding

For

r
contributions to the lifetime measurement. For transition moment ratio
Bf F
R /R = 2 we find from Fig. 3b R**1.5, which gives a perturbed lifetime witi
in the experimental error.
It is our hope that similar studies of effects of perturbations upon
radiative lifetimes could yield important information in other cases where a
less dense rotational structure enables measurements of individual rotational
components.

We could then follow the continuous variation in T ( J ' ) which would

allow a determination of the variation in the mixing coefficients of the perturbed wave function as a function of the rotational energy.

It is expected

that in this context relative lifetime measurements could give considerably
more accurate results than relative intensity measurements, not only for technical reasons but also because of the fact that lifetime measurements of neighbouring unperturbed levels directly yield the unperturbed parameters (intensity, transition moment, etc.).
*

University of Helsinki, Finland
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3.1.2

(1973) 925

DIRECT MEASUREMENT OF THE N 2 C STATE PREDISSOCIATION PROBABILITY

(P. Erman)

In the current series of studies of radiationless transitions in molecules, the interaction among low-lying states of the N2 molecule has recently
been studied
Although hardly more important than other cases, the predissociation of
the C state in N

has been subjected to a great amount of both experimental
3-12)

and theoretical studies

. One of the reasons for this is that the ef-

fect is strong enough to be observed even with ordinary spectroscopic tools.
3)
It followed from early spectroscopic investigations

that the intensi-

ty of the C-X system in N 2 is dependent on the excitation conditions.

Thus

discharges in pure nitrogen excite predominantly low vibrational levels of

- 7of the C state, while discharges through helium with traces of nitrogen show
even the bands for v 1 5 3 with appreciable intensities. The latter result
4)
was suggested
to be a consequence of inverse predissociation effects for
the v ' i 3 levels which are all above the dissociation limit. More definite
proof of the predissociation of these levels originates from later high resolution spectral recordings

using a cold, hollow cathode discharge through

pure nitrogen which reveal strong bands with v' = 0 - 2 but only weak traces
of bands with v 1 £ 3.
found

Also perturbations in the rotational structure were

, the most obvious one occurring in the level v'= 3 of the C state.

It was suggested that the latter perturbation is caused by the (unobserved)
I

state, which arises from the same configuration as the C state. More

recently a Dutch group has studied the C state predissociation using a
number of different experimental methods
With a direct measurement of the individual lifetimes of the various
vibrational levels of the N2 C state, we could hope to add important information to the discussion about the origin of the predissociation of this state.
Since we expect these to be comparatively strong, their verifications via
lifetime investigations should be straightforward and it is somewhat surprising that such investigations have not been performed hitherto.
Figure 1 shows small sections of the emission spectrum of nitrogen recorded using the HFD technique with 7 keV, 15 mA electrons bombarding nitrogen
gas as 1 mtorr pressure. A 2-m Jarrel Ash vacuum scanning monochromator has
been used with a slit setting yielding 0.08 Â FWHM spectral resolution.

N; CÏ;-XÏ;
15

1910
FIGURE 1

1917

1918

R

20

1919 X.« 1920

1921

1922

1923

Sections of the emission spectrum of nitrogen excited by a 7 keV,
15 mA beam of electrons. The spectrum has been registered using
a 2 m vacuum spectrometer at 0.08 FWHM resolution and the displayed sections+show the (1,7), (2,8) and (4,10) bands of the
C-X system in N2.

F

~1

8 -

The sections show the (4.10), (2.8) and (1.") bands of the C-X system in N*
and the rotational analysis is based upon the earlier investigation
this emission spectrum.

of

The lifetimes have been measured at the band heads

yielding the result T ( V ' = 2) * 78.9±3.0 ns. A prompt decrease in x is observed for v ' 4 3 and these decays have been registered at 4590 kHz sweep
frequency.

The results are compiled in Table I.

Unfortunately the weakness

of the bands from v* > 3 does not allow a very accurate determination of the
lifetimes of these levels. However, the results suggest that T remains constant for v 1 5 3 and that there is no continuous decrease.

On the contrary,

it seems that (v* = 3) is the shortest lifetime which would then support the
result of relative intensity measurements.

TABLE I
Measured lifetimes
T ( V ' ) and predissociation probabilities of
various bands with
Av - - 6 of the Nj C - X
system.

Measured
lifetime

(v\v")

T(V')

ns

Measured
predissociation
•prdbabi lities
A pred ( v l ) s -i. 1 0 -8

0.6

0

1.7

77.0±3.0

0

2.8

78,9±3.0

0

3.9

4±1

2.4±0.6

4.10

5±1

1.9±0.4

5.11

5±1
-

1.9±0.4

6.12

-

The last column in Table I gives the predissociation probabilities A
for the v* > 3 levels which can be directly deduced from the present lifetime
investigations without any additional theoretical assumptions.

For this pur-

pose the value (v'= 2) can be used as a radiative lifetime even for v'2 3,
since the variation in the transition moment with increasing v' is so modest
(x(v'= 1) « T ( V ' = 2)) within the experimental error that this approximation
introduces a vanishingly small error in A™
error in the x(v' > 3 ) values.

as compared to the experimental

The measured valne of A p r e

(sa 2 • 108 s"1) is

called a "weak" predissociation in conventional terminology.

However, it is

for instance 200 times stronger than our recently discovered predissociation
of the A state in CH

and some 10" times stronger than the weakest predis-

sociations which could be detected with the HFD-technique.

Accordingly, the

older classifications of "weak" and "strong" predissociations should be reconsidered after the introduction of "time-resolved precision spectroscopy".
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FIGURE 2
Partial potential curve diagram for N
showing states possibly involved in the
predissociation of the C state. The
shapes of the 2T.~ and ''IIJJ curves have
been reproduced from calculations in
Ref. 12. The energy scale is normalized
to T e (X) = 0.

3 R<AU) *

In addition to the spectroscopically known A21IU, B 2 £ u + , C
states in Ng (see Fig. 2) calculations

'

'

"^u

^g

^

and D2II

have predicted the existence

of a number of additional low-lying states of types 21~,
and

2

2

A U , *!+ , ''ZJ" , "*£/

""^u* Thus, in principle, several of these states could partici-

pate in the predissociation of the C state and earlier experiments have only
yielded limited information in order to solve this complex situation.

In

principle we could differentiate between the following possible processes:
A.

A direct predissociation by a crossing repulsive state, or a repulsive
part of an attractive state.

B.

An accidental predissociation via a bound intermediate state which is
then predissociated by a second repulsive state.

C.

A direct predissociation to the continuum of the B 2 E U due to finite
vibrational interaction.

The general trend of the present lifetime investigations is hard to
understand solely in terms of processes A and B.

The trend qualitatively re-

minds of the lifetime variation we found recently for various rotational
levels of the A (v'= 1) state in CH

2)

.

In the latter case, we found the

ground (X) state in CH to be responsible for the main perturbation, while a
local minimum in the lifetime series is caused by an additional perturbation
by the CH B state.

The potential curves of the A and X state in CH are re-

lated in the same way as those of the C and B state in N 2 + (see Fig. 2 ) .
Thus process C, initially proposed in Ref. 11, seems to be the main mechanism
in the predissociation of the N 2 + C state, while it is possible that the 2 E ~
state causes an additional (accidental) predissociation at v'= 3 which would
explain why the measurements indicate a shorter lifetime for this level.
The direct C •*• B predissociation is also favoured by the ab initio calculations

T1~ curves
. The two lowest ZZT1~

1 12 2) )

originate from 2<T2 3t g liru lir ,

and it seems plausible that it is the lowest 2 Z U ~ state which could be responsible for the eventual additional accidental predissociation.
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3.1.3

THE D STATE LIFETIME AND THE UV LASER ACTION OF MOLECULAR IODINE

(A. Callear*, P. Erman and J. Kurepa**

The states of molecular iodine which absorb and emit in the ultra-violet
have attracted considerable attention during the last few years.

It has been

1

suggested that the short wavelength portion of the D !^" - X*E* fluorescence
(McLennan bands), excited by light absorption between 1800 and 2Q00 Â is a
2,3)
highly structured continuum
This interpretation has recently been con—
4)
firmed by means of detailed theoretical calculations
Although it was suggested that the D - X emission is a possible basis
4)
for a tunable, ultraviolet laser
, in fact three groups have now reported
laser action on the 3460 — 3015 Â system of iodine, with electron beam excitation and using high gas pressures
signed as a 3 n 2 g -»•3 n 2 u transition

. The latter system has been as—

.

Experiments using flash lamp pumping of molecular iodine have shown
state is efficiently transferred to the 3 n 2 state in collision
9)
^
with Ne, Ar or CF^
; rate coefficients were reported relative to the rate
that the D ' Z ^

of spontaneous decay of I 2 DlZ + . The intense fluorescence of the 3Il2g •* 3 Ü 2 U
bands, following optical excitation, indicates the possibility of constructing

r
an iodine laser with flash lamp pumping.

In order to calculate the probabil-

ity of constructing such a UV laser, we have to know the rate coefficient
for collisional transfer of the D state to the 3 Ü 2

state which involves the

lifetime of the former state.
We describe here

the first measurement of the lifetime of I 2 D

1

^

which permits these rate coefficients to be evaluated.
The D - X fluorescence of I 2 has frequently been excited with various
2 3)
kinds of discharge, as well as with optical sources

. At moderate reso-

lution the spectrum appears as a number of highly structured groups of lines
of which the strongest occur around 3250 Â

. The emission spectrum may be

blended with atomic lines which complicates the lifetime investigation.
Accordingly, the only approach which seems to make a detailed lifetime study
of the I 2 D state feasible at present is the High Frequency Deflection (HFD)
technique which combines high excitation energy with good spectral resolution.
Iodine vapour at 1-10 mtorr was bombarded with a col lima ted bean' of
7 keV, 6 mA electrons and a rather intense light emission was observed from
the interaction region, viewed by a 2 m Jarrell Ash scanning monochromator
at resolutions between 0.1 Â and 1 Ä FWHM.

Part of a spectral survey scan

at about 3250 Â (1 Â resolution) is displayed in Fig. 1. This region shows

3200
FIGURE 1

3250

3300

Section of the emission spectrum from iodine vapour excited by
7 keV, 6 mA electrons and recorded by a 2 m scanning monochromator at 1 Â FWHM resolution. The broad groups of lines
are attributed to the D - X system in I 2 while the sharp lines
originate from atomic iodine.

a number of broad groups of lines which are not resolved even at a magnitude
higher resolution.

Several atomic iodine lines (for example, the 3193.95 Â

transition of neutral I) were also observed.

The gross structure of our recorded spectrum resembles that obtained from optical excitation 4) and is
attributed to the D - X system of I 2 .

f~
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FIGURE 2

Decay curve of the D - X system in I 2 recorded at 3210 Â
using the High Frequency Deflection technique and 2035 kHz
sweep frequency. The slope yields the lifetime T = 15.5±0.5 ns
in agreement with other line-groups of the same system.

The lifetime measurements were performed on several of the D - X groups
at wavelengths where our high resolution recordings showed the absence of
atomic lines.

Fig. 2 shows an example of such a decay curve with the mono-

chromator focused close to the intensity maximum of the group at 3210 Â.
The result is
T(I 2

=

15.5±0.5 ns

The same value was obtained within the experimental error limits for all the
other bands that were investigated.

Tests at lower sweep frequencies per-

mitted an examination of the decay curve for an arbitrary number of halflives at which no multiexponential components (cascades or blends) were observed.

The measured lifetime is consistent with an approximate estimate of

ions derived from absorption oscillator strength measurements

.

This lifetime measurement allows the derivation of the absolute rate
coefficients for collisional removal of I 2 D ^ from the recently reported
relative rates

.

The new absolute rate coefficients should be of value in the further
analysis of the kinetics of the ultraviolet iodine laser.

The most powerful

system has been achieved with e-beam excitation of HI, Ar mixtures at several

- 13 -

atmospheres total pressure
I

3

IÏ2

7)

To account for the raoid formation of

a combination of negative and positive ions has been invoked

5,7)

Ion combination should be slowed down at the very high pressures because of
the onset of diffusion control

, so that the reason why the laser operates

most efficiently at high pressure has to be sought elsewhere.

Ion combina-

tion reactions should produce molecular iodine in a range of electronic
states and the high pressure may be required for efficient population of
I 2 3Jl2u by collisional transfer, and to induce its fast vibrational relaxation.
*
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3.1.4

RADIATIVE LIFETIMES OF RESONANCE LEVELS IN Fe I AND Fe II

(J. Brzozowski, P. Erman, M. Lyyra* and W. Hayden Smith**)
The importance of iron as one of the most abundant elements in space 1)
and discrepancies in earlier determinations of f-values in Fe I and Fe II,
stimulated us to undertake studies of low-lying resonance levels of Fe I and
Fe II at high spectral resolution using the High Frequency Deflection tech2 3)
nique. The HFD technique '
is especially suited for this purpose by the
possibility of measuring cascade corrections.

In our experiment Fe(C0) s vapour

at 10 mtorr pressure was excited with 7 keV, 20 mA electrons.

Fig. 1 shows a

section of our iron spectrum at a resolution of 0.1 Â FWHM which is sufficient
for careful analysis and lifetime measurements for individual J-components of
a large number of Fe I and Fe II levels.

A search for additional Fe III

- 14 -

transitions was unsuccessful which is difficult to explain since we have
observed more than twice ionized states from other targets (i.e. rare gases)
using the HFD technique.

2360

FIGURE 1

2370

2380

2390

Section of the spectrum of Fe I and Fe II recorded at 0.1 Â
FWHM resolution using the HFD technique and Fe(CO)s as a
target gas.

We have restricted the measurement to the more prominent components of
the various resonance levels since only a minor variation of T as a func4)
tion of J was found by us earlier
tion are compiled in Table I.

. The results of the nresent investiga-

There is a good agreement with results of

other direct measurements with a few exceptions.

A discrepancy occurring

5

for T(y F°, jJ= 5) is now known to be the result of a minor error in the
time calibration
cascades.

, while the other deviating value

The remarkably low T ( Z 6 D ° , J= 7/2) value

is uncorrected for
obtained by the Hook

method probably originates from systematic errors since our measurement was
conducted on unblended J-components and the cascade corrections were quite
The reason for the discrepancy in the value T ( Z S D ° , J= 4) in laseris difficult to explain since our value is in agreement
beam experiments
8)
small.

with Hanle effect measurements
In Table I we give weighted average lifetime values, where the results
of other experiments are taken into consideration, as well as the corresponding multiplet absorption oscillator strengths (f-values).

The validity of

our method, used earlier in Ref. 9, in deriving the f-values is supported by
recent estimates of branching ratios

, so that our f-values may be used

"I
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TABLE I

Lifetimes (ns) of resonance levels in Fe I and Fe II

Level

Fe I

Fe I I

(J) This work

z 5 P°

(3)

zV

(4)

5

z F°

(5)

yV
yV

(2)
(4)

yV

(5)

z 6 P°
6
2 D°
z 6 F°

(3/2)
(7/2)
(9/2)

44.0
73.0
60.5
8.0
5.5
8.4

± 1.1
+ 2.0
± 1.5
± 0.5
± 0.5
± 0.5

4.0 ± 0.4
4.0 + 0.4
3.5 ±.0.4

Reoormended
resonance
multiplet
f~value

Weighted
average
lifetime
(3)
(4)
(5)
(2)
(4)
(5)

44.0
75.0
61.3
7.7
6.0
8.4

±
±
±
±
±
±

1.1
2.0
1.5
0.5
0.5
0.3

0.024
0.030
0.047
0.088
0.12
0.11
0.12
0.22
0.36

(3/2) 3.9 ± 0.4
(7/2) 4.0 ± 0.4
(9/2) 3.4 ± 0.3

with confidence in analysis of space observations of iron.

Further attempts

will be made to solve the mystery of the lack of the astrophysically important Fe III transitions in our spectra.
*
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3.1.5

RADIATIVE PROPERTIES OF VALENCE-EXCITED BOUND STATES IN SiO

(J. Oddershede* and N. Elander)

The silicon monooxide molecule is one of the most experimentally studied
non-first-row molecules.

Spectroscopic constants and rotational structure

for more than twenty electronically excited states have been identified
(see Fig. 1 ) . Strong predissociations have been found.and interpretations
1 2)
have been discussed from different points of view ' . Mean lifetimes
3 4)
have been measured for the two lowest transitions '
The polarization propagator has proved to be an excellent tool for
calculation of excitation energies and transition moments

.

In order to

calculate the lifetimes of the vibrational levels of the first excited resonance state A1!! and to clarify the interpretation of the interacting G1!!
and I1!! states an extensive Self-Consistent Polarization Propagator calculation
FIGURE 1 {left) Schematic potential
energy curves for Sib and SiO+.

MO cm
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'S* 3 P
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70

Si* 0
60
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R(A)
1.0

1.5

2.0

2.5

3.0

FIGURE 2 {below) Relative positions
(Te values) of the seven lowest
states in SiO:
(a) CI calculation by Heil and
Schaefer 7 ) ,
(b) values "predicted" by Heil
and Schaefer (see text),
(c) present calculation, and
(d) the experimental values.
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240
FIGURE 3

240

Potential energy curves for higherlying singlet states in SiO, calculated from the SPPA excitation energies and the experimental ground
state. The energies are given
relative to the ground state equilibrium energy. The '11(11) and
H(III) are identified as the
states forming the vibrational
state experimentally assigned
G1!! and I1!!.

260

280
300 320
R (atomic units)

360

FIGURE 4
Potential energy curves for the
seven lowest valence-excited
states in SiO, calculated from
the SPPA excitation energies and
the experimental ground state.
The energies are given relative
to the ground state equilibrium
energy.

6)

for the 14 lowest states was undertaken "'.

The results and a comparison with

recent experimental data and earlier theoretical calculation
in Figs. 2, 3 and 4.

ato

are displayed

In the analysis of experimental data the G'II and I1!!

states both were assumed to be bound states. This calculation as well as the
earlier gives no evidence for this interpretation. A recent examination of
2)
the experimental data
shows that they can be most conveniently interpreted
if the two

H states have a pseudocrossing near the minimum of the bound state.

This conclusion is supported by the present calculation, as can be seen from
Fig.

3.
The electronic transition moments were calculated for the allowed dipole

transitions.
Table I.

The formalism is reviewed in Ref. 6.

The results are given in

The transition moment for the first resonance transition AlIT - X ! E +

was found to vary very little, while the excitation energy was found to be

r

**:
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a)
b)
o)
d)

11 IT _ X'
vI
The calculated radiative lifetimes T v (nsec) for the A'ïï
transition in SiO.

v'

TA (nsec) a

0

45.8

53.3

49.5

31.6

1

45.3

53.8

49.5

31.7

2

45.6

53.3

49.4

32.5

3

45.3

53.3

49.4

32.7

4

45.8

52.4

49.1

33.3

5

45.7

51.9

48.8

33.3

T (nsec)C

TJJ (nsec)

T ^ (nsec)

Evaluated from the calculated transition moment and excitation energy
and the form of A ^ .
As T^, except that we have used the form of X 1 ! .
Average value of T^ and TJJ.
Evaluated from the transition moment in Fig. 5 and the experimental
excitation energy.

quite sensitive to ths basis set.

Since the lifetime for a dipole transi-

tion is given by the formula
T~} v , J t (nsec)

=

10

2.02607

" 1 5 ! C °3(n'v'J', n'V'J")
n'V'J"

(1)

2

x] <xn'v'J'|Me(R)|n"v"J" , | Sj,,/(2J'
where a(n'v'J', n'V'J") is the energy in cm"1, ^ n'v1J'|Me(R)|n"v"J" , is
the weighted vibrational overlap integral and M e (R) is the calculated electronic
transition moment for the specific transition.

The overlap integral and the

transition energy seem to be the most sensitive parameters in the evaluation
of radiative lifetimes, as can be seen from Table I. We have examined the
validity for SiO of two approximations often used in the evaluation of
T ,. For the R-centroid approximation this is done in Table II.
In the R-centroid approximation it is assumed that
n'v'Jn'V'J"

r

n'v'J'
n'V'J"

4E3(n'v'J', n'V'J"^

where the R-centroid is defined as

(2)

- 19 -

TABLE II

Band strengths S$", band origins E^n, band absorption oscillator
strengths f(v',v"), Frank-Condon factors q(v',v"), R^centroids
R^», band strengths in the R-centroid approximation S$*% and
radiative lifetimes T V « , in the R-centroid approximation for the
A1!! - X1!* transition in SiO. a

sv'

îlv»

S

1

sv<

v"
(a.u.)

1

(cm" )

f(v ,v")

q(v',v")

(Â)

(a.u.)

l

v"

v

v"

0

7 .90(-2)

42643

1-02(-2)

1.40(-l)

1.57

7.84(-2)

0

0
1

1-43(-l)

41413

1,80(-2)

2.33(-l)

1.60

1.43(-1)

0

2

1•25(-l)

40195

1.53(-2)

2.76(-l)

1.63

1.23(-1)

0

3

7.34(-2)

38989

8 .69(-3)

1.76(-1)

1.66

7.47(-2)

3.20(-2)

37795

3.67(-3)

8.29(-2)

1.69

3.39(-2)

0

4

0

5

1• 1K-2)

36613

1.23(-3)

3.05(-2)

1.72

1.09(-2)

0

6

3.24(-3)

35443

3.49(-4)

9.02(-3)

1.76

2.74(-3)

1

V
(nsec)

32.0
32.2

Calculated from the experimental excitation energy and the electronic
transition moment in Fig. 5.

FIGURE 5
Calculated transition moment
for the A1!! - X1Z+ transition.

240

2£0

2.80
100
3.20
Rfatornic units)

U0

rn'v'J'
n'V'j"

and where q(n'v'J', n'V'J") are the Frank-Condon factors

q(n'vM'. n V T ) = I , *n,v,Jt I Vv»J»
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Because the A1!! potential energy curve is shifted very little relative
to the X 1 !

curve, the R-centroid is nearly constant and the R-centroid ap-

proximation is as expected, rather good, giving only an error of 0.4 nsec in
the radiative lifetime.

Using the experimental excitation energy and the

approximate expression for M e (R) as given by M e (R)«M e (R o ) we find that
To(A1II) = 31.7 nsec for R o = re^'ll).
calculated from Eq. 1.

This is very close to the 31.6 nsec

1

For R Q = r^X !*) we find, however, that T^A1!!) =

22.3 nsec which demonstrates that a small change in R o (0.11 Â) can have a
considerable effect on the lifetime calculated from Eq. 2 even for a transition moment which varies as moderately as the A'll - X*E
*

moment in Fig. 5.

Chem. Dept., Aarhus University, Denmark
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3.1.6

THE A ' H - X 1 ^ BAND-SYSTEM IN CH + : CALCULATED SPECTROSCOPIC CONSTANTS

AND LIFETIMES
(N. Elander, J. Oddershede* and N.H.F. Beebe*)

The formation, destruction and abundance of the CH

radical in inter-

stellar space have been studied intensively in the last few years.
been proposed that the CH

It has

radical was the parent molecule in a number of

two-body collision reactions forming diatomic molecules such as CH, C 2 and
CN.
Early estimates of the interstellar abundance of CH + were based on assumed values for the oscillator strength of the resonance transition,
1

A II - X*£ , whi^-h is the only astronomically observed CH

+

band system

0\

'

Measurements of the radiative lifetime for the A ^ state have given the most
recent experimental determination of the oscillator strength for the resonance transition. The variations among the lifetimes obtained are, however,
3 4)
considerable, and even the two latest measurements *
deviate by nearly a
factor of two. Brzozowski et al. ' have, in a study of the CH radical,

~1
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Energy (cm"')
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-0.3

20000-
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FIGURE 1

Potential curves and electronic transition moments
for the A'll - X*E + transition of CH + .
>

This calculation SPPA

o

Green and coworkers D »
This calculation RKR

identified the A ^ - X J E + band system of CH + , and reproduced the same radiative lifetime for A'll as reported earlier •*).
Brzozowski et al.

'

The two measurements by

were performed on individual rotational lines at a magni-

tude higher spectral resolution than the other studies and should be considered as the most reliable results.
Theoretically, the CH + radical has been studied by Green and co-workers ~
They performed a configuration interaction (CI) calculation of several potential energy curves and computed the A1!! - X 1 !

transition moment. Thus com9—11)
plete second-order polarization propagator calculations
were carried
out to determine the excitation energies and transition moments for the resonance transition for fifteen internuclear distances ranging from 0.8 to 2.1 Â.
The calculated potential energy curves and the electronic transition moments are compared with the results of Green and coworkers

(see Fig. 1).

Table I gives the vibrational lifetimes of the A'JI state for various combinations of transition moments and potential curves.

.

F
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TABLE I

V

Vibrational lifetimes calculated with various potential energy
curves, in nanoseconds

Yoshïmine et al.
(1973) Theoretical curves
and transition
moments

Yoshimine et al.
(1973) ExperiV
mental curves
and transition
moments

This study A1^

This study, experimental poTheoretical
tential energy
curve, theoret- curves and theoical transition retical transimoment
tion moments

RKR XlT?

0

722

738

0

661

600

1

780

847

1

778

714

2

855

963

2

923

848

970

1114

3

1116

1014

3

The differences between lifetimes calculated with our transition moment
and different potential curves are within + 50 nanoseconds, the highest set
coining from calculations where A'II was chosen as experimental (RKR) and the
excitation energy and the form of the ground state were taken from theory.
We can best compare the transition moments from our calculation and the
earlier one by using the same potential energy curves
We find that the transition moment of Yoshimine et al.

-

the RKR curves.
makes lifetimes

longer than the ones derived with the transition moment in the present calculation.

In the same comparison we also find a stronger variation of the life-

times within a vibrational level for Yoshimine's lifetimes. This is all due
to the fact that Yoshimine's transition moment decreases much faster with increasing internuclear distance than ours.
From the above we conclude that an experimental lifetime of the A1!!
state of 500 - 600 nanoseconds would be expected and that the variation of
the lifetimes of different vibrational-rotational levels would follow the
pattern given in Fig. 2.
The measurements reported by Brzozowski et al.
shorter for v= 0, 1 and 2
into our pattern.

-

are a factor 2/3

their measurements for v'= 3 and 4 do not fit

We find it hard to fit these v'= 3 and 4 measurements

into any purely radiative decay pattern.

Interactions giving rise to

such a shortening of the lifetimes have recently been found in the NH
12 13)
and NO radicals
'
. They indicate additional transition probabilities
from an interaction of a non-radiating state.
for this is the

The only passible candidate

II state that dissociates in the same separated atoms.

We hope that more extensive calculations and high resolution time-resolved spectroscopic measurements will clarify the present discrepancy between theory and experiment.

We believe that the CH + resonance transition

sible tor the eventual additional accidental predissociation.

r

r

1
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I

1

800
T(nsec)

V=3
700

v'=2

600

500

400
This study
Yoshimine et al. 1973

8

FIGURE 2

Calculated radiative lifetimes for vibrational and rotational
levels v= 0- 3, J = l - 8 of the A ^ - Xll* transition in CH+
normalized to the experimental results of Ref. 3 for v= 0,
J= 0.

is a good test example for a theoretical method that is supposed to give
good transition probabilities as well as excitation energies.
A new study will be undertaken as a test of the Third Order Polarization
Propagator Approximation that is under development at the present time.
*

Chem. Dept., University of Aarhus, Denmark
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3.1.7

MEASUREMENTS OF THE n 3Dj - n 3Dj (n

3 - 8 ) FINE STRUCTURE SEPARA-

TIONS IN "He I BY THE BEAM-FOIL QUANTUM-BEAT METHOD
(G. Astner, L. Curtis, L. Liljeby, S. Mannervik and I. Martinson)

The accuracy of beam-foil quantum-beat measurements of atomic fine and
hyperfine structure is often limited by beam spreading, velocity straggling
and foil thickening which can introduce uncertainties in the time calibration.

In last year's Annual Report we described a new procedure which large-

ly avoids such time calibration errors by using two optical spectrometers
to record simultaneously a known and an unknown quantum beat pattern.

At

that time we reported preliminary results in He I which have now been greatly
improved.

Here the Is3p 3 P term is accurately known and the 3 Pj - 3 P 2 sepa-

ration at 658.55±0.15 MHz manifests itself in easily observable quantum beats
in beam-foil decay curves of the 3889 Â multiplet.

We have used this circum-

3

stance for an accurate determination of the n D - n 3 D 2 (N = 3 - 8) intervals.

Comparisons between experimental and theoretical values provide insight

into the amount of singlet-triplet mixing and its n- and ^-dependence.
Our values are presented and compared with other measurements in Table I.
Our results for n= 3-7 are in agreement with the earlier beam-foil results
but have much smaller uncertainties due to our improved velocity definition.
For n= 3 our results are in agreement with, but of lower precision than the
level-crossing measurements.

For n= 4 our result is slightly smaller than a

level crossing measurement and our precision is still a little lower.
TABLE I

Fine structure intervals 3 D , ~ 3 D 2 in He I, measured from the
Is2p 3 P - lsnd 3 D ( n = 3 - 8 ) transitions.
I n t e r v a I

Upper

Wavelength

term.

(A)

This work

3d 3 D

5875

1323.6 ±2.3

(MHz)
Other recent
experiments

1349 ± 25

1324.7± 0.4

2

1327.2± 1.1

3

1358
4d 3 D

4471

553.0 ±0.7

2

290 ± 20

282

± 2

5

165.3 ±1.0

150 ± 20

166

± 3

101.6 ± 1.1

92 ± 15

284.1 ±0.6

3819

3

3705

3

3636

8d D

4
4

4026

7d D

555.1± 0.3
± 30

3

6d D

536 ± 30

± 30

561
3

5d D

Ref.

Earlier
beam-foi I
Ref. 1

69

±3
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For n= 5 and 6 it is clear that our beam-foil accuracies are comparable
to or better than available level-crossing measurements.

The beam-foil

method can, also, without too much effort be extended to higher levels,
which are difficult to reach by stepwise laser excitation.
For purposes of comparison with theoretical estimates we have computed
the deviation from a n~3 scaling law for all values. A simple theoretical
model

which ignores, for example, singlet-triplet mixing, gives the

3

n DJ - n

separation as
(35033 MHz)n" 3

(1)

which accounts for the dominant part of the n-dependence.

Thus the percent

deviation 100x(v - V„)/v„, where v is the measured frequency for a given
a
3

D

3

- D

D

separation, provides a very sensitive comparison between theory

and experiment, as is presented in Table II. Our results are in excellent
TABLE II

Comparison between this experiment and theory

TH E 0RY
n

THIS WORK

7)

8)

9)

10)

11)

3

2.0 + 0.2

3.7

2.4

2.1

-1.5

1.9

4

4 .6

2.0

1.7

-1.6

1.3

5

1.0±0.1
1.4±0.2

4 .8

1.3

6

1.9±0.6

5 .4

1.1

7

-0.5 + 1.1

5.7

1.0

8

1±4

5 .2

agreement with the very recent theoretical calculations of Chang and Poe
but are in clear disagreement with all previous theoretical results.
interesting to note that Parish and Mires

10)

It is

report singlet-triplet mixing

parameters which are up to a factor of 2 less than those reported by Van Den
Eynde et al.

. Tam

has pointed out that the n 3 D 2 - n 3 D 3 fine structure

separations seem to depart more severely from the n~3 scaling law, and measurements of increased precision for these frequencies are now in progress.
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3.1.8

A HIGH PRECISION BEAM-FOIL MEANLIFE MEASUREMENT OF THE Is3p JP LEVEL
IN He I

(G. Astner, L. Curtis, L. Liljeby, S. Mannervik and I. Martinson)

The beam-foil technique is probably the most versatile and most prolific method of atomic meanlife measurement available today, and an impressive amount of accurate data has been obtained by this technique.

One can

usually be 95 Z confident that modern beam-foil results are reliable to within 10 %.

Recently, however, considerable efforts have been expended to de-

velop alternative techniques to measure lifetimes to within a few parts per
thousand.

To date one beam-laser experiment

has succeeded in achieving

this accuracy, but it appears that this method does not yet have the flexibility of beam-foil excitation and thus cannot be considered a substitute
for it.

We have therefore attempted to prove the ultimate precision of a

modern beam-foil measurement to determine whether accuracies in the parts
per thousand range are attainable with reasonable effort.

The level selected,

Is3p *P in He I, has already been well studied both experimentally and theoretically.

Preliminary results were presented in last year's Annual Report.

We have now obtained results with an estimated uncertainty of only 0.26 %
which far exceeds the precision of previous measurements and rivals that of
existing theoretical calculations.
Details of the measuring techniques, which utilized the two spectrometer
method of time calibration, were given in last year's Annual Report and in
the preceding paper (3.1.7) on quantum beat measurements.

The measurement

was performed with standard equipment used currently in many modern beamfoil laboratories, but with special attention to the details which can affect
the accuracy of the measurement.

Our estimates of the various sources of un-

certainty are given in Table I.
The largest sources of error are the statistical uncertainties in the
decay curve fit, which could be reduced still further by additional data
accumulation, and the possible rest gas excitation, which could be reduced
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TABLE I

Measurement uncertainties, in per cent
(standard deviation)

A.

Instrumental uncertainties
Deadtime correction uncertainties
Nonlinearities in the screw drive
Loss of viewed particles by diverging beam
Possible rest gas excitation

B.

0.2

Decay curve analysis uncertainties
0.14*
0.02
0.02

Statistical uncertainties
Cascade corrections
Background corrections
C.

0.05
0.05
0.01

Velocity determination
Statistical uncertainties in fitting and
Fourier analysis of beat pattern
Calibration frequency
Effect of foil thickening
Earth's magnetic field

0.03*
0.02
0.04
0.03

Total, assuming uncorrelated

0.26

* Statistical uncertainties in the fitting of the lifetimes and the quantum
beats were combined for each data set. Thus these figures represent the
merged statistical uncertainties of all 10 data sets broken down into
categories B and C according to their average contribution.

by use of ultrahigh vacuum techniques.

It is interesting to note that, al-

though cascade corrections are much discussed in the context of beam-foil
measurements, they are in the present case an insignificant source of uncertainty in the primary meanlife determination.

This is largely due to the

fact that all the levels responsible for direct cascading into Is3p *P, for
example, Is4s 's, Is4d 1T> as well as higher *S and *D terms have lifetimes
much longer than the Is3p *P decay time. Decompositions of the Is3p XP decay
curve into exponentials should therefore be quite unambiguous.
Fig. 1 shows the results of the analysis of the individual data sets.
The error bars on the points are the standard deviations returned by the
fitting program under the assumption of statistical uncertainties.

The

weighted average of these measurements is 1.7225± 0.0025 with a reduced x 2
of 0.74, indicating consistency between fluctuations in the sample distribution and a parent Poisson distribution.
Table II compares our result with a selection of other measurements and
theoretical values.

Only more recent results are included, since, prior to

the advent of techniques such as beam-foil excitation most measurements of
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FIGURE 1
The results of ten independent
lifetime measurements.

t715
DATA SET NUMBER

the Is3p
Is

10

P lifetime were strongly influenced by the imprisonment cf the

S-ls3p

P resonance radiation.

All modern experimental results, based

on beam-foil, on zero-field level crossing, or on beam-gas or atomic beam
techniques, are in agreement with each other and with our results.

In fact

their variance is only 2 %, much better than their quoted uncertainties
would suggest.
Precise theoretical calculations of' the Is3p *P lifetime are available
in many cases with estimates of uncertainties in the calculations. For
example, Schiff et al.

have examined the agreement between results ob-

tained by using the dipole-length and dipole-velocity formulae for f-value
calculations, together with the convergence of their results as an increasing
number of terms (up to 364) are included in the variational calculations,
and they conclude that their values are accurate to within one part per
thousand for the Is3p *P level in He I.

TABLE II

The Is3p *P lifetime (ns) in He I

This work

Other measurements

Theory

(since 1969)

1.7225+ 0.0046

1. 78± 0 10*
1. 72 ± 0 10*
1. 70 ± 0

04°
d

1. 8 ± 0. l

1. 7 3 ± 0 . I I

1 .74^

Ref. 2

w

Ref. 8

1 .726± 0.002^

Ref. 3

h

Ref. 9

1 .73*

Ref. 4

%

Ref. 10

Ref. 5

3

Ref. 6

k

1 .76*
e

1 .73

J

1 .72± 0.09

fe

f Ref.

7

' Ref. 11
Ref. 12
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Anderson and Weinhold

12)

discuss situations in which length-velocity

agreement and numerical convergence can give erroneously small error estimates.

Instead they were able to determine rigorous upper and lower bounds

to their f-values, calculated by using variational wavefunctions with about
140 terms. Their result for the Is3p 1V level is only quoted to be accurate
to within 5 %, most of the uncertainty being due to the Is 2 ^-lsSp 1V f-value,
but it agréas with Schiff et al.

to within 0.5 %.

It should be noted,

however, that the error limits in Ref. 12 are obtained in a much simpler way
than most previously estimated theoretical uncertainties.
Our experimental result is clearly consistent with all these experimental
and theoretical results but the precision is higher than previously quoted,
8)
with the exception of the work of Schiff et al.
. We conclude that the
beam-foil method of atomic meanlife measurement is capable of very high
accuracy, the errors being a few parts per thousand in favourable cases.
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BEAM-FOIL MEANLIFE MEASUREMENTS OF THE 3d 4p lV and 3 F LEVELS IN Sc II

(H.P. Palenius, L.J. Curtis and L. Lundin)

Last year's Annual Report contained two conflicting measurements of an
atomic meanlife in Sc II, with a beam-laser measurement which was a factor
of two longer than our beam-foil remeasurement.

We have now resolved this

discrepancy, which was the result of a spectral line blend between Sc II
and Sc III.
Scandium II offers a good opportunity to compare beam-foil lifetime
measurements with the cascade-free beam-laser results, since beam-laser
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measurements of levels in Sc II have recently been reported by two different
1 2)
groups ' . As can be seen from Table I, one of these measurements agreed
3)
with the beam-foil work of Buchta et al.
stantially.

while the other disagreed sub-

In last year's Annual Report we reported new beam-foil measure-

ments which substantiated the earlier work of Buchta et al., which led us
to search for other sources of discrepancy.
TABLE I

M e a n l i f e

(ns)

Level
This
work

Earlier
beam-foil

Beamlaser

Theory

Emission

3d 4p z 1P°

8.6± 0.6

5.5+ 0.5

9.2± 0.5&

7.0d, 6.1e

3d 4p z 3F

6.5± 0.4

5.6±0.6

6.2+ 0.2°

5.8 d , 6.6G ,5.2^, 5.5^

Ref. 3

h

Ref. 2

° Ref. 1

d

Ref. 4

e

Ref. 5

? Ref. 6

9

6.6-f, 8.0^

Ref. 7

A possible source of error in beam-foil work involves blending between
close-lying spectral lines due to the Doppler broadening of the spectra.
Subsequent to the publication of the work of Buchta et al. a term analysis
for Sc III has been completed by Holmström (1972) which has revealed that the
Sc III 5p 2 P 3 ,2 - 5d 2 D 3 / 2 transition occurs at 5032 Â (rather than 5020 A,
as earlier isoelectronic extrapolations had indicated) and therefore could
have been strongly blended with the Sc II 3d2 1DZ - 3d 4p ] Pj transition at
5031 Â in the beam-foil spectra.

This possibility is easily tested by beam-

foil methods, since the Sc II 3d 4p *P
cay channel, the 3d

2

level possesses another strong de-

l

*D2 - 3d 4p V1 at X 3556 Â which should be free of

close-lying blends and was not investigated by Buchta et al.
Figure 1 compared a spectral scan taken at 75 keV beam energy with one
taken at 275 keV in the region À 4600-5200 Â.

Several strong multiplets of

Sc I, II and III are indicated by bracketed vertical lines of lengths proportional to their reported emission intensities, with labels denoting their
charge states. Notice that at 75 keV the line at 4992 Â is much stronger
than that at 5031 Â, with these lines presumably arising respectively from
Sc I transitions. At 275 keV the trend of the relative intensities of these
two lines has reversed.

Although it is difficult to deduce relative excita-

tion functions from beam-foil spectra, it is quite clear that blending from
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FIGURE 1
Spectral scans at 75 and 275 beam
energies. Strong Sc I, II and III
transitions are indicated by
multiplet-bracketed vertical lines
of length proportional to reported
emission intensity. Notice the
variation of relative intensities
between lines at 4992 and 5031 Â.

<700

4800

4900

5000

5100

MÂ)

the Sc III transitions at 4993 and 5032 A increases very sharply with beam
energy and poses severe problems for lifetime measurements with these excitation conditions.

The lifetime of the Sc III 5d 2 D level has been measured

previously in another branch

to be 2.4 ns and theoretically calculated

to be 2.3 ns, which would be most difficult to separate from the 9.2 ns
value reported by Stoner et al. for the Sc II 3d 4p *P unless one of the two
transitions dominated the blend.

To test this we measured the decay curve of

the 5031 Â line at various foil-emergent beam energies and found the inferred
lifetimes to be strongly energy dependent verifying that heavy blending occurs.

Since the 5031 Â transition is not suitable for measurement of the

Sc II 3d 4p 1T lifetime, we next made decay curve measurements of its branch
at 3536 Â.

In this case we found that a lifetime of 8.6± 0.6 ns was extracted

regardless of the beam energy, in agreement with the beam-laser measurement of
2)
Stoner et al.
. Similar decay curve measurements were made for the
Sc II 3d 4s 3Dj - 3d 4p 3 F 2 transition at 3642 Â which yielded a value of
6.5±0.4 ns, also the same value regardless of beam energy, which is in agree3)
ment both with the beam-foil measurement of Buchta et al.
and with the
4)
beam-laser measurement of Arnesen et al.
. These results are compared with
each other and with emission measurements and theoretical calculations in
Table I.
(Referencesy see next page)

r
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3.1.10

ON "COLLECTIVE EXCITATIONS" IN ATOMS AND MOLECULES

(CA. Nicolaides* and D.R. Beck**)

Recently, there has been some revival and mild controversy over the subject of "collective oscillations" (or "collective excitations'", "collective
1—8}
motion", "plasma oscillations", etc.) in atoms and molecules
Since this idea is borrowed from solid state and nuclear physics, much
of the language and formalism (e.g. poles of the two-particle Green's function in the Lehmann representation, correlations between density fluctuations
in a shell, etc.) employed in various discussions is rather alien to atomic
and molecular physics and may conceivably cause unnecessary positive or
negative interpretations.

Thus here we would like to present arguments

which might prove to be useful alternatives to other approaches in establishing a reasonably clear picture of the idea of "collective excitations".
In atoms and molecules, one could use language such as "collective vibration of a shell", "damping of the excitation", "electrons dragged along",
etc.

Such descriptions, however, cannot be subjected to experimental veri-

fication.

Thus, in dealing with this problem, we will adopt a strictly

positivist quantum-mechanical attitude:

Transitions at a particular energy

seem to have an unusually large probability. In the aase of atoms and molecules how can this be explained in simple language?
To relate with ideas commonly used in atomic and molecular physics, we
consider the following.

The mathematical separation of the total Hamiltonian

of a system of N non-relativistic interacting particles

H

=

H + V
o

has computational as well as conceptual implications.

(1)
The conceptual ones

- 33 are that one does not have to think in terms of total wavefunctions of 3N
dimensions but, instead, we can utilize the attractive semiclassical picture
of individual particles existing in orbitals, subshells and shells.

In this

case, all kinds of exotic "phenomena" and effects, such as "collective motion",
"inter-shell coupling", "polarization of shells", etc., can show up.

Such

terminology is, of course, a figment of the type of calculation employed
which is always based on the separation (1). On the other hand, since visual
descriptions often satisfy our physical intuition more than wry mathematical
symbols, models which start with the independent-particle approximation, and
consider all corrections to it as having some physical meaning, can have much
heuristic value.
We can write the following equation, based on equation (1):
H

*n =

e

(2)

n*n

where the <!>n are discrett or scattering wavefunctions.

Since H

is separable,

it may have part of its discrete spectrum superimposed on its continuous
spectrum.

For example, inner-hole configurations in neutral atoms will nearly

always lie in the continuous spectrum.
operator.

We assume H

to be the Hartree-Fock

Let <j>g be an inner-hole configuration (zeroth-order reference state)

created during photoabsorption and embedded in Rydberg or continuum series of
the same symmetry.

There are two physically meaningful and computationally
9)
useful ways by which the <|>n can be obtained
. We choose the case where
each HF function is calculated self-consistently in the potential characterised by the configuration. Such potentials automatically take into account
"relaxation effects"

-

unlike the "frozen-core approximation" employed in

RPA or other diagrammatic perturbation theories. Also, according to standard
group theory, the proper coupling between the core symmetry and the free or
Rydberg electron is always taken into account and no unnecessary approximations or complications arise.
Each of the zeroth-order functions <j>n carries oscillator strength from
the ground state.

Even when the transition involves a two-electron jump in

the zeroth-order approximation, true HF theory allows for a non-zero oscillator strength due to non-orthonormality of initial- and final-state orbitals
Nevertheless it may happen that the observed spectrum shows very little absorption over most of the energy region of interest, except in one part of
it where absorption is extremely enhanced.

This can be simply interpreted

as being caused by a stationary state of the total Hamiltonian, which has
the following properties.

.

(i)

It is expressible as a linear combination of the zeroth-order
vectors

(ii)

r

n

Its oscillator strength is (nearly) equal to the sum of oscillator
strengths of the nearby <|>n so that the total absorption strength
is conserved.

The first property can be expressed simply:
with

r

R

(3)

(ikj

n n

If we assume that(<f) |H|<|) , a; 0 (a fairly good approximation when only one
channel is present) then:

(4)
ER -

where E

= ($ | M ] 4> ) .

The second property can be written as (variation of X with n is assumed
small):

(5)

\/,i

n?R
where D is the dipole operator and ty. is the ground-state wavefunction.

Con-

dition (5) is satisfied if:

—
77-

S=

O

(6)

Therefore, by identifying equation (3) with equation (6), we see that a
sufficient condition for a "collective excitation" to occur optimally is:

where a are the mixing coefficients in the excited-state wavefunction. The
m
factor A cancels if ratios are considered. If the approximate equation (4)
is used, the sufficient conditions become:

(8)

Equations (7) and (8) relate the mixing coefficients in the excited stationary state to the excitation amplitudes to each of its components.

It is

~l
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reasonable to expect that in reality these optimum conditions cannot be
satisfied exactly and thus physical spectra must contain some single-particle
excitation character even in regions where the spectrum is characterized
mainly by a single, strongly absorbing peak.
We conclude by saying that by applying CI ideas, we have presented an
analysis of the observed "collective resonances" in atoms and have given
simple criteria for their occurrence.

These criteria relate the excitation

amplitudes to HF zeroth-order states easily predictable by FOTOS

to

their mixing coefficients in the expansion of the final stationary state.
Our approach, which clearly suggests that "collective resonances" are simply
a manifestation of correlation effects in the final state, offers an alternative to interpretations found in other papers which attribute physical reality to extensions of the unphysical, zeroth-order independent-particle approximation.
it
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THEORETICAL LIFETIMES OF THE N II 2s2p 3 , AND 2szsp3s 'P 0 STATES
OBTAINED BY APPLYING "FOTOS"

(CA. Nicolaides* and D.R. Beck**)

Recently, Livingston et al.
3

produced experimental values for the

lifetimes of the N II 2s2p and 2s 2p3s 1 P° states.
2-4)
Previous theoretical results
were in disagreement by a factor of
two with their values.

2

They attributed this

-

correctly

-

to the theo-

retical difficulties related to correlation effects in the excited states
and they suggested that "An improved theoretical value for the 2s2p3s 'P 0
lifetime and a configuration-interaction calculation for the 2s 2p3s 1 P° lifetime are needed to explain the effects responsible for our observed life4)
time".

Likewise, Smith et al.

rounding the N II 2p

2 J

have commented on the difficulties sur1

S - 2p3s P° and 2p 2 *D - 2p3s 'P 0 transition pro-

babilities and have singled them out as "good examples for future work".
i'Iere we present the first results from many-body calculations which
agree with the experimental values

. These calculations have been carried

out according to our recently developed first order theory of oscillator
strengths

-

FOTOS

.

In applying FOTOS, we predict and calculate varia-

tionally to a high degree of accuracy the important correlation, effects which
affect electric dipole processes the most.

The notions of the theory are

straight forward and can be applied with the same ease to any atomic or molecular transition once the corresponding "Fermi Seas"

have been determined.

We point out that FOTOS is a many-body theory of oscillator strengths and
not of electron correlation energy.

The resulting wavefunctions are compact

and contain only those correlation vectors, <J>n, which survive simultaneously
the following three selection rules: ^ Fermi Sea |H| <|>n / J 0 ,
I) is the electric
{Fermi Sea | D |
0 , and nonor thonormality '
dipole operator.

For details of the theory and its relation to other theo2)
retical approaches which have been introduced ad hoc
for practical reasons
i.e. availability of correlated wave-functions

-

ard not as a result of a

theory of transition probabilities, the reader is referred to Ref. 5.
Our results are presented in Table I and are compared with the experimental values.

The agreement is excellent.

Such agreement has been observed

for a number of transition probabilities which are difficult to calculât«
accurately and which form the object of studies of other papers

.

We close by emphasizing again (see Refs. 3,5) that for a number of
transition probabilities in the neutrals and singly ionized species, the
proximity of inner hole excited configurations to Rydberg or continuum series

1J.

r

" ana
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W.H. Smith, J. Brzozowski
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FOTOS °
N II

f-value

2s 2 2P 2 *D - 2s2p3 1 P°

660

0.126

746

0.321

2s 2 2p 2 *D - 2s22p3s 1 P°

747

0.200

2s 2 2P 2

858

0.0031

2s 2 2P2

J

!

(This work)

S - 2s2p3 1 P°

S - 2s22p3s 1P°

First Order Theory of Oscillator Strengths

T

-

(ns)

Experiment
T

b

(ns)

0.224

0.23

0.252

0.22

see Refs. 5 and 8.

Beam-Foil, Ref. 1

and the resulting perturbation causes additional theoretical complications
not easily solvable.

This is so because usually the mixing coefficients

are affected immensely by small changes of the variational parameters in the
correlation vectors and/or by the type of configurations included in the
total wave-function.

(In our calculations, we include numerical Rydberg

orbitals to represent the Rydberg states near the hole-state while the rest
of the radial expansion of the first-order symmetries

is represented by

one or two variationally optimized STO's.) For example, one can see that
other recent experiments by Curtis and Smith

' and Kernahan et al. 9' pro-

duce results in Si II and in B II in strong disagreement with many-body calculations.

The problem of the nature of the wave-functions of excited states

and its effect on atomic properties is examined in detail elsewhere
*
**

.
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3.1.12

ON THE POSSIBILITY OF OBSERVING NON-EXPONENTIAL DECAY EFFECTS IN

AUTOIONIZING STATES
( C A . Nicolaides* and D.R. Beck**)

Resonances which are observable in a variety of particle-atom or photonatom reaction cross-sections can be conceptually and mathematically treated
from a time-dependent point of view and be associated with non-stationary
(autoionizing) states which decay into an electronic continuum (1-4).

From

a time-dependent point of view, these states can be expressed as a superposition of stationary states of different energy (5). The connection between
the time-independent and the energy-dependent pictures can be established
via Fourier transformations (4). The larger the energy dispersion the faster
the dissipation.
When the time-dependent point of view is adopted, questions such as the
following arise:

1) What is their time evolution behaviour?

2) Since the

statistical exponential law is not satisfied at all times for decaying states
(6), could there be any physically interprétable causes for the aucoionizing
states to decay nonexponentially?
The time evolution of the autoionizing state is given by the square of
the amplitude G(t)
-(i/n)Ht
G(t)
where |ip(0)

(1)

is the initially localized state represented by an exact

square integrable wave-function <J>(0) (1,2,4).
an eigenvalue E

This function corresponds to

= (Hip(O))/(i{i(O)) which is embedded in the continuous

spectrum of H = h

+ V.

G(t) can also be written as (1):

G(t,

- -ij

-(i/h)zt

dz

(2)

where
G d (z)

R(z)

(3)

—jj ,

z complex

and the contour goes around the whole spectrum of H.
From eq. (1) it follows that

(4)

(Continued...)

- 39 -(i/n)Et
dE e
|(i|)_(E)|lKO)>|2

G(t)

and
n

(5)

v ^nf»('(0)> j (ipE(E) |i|)(0) > * 0 in general.

Ij is the first ionization threshold of the continuum into which the autoionizing state decays.
If we neglect the sum over the discrete states |i}>n), we see that G(t)
is given fay the Fourier integral of a real function of energy which, by definition, is zero below Ij. This fact created in us the suspicion that the
physicaLly imposed lower bound in the integral of eq. (5) might cause deviations from the exponential law at the "wings" of G(t). Indeed, in refs. 3
and 4 we proved the following theorem:
Theorem

(The proof is given in refs. 3 and 4.)

Let g(E) be a real valued function defined on the real line.
Assume that g(E) is zero on a set of positive measure.
Then, its Fourier transform G(t) cannot decrease exponentially for t-»°°
The above theorem and the related physical arguments suggest that the
physically relevant region on the energy axis is (Ix,°°).
eq. (3) is zero.

Below Ix, G**(z) of

An explicit integration of eq. (2) has yielded (ref. 4)

|G(t)|2

~ e

-(I7Ti)t
(6)

ir2(4E2+ T22))tt 2

where I is the energy of the autoionizing state and T its width.

Equation

(6) constitutes a rigorous replacement of the exponential "law" when the
continuum into which a nonstationary state decays is bounded from below.
By considering relativistically autoionizing states it turns out that,
in extreme cases, the magnitude of the second term in eq. (6) becomes equal
to that of the first one after 20 lifetimes.
Details of the theory and applications to atomic states are given elsewhere (ref. 4 ) .
*
**
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3.1.13

STUDIES OF THE ORIENTATION OF FAST IONS EXCITED BY GRAZING ANGLE

SCATTERING OFF SOLID SURFACES UNDER ULTRA-HIGH VACUUM CONDITIONS
(R. Buchta and L.J. Curtis)

A very important recent discovery in fast ion beam interactions concerns
the production of excitation orientation.

This effect was first observed in

the passage of an ion beam through a thin foil which was tilted relative to
the beam direction to spoil the axial symmetry
in excess of 10 Z were measured.

, and circular polarizations

Subsequently, a similar effect was observed
2)

in grazing angle reflective scattering of an ion beam by a solid surface
which has yielded circular polarizations greater than 60 %.

These excitation

asymmetries offer wholly new possibilities, both for measurements of atomic
structure properties (using these anisotropies in, for example, level crossing measurements), and for studies of the surface properties of solids.
A model for the beam-tilted-solid surface interaction has recently been
3)
proposed by Berry et al.
lision model.

, which assumes a two-component soft sphere col-

Here one component of the interaction occurs when the ion

grazes the first surface layer of the solid and is thereupon small angle
scattered.

In this case the direction of the orbital velocity of the outer-

most electron of the ion relative to the passing surface could be expected
to influence the excitation, and give rise to the- circular polarization.

For

larger angle scattering a second component is assumed to occur where the ions
are scattered after penetrating several atomic layers into the solid.

This

model thus implies that the orientation produced should be very sensitive
to the scattering angle, which was found to be true in the measurements of
Berry et al.

However, Berry et al. pointed out that their measurements were

performed at a pressure of 10~6 torr, and they suspected that contaminating
monolayers could have been present on their scattering surfaces, complicating
the interpretation.

Indeed, they obtained their most consistent results

using gold surfaces, where oxide layers would be expected to form most slowly
and sputter away rapidly.

Thus ultra-high vacuum studies of these effects

are indicated.
A new ultra-high vacuum system and scattering chamber have recently been
installed at the 80 keV isotope separator facility, making possible measurements at a pressure of less than 10~ 8 torr.

We have begun a series of mea-

surements of Stokes parameters of the optical radiation emitted by ions scattered by solid targets at a variety of pressures.

Clean surfaces can be ob-

tained in situ by sputtering away a monolayer under high vacuum, and the
observed polarizations studied as the pressure is gradually increased to the
10~ 6 torr level.

Preliminary results have already been obtained which seem

to indicate that the purity of the surface plays an important role.
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3.1.14 PRACTICAL REALIZATION OF BEAM-SPECTROMETER COUPLING ARRANGEMENT IN
HIGH-INTENSITY METHOD FOR OPTICAL SPECTROSCOPY ON ION BEAMS
(K.-E. Bergkvist and L. Liljeby)

In last year's Annual Report one of the authors (K.-E.B.) presented a
new method for optical spectroscopy on ions moving in a confined beam with
uniform velocity.

An intensity gain by a factor of 70 as compared with the

conventional way of measuring was demonstrated.
cussion of the new method see reference 1.

For a more thorough dis-

The method makes constructive

use of the Doppler shift of the emitted light to circumvent a brightness
limitation inevitable in conventional optical systems.

In the new method,

where the conventional entrance slit of the spectrometer is dispensed with,
light from the ion beam is admitted into the spectrometer via a coupling
arrangement incorporating a lens, the focal length of which has to be related to beam and spectrometer data according to the relation

D
f =

<V\>

V

c

(1)

MU )
o
where D(X ) and M(X ) are the dispersion and magnification, respectively,
of the spectrometer, referred to the unshifted wavelength X

of the photons

to be registered, and v/c is the ion velocity in units of the speed of light.
When scanning a spectral region, with the ion velocity kept constant, the
condition (1) in general implies that the focal length f will have to be
varied with X . When varying f, the beam should remain imaged in an intermediate-image plane in the coupling arrangement, while at the same time the
focal plane in the employed image space of the coupling lens must be kept
coinciding with the plane appropriate for the entrance slit in a conventional
use of the spectrometer.

Our design to meet the listed requirements is in-

dicated in Fig. 1.
By choosing a spectrometer with a large magnitude of D/M CD (5000 A) »
0.6 mm/Â ; | M(5000 Â)| sa 0.9], sufficiently large values of f have resulted
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FIGURE 1

Practical realization of coupling arrangement between ion beam
and spectrometer in the high-intensity method of Ref. 1. A commercial Super-8 Zoom lens (cross-shaded area) is employed as the variable
focal length element. Threads A and B of appropriately chosen pitches ensure that the ion beam is invariably imaged in the intermediate-image aperture when the focal length is varied. An unavoidable simultaneous variation
over the interval s of the proper position of the plane of the deleted entrance slit of the spectrometer is compensated for by an appropriate covariation with s of the spectrometer exit slit.

to allow a commercial zoom lens (Eumig Eupro-Zoom: 1:1,3 ; f = 15—25 mm) to
be used as the coupling lens for the range of v/c available with our accelerator.

With the close to 400 kV attainable at the terminal, atomic masses up

to A » 5 0 can be accommodated to the condition (1), provided doubly charged
ions are accelerated in the upper mass range.
The zoom lens is indicated by the cross-shaded area in Fig. 1.
to its normal use object and image space are reversed.

Compared

By rotating an exter-

nal knob, the extension U regulating the focal length of the zoom lens is
varied by means of the thread B.

At the same time, by a suitable choice of

the relative pitches, the thread A moves the whole lens body in such a way
that the ion beam remains imaged in the plane of the intermediate-image aperture indicated in the lower part of the figure.

While varying f, the relevant

(virtual) image plane of the zoom lens moves over the range denoted s in Fig. 1,

r

~l

- 43 The movement of this focal place is compensated for by a corresponding covariation of the spectrometer exit slit along the axis.

The dependence of

both f and s on u is shown in the diagram incorporated in Fig. 1.
The spectrometer consists of a 4" x 5" grating in a 3m Ebert mounting.
The grating has 1200 groves/mm and is employed in second order spectrum,
where the blazing is centered at 5000 Â.
With the arrangement described we observe about a factor of 100 in intensity gain on the He + 4686 Â line as compared with measuring in a conventional way (and with the same resolution) with a Heath Type EUE - 700 (D/F =
1:6.8) monochromator.
REFERENCE
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3.1.15

DETERMINATION OF ATOMIC OSCILLATOR STRENGTHS FOR USE IN FUSION PLASMA

RESEARCH
(L.J. Curtis, L. Liljeby, U. Litzén*, L. Lundin, I. Martinson* and S. Huldt*)

At the present stage of development of fusion research it is important
to be able to construct realistic computer models of the atomic properties
of the plasma, its contaminants, and its cooling.

This requires a knowledge

of the concentration of impurity atoms, which in turn requires a knowledge of
the spectra and transition probabilities of the highly ionized heavy species
which are introduced into the plasma via sputtering processes at the first
wall.

Atomic data are therefore needed for those elements of which the first

wall, limiter and diverter are constructed.

The conventional wall materials

are stainless steel (Cr, Fe, N i ) , Mo, W, Re, V, Al and Au.
studies of the ST-Tokamak at Princeton

Spectroscopic

have shown spectral lines attributed

to, for example Fe XXIV, Mo XIII and Mo XIV.

One and two valence electron

systems are a particularly important source of radiative energy loss in a
plasma, and the connection between these isoelectronic systems and plasma reactor design is shown in Fig. 1, from Ref. 2.

We have therefore undertaken

a systematic study of the Cu I and Zn I isoelectronic sequences, investigating
both the term values and the oscillator strengths of these systems.
Cu I sequence
The f-value trends for the 4s 2 S - 4p 2 P resonance line in this sequence
2)
have been thoroughly discussed by Wiese and Younger
who noted appreciable
discrepancies between the experimental and theoretical data for Cu I - Kr VIII.

-
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FIGURE 1

Graphical overview of principal atomic data needs for fusion
research. Elements which are used or are under consideration
as first wall materials are given as vertical lines. The isoelectronic sequences shown (diagonal lines) are for simple
atomic systems which, due to low-lying resonance transitions,
give large contributions to radiative energy losses.
w

f

Xt

Mo

Kr

Gc ZnCu

Cu - sequence
i.o |-4ï
x

MCHF

o

HF

•

beam - foil

FIGURE 2

Comparison between theoretical and experimental
oscillator strengths for
the 4s 2 S - 4p 2 P transition in the Cu I sequence.
The data sources are
Refs. 2, 3, 4 and 5.

r thtory
'

0.5

0.01

0.02

0.03

The former came from beam-foil measurements

1/Z

*

, whereas the latter were

based on Hartree-Fock (HF) calculations with reiativistic corrections.
recently, Froese Fischer

More

has reanalysed the Cu I sequence using a multi-

configuration Hartree-Fock (MCHF) approach.

Her results, together with the

HF f-values and beam-foil data are shown in Fig. 2.

Lindglrd and Nielsen 6 ^

have also calculated these f-values and their results are rather close, although somewhat higher than the MCHF ones.
It is obvious from the figure that the present situation is not very
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10000-

Cu I sequence

FIGURE 3

Simulated decay curves for the
4p 2 P level in the Cu I sequence.
More than 20 cascading levels
were included in the analysis and
initial populations according to
(2£+1)(n*)~3 were assumed, H and
n* being the azimuthal quantum
number and effective quantum
number, respectively. Theoretical
lifetimes were used. Note the
initial intensity rise in e.g.
Se VI, explainable by cascading
from higher levels with lifetimes
shorter than that for 4p 2 P.

1000-

Cul
100-

Znll
10-

1-

10 X

satisfactory and renewed efforts are thus worthwhile.
a beam-foil study of this sequence.
2

We have now initiated

In Zn II the lifetimes for the 4p 2 P ,

2

4d D and 5s S terms have been determined and the preliminary analysis is
consistent with a somewhat higher f-value than that shown in Fig. 1.

Also

the Ga III case is being studied, here one of our conclusions is that line
blending

-

certain Ga II and Ga III multiplets are very close in wavelength

may seriously complicate lifetime measurements by beam-foil methods.

A new

study of these spectra, using classical atomic spectroscopy, has therefore
been initiated

(see below).

As a guide to further experiments we have constructed simulated decay
curves, so far limited to Cu I - Se VI, using the calculated lifetimes of
Ref. 6.

The result is shown in Fig. 3.

A most interesting effect is the

initial rise of the intensity for Ga III and higher ions, explainable by
growing-in processes from higher levels with shorter lifetime than 4p.2P.
One possible explanation for shortcomings on the experimental side is
cascading into the level under study.

However, these simulated decay curves

for the first excited level show that the cascading problems become less
serious when Z increases.

After an initial rise the constructed curves fol-

low rather closely the expected np 2 P decay time.

The reason for this is that
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The upper spectrum shows intensity versus wavelength for beamfoil excited Ga. The line spectrum below was obtained by conventional sliding spark spectroscopic methods. The two spectra
together allow an identification of blending effects in lifetime
measurements.
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such resonance lines with An= 0 have much lower transition rates than An= 1
lines in highly ionized systems, which should also permit lifetime measurements with the beam-foil method.
Zn I sequence
The f-values for the 4s 2 1S - 4s4p XP resonance line are shown in
Fig. 4.

Two sets of theoretical values are available.

from the calculations of Warner

The open circles are

who used Thomas-Fermi-Dirac wavefunctions

while the crosses are from Coulomb-approximation work

. The latter data

agree better with the experimental f-values, from beam-foil studies of
S^rensen

and Livingston

although a discrepancy still exists.

We have

now remeasured the Zn I f-value, finding good agreement with Refs. 6 and 3,
while an analysis of a new Ga II study is in progress. Additional isoelectronic investigations of the termvalues of the Cu I and Zn I sequences are
being undertaken with the University of Lund, and the utilization of conventional high wavelength resolution spectroscopic technique in conjunction
with beam-foil lifetime analyses offers great advantages.
Parallel to the lifetime work a renewed analysis of the level structure
8)
in Ga II, Ga III, Ge III and Ge IV is being undertaken
. The corresponding
spectra are recorded with the 3m normal incidence spectrograph at the University of Lund.

Figure 5 shows a Ga beam-foil spectrum with a high wave-

length resolution sliding spark spectrum of the same element superimposed
below it.
*

University of Lund, Sweden
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3.2

3.2.1

SURFACE PHYSICS

SIMULATION OF FIRST-WALL ION IRRADIATION IN FUSION REACTORS

(M. Braun, B. Emmoth and R. Buchta)

A few years ago, ?n experimental program was initiated at this institute
with the aim of studying surface phenomena when possible fusion reactor wall
materials are bombarded with ions in the keV region.

First vacuum wall ma-

terials in a CTR (Controlled Thermonuclear Reactor) will be subject to bremsstrahlung radiation as well as charged particle and neutron bombardment from
the burning plasma.

The charged particles consist of fuel ions and alpha

particles from the reaction D + T •* n (14 MeV) + ''He (3.5 MeV). Furthermore,
heavier ions, previously ejected from the reactor wall due to different types
of erosion effects, will hit the walls.

Surface erosion phenomena such as

sputtering, blistering, exfoliation, chemical erosion and desorption will
take place as a consequence of the particle-solid interaction and give rise
to plasma impurities. Also damage in the bulk structure, such as swelling,
embrittlement, etc. are resulting effects of the particle irradiation.

For

proper reactor designing, an understanding of these wall problems is therefore highly desirable.
A number of theories exist for calculating the sputtering yield (number
of atoms per incoming ion), where one of the most successful is that of
Sigmund

. However, for light ions there are large discrepancies between

calculated and measured values.

These may partly be due to the difficulty
3

of measuring small yields (~10~ - 10"1 atoms/ion for H and He) and the fact
that the theory depends on unsatisfactorily known quantities such as the
surface binding energy and lattice displacement energies.
We have measured sputtering yields for He + and Ar + bombarding different
target materials in the energy range 10 - 120 keV.

At a known distance below

~1
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TABLE I

Sputtering yield values

Ion

El (keV)

Nb bulk

He

20

ORSP*

Ag bulk

He

40

ORSP

Al film

He

20

RBS*

Al film

40

RBS

40

ORSP

1.0 ± 0.1

Cu film

Ar
Ar
Ar

45

ORSP

6.8 + 0.2

Au film

Ar

20

ORSP

9.9 ± 0.3

Ag film

Ar

120

ORSP

10.6 ± 0.3

Ag film

Ar

40

ORSP

11.2 ± 0.3

Ag film

Ar

10

ORSP

10.2 ± 0.3

Al film

*

Method

Target

S (atoms/ion)

~ 0.02
0.10+ 0.02

~ 0.05
1.2

ORSP Stands here for "Optical radiation from secondary particles" and
RBS for "Rutherford backscattering"

the target surface, a trace element is introduced as a marking in the substrate.

The target material is gradually sputtered away, eventually releasing

the introduced marker, which is studied.

For sputtering of thin films, for

example, we use sandwich targets which are prepared by successive evaporations.

During tha sputtering process, optical detection of a spectral line
2)
intensity from the introduced marker layer is performed
. The required
dose (Q) in JJ Coulomb/cm2 to reach the thin layer then jjives the sputtering
yield (S) :

S = 9.65

• 10" •

^~

A •Q

where p is the density, X the thickness of the sputtered layer in Angstrom
and A the atomic mass number.

As a complement to the optical technique men3)
tioned above, we have also used RBS techniques
to measure sputtering

yields in thin films. The amount of sputtered atoms is determined by the
backscattering spectra as a function of the bombarding dose.
is made using 1.8 MeV He
this institute.

+

The analysis

ions from the 2 MV Van de Graaff accelerator at

However, some complementary investigations are still neces-

sary in order to conclude whether the sputtering ions implanted into the
substrate will influence the energy loss of the analysing He particles.
Recently we have also used a new technique to measure sputtering yields
for bulk materials. The microstructure of a thin film and a bulk material

r
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of a specific element can be different.

If so, the binding energy for atoms

in a thin film and a bulk material might not be the same, which would lead
to a difference in the sputtering yield.

It is therefore of interest to com-

pare sputtering yield values for thin films with those for bulk materials.
In order to measure sputtering yields for bulk materials, implantation profiles with known mean projected ranges are used as markers. T he substrates
are then irradiated with the ion beam, while the intensity of a spectral line
from the implanted atoms is recorded during the sputtering process in order
4)
to reveal the range distribution

. As the mean projected range and the re-

quired dose to sputter-etch the equivalent depth are known, the number of
sputtered particles per incoming ion can be determined.

Using shallow im-

plants, the bombarding dose for each measurement can be held quite low.

The

above-mentioned technique is applicable especially to low souttering yields
where other methods, such as, for example, weight loss measurements are tedious and rely on knowledge of the reflection coefficient for the bombarding
ions.

Fig. 1 shows the Al profile when Ag is sputtered by 40 keV He + .

Table I shows some measured sputtering yield data for both thin films
and bulk materials.

; agreement between measured and theoretical values

is satisfactory for Ar sputtering.

As mentioned previously, He-irradiation

causes erosion effects such as blistering and under certain conditions exfoliation phenomena in addition to sputtering.

For the values given in

Table I it was not possible to distinguish between these heavy rupture mechanisms and the sputtering process, and the yields should therefore be viewed
with some precaution.

For example, for He-irradiated Al the erosion rate

due to flaking is at least two orders of magnitude higher than that caused
by the sputtering itself

. This fact of course complicates pure sputtering

yield measurements in general, when blister effects, etc. occur.
Surface rupture due to radiation blistering and exfoliation, if not prevented, would cause unwanted

effects in a CTR.

tance to study these effects in detail.

It is therefore of impor-

We have investigated He—irradiated

Al under several different experimental conditions (see also 3.2.3 in this
issue of the Annual Report).

It was, sLiâng driers, found that the formation

of blisters and exfoliation is highly dependent on the diffusivity of the He
atoms and the target microstructure.

The type of surface defects is, for

example, controlled by the target temperature during implantation

. At

about room temperature He-irradiation of cold-worked Al results in surface
exfoliation, whereas at higher temperatures large-scale blistering occurs at
implantation doses exceeding 4x 10 1 7 He/cm2.

Bombarding thin films of Al,

prepared by resistive heating at a pressure of about 10~ 6 torr, no surface
rupture is observed at all for the same dose and dose rate.

11.

C A . Nicolaides and D.R. Beck, "Electronic Structure and Oscillator
Strengths of Highly Excited States", to be published
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As the He atoms are implanted into the Al matrix, they are most likely
trapped and accumulated at a depth corresponding to the mean projected range.
There the He atoms can combine with vacancies and form gas-filled bubbles
because the solubility of He is very low. At moderate target temperatures
(0.3 T m ) the bubbles may interconnect, resulting in the exfoliation of the
surface.

At higher target temperatures (0.7 T m ) the bubbles can coalesce

more rapidly and by plastic deformation of the surface skin form large scale
blisters

'

. As to the thin Al film, the evaporated layer may be of such

a high porosity that the He release during the irradiation is high enough to
prevent any gas accumulation and therefore no surface rupture is observed.
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FIGURE 1
Sputtering yield measurement
of a bulk material implanted
with a marker with a known R
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3.2.2

DEPTH PROFILING BY COMBINING SPUTTER-ETCHING AND ANALYSIS OF IMPACT

RADIATION
(B. Enmoth, M. Braun and R. Buchta)

The purpose of this work has been to develop a method which can be used
to study the behaviour of light elements interacting with first wall materials in controlled thermonuclear reactors. Measurements of depth profiles
will be presented in this report.
Ion bombardment combined with detection of the radiation from sputtered
particles has been used as a technique to obtain depth distributions of elemental species in various materials.

We have detected the radiation from

excited sputtered aturns and ions with a monochrotnator mounted to view the
"cloud" in front of the bombarded area.

Continuous sputtering removes layers

from the surface and the depth distribution of an element can be determined
if the measured intensity is proportional to the elemental concentration on
the surface.

This proved to hold true for Al ions implanted into Ag for

doses between 10 1 3 and 10 1 6 atoms/cm2.
tween the dose and the intensity

A linear relationship was found be-

. The profiles were only differing in

intensity.
It is also necessary to assume or measure the change in the sputtering
yield between the original sample and the sample after implantation.

If the

values of the sputtering yields for the sample and the implanted element are
close to each other, one can assume that this value can be used.

If the values

differ, one has to measure this difference by using, for example, thin film
techniques.

When 40 keV Al ions were implanted into Ag to the dose 10 1 5

atoms/cm , the sputtering yield of Ag decreased from 11.2 to 10.6.
All methods based on sputter-etching have to reduce the influence of
2 3)
crater rim effects

'

. The crater forms a trapezoid and therefore our im-

plantations wera made through a smaller aperture than the one used for the
analysing beam.
form sputtering.

It is also necessary to sweep the beam in order to get uniTopographical changes can be reduced in this way.

A fundamental problem is profile broadening due to recoil processes.
Figure 1 shows the energy dependence of recoil implantation.

Here a thin

Al layer (~15 Â) was introduced 700 Â below an Ag substrate surface and an
Ar ion beam sputtered away the material successively.
process the intensity of an Al I line was followed.

During the sputtering

The asymmetry of the

peaks leads us to the conclusion that it is mainly recoil implantation that
causes the longer tail and broadening for higher energies. A better depth
resolution is expected for lower beam energies
also cause a broadening of the profile.

. Enhanced diffusion can

=7 ******—UUU3)

Inc. N.Y. (1964)
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Figure 2 shows an example of a measured depth distribution.
ions were implanted into V.

10 keV Li

Although the statistics of this particular pro-

file is modest, the enhanced intensity of the Li line close to the surface
is common to all other measured Li profiles. This effect has been found to
be much smaller or totally absent for other implanted ions in the same targets and under similar conditions.

Oxide layers in metallic surfaces may

change the sputtering yield or the probability of radiationless deexcitation
processes near the target surface

. Two experiments have been done in

order to determine the influence of oxidation on the observed Li profiles.
In the first experiment, the sputter-etching with the Ar + beam was interrupted midway in the run and the target was exposed to air.

When the sput-

ter-etching was restarted after a new evacuation, no change was observed in
the line intensity as compared to the intensity observed before the air inlet.

In another experiment a possible oxide layer was removed from the tar-

get surface by pre-sputtering with a low-energy Ar + beam without breaking the
vacuum during the entire experiment.

The Li profile was still identical to

that of the non-presputtered sample. We therefore conclude that there are
strong evidences that the light Li atoms assemble to a higher extent close
to the surface during or after the implantation process
Our experimental values together with theoretical calculations based on
either the LSS-theory

TABLE I

are shown in Table I.

Energy

Rp (exp)

Rp (theory)

ARp (exp)

ÛRp (theory)

keV

Â

Â

k

Â

Li •* A l

20

1480± 80

1260

640 ± 50

510

Li •* A l

40

2950+150

2495

940 ± 60

780

Li -* Si

20

1500± 80

1435

710± 50

580

Li -* V

10

400+ 30

325

250± 30

230

Li •* A g

10

280 ± 20

215

260± 30

240

Na -> Si

60

1020± 70

1000

320+ 20

Al -> Ag

50

280+ 20

270

260± 20

320
200

A l •* A g

70

400+ 30

380

310+ 20

260

120

700 ± 50

560

470± 30 .

410

A l •* A g

In

Projected ranges (R p ) and range stragglings (ARp)*

Implantation

*

or Winterbon's tables

Assuming Gaussian distribution.
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spite of the above-mentioned difficulties, implantation profiles can be determined with this method in good agreement with theory.

An advantage with

this method that can give new information is the sensitivity to the elemental
concentration near the surface.

This might also be of great interest as low-

energy implantation can also change the characteristics of the material.

It

has, for example, been shown in some cases that implantation of Cr can reduce the corrosion rate three to five times.
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HEAVY SURFACE RUPTURE EFFECTS IN Al INDUCED BY 40 keV He + BOMBARDMENT

3.2.3

(M. Braun, B. Emmoth and R. Buchta)

Considerable attention has recently been drawn to low-energy particle
interactions with the first wall material in a CTR device.

He + irradiation

causes, for example, sputtering, blistering and exfoliation phenomena which
lead to an unfavourable surface erosion, resulting in a high impurity concentration in the plasma.

In this respect a low Z wall material is preferable

so as to minimize the influence on the stability and energy loss of the
plasma.
Investigations of He + irradiation induced blistering and exfoliation
have so far been confined to micrographie studies of the eroded surfaces,
blister skin thicknesses and He re-emission measurements during the bombard1—8)
. Thus Thomas et al. found a pronounced relationship between the

ment

peeling of blister skins or large-scale exfoliation and the He re-eraission
3 4)
rate from the sample

. We report here measurements in which the sput-

tered material is dynamically recorded as a function of the He + bombardment
dose by studying the photon emission from sputtered particles.

Ion impact

on a solid produces sputtered target particles, soni'.' of which leave the9-12)
surface in excited atomic states and thus emit discrete optical radiation
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FIGURE 1
The photon intensity variation of sputtered excited
Al atoms as a function of
the He + bombardment dose
at two different target
temperatures. The 3962 Â
Al I line is studied.
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6
8
dostfatomj/cm 2 )

«10"

Polycrystalline Al samples of high purity (99.999 %) which had been
electropolished and chemically etched were implanted with 40 keV He + from a
100 keV isotope separator.

The ion beam was at normal incidence to the tar-

get surface and current densities in the range 7-70 A/cm2 were used.
beam was electrostatically swept to ensure uniform irradiation.

The

The residual

gas pressure in the target chamber was held at » 10~ 7 torr by ion pumping.
The target could be heated to temperatures between 300 and 900 K.

The light

emitted during the bombardment was dispersed with a scanning monochromator
giving the characteristic line spectra.

The experimental technique is simi-

lar to the one used in Refs. 13 and 14.
The photon intensity variation from excited Al atoms sputtered during
irradiation with 40 keV He

is followed as a function of the bombardment dose.

As seen from the 325 K intensity curve in Fig. 1, a rapid ~ 250 fold increase
is manifested at a critical implantation dose of 4 x l O 1 7 He+/cm2.

Sequences

of scanning electron micrographs taken at different stages of the He + irradiation establish that the light enhancement appears simultaneously with an exfoliation-like rupture of the Al surface. No structural deformation such as
bubble formation or flaking is observed until the drastic photon yield increase starts. The micrographie studies of He + irradiated Al in this work,
Fig. 2, show similar features as reported in Refs. 4 and 7.

Fig. 2a is taken

+

after He bombardment exceeding the critical dose where the photon yield enhancement starts, i.e. the threshold of the exfoliation process, and shows
one of the ruptured flakes.

The skin thickness of one flake is about 3600 Â,

have been thoroughly discussed by Wiese and Younger

' who noted appreciable

discrepancies between the experimental and theoretical data for Cu I - Kr VIII.

r
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FIGURE 2

Scanning electron micrographs of He + bombarded Al surfaces
after implantation doses of 4 x l O 1 7 atoms/cm2.
a)

(Upper photo)
The target temperature at 325 K during irradiation,
showing one of the ruDtured flakes. The skin thickness
is equivalent to the He mean penetration denth.

b)

(Lower photo)
The target temperature at 635 K, showing large scale
blistering where one of the blisters has cracked.

tnai cne present situation is not very

- 58 which is equivalent to the calculated value of the mean projected range for
40 keV He + into Al.
Independent measurements of the change of the erosion rate have also
been performed by collecting the eroded Al on a clean Si substrate.

Identi-

cal collections with separate Si substrates were performed before and after
In both cases the He + bombardment dose was 4 x10 1 7 He + /cm 2 .

the critical dose.

The relative amounts of Al deposited onto the two Si samples were analysed
by bombarding them with 40 keV Xe + and observing the photon emission from
sputtered Al.

The result of the analysis which is shown in Fig. 3 confirms

a strong increase of the erosion rate (> 200 times) when the critical dose
is exceeded.

The connection between this experiment and the increase in photon

yield is not clear, because one must distinguish between two different types
of erosion during He + irradiation of Al: sputtering and flaking.
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The Al concentration collected onto
a Si substrate before and after the
exfoliation as observed from the
photon emission of Xe + sputtered Al.
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The lower curve (625 K) in Fig. 1 shows the photon yield variation when
the target is held at a temperature of approximately 0«? ^ » . The very drastic photon yield enhancement observed for 325 K is not present here.

Only

a much weaker intensity increase is seen at the same critical dose as for
the low temperature case. Micrographic studies of the Al surface irradiated
at 625 K show a surface structure completely different from the previously
discussed case at 325 K.

As seen in Fig. 2b, no flaking effect could be ob-

served here but instead there was a formation of large bubbles all over the

low rainer cioseiy Lue

up
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irradiated area.

Some of the blisters have cracked, but as a whole the sur-

face is unruptured.
In addition to the 3962 Â Al I line used in Fig. 1, several Al lines
(including II and III lines) belonging to transitions with excitation energies varying between 3-15 eV show the same drastic photon yield enhancement
during He

implantation.

Investigations of excited back-scattered He atoms,

recorded by the 3889 Â He I resonance line during the irradiation, showed no
observable increase at the critical He

dose. Analogous results were ob-

tained by studying the background radiation, i.e. the luminescence within
wavelength regions free from spectral lines.

It was also found that the

change in the surface structure of Al at 325 K, leading to the light emission
increase, is permanent. After He implantation exceeding the critical dose,
an interruption of three days did not affect the optical radiation intensity
from sputtered Al atoms.
The connection between the drastic photon yield enhancement and the surface rupture of Al is not yet known.

Possible factors controlling the ob-

served alteration of the radiation intensity are

a) the surface binding

energy of Al which determines the sputtering yield,
an Al atom to become atomically excited, and

b) the probability for

c) the probability for a once

excited atom to keep its state well outside the target surface before deexcitation resulting in photon emission.
12)
portant role

Here oxide layers may play an im-

The features described here imply that the optical radiation from secondary particles is a versatile technique for studying heavy erosion effects
such as the exfoliation phenomenon created by He + implantation.

Further in-

vestigations are in progress to understand the mechanism of the observed
photon yield enhancement.
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THE RELATION BETWEEN SPUTTERING RATE AND OPTICAL RADIATION DURING

BOMBARDMENT OF THIN FILMS DETERMINED WITH THE RBS TECHNIQUE
(B. Emmoth and M. Braun)
Thin film sputtering has been a widely used method to study the collision
processes involved in sputtering and also to measure sputtering yields. By
detecting ions

'

or excited sputtered particles

during sputter-etching

one can determine at which doses of the bombarding ions the passing of the
boundary region takes place.
One often assumes that the ionization and the excitation probability
do not change during the experiment. This is, however, not true in all cases.
We have found big differences depending on which combination of elements is
involved.
Our first example is shown in Fig. 1, which could be called a normal
case. The figure shows the result of an experiment with a target consisting
of a 1000 Â thick film of evaporated Ag on a Mo backing.

This target was

+

bombarded with 17 keV A r ions and the intensities of an Ag I line
(5s 2 S - 5p 2 P ; 3280 Ä) and a Mo I line (a 7 S - z 7 P ; 3798 Â) were measured
as a function of the irradiation time. The curves are normalized so as to
give the same maximum intensities. The levels of the intensity reflect the
fact that the Ag-Mo boundary region is smeared out. In this case one also
has to bear in mind that the sputtering yield for Mo is much smaller than
for Ag.
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Light intensity variation as a function of A r + bombardment time
for a sample consisting of a 1000 A thick Ag-film on a Mo substrate.
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Figure 2, on the other hand, shows the quite different result from a
similar experiment but in this case the Ag-film was deposited on an Al backing.

As is seen from the figure, a remarkable increase of the emitted in-

tensity of the Ag I line is observed, when the boundary between the film and
the backing is reached.

The intensity of the Al I line shows a smooth in-

crease up to a constant value.

This effect does not seem to be strongly de-

pendent on a possible Al oxide layer, as the same behaviour was observed
when the film was deposited onto an evaporated Al backing and both evaporations were made under vacuun.

However, the lowest basic pressure in the

evaporation chamber was only ~ 0.5 ytorr.

No intensity increase, or a very

small one, was observed at the boundary between Ag and Mo (Fig. 1 ) , Ag and
Si, or Ag and C.
A similar intensity increase has been seen with SIMS by other groups
and the proposed explanation is that the increase in intensity might be due
to changes in the ionization and excication probability.
The first question that arises is whether or not there is an enhancement of the sputtering yield for Ag.

We have examined this by collecting

the sputtered material on Si-plates. The plates were successively placed in
front of the target and the amount of sputtered Ag that was collected on the
plates was measured with the RBS technique at the VdG-accelerator.

The sput-

tering time on each plate was 25 minutes. About twice as much Ag was collected
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xio2!

Ag film deposited on an Al-backing

Scattered o-particle energy in MeV

FIGURE 3

Energy spectra of backscattered 1.8 MeV He + ions. The peak
is a thin film of Ag deposited on an Al-backing. From the
number of counts the film thickness can be determined.

ao

6.0

*K)H

Dose (atoms/cm2)

FIGURE 4

Sputtering rate (solid line) as a function of dose,
when a thin Ag-film deposited on Al is sputtered
off. As a comparison the intensity of an Ag
spectral line (dashed line) is shown with the same
dose scale.

during the first period compared to the amount collected during the second
period.

This leads us to the conclusion that the enhanced intensity of the

Ag I line was not due to an increase in the sputtering yield.
We also reversed the whole experiment and sputtered through a thin Al

~1
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film deposited onto Ag.

Our assumption was that by evaporating Al onto Ag,

the amount of oxygen should be much smaller at the interface.

The Ag I line

still showed the same intensity curve with the enhanced intensity at the
interface.

The conclusion we draw from this is that we are not dealing with

a mass-dependent effect.

It is not critical for the intensity change which

of the masses that is embedded in the matrix.
In order to study in more detail in which way the sputtering rate is
related to the intensity of the Ag I line, we used the RBS technique to measure the film thickness at several stages during the sputtering process.
Figure 3 shows a back-scattering spectrum taken before the sputtering started.
The sputtering process in Fig. 2 was interrupted five times and the film
thickness was determined.
lated from the Ag-peak.

The residual mass at all stages could be calcuBy converting the residual mass to sputtering rate,

we obtained the curve shown in Fig. 4.

The dashed line shows as a compari-

son the change in the measured intensity.

From the figure we conclude that

the sputtering rate of Ag decreases smoothly as the Ag-film is sputtered
away.

It is also evident that the high line-intensity is due to either a

positive change of the excitation probability or a decrease of the probability for non-radiative deexcitation.

However, if oxygen is present at ihe

interface, this might introduce a forbidden band which can prevent non4)
radiative processes
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3.2.5

NONRADIATIVE DEEXCITATION EFFECTS OF EXCITED SPUTTERED Al ATOMS

(M. Braun, B. Emmoth and R. Buchta)

Strong emission of discrete optical radiation is observed when Al is
irradiated with keV Ar + ions.

The line spectrum observed consists of Al I,

Al II and Al III lines originating from sputtered excited Al particles

.

When the rest gas pressure in the target chamber is in the vicinity of 10~ 6
torr, the Ar I lines are more prominent than the spectra of singly and doubly
charged ions.

However, when the same experiment is done with a basic pres9

sure of « 10~ torr, we have found that the relative intensities of secondary excited Al neutrals and ions are changed.

oy lesiöLive neaLing au a pressure* UJ.

rupture is observed at all for the same dose and dose rate.
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TABLE I

Wavelength Multiplet
(A)

Upper level
with respect
to vacuum

(eV)

Line intensity with
respect to 3601 Â

10~

G

torr

10"

9

torr

Enhancement
I

10- G

torr

I

9

torr

10"

2567 I
2575 I

2pO _ 2 D

- 1.15

6.5
12.8

0.4
0.8

16
16

2652 I
2660 I

2 p o _ 2g

- 1.31

3.9
5.5

0.2
0.3

19
18

3050 I
3057 I

*p

+ 1.46

0.7
1.3

0.3
0.6

2.3
2.2

2816 II

lpo _ lg

- 7.00

0.8

1.0

0.8

4663 II

1D

_ Ipo

- 5.57

0.6

0.4

1.5

3601 III
3612 III

2„

_ 2po

- 10.63

1.00
1.7

1.00
1.6

1.00
1.1

4529 III

2po _ 2 D

0.8

0.6

1.3

_ *po

- 7.82

Table I shows some of the observed Al lines and their relative intensities at 10™6 and 10~ 9 torr with respect to the Al III 3601 Â line.

We chose

the 3601 Â line as a reference, since its intensity is assumed to be unaffected by the change of the rest gas pressure for reasons discussed below.

The

last column in Table I gives the relative enhancement of the high pressure
intensity compared to the low pressure intensity.

It is evident that there

is a strong rest gas pressure dependence of the relative line intensities
for all Al I lines except for the 3050 Â and 3057 Â lines. No significant
change is observed for the Al II and Al III lines.
We explain the observed enhancement effects of the Al lines in terms of
a non-radiative deexcitation mechanism close to the Al surface.

The photon

intensity of an Al I line is assumed to follow the expression:
Photon intensity

<* I S 6

where I is the beam current intensity, S the sputtering yield and 6 the steady2)
state oxygen coverage
. We do not assume any considerable 6-dependence for
thr Al II and Al III lines (see below).

During the bombardment at a basic

6

pvessure of 10" torr 9 is large, whereas at 10~ 9 torr the rate of oxygen
coverage is much smaller.

This means that in the low pressure case the cur-

rent I is large enough to keep the surface clean by sputtering away all

F
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absorbed oxygen and other contaminants.

In the high pressure case, however,

the surface is contaminated with oxygen during the bombardment.
Figure 1 illustrates the electron energy levels for the excited Al atoms
as well as the band structures of Al and AI2O3

'

. According to Hagstrum

there is a chance for an excited atom, escaping from the metal surface, to
undergo non-radiative deexcitation through an electron transfer process
either by resonance tunneling or by a two-electron Auger process, where the
first mentioned one-electron process is the most probable to occur.

From

the energy level diagram shown in Fig. 1 it is clear that the upper levels
of the Al I lines (except the doubly excited 3050 Â and 3057 Â lines) will
match the empty states in the conduction band in pure Al and give rise to
resonance ionization.

This would, of course, lead to a reduced photon yield.

Due to the band gap in AI2O3, where resonance tunneling is forbidden, the
only way for an excited atom to deexcite is by an internal electron jump
leading to optical emission.

In the case of the Al II and Al III lines, all

the energy levels lie below the top of the valence band of Al and opposite
the energy gap in AI2O3, which prevents radiationless deexcitation in either
case.
The above discussed model is in close agreement with our observations
if the local band structure during the Ar + bombardment at «* 10~ 6 torr is
oxide-like and at *» 10"~9 torr is that of metallic Al.
expect that non-radiative deexcitation is small.

AI metal

Al atom

Thus for pure Al we

As already mentioned, the

A1 2 O 3
V

>AU

FIGURE 1
The band structures of Al and
AI2O3. Also shown is the upper
energy levels of a few transitions
of excited Al, A l + and A l + + (see
Table I ) . The electron affinity
of AI2O3 is taken from Ref. 3.

also cause a broadening of the profile.

r
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intensities of the Al II and Al III lines are not dominated by electron resonance tunneling processes.

This is consistent with the fact that only

the relative intensities of the Al I lines, but not appreciably the Al II
and Al III lines, are influenced by the rest gas pressure, as seen in Table I.
As shown in Fig. 1, the doubly-excited term (3050 Â and 3057 Ä) lies above
the vacuum level, which makes electron-transfer processes energetically forbidden, and thus the relative line intensities of 3050 Â and 3057 Â do not
show the same behaviour as the other Al I lines.
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3.2.6

Ar 2 - CONTINUUM IN THE VUV REGION INDUCED BY ENERGETIC Ar

INTERACTING WITH SOLIDS
(H. Palenius, B. Emmoth, M. Braun and A. Röste)

When Cu or polycrystalline graphite targets at room temperature are
irradiated with keV Ar + ions, an intense continuum is observed in the vacuum
ultraviolet wavelength region with a maximum at 1272+ 3 Ä (see Fig. 1 ) .
This continuum is known as the second ultraviolet Ar2-continuum.
experiment the first continuum was cut out by the LiF optics.

In our

The observed

radiation originates from deexcitation of either or both of the lowest excited Ar2 states, 1 Z u (0y) and

g

*•>*'

3

E u (l u , 0~), to the repulsive ground state,

Molecular argon has been observed in widely different expert-

3)

ments, for example, in condensed discharges
, during a-particle bombard4)
ment of liquid and solid Ar
, and as stimulated emission in electron beam
excited high-pressure argon " .
At present, the mechanism leading to the excited molecules is not completely understood.

Experiments at low pressures (p< 1 atom) in discharges

and beam excitation sources indicate that the molecules are formed in the
radiating state in collisions involving one Ar atom excited to one of the
3p54s levels (mainly the metastable 3p54s Cl 1/2Ü2 level) and two Ar atoms
in the ground state

. For example, Thonnard and Hurst

7

) , who used a

250 keV pulsed electron beam excitation, propose that a metastable Ar2 molecule is first formed in a three-body collision involving the 3p54s'
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FIGURE 1
Ar2 continuum as observed when a polycrystalline graphite
target is irradiated
with Ar + . The % line
originates from hydrogen contamination of
the surface and the CI
and CII lines from
sputtered excited
carbon atoms.

level, and then the metastable molecule is transferred to the radiating
state in a new collision process.
It is still unclear whether the radiating molecules in our experiment
are created in a similar way as in discharges or beam excitations of gaseous,
liquid or solid argon.
the Ar

No continuum radiation is observed immediately after

beam is turned on, and the continuum intensity increases slowly for

a few minutes to a maximum value, whereafter a constant intensity is reached.
This indicates that the formation of the molecules takes place inside the
solid during the implantation of argon atoms. There might be different
possible mechanisms leading to the emission of excited Ar2 molecules.

For

example, implanted argon atoms can be excited in collisions induced by beam
ions to one of the two metastable states mentioned above.

If these meta-

stable atoms have a high enough speed component directed towards the surface,
they may undergo collisions with ground state argon atoms close to the surface and form the excited molecule during the escape from the surface. Another possibility is that the implanted argon atoms close to the surface are
bound in pairs which are knocked out as an Ar2 molecule in the radiating
state.

It is also possible that a metastable excited molecule is formed in-

side the target, which is transferred to the radiating state during a collision in the passage out from the surface.
It should also be mentioned that electron beam excitation of high-pressure
argon has resulted in the demonstration of strong laser action from molecular
argon at 1261 Â 5)
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3.2.7

ANGULAR DISTRIBUTION OF SPUTTERED Ag BY 40 keV He

IONS

(B. Emmoth and M. Braun)

Studies of the angular distribution of atoms sputtered from monocrystalline and polycrystalline targets have established that sputtering is not a
predominantly thermal evaporation process.

However, no consistent knowledge

exists about the angular distribution and its dependence on the energy of
the bombarding ion.

In the energy range 5 keV - 1 MeV, there are a number of

measurements (refs. 1-3) but with contradicting results.
The standard technique used for such measurements has been to collect
the ejected atoms on a plane or cylindrical glass collector.

The distribu-

tion of the deposit thickness has then been measured with an optical microphotometer.

With this method one has to correct the results because of the

oxidation of the collected material which occurs during the deposition.
We have measured the angular distribution for 40 keV He + normal incidence
on an Ag surface.

In order to avoid the projection distortions that are pre-

sent with a plane or cylindrical collector, we use in our experiment a hemispherical one.

The distribution of the collected sputtered atoms is deter-

mined with the RBS method at the VdG accelerator, where the peak areas of the
collected material is measured for different angles of ejection.
energy spectrum the number of atoms per cm

atoms/cm2

2

From the

is given by

A. • a
i
M

6E,

«M* ff.

[e]

where A. is the peak area, HJJ is the number of counts corresponding to the
height of the signals due to scattering from the surface of the collector
substrate, ffy and ff£ are the differential He scattering cross sections for
the two masses, 6Ei is the energy per channel and fe] M the He stopping cross
section of the collector substrate.
The advantages with the RBS analysis of the concentration of the deposit
are the superior sensitivity and the fact that there is no influence in the

uius emit uxscrece optical radiation
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40 keV He+
FIGURE 1

A polar diagram of the number of
sputtered atons for seven angles.
The dots are . tors from the
target and their lengths correspond
to the number of deposited atoms
per unit solid angle.
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determination of the amount of sputtered atoms due to oxidation or other contaminations.

We measured concentrations corresponding to a film thickness

of 0.8 Â to 60 A.

With the above-mentioned light transmission method one

has difficulties to measure a film thickness below 200 A.

It is of great ad-

vantage to analyse very low concentrations, since resputtering can occur when
the collector becomes heavily covered by the deposit.
Low-energy sputtered particles may be reflected by the collector.

The

probability for reflection is, however, low if the mass number of the collector is much smaller than the mass number of the deposit.

In our experiment

the collector material is Al, in which case reflection of the sputtered Ag
atoms is extremely low (ref. 4 ) . This is also confirmed by the fact that no
Ag peak can be observed on a second Al collector mounted around the Ag target.

We therefore conclude that the sticking factor of Ag onto Al is close

to one in our experiment, so that all sputtered Ag atoms are collected.
The result of our measurements is shown in Fig. 1 and Fig. 2.
figure is a polar diagram showing the number of sputtered atoms.

The first

The dots

in the polar diagram are vectors pointing from the target where the beam hits.
The lengths of the vectors correspond to the number of deposited atoms per
unit solid angle. Figure 2 shows the numbers of sputtered atoms as a function of the angle measured from the normal.
It seems from our preliminary results that cos26 fits the experimental
data, and the total sputtering yield was found by integrating the cos26
function over the half-sphere, giving 0.13 atoms/incoming ion.

This result

is consistent (within given errors) with our previous result of 0.10 atoms/ion
of the sputtering yield for 40 keV He + on Ag measured by the ORSP technique
(see Table I in 3.2.1 in this issue of the Annual Report).

The slightly

lower value with the ORSP technique compared to the method of collecting the
sputtered material might be due to that with the optical method Al is implanted into the Ag substrate, which can decrease the sputtering yield somewhat.
With the technique described here, it is possible to measure both the
angular distribution and the total sputtering yield with very high sensitivity and accuracy.

It is also possible to enhance the sensitivity by using

heavier ions than He + in the backscattering analysis.

Further experiments

2

will show whether a cos 6 dependence on the angular distribution of the sputtered Ag agoms is true and not a pure cos0 dependence as usually assumed.
We believe this fact might give insight both in the collision processes deep
below the Ag surface, and the interaction between the surface and a sputtered
atom.
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3.2.8

DEVELOPMENT OF DMOS-TRANSISTORS

(K. Björkqvist)

During the first half of this year we have terminated our project to
develop a UHF-transistor with high linearity, using the DMOS-technique.
In this technique As and B are introduced into the source region by ion
implantation and then simultaneously driven deeper into the crystal by diffusion.

As boron is a faster diffusant in silicon than arsenic, the result-

ing source contact consists of an n+-region surrounded by a p-region.

This

process makes it possible to fabricate n-channel transistors on a high resistivity substrate and at the same time achieve a high electric field in the
channel.

(For further information see Annual Report 1974 and 1975.)

Because of the high resistivity substrate, parasitic capacitances are
inherently small in the DMOS-technique.

We have, without optimizing, reached

cut-off frequencies of 5 GHz.
To achieve high linearity the charge carriers must move with a saturated
velocity over the channel, which implies that the electric field must be
high over the whole source-to-drain distance.

By making the channel length

short and by optimizing the boron profile, it has been possible to obtain a
cross-modulation factor of -62 dB at 0 dBm for a 300 pm transistor measured
at 60 MHz.
During the second half of this year we have studied the possibilities
of the DMOS-transistor as a low-resistance switch.

Preliminary results in-

dicate that the length of the channel is the most crucial parameter that influences the on-resistance.

We have obtained R

15 ohms for a 1 mm tranon

sistor .

3.2.9

TUNGSTEN AS A MARKER IN THIN FILM DIFFUSION STUDIES

(D. Sigurd, G.J. van Gurp* and W.F. van der Weg*)
Recent investigations on the formation of metal suicides in thin film
structures on Si have mainly concentrated on phase identification and kinetics

- 72 of growth 1)

Another aspect of suicide formation, which has not been wide2)
ly studied, is the direction of the diffusion fluxes
. Such information

can be obtained from diffusion marker experiments.
In their original diffusion experiments 3) Kirkendall and Smigelskas
used Mo wires as markers between two dissimilar metals, to determine which
of the latter had the greater intrinsic diffusion coefficient.

Since then

various marker materials, including oxide particles, have been used in bulk
diffusion studies. The dimensions of these markers are usually about 10 Mm
for the wires and about 1 ym for the oxide particles.
In thin-film diffusion studies, with film thicknesses of the order of
1 pm or less, such markers cannot be used, since the marker size has to be
considerably less than the diffusion layer thickness.
In this work we describe a method to make inert diffusion markers small
enough to be used in thin film studies. The idea behind this new method is
that a very thin film usually has an island structure.

Such a film could

therefore be used as a marker plane if it is deposited on the surface of
one material or if another material is on top.
To test this method we chose to study diffusion in the Si-Co system
with W as a marker.

In order to get a W layer with an island structure,

we used a technique which is shown schematically in Fig. 1.

We first de-

posited a Sn layer by electron beam evaporation onto Si. A very thin Sn
film is known to have an island structure, with an island size depending on
the film thickness. We chose a thickness in the range 150 - 300 Â, to obtain islands of about 200 - 300 A.
of about 30 Â.
substrates.

We then deposited a W film to a thickness

Both depositions were made at room temperature on unheated

We dissolved the Sn in a 5 % K0H solution in water at about

15°C, so that the W on the islands would also be removed, leaving only the
W in between the Sn islands, in direct contact with Si. After this, Co was
evaporated to a thickness of 0.18 ym.

r\

FIGURE 1
Schematic diagram of tungsten marker
deposition.
a) A Sn film with island structure
is deposited onto Si and a W film
is deposited on top.
b) After removal of the Sn, a layer
of W dots is left behind.

Annealing of the Si-W-Co couple was now carried out in a vacuum furnace at 426 and 453°C for times ranging from 5 to 180 min. The layers were
then analysed by backscattering of 2.0-MeV He + ions from the Van de Graaff
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accelerator at this institute.
about 0.25 monolayer.

Â W signal was detected corresponding to

Since the thickness of the W layer was about 30 Â,

the area coverage was about 2.5 %.
as a function of annealing time.

The position of the W peak was measured
It was found that W moved towards the sur-

face and was located at the Co-Co2Si interface which suggests that Co is the
dominant diffuser in Co2Si formation.
Our results show that a discontinuous tungsten film is suitable as a
diffusion marker.

It should, of course, only be used at temperatures at

which W does not react with the materials involved, as was shown to be the
case in our experiments.
*

Philips Research Laboratories, Eindhoven, The Netherlands.
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3.3.1

NUCLEAR

PHYSICS

EVIDENCES FOR DECOUPLED BANDS IN THE KRYPTON ISOTOPES

(Z.P. Sawa, W. Walus*, F. Ingebretsen** and J. Rekstad**)

Nuclei in the mass 80 region have been studied by this group for several
1-3)
years; the different stages of the project have been shown in recent reports
In-beam y-ray spectroscopy by means of the (a,xn) reactions, x= 1,2,3
have been performed at the 225 cm cyclotron in Stockholm and the tandem accelerator at the Niels Bohr Institute, respectively.

The experiments consist

of excitation functions, yy-coincidences and y-ray angular distributions.
The possibilities for stable quadrupole deformations of nuclei in this
1 3 4)
mass region have been discussed by several authors

' '

. The neutron-de-

ficient krypton isotopes reveal the most pronounced rotational-like properties and are therefore particularly interesting in this respect.

Furthermore,

the neutron-rich part of the chain of krypton isotopes ranges to the N=50
shell closure, and therefore these nuclei constitute an interesting system
for the investigation of the change in structure from a spherical to a deformed region.
In the odd isotopes, positive parity bands associated with the gq/2
neutron shell structure are observed.

These bands are shown in comparison

with the neighbouring even-even nuclei ground-state bands in Fig. 1. Here
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one may notice the systematic increase in level spacing, reflecting the closure of the neutron shell.
Another interesting feature is the considerably larger spacings in the
odd nuclei bands as compared to the even-even bands.
been seen in the selenium isotopes

A similar trend has

. A possible explanation of this dif-

ference is that the odd nuclei can be less deformed than the even-even ones.
The assumption of smaller deformation is not necessary, however.

The same

effect will be seen if the Fermi level is close to the Nilsson state with
fi=5/2, originating from gg/2#

Information about the unfavoured states in

the odd nuclei might clarify this point.
* Physics Department, Jagellonian University, Cracow, Poland
** Physics Department, University of Oslo, Oslo, Norway
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3.3.2

NUCLEAR STRUCTURE STUDIES OF LIGHT Sr ISOTOPES

(S.E. Arnell*, G. Finnas**, A. Nilsson, S. Sjöberg*, Ö. Skeppstedt* and
E. Wallander*)

In last year's annual report
gation of odd Sr isotopes.
cluded bombardments of

78

we presented a programme for the investi-

Our work on this subject has continued and in-

Kr and

80

Kr with 21 MeV cx-particles at the Abo cyclo-

tron (excitation functions and angular distributions studied), and two-dimentional YY-coincidence measurements on

83

Sr at the Stockholm 225-cm cyclotron

as well as at the Uppsala Tandem-van-de-Graaff laboratory.
In

85

Sr the rates of the 232 keV 7/2+ •*• g.s. and the 265 keV 17/2"-> 13/2"

transitions have been measured by the attenuated Doppler shift technique.
The M1/E2 mixing ratio of the 232 keV being approximately known from our angular distribution studies, we have obtained both B(M1) and B(E2) for the
2)
transition. A comparison with the predictions of Kuriyama et al.
shows
discrepancies of the same size as for

73

Ge and

83

Kr.

-

The half-life of

the 17/2~ level, 1.1+0.4 ns, corresponds to B(E2) - 400+ 150 e2fm", a vaiue
seven times higher than that for the 8 + •*• C + transition in

86

Sr.

This speaks
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against the simplest identification of the 17/2
2

2

the configuration vg«,» Pi/? '

and 13/2

levels as having

W h i ^ possibly needed to explain the 19/2

level at 3028 keV, proton excitations of the type KP3/2 f 5/?^~ Z p l/2 89/2^5"
coupled to the neutron ground-state configuration (Sg/ö^a/?

of 85sr are

»

however, also unable to provide such a large B(E2) value.
Other indications for break-up of the Z= 38 proton sub-shell is the
appearance of a 19/2
3.5 MeV in

85

+

level at 2855 keV and of some J â 23/2 levels above

Sr.

The pairing-plus-quadrupole-force calculations of ref. 2, and the shell
model calculations of Frenkel

, which so far are confined to the neutron

p

(gq/9» i/?) hole space, show a moderate agreement with the experimental
level positions.
The analysis of the

81

Sr and

83

Sr spectra is under way.

Considerable

care has to be exercised because of isotopic impurities in the target, activities produced, and the wealth of outgoing channels open (besides the
(a,pxn) reactions also (a,a'n) and (a,a'2n)).
*
**

*v

Chalmers University of Technology, Gothenburg
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3.3.3
8

HIGH-SPIN STATES OF

87

Zr VIA THE

a6

Sr(a,3n) 87 Zr(Y) AND

"Sr(a,n)87Zr(Y) REACTIONS

(S.E. Arnell*, G. Finnas**, A. Nilsson, Z.P. Sawa, S. Sjöberg*, Ö. Skeppstedt*
and E. Wailander*)
Nuclei having one hole inside the closed neutron shell N = 5 0 have been
1 2)
studied experimentally in the last few years at this institute ' . The
3 4)
agreement with shell model calculations ' is generally excellent. - A
recent investigation of the three-neutron-hole

nucleus 8 |Sr^ 7 (ref. 5) thus

reveals the expected seniority-three high-spin states 13/2 , 11/2 , 17/2 ,
21/2 + , and 17/2~, 19/2~, 21/2~, which can all be formed within the
f

5/2* p l/2 8 9/2^ c o n f is u r a tion space. However, also a 19/2 + state
and some J 5 23/2 states were observed, indicating a break-up of the Z= 38
subshell.

r
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Tentative partial level scheme
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We found it well motivated to extend these studies to the isotone
87

i,oZri,7, the proton shells of which should be somewhat more inert (cf. the
energies of the first 2 + levels of
Prior to our work, only the 7/2

88

Sr (1836 keV) and

90

Zr (2186 keV)).

level at 201 keV, the 1/2

isomeric level

with T . = 14 sec at 336 keV, and a level at 471 keV were known
We have investigated

87

' in

87

Zr.

8

Zr both by the (a,n) reaction on an "Sr target

(enriched to 57 %) at the 90-cm cyclotron in Abo, and by (a,3n) on
(enriched to 96 %) at the Stockholm 225-cm cyclotron.

86

Sr

Excitation functions,

angular distributions and yy-coincidences have been studied, and the resulting level-scheme (tentative) is shown in Fig. 1. The 21/2 •* 17/2H -*• 13/2 ->
9/2
85

(g.s.) yrast cascade is -

as expected

-

very similar to that in

Sr (cf. ref. 5 ) . We also find a cascade of two fast (T,,™ of the order of

1 ps from DSA) Ml transitions that feed the highest-spin vg_ ,~3 level.

These

transitions deexcite levels with the probable configuration
(irgg?2)g+ (vg9/23^9/2'w h i c h would then be analogous to the 23/2 + and 25/2 +
levels of 9I Mo (see ref. 1 ) . Their fairly low position in the level scheme
hints at a considerable ^Snfy admixture also in the lower-spin levels.
Pending the outcome of a planned search for isomeric transitions in the
10-1000 ns region and of a x 2 analysis of the angular distribution data,

_ m

_

- 78 the assignments of levels outside the yrast positive parity cascade are
fairly tentative.
We also intend to look for coincidences with outgoing charged particles
to check whether a Y~ray cascade, which is almost as strong as the one shown
in Fig. 1 at E a - 51 MeV, but much weaker at E a * 21 MeV, is in fact footed
on the

87m

Y 9/2

energies in

88

level.

The difference between neutron and proton binding

Zr is 4.5 MeV and that may well be sufficient to give a strong

(a,p2n) channel.
*
**

Chalmers University of Technology, Gothenburg
Âbo Akademi, Turku, Finland
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3.3.4

THE COLLECTIVE EXCITATION OF

97

Ru AND

99

Ru FOLLOWING THE (a,2n) REACTION

(M. Brenner*, D. Hseuh**, W. Klamra and D.G. Sarantites**)

High-spin levels in
95

97

' Mo(a,2n) reaction.

purpose than the

96

97

99

Ru and

Ru have been investigated by means of the

This reaction seems to be more favourable for the

98

> Mo(a,3n) reaction used in the previous investigation

because of the fact that the spin value for the ground state in
5/2 in contrast to spin 0 for the ground state in
in the

9S

96

»

98

Mo.

95

» 9 7 Mo is

This means thai,

97

» Mo(a,2n) reactions a higher angular momentum is expected to be

found in the residual nuclei.

In the present investigation measurements of

angular distributions, excitation functions and coincidences for y~li«es following the reaction have been performed, using a-beams from the Âbo cyclotron and the St. Louis cyclotron.

The excitation functions have been measured

for a-particles with energies between 17 MeV and 30 MeV.

The angular distribu-

tion and coincidence measurements have been performed for E a = 30 MeV.
tive level schemes for

97

Ru and

99

Ru are shown in Figs. 1 and 2.

tion of the decoupled band with negative parity in
within the particle-rotation coupling model.

99

The observa-

Ru can be understood

However, calculations performed

within this model give results where the second 15/2
1600 keV above the first 15/2

Tenta-

level is placed about

level and the distance between the second 19/2~

- 79 -

4264 7
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FIGURE 1
Tentative l e v e l scheme of
97

Ru.

99
(27/2T-

-4223.0
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FIGURE 2

Tentative level scheme of
99

Ru.

Ru
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and the first 19/2~ levels is about 2200 keV.

This should be compared with

the experimental value of 180.2 keV for the distance \5l2[z) - 15/27i) and
124.7 keV for 19/272) - 19/27i).

For levels with positive parity, the rota-

tion-like structure is observed only up to the level with spin 17/2 . Moreover, in

9?

Ru such a structure is less apparent than in

pect that the level structures in both

97

Ru and

99

99

Ru.

One may sus-

Ru could be explained if

a coexistence between different excitation modes is assumed.
*
**
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3.3.5

MULTIPLICITY OF Y-RAY CASCADES IN THE

97

Mo(a,nY) 100 Ru REACTION

(W. Dietrich*, A. Kerek, Ö. Skeppstedt**, Z. Sujkowski*** and W. Walus****)

In the 1975 year issue of the Annual Report we reported some experiments
on the

97

Mo(ot,nY)100Ru and

97

Mo{a,nY)99Ru reactions

. We used these reac-

tions mainly for investigating the possibility of employing liquid scintillation detectors, with pulse-shape-analysis for Y~ray multiplicity measurements.

The positive results led to the development of a multi-detector as-

sembly, including a number of liquid scintillators.
in ref. 2.

The set-up is described

We also reported some tentative results on the multiplicity of

Y~ray cascades from the

Mo(a,nY)

Ru reaction, studied as a function of

the excitation energy of the states in
evaporation from the

101

100

Ru, which are populated by neutron

Ru compound nucleus.

We have repeated these experi-

ments in order to check some inconsistencies in the original results.
The measurements were performed at the Uppsala Tandem Accelerator Laboratory, using a 14 MeV a-particle beam.

The energy of the neutrons was deter-

mined by time-of-flight techniques, with a 35 cm dia * 5 cm thick NE213 liquid
scintillation detector placed at a distance of 1 m from the
60 cm

3

Ge(Li)-detector delivered the start time signal.

97

Mo target.

A

Energy information

fr~m the Ge(Li)-detector together with neutron time-of-flight was stored incrementally on magnetic tapes.

In addition the energies of coincidence

interactions, if present, in two 5" x 6" Nal crystals (55° and 125°) were
recorded.

In the off-line analysis of the tapes, the neutron-spectrum was

divided in suitable intervals, for each of which three Ge(Li)-spectra were
produced:

r
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1) A spectrum without any requirement on coincidence events in the
Nal-crystals.
2) A spectrum with a coincidence interaction in at least one of the
Nal-detectors.
3) A spectrum with coincidence interactions in both Nal-crystals.
The neutron detector was placed in 21.7° relative to the beam direction, i.e.
in a forward direction in order to increase the counting-rate, as the solid
angle for the neutrons is quite small due to the 1 m time-of-flight distance.
With the knowledge of the total Y~ray efficiency for the Nal-detectors it is
possible to calculate the average multiplicity of cascades in which a certain
discrete y-transition is involved from the ratio of the intensities of the
transition in spectrum 1 and spectrum 2. The corresponding ratio of the intensities from spectra 3 and 1 gives a correction to the multiplicity value
and furthermore it gives a possibility to estimate the width of the distribution around the average value

'. However, the statistical accuracy in the

data that we obtained was not good enough to extract any information from
spectrum 3.
The analysis of the data was separated in two parts. First the multiplicities were determined for cascades starting from states in a broad energy
region, i.e. 6.62 < E x < 9.48 MeV. The results from these data are accounted
for in Table I and Fig. 1. The conclusion that can be drawn from these results is that, at the low bombarding energy that was used, the crucial parameter which determines the average multiplicity of cascades to a given state,
is not the spin of the state, but rather its excitation energy. The observed
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- 82 TABLE I

Relative population (o"tot) and ratio of side-feeding to total
feeding (agF/ötot) of 1 0 0 Ru levels observed in the present experiment. <M"> is the average multiplicity of all feeding cascades,,
while < M S F > is the average side-feeding multiplicity.

E x (keV)

540

°SF/atot

<M'>

K

1.00

0.45

3.57

2.58

O. . (rel. units)
tot

2+
+

4

V

0.55

0.34

3.37

2.33

2077

6

+

0.28

0.54

2.52

<2.88

2529

5"

0.08

0.88

1.45

1.38

2953

T

1.03

1.03

1227

0.11

1.00

3062

8

+

0.03

0.61

4086

10+

0.01

1.00

side-feeding multiplicities and cross-sections for population of the lowlying states in the residual nucleus are in qualitative agreement with a preliminary optical model analysis

of the reaction at 14 MeV a-particle

energy, showing that the most probable angular momenta of states in
being populated by neutron-evaporation from the
of the order 3-5 n.

101

100

Ru,

Ru compound nucleus, are

However, states with spins up to around 10 "h should

also have a small probability to be formed.
In the second part of the analysis the average multiplicity of feeding
cascades (pure side-feeding and feeding via discrete states) was determined
as a function of the energy of the

100

Ru states. The results, determined

for some of the most intense y~lines, are shown in Fig. 2.
the 4

+

If the point for

state, determined for cascades starting around 5.5 MeV, is disregard-

ed (probably the 4 + -»• 2 + transition is disturbed by a close-lying line appearing in coincidence with high-energy neutrons), there is a clear tendency in
the results.

For the low-lying states, the multiplicity of the feeding

cascades shows a very weak dependence on the excitation energy of the initial
states of the ycascades, while the excitation energy dependence becomes
much more pronounced for the higher-lying states.

For instance, the 6 + ,

2.08 MeV state is fed by cascades with average multiplicities of the order
of 3, when the initial levels of the cascades have excitation energies around
9 MeV.

However, when starting from the region 5-6 MeV, the average feeding

multiplicity has decreased to about 1.5.

The tendency is the same, if even

not more pronounced, for the feeding of the 5~ state, but in this case the
uncertainties are very large. Again, we interpret this behaviour of the

r
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)

1

1

1

1

FIGURE 2
Average multiplicity of
y-ray cascades feeding
some 1 0 0 Ru states in the
97
Mo(a,nY) 100 Ru reaction
at E a = 14 MeV. The
values are plotted as a
function of the energy
of the initial y-emitting states in 1 0 ß R u .
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6

7

8

9

10

feeding cascades as a consequence of the excitation energy of the states,
and not of the spins of the states.

*
**
***
****

Uppsala University, Uppsala
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3.3.6

ENERGY LEVELS IN THE HEAVY EVEN MASS ISOTOPES OF Sn, STUDIED TN THE

DECAY OF In ISOTOPES
(B. Fogelberg*, P. Carle and T. Nagarajan**)

The decays of even mass isotopes of In, with A = 120- 128, obtained as
isotope separated fission products in the OSIRIS facility, have been studied.
Measurements of y-rays and conversion electrons have been made using Ge(Li)
and Si(Li) detectors.

Level half-lives have been measured by the method of

delayed coincidences.
In order to separate more easily the radiations from the different isomer s of In, an on-line chemical separation of Cd was made for the isobaric
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2653.5
2409.3
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Partial level schemes of the even Sn isotopes, showing the levels
which are most strongly populated in the decays of In isomers with
high spins. The total intensity relative to the 4 + •* 2 + transition, including contributions from internal conversion is given within brackets for each transition. Multipolarity assignments shown have been deduced
from the presently measured conversion coefficients. The proposed isomeric
7~ levels have been drawn with heavy lines. The structure of 1 2 0 Sn, as proposed above, differs slightly from that given by Liukkonen and Hattula 2K
Judging from y~ray intensities, it also seems evident that these authors
studied the decay of an isomer of In, different from the one obtained at
OSIRIS.

r

~l
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chains A = 122, 124, 126 using thermo-chromatographic techniques

. The

decay of the Cd isotopes predominantly populate low-spin isomers of In, which
which can be studied under relatively pure conditions, since the high-spin
isomers which are primary fission products do not pass the chemical separation unit.
* The Swedish Research Councils1 Laboratory, Studsvik, Nyköping, Sweden
** University of Madras, Madras, India
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3.3.7

BAND STRUCTURE OF THE

127

Cs NUCLEUS

(Ch. Droste*. A. Kerek, J. Srebrny* and W. Walus**)

The low-lying levels of
127

I(a,4n)

127

Cs reaction

12 7,
lz

'Cs have earlier been studied in the

and in ß + decay 2 ' 3 ^ investigations of

In the present work the band structure in
was studied.

127

Cs above the 11/2

127

Ba.

isomeric state

A decoupled band based on the ll/2~ isomeric state (the odd pro-

ton in the h

. subshell) was expected.

Such decoupled bands were observed

in the neighbouring nuclei with Z= 57 (Refs. 4,5) and Z= 59 (Ref. 6) giving

3005.6

3160.1

-/3Ö02.8
d
o
en
2260.0

2098.2
5

FIGURE 1

CO

K58.9

13240

CO

S 867.1

707.5
5 452.7

11/2-

7/2*_
3/2*

»5 =S
. ID
ID

>n

1/2*
i-Cs

[

_273.1
139.1
66.3
0

Tentative level scheme for 1 2 7 Cs.
The isomeric state (ll/2~) and
the states below it are known
from Refs. 1 and 3.

- 86 information on the shape of nuclei (sign of the deformation, departure from
axial symmetry
127

) . In the present experiment the excited states of the

Cs nucleus were populated in the

energy of 51 MeV.

127

I(a,4n) reaction at an a-particle

The spectroscopic information was obtained from prompt and

delayed singles-spectra, excitation function, YY~ coincidence and angular
distribution measurements.

The preliminary analysis of results gives evidence

of the existence of a band structure. The main two bands are built on the
isomeric 11/2 and the 7/2

states at the excitation energy of 453 keV and

273 keV, respectively. A tentative level scheme of

127

Cs is given in Fig. 1.

* Department of Nuclear Physics, University of Warsaw, Warsaw, Poland
** Physics Department, Jagellonian University, Cracow, Poland
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3.3.8

SPECTRA OF EVEN Sm ISOTOPES OBSERVED IN (ot,xn) REACTION

(J. Kownacki*, Th. Lindblad, H. Ryda** and Z. Sujkowski*)
The growing interest shown

1,2)

lately for the explanation of the level
structure of even transitional Sm isotopes has justified our reiterated 3)
investigation in tb;.s region.

In particular the interacting boson model

has been applied to samarium isotopes and found to be able to describe both
the ground band and the lateral bend, Also the calculations made by Paar 2)
within the cluster-vibration model for N= 89 nuclei have shown good agreement
with the experimental data.

However, the existing experimental data did not

contain the final proof for the parity of the observed states (with the exception of

150

Sm

) . The negative parity states forming well developed

bands are of special interest.

Therefore, we have recently performed on-line

conversion-electron measurements with a-particles of 35-51 MeV energy on
llfl

*Nd and

11>8

Nd targets using the spectrometer described in Ref. 5. An example

of the electron conversion spectrum of
llt8

Nd target, is shown in Fig. 1.

llf8

Sm and

lli9

Sm, taken with a 0.6 mg/cm2
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39 MeV alpha particles on 148 Nd
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TABLE I

Conversion coefficients for transitions observed in

1Ié8

Nd(a,4n)11#8Sn

(xlO*)

414.1

50 ± 8

56

432.8

165 ± 20

155

534.2

65+ 20

85

611.3

1T

30+ 6

23

If

(keV)

(xlO*)

4+

411.0 •

310 ± 1 0

300

6

3"

430.0

165+ 10

155

6

T •> 5"

634.2

58 ± 6

60

2+ - 0 +

747.0

3 " -> 2 +

5 "

•*•

+

(«10")

39b)

788.0

26+7

35

9.25.9

26+4

22

7"

985.8

23 ± 6

20

60+5

60

4

678.7

65 ± 20

48

9 ~ •*

691.5

50± 10

47

11" -* 9~

726.0

40+ 10

41

6+ + 4 +

- 2

+

- 6+

+

•*•

4+

4+

-•

2+

+

2

+

630.2

a^
b)

Sm

1T

Ev

(xlO*)

83b)

550.0

>

»'«(..2.).
TT

(keV)

1<t6 1If8

- 0+

7 " •*
8

+

•*•

5"
6+

(10 + -* 8 + )

From Hager and Seltzer (Ref. 12)
Normalization

The energies and intensities of some conversion electron lines relevant
for the discussion of the level schemes of
rized in Table 1.

ll|6

Sm. and

1<t8

Sm nuclei are summa-

From these values conclusions may be obtained concerning

the multipolarities of the transitions.

V

The Sm isotopes have also recently been studied by other groups (cf. e.g.
Ref. 6 ) . However, in spite of all efforts, the picture of the level structure
is still far from transparent.

The transition from spherical to deformed

nuclei is illustrated by the sequence of Sm isotopes shown in Fig. 2. The
data for the light isotopes (A= 140, 142) were taken from Refs. 7 and 8. The
lev«-" c of the spherical
9)
galr.wi.s

llt

'*Sm isotope are obtained from our previous investi-

, while the information on the heavier isotopes is from the pre-

sent work and from Refs. 4, 8, 10 and 11. For these nuclei, one sees the
gradual change of the odd- and even-parity excitation when moving from spherical

Xhh

Sm to deformed

1S2

Sm and

151l

Sm nuclei.

However, the situation becomes very complicated for the states with
spin I> 5. For example, there appears tobe more than one 6 + and 8 + state,
and the vibrational-like pattern in
rotational structure.
the IBA model 1)

llt6

Sm and

1<t8

Sm is changing into a rather

These features seemed to be accounted for in terms of
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1
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FIGURE 3
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88
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92
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84

Number of neutrons
86 BB 90 92

EIir/E2+ versus neutron number.

It is also interesting to look at the behaviour of the states presented
in Fig. 2 when plotting the energy ratio E

1 T /E O +

as a function of the number

of neutrons (Fig. 3 ) . Apart from the well-known shell effect for the closed
neutron shell N = 8 2 there is also a noticeable jump of the energy ratios at
the'edge of deformation' at N= 88.
The authors wish to acknowledge the skilful preparation of the targets
for the conversion electron studies by R. Didrikson, Tandemacceleratorlaboratoriet, Uppsala.
* Institute of Nuclear Research, Swierk near Warsaw, Poland
** Department of Physics, University of Lund
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3.3.9

PROPERTIES OF HIGH-SPIN ROTATIONAL STATES IN

153

Tb

(G. Winter*, F. Döring*, L. Funke*, P. Kemnitz*, E. Will*, S. Elfström,
S.A. Hjorth, A. Johnson and Th. Lindblad)

The properties of high-spin states in

153

Tb have been investigated as a

joint project between the Zentralinstitut für Kernforschung in Rossendorf,
DDR and the Research Institute of Physics.
have been populated in the

lsl

Eu(a,2n)

153

In Rossendorf, the states in

Tb and

153

3

Eu( He,3n)

153

1S3

Tb

Tb reactions

and Y-ray singles spectra, y-ray angular distributions, Y~ray excitation
functions, Y~ray versus time distributions, as well as YY~c°incidence spectra
have been measured.
153

Eu target.

In Stockholm

153

Tb is formed in an (ct,4n) reaction on a

ra

So far, the Y~ y singles spectrum, the excitation functions,

the angular distributions and the YY~coincidence spectra have been investigated.

Because of the higher bombarding energy employed in the Stockholm

experiments, levels of high spin receive a stronger population.

This means

that additional information of the states with the highest spin values are
obtained in these measurements.
The level scheme which may be established on the basis of all these experimental results is shown in Fig. 1. As seen in this figure, the high-spin
states in

Tb may possibly be understood as rotational excitations within the

+

7/2 C404H, 5/2+Pt02H and 3/2+[>ll] rotational bands as well as within a strongly perturbed band structure emanating from the h.. ,„ shell-model state.

This

interpretation of the experimental level scheme is also verified in some preliminary calculations within the unified model, in which the pairing and the

31/2-

2726

FIGURE 1
Level scheme of

5/2 [4131?

153-ru
65 Tb 88

7/2 [404]?

153

Tb.

- 91 Coriolis interactions are included.

More detailed calculations within that

model employing a soft nuclear core and a deformed Woods-Saxon single-particle
potent al are presently in progress.
*

ZfK. Rossendorf, DDR

3.3.10 EVIDENCE FOR "BACK-BENDING" IN THE DECOUPLED i 1 3 / 2 BAND IN

167

Hf

(S.A. Hjorth, A. Johnson, G.B. Hagemann*. M. Newman*, and H. Ryde**)
The odd-N nucleus

167

reaction using 75 - 78 MeV

Hf is being investigated in the

Gd( 1 6 0,3n) 1 6 7 Hf

0-ions from the NBI Super FN Tandem Accelerator

0.05

FIGURE 1

15li

(hw)

2

0.10

Moment of inertia as a function of the square of the rotational
angular velocity for 1 6 S Y b , 1 6 5 T m , I 6 7 H f , 1 6 9 H f and 1 6 8 H f .
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and in the

161

Dy( lz C,6n) 167 Hf reaction using 95-115 MeV

Stockholm 225-cm cyclotron.

12

C-ions from the

A preliminary investigation of the coincidence

data suggests members of the decoupled i-,-,/0 band up to the 41/2
The 41/2
33/2

•* 37/2

+

transition.

level.

transition has an energy slightly lower than the 37/2* •*•
This means that the curve showing the moment of inertia

as a function of rotational angular velocity exhibits a back-bending behaviour
(Fig. 1 ) .
If the preliminary results stand the final examination, this would be
1 2)
consistent with the findings of the Grenoble group ' who observed no
"back-bending" in the proton \i . bands in

165

Tm (Ref. 1) and

167

Lu (Ref. 2 ) ,

indicating that the h_ ,_ protons are responsible for "back-bending" in even
nuclei in this mass region.

However, in

165

Yb (Ref. 3) as well as in

169

Hf

(Ref. 4 ) , the i..,. neutrons turn out to have an important influence on the
"back-bending" effect.

The situation for the high-spin rotational states

in this mass region therefore seems to be strongly depending on the detailed
nuclear structure.
* NBI, Tandem Accelerator Laboratory, Ris^, Denmark
** Department of Physics, University of Lund, Sweden
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3.3.11

ROTATIONAL BANDS IN THE DOUBLY-ODD NUCLEUS

176

Ta

(S. Elfström, F. Dubbers*, L. Funke*, P. Kemnitz*, Th. Lindblad, C.G. Linden
and G. Winter*)

While doubly-even as well as odd—A deformed nuclei have been extensively
investigated during the past, very few experiments have been carried out in
order to gain information on odd-odd nuclei.

In a joint project between the

Research Institute of Physics and Zentralinstitut für Kernforschung, Rossendorf, DDR, in-beam y-xay measurements have been performed in order to study
the level structure of

176

Ta.

the doubly-odd nucleus

178

Ta has been previously studied in Rossendorf

The reason for choosing this nucleus is that
1 2)
both adjacent odd-A isotopes have been investigated *
and, secondly, that
The reaction employed in the present experiments are ' 7S Lu(a,3n) 176 Ta,
(Fig. 1)

176

Hf(d,2n) 176 Ta and

17e

Hf(p,n) 176 Ta.

The measurements involve

- 93 -

a-PARTICLES ON 175Lu

a =43

MeV

so

FIGURE 1

X
x2

Singles Y~I
spectra obtained
at bombarding
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FIGURE 3
Results cf some lifetime
measurements in the ois and
ns regions.
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measurements involve coincidence experiments, angular distribution measurements and time distribution measurements in the ns to ms region. A tentative
level scheme obtained from the analysis performed so far is shown in Fig. 2.
At present, there are some problems concerning the decay of the high-K states
to the low-energy excitation spectrum.

The results of several lifetime

measurements are presently being analysed in order to gain more information.
3)
The previously measured
half-life of the 100 keV level has been confirmed
by measurements using the (d,2n) reaction (Fig. 3 ) .
One of the authors (S.E.) wishes to acknowledge the hospitality extended
to him during his stay at ZfK in Rossendorf.

Zentralinstitut für Kernforschung, Rossendorf, DDR
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- 95 3.3.12 LIFETIMES OF GROUND-BAND STATES IN

192

Pt AND

19

*Pt AND APPLICATION

OF THE ROTATION-ALIGNMENT MODEL
(N.R. Johnson*, P.P. Hubert*, E. Eichler*, D.G. Sarantitas**, J. Urbon**,
S.W. Yates*** and Th. Lindblad)

Recent investigations

1-3)

of the ground-state bands of the even

i68-i9i»pt i s o t o p e s have revealed strong irregularities in the rotationallike band structures. A pronounced compression of the energy spacing between
the 10 + and 12 + states is observed in

190

»192Pt.
1 3)

The above observations have been interpreted

'

within the rotation-

alignment model (RA) model. Although the RA model calculations are in satisfactory agreement with the B(E2, 12 + -»• 10 + ) value, there is a serious question
concerning the validity of the assumption that the static quadrupole moment
is identical for all members of the band.
2

2

+

This problem is accentuated when

+

the value of 0.20 4)
e b for B(E2, 4 •* 2 ) based on the half-life measurement
3)
of Schwarzschild
is compared with the value of 0.525 e b predicted
from the RA model.
In view of these questions, it seemed desirable to remeasure more accurately the lifetimes of the low-lying members of the ground-state band in
192

Pt and also to extend these measurements to

191t

Pt as well =

These measurements were carried out using the Doppler-Shift RecoilDistance Method (DSRDM) and a beam of 149 MeV "* °Ar ions from the Oak Ridge
Isochronous Cyclotron (ORIC).

The various components of the apparatus, com-

monly referred to as the plunger, are shown in Fig. 1.
The target employed in the measurement was a 3.1 mg/cm2 metallic platinum foil enriched to 57.3, 26.1, 11.0, 4.7, and 0.9 % in mass 192, 194, 195,
196 and 198, respectively.

FIGURE 1

B

Schematic drawing of the
Doppler-shift recoil-distance
apparatus. Legend: (A) Coaxial
Ge(Li) detector at 25° to the
beam direction, (B) Tantalur.
stopper, (C) Plastic section
for viewing target, (D) Annular silicon surface-barrier
detector, (E) Tantalum collimator with front face coated
with lead, (F) Boekler micrometer, (G) Null meter, and
(H) ""Ar beam.
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FIGURE 2
Portions of the Y ~ r y
spectra displaying the
shifted and unshifted
Y-rays of (A) the 2+-»-0+
and (B) the 4+-»- 2 + transitions in 1 9 2 Pt and 19 *Pt
taken at different targetstopper separations.

900

960

93C

Ul

1350

990

1400

1450

CHANNEL NUMBER

TABLE I
Nuol.

Half-life and B(E2) values for

Pt

19I(

a
b
ö
d
e
f
g
h
i

Pt

2 -* 0

316 .49

4 -•

2

6 •+

4

468.06
580.80

2

0

328.50

4 -> 2

482 .65

•*

Pt and

19

"Pt.

Tl/2 (ps)

Transition E, keV

Previous work
192

192

Present work

aT

B(E2), e2 b 2

X

2
4 .5b
0 .5°,
1 .5d
2 .2e
2 .la

48.5 ± 2 5

0.0831

0 .34 ± 0.02

4.2 ± 0 2
1.8 ± 0 7

0.0287
0.0172

0 58 ± 0.03
0 47 ± 0.18

37.7 ± 1 • 8%
50.5 ± 2 .2?
41.8 ± 1 .0*
41.8 ± 0 5
• hl
34.7 ± 3 .5
Z
41.8
4.4 ± 0 .Ie

45.0 ± 2. 4

0.0746

0.31 ± 0.02

3.7 ± 0. 2

0 .0267

0.57 ± 0 03

35.3
33.6
45.1
42.8
39.3
11.8

±
±
±
±
±
±

Value from Schwarzschild4 determined by delayed coincidence method.
Value from Beraud et al.6 determined by centroid-shift method.
Calculated from (a,a") Coulomb excitation B(E2) values of Ronningen et al.'.
Value from Smith and Sims" determined by centroid-shift method.
Calculated from the Coulomb excitation B(E2) value of Milner et al.9.
Recoil-distance measurement by Nord10.
Cale, from (16O,16O") and (p.p1) Coulomb exc. B(E2) values of Glenn et al. 2 4 .
Value from Berkes et al.27 determined by centroid-shift method.
Calculated from inelastic a-particle scattering work of Baker et al.25.
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The recoil velocity (v/c « 0.0249± 0.0004) leads to a large separation
between the unshifted and shifted lines of the 2* •* 0 + and 4 + •* 2 + transitions.

In order to avoid interference with other lines, the Ge(Li) was placed

at an angle of 25°, thus reducing the separation distance between the unshifted and the shifted lines.

Some sample spectra are shown in Fig. 2.

From the raw-data (i.e. the areas of the shifted and unshifted peaks)
it is possible to obtain lifetimes that are accurate to within 15 %.

In

order to achieve higher accuacy, a number of corrections have to be applied.
These corrections have been discussed in detail by several authors and in the
present case, we apply the method by Sturm and Guidry

, who incorporated

the corrections into the computer code ORACLE.
T . values obtained in this way are given in Table I, together with
values given in the literature.

The wide variation in the values of the 2 +

state is most noticeable.
As mentioned above, the present investigation was undertaken in order
to compare the experimental B(E2) values with those calculated with the RA
mode.

The latter reads

where K = £2i+ SÎ2 > Q o is the intrinsic quadrupole moment and C„

_

are the

amplitudes which expand the total wavefunction in terms of the basis states

12

L

Here a (Q) creates a quasiparticle with spin projection Q on the symmetry
axis and D is the rotational wave function.
Figure 3 shows a comparison between theory and experiment.

The theore-

tical values shown were obtained by assuming oblate nuclear deformation
(e =-0.18) and the alignment of two i-,,/, neutrons.

The pairing strength

was chosen as G = 0.102 MeV and a constant quadrupole moment Q o was assumed.
It may be concluded from Fig. 3 that a satisfactory agreement with experiment is obtained for the 2

•* 0 , 4 ->• 2 , and 6

->• 4

as with the low B(E2) value reported for the 12 -»• 10

transitions as well

transition if Q o is

chosen to be 4.26 b.
It has been suggested

that the (^11/2^10 configuration is the main

component in the wave function of the 10 + state, while the là 12 states are
primarily described by the i 1 3 y 2 neutrons.

Calculations within the RA-model

3)

r
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FIGURE 3

Comparison of experimental and calculated B(E2) values in 1 9 2 Pt.
The theoretical curve was obtained assuming alignment of iia/2
neutrons, oblate deformation (e = -0.18) pairing strength G of
0.102 MeV and a constant intrinsic quadrupole moment JQO| = 4.26 b.

indicate that if this is the case then the B(E2, 10 + -»• 8 + ) as well as the
B(E2, 12 + -*• 10 ) will be reduced.

Further lifetime measurements are thus re-

quired in order to provide a more rigorous test of the RA-model.
One of the authors (Th. L.) would like to acknowledge the hospitality
extended to him during his visit to ORIC.

**

Oak Ridge, USA
Washington Univ., S:t Louis, USA
Univ. of Kentucky, Lexington, USA
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3.3-13

SEARCH FOR ISOMERIC STATES IN

205

Tl

(I. Bergström, J. Blomqvist, C G . Linden, 0. Knuuttila* and T. Lönnroth**)
1)
2)
In our 1975 Annual Report
and in a recent paper
we have presented
evidence for a 3.6 min 12 isomeric state of the
?1 c o n f i g u r a t i ° n
2O6
20<t
T 1 . This 12~ state was populated in the
Hg(a,pn> reaction which has
in
a cross section at E a = 43 HeV of only a few per cent of the competing a,3n
and a,4n reactions.

It seemed likely that by increasing the a-energy it

should be possible to populate high-spin states in
action.
35/2

2OS

T1 in the (ot,p2n) re-

In particular, we were interested in searching for the expected

state of the irh^ .71 vi^-.~2 configuration, which if isomeric would

yield the very interesting possibility of measuring the g—factor of the h ^ ,„
proton.

Together with the very accurately known g-factor of the h„ ,_ proton

one would be able to separate the magnetic moment contributions associated
with spin and orbital motion.
TTh...,,"1 v(j~2) +
11/z
0

Limited information is obtained about the expected
state in
206

2O5

Pb(t,a).

T1 from the reactions

205

Tl(pp'),

205

Tl(d,d l ),

208

Pb(p,a) and

From these measurements we have indicated in Fig. 1 the expected

yrast cascade from the 11/2

state to the ground state.

We thus conclude

that there should be a cascade of Y~rays of the following energies: 53, 506,
721 and 204 keV.
In a delayed yspectrum at E a = 51 MeV we observed Y""rays °f

tne

follow-

ing energies with approximately the same delayed intensities: 54.2, 506.2,
720.0 and 203.7 keV.

This fact strongly supports the conclusion that we have

observed the yrast cascade from the 11/2

level.

Setting now a coincidence gate on the 204 keV y—ray, we should observe
the entire yrast cascade from any isomeric state feeding the 11/2

state.

Figure 2 shows the results obtained with this gate and other gate settings.
The delayed and single y-ray intensities are given in Fig. 1.

The experi-

mental results suggest an yrast cascade of y-rays as shown in this figure.
Using a beam with a pulse distance of 1.3 ys, it was found that the isomeric state feeding the yrast cascade shown in Fig. 1 must have a half-life
i 3 ys.
Using now the empirical single proton and single neutron separation
energies obtained from the experimentally observed levels in

2O7

T1 and

207

Pb

as well as empirical two-particle interaction energies obtained from experimentally observed levels in

20e

Tl and

2C6

Pb, it is possible to predict the

yrast cascade of y-rays starting from the expected isomeric 35/2~ level of
the TThj^ .^ ^ i 1 3 / 2 2 configuration.

The result is shown in Fig. 1.

As can be

concluded by inspecting Fig. 1, there is a good agreement between experiments
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and calculations up to and including the 23/2 + level of the
^ll/i*

Vp

inl

Vi

13/2 l

confi

8uration

with a

half-life

Z 3 us. The 570.8 keV

transition is likely to be due to a configurational forbidden M2 or E3 transition of the following kind:

It is hoped that scheduled g-factor measurements will give valuable support for the configurational assignment as well as giving infors^ricr, cf the
relative contribution of orbital and spin terms to the magnetic moments of
h„ . and hii/ 2 protons.
*
**
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3.3.14

THE 12

ISOMERIC STATE OF THE irti

11-/?

VI

-l

13/2

CONFIGURATION IN

Z06

Tl

AND EFFECTIVE TWO-PARTICLE INTERACTIONS
(I. Bergström, J. Blomqvist, C.J. Herrlander and C.G. Linden)
In our 1975

Annual Report we reported evidence for a long-lived iso-

206

T l found in the 2OlfHg(a,pn) reaction. This reaction channel

meric state in

has a very low cross section as compar-a*1 to fne a,4n channel and it was not
possible in the preliminary experiments to find the energy of the isomeric
transition from the expected 12 state. Additional experiments and improved
data handling

led to the conclusion that the 12 state in 2 0 6 T l has a half-

life of 3.6 min and is situated at 264?..9 keV and decays mainly by a 1021.4
keV E5 transition to the 7 + state of the •ÏÏS 1/ I ! vi.»,"" configuration. In
addition, there is a weak M4 branch of energy 564.6 keV to the 8 + state of
the irh-, ,~l V^c/Ö* configuration.

The half-lives oi the y~rays found in the

YRAST cascades are shown in Fig. 1 and r.he decay scheme in Fig» 2.
The branching ratio between the M4 âxid E5 transitions agrees yell with
the value calculated by using the expérimental B(M4) values from the singleparticle transitions in 2 0 7 Pb and 2 O 7 T 1 anci' the B(E5) values given in th<?
theoretical work by Ring et al.

. (Recently the h,, ,ZX •* s.. ,"' E5 transition

r
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T 216 keV
7*—S*
S 100

457 keV
8*—T

1021 keV
12"—T

453 keV
5*—4"
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CONFIGURATION

26429

36tO.2min

12"

565 ;102U
M4 ES 80±7
29*9!
20785•8* Tlhm
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MI
1621.52161 117*8
14054- E2

FIGURE 1

(above)

Half-lives of y~ ra y s relevant to the
discussion of the decay of the 12"
206
lsomeric state in
Tl.

4533 95±7
El
952.1 •

FIGURE 2 (left)
2655-

Summary of information on the decay
of the 3.6 min 12~ state in 2 0 6 T l .

2658 1 0 0 i8
206
iTLM25
811

in

207

Tl was found

' at ISOLDE, CERN, confirming this theoretical B(E5)

value.)
One of the reasons why we were particularly interested in finding this
isomer was that it probably would be a very convincing illustration of a
drastic spin trap.

In Fig. 3 we have plotted the relative positions of the

high spin components of the multiplet irh,,/Ô1 v L , , " 1 .
Fig. 3, all levels but the J= 12

As can be seen from

level should have about the same energy.
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30
FIGURE 3
Expected yrast cascade of Y~rays
from the 12" state of the
•iïhu/21 viia/I1 configuration
according to the calculations of
Kuo and Herling.

20

To the right are indicated the
levels observed in the (d,ct)
reaction.

10

—2

—r

The J = 12" level, however, has been pushed down by an amount of about 0.5 MeV
which means that in the completely aligned case the attractions between the
^11/2 P r o t o n n °le and the ^-,0/2 h°l e should be as much as 0.5 MeV larger,
than for any other orientation.
A few remarks which are related to our experiments and the Kuo and Herling calculations of effective two-body interactions should be made.

We

first make a comparison between the experimental energies and those calculated by Kuo and Herling in their approximations 1 (only the bare reaction
matrix) and 2 (bare reaction matrix plus core polarization).
given in Table I.

The numbers are

The first impression is that the agreement is fairly good.

Looking in more detail, there are significant discrepancies, which may be
explained in two ways.
The experimental energies lie between those calculated in approximations
1 and 2.

It thus seems that the core polarization interaction, which is

generally repulsive, has been overestimated.

This can be understood as a

consequence of the use in the calculation of a constant energy denominator,
2hü) = 14 MeV, for the intermediate Ip3h states.

The collective particle-

hole excitations, which are most important for the core polarization, generally lie lower than the average single-particle excitation energy for isoscalar
states, and higher for isovector states.

Since isoscalar excitations give an

effective attraction between a proton and a neutron, while isovector excitations give a repulsion, both contributions should be more negative than calculated.

This goes in the right direction to improve the agreement with experi-

mental energies.
Another partial explanation for the discrepancies may be that the calculated reaction matrix elements in 3 S states are too small by about 20 %.

The

r
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TABLE I

Comparison between experimental and calculated level energies
in 2°6-ri relative to the ground state of 2 0 8 Pb.

Configuration

E

-1
-1
TThll/2 Vlia/2

17500

17350

+150

17730

-230

8+

TThn72 Vf 5/2

16935

16900

+ 35

16890

+ 45

7+

-1
TTSl/2

16478

16420

+ 58

16630

-152

5+

TThn/2 Vpi/2

16262

16230

+ 32

16380

-118

4"

7rd3/2

15809

15590

+219

15900

- 91

2"

-1

-1

Tld3/2

Vpi/2

15123

14930

+193

15240

-117

0"

-1
7TS1/2

-1
Vpi/2

14857*

14600

+257

14900

- 43

12"

*

-1
V113/2

-1

-1

Vf5/2

E

E

1

KH,2

From the neutron+ proton separation energies.

TABLE II

Comparison of experimental and calculated interaction energies
in two related configurations.

Configuration

12"
10"

3

AE 2

KH,1

AE

eixp

V

, - 1 . - 1
Thil/2

Vl

irh9/2

Viu/2

V

exp

bare

KH
pot

total

- 855

-1030

+ 380

-650

-772

- 920

+ 400

-520

13/2

S interaction is dominant in all the states of Table I.
1

strong in the C * ^ ^

1 vi

i3/2^12~

confi

8

uration

It is particularly

» which is a pure triplet

state with large overlap between the spatial wave functions.

The empirical

interaction energy in this state, obtained by subtracting the single-hole
energies from the experimental energy, is compared with the calculated interaction energies in Table II.
v

for the (frti9/2 i 1 1 / 2 ^ 1 0 in the

In this table the same comparison is also made

s t a t e i n 2I

Bi(d,p) reaction.

° B i at 669 keV, which has been observed

The two configurations are manifestly similar,

with the particle and hole orbitals being spin-orbit partners of each other.
In both states the proton and neutron spins are parallel, and the spatial
wave functions are practically the same. This similarity is borne out by
the results in Table II. The experimental interaction energies are nearly
the same in the two states, and both are about 200 keV larger than calculated.

r
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An increase of the bare reaction matrix elements by about 20 % for the 12
state and 25 % for the 10" state would be sufficient to remove the discrepancy.

For reasons of numerical simplicity, Kuo and Herling used harmonic

oscillator wave functions with nu • 7 HeV in the calculation of the reaction
matrix elements.

Now, harmonic oscillator wave functions are rather good

in light nuclei, but become increasingly inaccurate for heavier nuclei.
deed, the overlap between the densities of the irh.. ._ and vi,,/«

or

In-

bitals is

17 % larger with Woods-Saxon wave functions compared to harmonic oscillator
wave functions, and for the '"'hg,» anc* V:*"ii/2 OT^ta^s

the increase is 29 %.

Since the S-state interaction energy should be approximately proportional
to the overlap between the densities, we believe that the discrepancies can
be largely attributed to the use of harmonic oscillator wave functions in
the calculation of the reaction matrix elements.

We thus feel that the Kuo

and Herling two-particle interactions could be considerably improved by
using more accurate values of the core polarization energy denominators and
better radial wave functions.
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3.3.15

EVIDENCE FOR A 15 ns J = 15 ISOMERIC STATE IN

206

Bi

(T. Lönnroth*, B. Fant*, 0. Knuuttila** and K. Wikström)

In the following contribution (3.3.19) a new isomeric 13 ns 29/2
207

Bi is discussed.

This staLe is suggested to decay with a configuration-

forbidden 368 keV El transition of the type (irhg ,„ vi i3/2** 29/2"
/rru
15

-if "

! v

in

1

+

^i3/2 ^27/2 *

IC s e e m e d

state of the configuration irhg -2

"*

lively that there should exist a
vi

2 in 206ßi with one

i3/2

addi-

tional neutron hole.
High spin states in

206

Bi were therefore studied using the

205

Tl(a,3n)

reaction.

A 15± 1 ns isomeric state was found at an excitation energy of

3148 keV.

This state decays to the previously known 0.88 ms 10" state at

1045.2 keV via a cascade of five dipole y~ rav transitions-- of the energies
543.8, 547.8, 266.6, 149.9 and 595.0 keV, respectively.

Jn addition one
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10 F

FIGURE 1
Half-life curves of the
Y-rays following the decay of the 15 + state in
206
Bi. The 745 keV transition is double, the other
component belonging to
207
Bi. The half-Life
15 ± 2 ns is found after
subtraction of this component. One should also
observe that the 596 keV
Y~ray is disturbed by a
"bump" at about 596 keV
which is due to neutron
excitations in 72 Ge.

FIGURE 2
Yield functions.
36.S

39.5

43.0

tB.O
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GATE AT 745
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YY"~co incidence r e s u l t s .
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"f"
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quadrupole transition of 745.0 keV was found which is interpreted as the
cross-over transition to the 149.9 and 595.0 dipole transitions.

The multi-

polarities suggested are based on angular distribution measurements.

Conver-

sion coefficients will soon be deduced from already performed in-beam conversion electron measurements.
From half-life measurements, Fig. 1, we conclude that the 543.8 keV y-ray
is emitted from the isomeric state.

Furthermore, the ratios of the prompt to

delayed intensities from the decay curves, the yield functions (Fig. 2) and
the yy-coincidence measurements (Fig. 3) suggest the level scheme shown in
Fig. 4.

Very likely the isomeric state found has J

figuration •fhg/T ^ i / ? 1 ^13/22*

T

= 15 + and the main con-

h i s state probably decays via a hindered El

transition to a 14~ state of the Tfhg/o v f 5/2~ 2 *13/2l

conf

i8urati°n-

A

"lore

complete calculation of the yrast cascade is in progress and it is hoped that
g-factor measurements and the analysis of conversion electron intensities will
give better information on multipolarity J77 and configurational assignments.

- 109 -

, 5 'Ji£15ns_

3!48.3
3000
543.8
2604.5
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3.3.16

THREE-BODY FORCES IN THE Pb REGION

(J. Blomqvist)

Under favourable conditions the energies of three-nucleon states around
208

Pb (i.e. in the nuclei

205

Pb,

207

Bi,

2 0 9 T1> 2 0 7 H g > 2 0 5 A U ) 2 0 5 H g ) 2 0 5 T 1 )

209

Po,

211

At,

211

canbe calculated

Po,

211

Bi,

211

Pb,

w i t h considerable pre-

cision by using empirical single-nucleon and two-nucleon interaction energies
derived from nuclei with one or two valence nucléons.

Favourable conditions

means essentially that the wave function of the state should be dominated by
a single three-nucleon configuration, such that the perturbing effect of configuration admixtures on the energy is small.
for yrast high-spin states.

This situation is often met

It is also necessary to know the experimental

energies of all the two-nucleon states which are present in the three-nucleon
configuration.
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TABLE 1

Expectation values of V(l,2,3) with V o = 8000 MeV fm6

<V(1,2,3)>
keV

Configuration

Nucleus

2
ïïlhg/2

-1
VI113/2

29/2 +

1

Bi

Trlhg/2

-1
-1
V2f S /2
VÜ13/2

nil*

3

Po

TTlh9/2

7rli 1 3 / 2 V l i u / 2

20ST1

-1

209

Po

207
211

Tr2d3/2 v2f s /2
-1

205T1

207

-1

33/2"

9

-1
v2f 7 / 2

15/2 +

11

-1

5/2 +

25

1/2"

70

-1

TT3SI/2
-2

V3pi/2

ir3si/2

v3pi/ 2

V3p3^2

-1

-2

Hg

7T3si/2

160

V4SJ/2

Under such circumstances it may be possible to detect the energy shift
due to three-nucleon interactions.

The effective three-nucleon interaction

should contain, just like the usual effective two-nucleon interaction, a
direct part and a polarization part.
208

collective excitations of the
for high-spin states

The latter, which arises from virtual

Pb core, can have a long range.

Our results

in2 0 5 Pb limit the typical size of this term to

£ 5 keV. The direct three-nucleon interaction, on the other hand, has probably a short range.
like

205

It is therefore not expected to show up in a nucleus

P b , where the Pauli principle prevents all three neutrons to coin-

cide in space.

We will consider here some cases with two nucléons of one

kind and one nucléon of the other kind, and estimate in a rough way the
order of magnitude for the energy contribution that one can expect from a
short-range three-nucleon interaction.
Let us assume that the direct three-nucleon interaction
independent,

1) is spin-

2) has zero range, and 3) is not subject to nuclear matter

renormalization.

The potential energy is then
V(l,2,3)

6(ri2) <5(ri3)

and the strength V o can be determined if the effect is known in 3 H. The
best tvailable calculations of the binding energy of 3 H with two-nucleon
forces may indicate a deviation from the experimental value which can be attributed to the three-nucleon force, but the situation is not yet clear.
Anyway, the three-nucleon interaction energy in3 H is probably less than
2 MeV,
|< 3 H | V(l,2,3) |3 H > | < 2 MeV

r

r

which gives
V I < 8000 MeV fm6
With this limiting value of V o we have calculated the expectation value
of V{1,2,3) in some representative three-nucleon configurations (cf. Table 1).
In high-spin states with maximum spatial overlap of the nucléon wave functions the energy shift can be ~ 10 keV, which may be marginally possible to
observe.

In low—spin states, on the other hand, and in particular in states

where the nucléons occupy s-orbitals, the effect can be much larger. The
configuration mixing uncertainties are a more severe problem for the lowspin states, but this may be outweighed by the much larger three-nucleon
effect.
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3.3.17

HIGH-SPIN STATES IN 2 0 7 B i AND THE QUESTION OF THREE-PARTICLE INTER-

ACTIONS
(I. Bergström, J. Blomqvist, B. Fant*, 0. Knuuttila**, T. Lönnroth* and
K. Wikström)

In a recent paper

three-particle high-spin states in 2 0 5 Pb were care-

fully studied with the aim of checking the precision of the shell model for
three particles.

The high-spin states are particularly useful because their

wave functions are usually dominated by one configuration (amplitude > 95 % ) ,
and therefore the problems of configurational mixing uncertainties are reduced.
Using empirical single-particle (207Pb) and two-particle (206Pb) energies
and angular momentum algebra, it is possible to calculate high-spin states
in

20S

Pb with an accuracy which is partly limited by the experimental errors

in the neutron binding energies.

In the quoted work it was thus found that

the energies of the six most well-established high-spin levels deviated from
the calculation by an average amount of -3keV, which is even less than the
expected mass uncertainties.
In the course of this work the question of possible effects of threeparticle interactions arose.

The experimental results show that in the par-

ticular states considered, the three-body interaction energy is on the average
less than about 4 keV. One may object that

205

Pb is unsuitable for the de-

tection of a short-range three-particle interaction, since the Pauli principle

r

- 112 prevents three like nucléons to come close in space.
In this work we report on a preliminary measurement searching for highspin three-particle states suitable for the detection of a short-range threenucleon interaction.

The requirements are that:

very pure configuration,

1) the state should have a

2) the relevant two-body interaction energies should

be well known experimentally, and

3) there should be a large probability for

the spatial coincidence of all three nucléons.

The last point requires that

there are two like nucléons and one unlike nucléon, and that the like nucléons
are mainly in a singlet state.
7Th

9/2
9/2 ^^55// 2
2 * ^lS/i*
The nucleus

207

a

PP

ears t0

A 27/2 + state in

207

Bi with the configuration

satisfy these requirements.

Bi has previously

that investigation an isomeric 21/2

been studied at this institute.

In

state with T . = 182 ys was discovered,

and the decay of this state was studied. When the present re-investigation
of <L0/Bi through the reaction Z05 Tl(a,2n) was started, it was hoped that the
search for the 27/2

state would be simplified by the fact that a 29/2~ state
2

of the T'h_,„ vi _,~

configuration should be isomeric according to the calcu-

lations indicated in Fig. 1.
The experimental procedure is then straightforward.

It is clear that

one should search for a stretched cascade of 3 or A y-ray transitions with
the same half-life and equal delayed intensities.

Because of the long half-

life of the 21/2 + level, these y-rays must constitute an "isolated" set of
Y-rays in coincidence with each other.

Furthermore, the y-rays feeding and

+

depopulating the 21/2 level must have a reasonable intensity relation.
Levels in

207

Bi were populated in the (a,2n)reaction at E a = 35 MeV.

Three y-rays of energies 387.0, 899.3 and 499.7 keV were found to be associated with the same half-life 13 ±1 ns (Fig. 2). The shapes of the halflife curves (the 387.0 keV y-ray has no prompt component and must come from
the isomeric state) and the singles intensities planes have three y-rays in
the order indicated in Fig. 1.

Coincidence measurements (Fig. 3) confirm

that these y-rays belong to a stretched cascade and, furthermore, that a
674.4 keV y-ray feeds the 13 ns isomeric state.
The angular distribution measurements indicate that the 387.0, 674.4 and
899.3 keV y-rays are dipole transitions and the 499.7 keV y-ray is a quadrupole transition.

In addition, the delayed y-ray intensities suggest that

the 387.0 keV y-ray is of El rather than Ml multipolarity.

Conversion elec-

tron intensity measurements are required for multipolarity assignments to
the other y-rays.

Although some measurements remain, it seems rather likely

that we have found the predicted 29/2~ isomeric state of the 7rh„ ,„ ^iio/ö2
configuration and that the interesting 27/2+ state is populated in the decay
of this isomeric state.

r
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FIGURE 1

(top îe/fc)

Proposed decay of the
13 ns isomeric
j7T = 29/2" s t a t e in
207
Bi.
10"
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goo

FIGURE 2

(bottom left)

Half-life curves of the
y-rays following the
decay of the 29/2" state
in 2 0 7 Bi.

10'

FIGURE 3

(top right)

500

yy-coincidence results.
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The energies of the yrast states in

207

Bi were calculated using experi-

mentally known two-particle interaction energies from

206

Pb and

208

B i , and

the results together with the main configurations are shown in Fig. 1.
the 27/2

For

state configuration mixing was taken into account in the calcula-

tion, and the calculated energy (3492 keV) differs from the experimental
energy (3500 keV) by 8 keV.

This puts a limit on the magnitude of the three-

body interaction energy which is not much larger than the value expected from
a simple scaling from the triton
*
**
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3.3.18

QUADRUPOLE INTERACTION AND HIGH-SPIN STATES IN THE LEAD REGION

(J. Blomqvist)

There is presently a great interest in learning about nuclear structure
at very high spins. The experimental study of nuclear properties at very
high spins would be greatly helped if there would exist isomeric states
along the yrast line

.

Shell structure irregularities may give rise to
2)
such "yrast traps" in some oblate nuclei, but calculations
indicate that
the shell effects may not be sufficiently strong to overcome the rapid rise
in the average rotational energy with increasing spin for I > 30 Ti.
The shell correction to the liquid-drop energy is usually calculated

2)

by summing the fluctuating part of the single-particle energies in a deformed
potential well.

The interactions between nucléons near the Fermi surface are
3)
in this way only partially included. It has been pointed out
that the

residual interactions may be especially large in states with maximum overlap
of nucleonic wave functions by alignment (MONA) of the single-particle angular momenta.

This additional effect may help to produce yrast traps.

Several cases of yrast traps with spins in the range 10- 20 ti, which
are formed by the MONA mechanism, have been found in spherical nuclei near
208

Pb.

One simple example

is the 3.6 min isomer with Jïï = 12~ in
1 v

which has the two-hole configuration ^h-ii/ô

1

^i3/2 "

The s

P

afc

i

al

2OS

T1,

overlap

of the single-hole wave functions is largest in the aligned J= 12 state, and
the 3 S attraction brings this state down well below the J= 11, 10, 9, 8 states
of the same configuration.
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The interactions between the valence nucléons are of two kinds: a direct
interaction by the effective two-nucleon force, and an indirect polarization
interaction from the virtual excitation of the core by one nucléon and deexcitation of the core by another nucléon.

The polarization interaction can

be viewed as the effect of a small adjustment of the core by the joint action
of two nucléons.

This description is well-defined only if the core is suf-

ficiently rigid to be weakly perturbed by the valence nucléons.
to be the case for the

208

Pb core with a few valence nucléons.

That seems
One is then

justified to calculate multi-particle states by standard shell-model matrix
diagonalization in the valence particle space.

Such calculations give re-

markably good results if one uses empirical single-particle energies and
empirical two-nucleon interactions derived from experimental spectra of twoparticle nuclei.
The straightforward realization of this type of calculation for nuclei
with more than three valence nucléons is sometimes feasible for high-spin
states, where the number of possible configurations is low.

In general,

however, such calculations are impossible because of the large sizes of the
matrices.

Also, configuration mixing becomes more important and the errors

due to the incomplete knowledge of the interaction correspondingly larger.
In some states in such nuclei it is possible to bring about a great
simplification by "freezing" the degrees of freedom of some of the particles,
thus describing the states in terms of a smaller number of valence particles
outside of a new core, different from
state of

208

Po.

tions with J
(in the h.,„

Pb.

Consider e.g. the lowest 11

A complete calculation in terms of two protons and two neu-

tron holes outside
ïï

208

208

= 11".

Pb is unpractical, since there are too many configuraInstead, the state may be described as two protons

an(

^ ^13/2 ort>itals) outside the

206

Pb core.

The energy is then

given by the sum of two single-proton energies and two-proton interaction
energy.
with

208

Both of these will be different from the corresponding quantities
Pb as the core, because the polarization contributions are different.

The new single-proton energies can be directly obtained from

207

Bi.

For the

interaction energy one may take as a first approximation the empirical value
derived from

210

Po, i.e. with

208

Pb as the core.

The additional contribution,

caused by the polarization of the two neutron holes, will be represented by
a quadrupole-quadrupole interaction with an adjustable strength parameter.
The results of a comparison of energies for nine high-spin states with
two-, three- or four-particle configurations coupled to the
given in Table 1.

energies with

Pb core are

The calculated energies in column 4 include experimental

single-particle energies with
208

206

206

Pb as the core.

Pb as the core, and experimental interaction
The differences between experimental and

TABLE 1

High-spin states built on the core
single-particle energies ^ '
21I

Nucleus

Z0

6+

11

8+

*

tl

11~

a

At

M

23/2"

209

•p

11+31 ± 1 0

9/2

X

13/2

H

irh
n

Po

31/2"

a

"At

19+

a

2

^9/2 ^13/2

Vg

V a ^13/2

vg

9/2

9/2

Po,

7 MeV.

(keV)

152U ± 1

+ 93 ± 10

+ 82

5

Ref.

1533 ±5

+ 18±11

+ 31

H

2803 ±11

b

2708 ± 5

- 95 ± 1 2

-102

11

1237 ± 17 &

1322 ± 1

+ 85 ± 17

+ 90

6

b

11*28 ± 1

+ 95 ± 1 7

+ 129

tl

1852 + 1

- 88 ± 17

- 82

21*29 ± 1

-125 ± 18

-105

i4b7O ± 150 ( ?

U266 ± 1

-Uoo ±150

-296

7

U38O ± 1 5 0 ^

1*028 + 1

-350±150

-330

8

255U ± 1 8

X
9/2 iTi
13/2

210

h

19U0±17

7/2

E

"

0>

from

1515 ± 10

1333 + 17
1Tf

x

=

' '

-E .
exp
calc
(keV)

exp
(keV)

calc
(keV)

it

^9/2

29/2

Bi and2 0 7 Pb and interaction energies

B i , together with ground-state binding energies ^ .

Va

21/2"°

The calculated energies in column h include experimental
1

7rh

11

11

from

Va

17/2"

Pb.

207

Partiale
Configuration

J 11

8po

209

21

At and

210

206

h

1t
î

ft

Configurations supported by g-factor measurements.
Only empirical interactions used", errors refer to errors in nucléon separation energies.
Large error because the energy of the

-i-D/o v gq/p) 1 1

state in 2 1 0 Bi is not known experimentally.

J

I
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Core

2 07pb

2011

Pb

High-spin states built on the cores 2 0 7 Pb and 2OI|Pb. The calculated energies include experimental single-particle energies 9,16
from 2 0 8 Bi and 2 0 S Bi and interaction energies ll from 2 1 0 P o .
X( 2 0 7 Pb) = - 0.25 MeV.
x(Z°*Pb) = " 1-1

Parti-cle
Configuration

Nucleus

209

Po

2 0 6po

13/2"
17/2" if
23/2 + Trhg/2 -rri 1 3 / 2

1473
2770

, 2
TTh9/2

1572

6+
8

+

11"

a)

E
ex

E
-E ,
exp
calc
(keV)

7

+ 13± 8

+ 11

ft

- 35 ± 8

- 36

•f

+125 + 26

+129

15

+ 50 ± 26

+ 48

ff

5a) -152 + 26

-160

II

+ 29 ± 8

1581 ± 5 >

irhg/2 7TÎ1 3 / 2

2652±

Ref.

(keV)
+ 29

1418

a

II

23**2

The 8 + state not directly observed; gamma spectra
and half-life
suggest that like in 2 0 8 Po 7 the separation between the 8 + and 6"*" levels
should be less than 10 keV.

calculated energies are fairly large and sometimes positive, sometimes negative.

According to the previous discussion these differences should repre-

sent the extra polarization interaction between the particles due to excitations of the two neutron holes in

206

Pb.

Since 2 + excitations probably are

most important, one can try to describe the interaction by a simple quadrupole-quadrupole coupling
~ZJ

XP

2 (cose..) .

By choosing the coupling constant
X( 206 Pb)

=

- 0.7 MeV

the energy differences are very well reproduced, as seen by comparing columns
6 and 7 in Table 1.
A similar description can be applied to states built on cores other than
6
20

Pb.

"*Pb.

In Table 2 we have collected cases where the cores are
In the case of a

207

207

Pb and

Pb-core, the single-particle energies can be ob-

tained from suitable averages of relevant multiplets in
obtained with the coupling constants
X( 207 Pb)

=

- 0.25 MeV

X( 20 *Pb)

=

- 1.1

MeV .

208

Bi.

Good fits are

- 118 The coupling constants should be proportional to the softness of the
cores.

As a measure of the quadrupole polarizability one may take
B(E2,

These quantities can be obtained from experimental Coulomb excitation rates
to the first 5/2~ and 3/2~ states in
and

20

*Pb.

207

The ratios of ZB(E2)t/E for

Pb and the first 2 + states in
207

Pb,

206

Pb and

0.051 : 0.117 : 0.178

e 2 b 2 MeV"1

0.44

relative units

:

1

: 1.52

20

206

Pb

*Pb

agree very well with the ratios of the empirical coupling constants
0.25

: 0.07

: 1.1

MeV

0.36

:

: 1.57

relative units

1

Let us return to the question of formation of yrast traps by the MONA
mechanism.

The additional interaction between a pair of high-spin particles

due to the polarization of low-spin particles in the core is attractive for
jl

+

j 2 = J and x< 0.

This will enhance the tendency to make yrast traps

from states with a number of valence nucléons with aligned angular momenta.
The effect increases with the polarizability of the core.

Many isamers

with spins < 20 h have been observed in the Pb region, and it is quite
possible that there exist isomers with much higher spins.

The search for

such states can be supported by energy calculations of the kind discussed
here.
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3.3.19

HIGH SPIN STATES IN

206

Po

(Jyväskylä-Stockholm collaboration*)

The structure of

Z06

Po has been studied by means of the 225-cm cyclotron

in Stockholm and the 90-cm cyclotron in Jyväskylä.

Our goal was to continue

systematically the study of two-particle nuclear polarization
to angular momentum 13 n were observed, using the reactions
at 55 MeV (AFI) and

206

. Levels up

206

Pb(a,4n) 206 Po

Pb( 3 He,3n) 206 Po at 27 MeV (Jyväskylä).

A level scheme of

206

Po has recently been published

.

In that work, a

62-keV transition was assigned as depopulating an isomeric level of spin 8~
or 9~ with a half-life of ~ 40 ns above the 8 + level.

Having such a level at

such a low excitation energy appeared to us quite strange.

Also, reported

half-lives seemed to deserve a closer study.
The excitation functions were measured using a-particles in the energy
region 43-55 MeV.

These are shown in Fig. 1 for relevant yrays.

Prompt

and delayed intensity relations reveal the double nature of the 395.2 keV
line, and the 394.7 keV component was given 30 % intensity.
Since the 614.2 keV y-ray has a tiny prompt component in its time spectrum,
it was not assigned to an isomeric level.

It seems reasonable to interpret

this as a mixed M1/E2 transition from the 9 + level to the 8 + level.
2

V

2

configuration ir(h_ / 2 )Q+ ^ P I / 2 ^ 0
the 9

+

state.

+

f

^ 5/2^2

+ would

then be

The

responsible for

The El transition of 61.7 keV (Ref. 2) depopulating the 9"

level at 2259 keV should be strongly hindered due to the configuration
7T h

^ 9/2^0+ V ^ p l/2* 2 ^0 + ^ 5 / 2 * i 13/2 1 ^9~

long observed half-life of 1.1 Ps.

o f t h i s s t a t e i n accordal

» c e with the

The rest of the level scheme in Fig. 2b

was based mainly on the angular distribution and YY~c°incidence measurements.
The Y-rays of 832.4, 237.8, 394.7, 805.5 and 828.8 keV are prompt, which indicates that the yrast states above the 9~ level at 2259 keV do not give rise
to isomerism in the angular momentum range produced in this reaction. The
2)
previously reported
157 keV y r a y was too weak to be observed in coincidence
with the 238 keV y~ray.

It may be noted that a 157 keV peak may arise from

the Compton backscattering of the 395.2 keV y~r
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42

FIGURE 1

The
Fig. 2a.

46
50
54
BOMBARDING ENERGY E* (MeV)

Excitation functions from

206

i!06

56

Pb(a,xn)zl0~xPo.

Pb( 3 He,3n) 206 Po reaction yields also low-spin states, see

In this reaction, states with high spin are of course less popu-

lated than with a-particles due to the smaller mass and energy (27 MeV) of
the incident particle.
It can be concluded that although the given level schemes seem reasonably well established, there is still a lack of information.

According to

our estimates, levels with spins as high as 16- 17 should be populated
with a yield of some 20-25 %, and one should be able to see states even

r
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FIGURE 2

Level scheme of

206

Po.

Pb(a.4n) 206 Po
E a = 55 MeV

~1
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up to 2 0 - 22 n in a reaction with 55 MeV a-particles.

However, no conclu-

sions about the strange absence of these expected states can be drawn at
this stage.

Careful conversion electron measurements are also needed to

establish the spin and parity assignments.
* Participants from Stockholm:

I. Bergström, J. Blomqvist and C.J. Herrlander
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3.3.20

THE g-FACTOR OF THE 19 + STATE IN

210

At

(K. Westerberg*, K.-G. Rensfelt, J. Sztarkier and 0. Knuuttila**)
A 19 + isomeric level in
Report

.

210

At was reported in the 1975 AFI Annual

Since the effect of two-particle core polarization seemed to be

unusually large in this configuration, it seemed desirable to measure its
g-factor.
The level was populated in an (a,3n) reaction at an energy of 43 MeV,
the target being liquid

Bi 2)

The long lifetime of the isomeric state

necessitated a maximum separation of the beam bursts, which, at this energy
3)
and using the modified fast pulsing system
of the 225—cm cyclotron, was
1.60 us.
The TDPAD-method was used for the experiment.
by two Ge(Li) detectors, 43cm
lative to the beam.

3

The Y~ r a Y s were detected

3

and 60cm , respectively, placed at ± 135° re-

The field of the magnet was kept at B = 0.11776± 0.00012T.

The experimental set-up was the same as in Ref. 4, except that the information was stored on magnetic tape event by event in addition to being routed
to a BM 96 MCA, which was used mainly for monitoring time and energy spectra.
The prompt counting rate was reduced by a factor of 256
consumption of magnetic tapes.

to decrease the

The information on the tapes was later sorted

into an E*T matrix in the core memory of the TRASK computer

. Time spectra,

from which the background was properly subtracted, could then be obtained
by the TAA2-program

.

The function I(E

9,t) = Ae~ Xt (l - A 2 e ~ A r t P2(cos(6 - u^t))) could then

be fitted to the time spectra.
485, 542, 557, 644 and 675 keV.

Gates were set on the y-energies 372, 435,
From an earlier measurement

7)

g(21oAt,15~)

was accurately known, so the time spectra from the 542 and 644 keV lines were
used for calibration.
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FIGURE 1
The normalized ratio R(t)
of the 435 keV y
-0.1
-0.2
-03
0.2

A careful background subtraction allovfd a fitting of the half-life of
the 19 + state in spite of the fact that this turned out to be more than twice
the separation time of the beam bursts.

Figure 1 shows the normalized ratio

R(t) = (I(-135°,t) - I(+135°,t))/(I(-135°,t) + I(+135°,t)) of the gate on the
435 keV line.

This is a pure sinus function provided that Pi, and higher terms

are negligible.

Table I gives average results for the 19 + and 15

levels.

The atomic corrections are the same as in Ref. 8, namely K = +0.6±0.8 % and
a =-1.8 ±0.6 %.

As mentioned, the uncorrected g-factor of the 15" state

was used for calibration.
this measurement.

The indicated half-life, however, was obtained from

It is not completely unambiguous, since the value is very

sensitive to relaxation.

The statistics of this experiment made no accurate

fitting of relaxation possible.
Two configurations are proposed

to be mainly responsible for the 19 +

state:

i)

Mh9/22)8+ i 1 3 / 2 vg9/2(j-2)0+>

2)
Assuming that the configuration is pure, the first case would give g „=0.736

TABLE I

Experimental results

T

19+
15"

l/2

3.6 ± 0.6 ys
580 ± 50 ns

e
uncorr
0.722 ± 0.021
1.0259 ± 0.0025

g

exp

0.730 + 0.023
J.038± 0.010

- 124 4)

using experimental effective single-particle moments
a parallel to the 39/2" state in
2

This is, however,

At where the

r
8 u r a t i o n i s supposed to contain a
^ g 9/2
This effect is a l s 0
strong admixture of jTT(hg .22 f?/2) v ^ i 5 / 2 ppll//22^1 3
^9/2
|ir(hg,

2

i

confi

v

very prominent in the 31/2" state of

209

Po (Ref. 4 ) . A reasonable admixture

of 1/3 of the latter component gives g ,. » 0.69, which is lower than the
experimental value.

The uncertainty in the mixing ratio is, however, con-

siderable.
The relative amplitudes of the second, non-stretched, possible configuration cannot be deduced in the same way as, for example, in the
|ir<h9-2 i j ^ ^ n

vi

13/2 1 /31/2~

ing E3 transition.

state of 2

° 9 p o » since there is no correspond-

A straight extrapolation gives g ,, = 0.716.

It can be concluded that the measurement agrees with the proposed configurations, but it cannot discriminate between them.

Shell model calcula-

tions definitely favour alternative 1 (Ref. 9 ) .
*
**
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3.3.21

HIGH-SPIN STATES IN 2 * 2 R n

(Brookhaven-Chalk River-Helsinki-Stockholm collaboration )

The nucleus

212

R n has 4 protons added to

states have previously been observed in

210

208

Pb.

P o and

211

A number of high-spin
A t with 2 and 3 protons,

respectively, and these states can be well described by simple valence proton configurations constructed from the h„ ,_, f
cases coupled to 3" and 5~ excitations of the
that also the high-spin states in
terms.

212

?

208

,„ and i

P b core.

,,„ orbitals, in some
It seems likely

R n should be well described in similar

In particular it might be possible to observe high-spin states whose

total angular momentum should get a relatively large contribution from excited

r
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GATE AT 476 ktV

657

i

GATE AT 633 kcV

FIGURE 1

Coincidence spectra of

states in the

208

212

Rn.

Pb core having angular momentum > 5.

have only identified levels up to 8

+

in

212

Previous experiments

Rn.

In the present work (H.I,xn)-reactions have been used to populate highspin states in

212

Rn:

198

Pt( 18 O,4n) at the BNL tandem accelerator,

at the CRNL tandem accelerator and

201

12

201

*Hg(13C,5n)

*Hg( C,4n) at the AFI cyclotron.

The

preliminary results given in the level scheme in Fig. 2 are based on experiments including measurements of singles y-ray spectra, y-ray angular distributions, relative excitation functions, yy-coincidences (cf. Fig. 1 ) , half-lives
and

g-factors.

In the right part of Fig. 2 we have indicated the properties

of calculated levels with I ^ 22. As can be seen from Fig. 2 the experimental and calculated energies of the levels up to and including the lowest 17~
level agree very well, if A = E^4") - E(6 + ) « 30 keV.

The 8 + -> 6 + transition

has not been directly observed, but the half-life of the 8 + level indicates
that the transition is L-converted but not K-converted, i.e. 15 keV < A < 100 keV.
The low-evergy E2-transitions 14 + -*• 12+ within the h . f . multiplet
and 17" •* 15" within the h.i» ^13/9 multiplet have not been directly observed
indicating a very high internal conversion.

Therefore the identification of

these doublets mainly hinges on the correct interpretation of the weak side
branches.

The 416.5 KeV Y-ray intensity is ~ 20 % of the 476.1 keV y-ray

r
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FIGURE 2

14*

8*
6»
*
T

Rn

Proposed level scheme of
singles intensities.

intensity.

5

^5_jr

212

Rn based on coincidences and

It is seen in coincidence with 226.8 and 632.9 but not with 476.1.

The 710 keV y-ray intensity is ~ 10 % of the 632.9 keV y~ray intensity.
coincidence signals were barely statistically significant.

The

In this case the

interpretation also relies on the theoretical total branching ratio
1(17- -> 14+) / 1(17" •+ 15~)

=

0.15,

which value should be rather accurate.

The calculated half-lives of the 14 + and 17" levels are 10 ns and 40 ns, respectively, which agrees well with the experimentally observed values of ~ 6 ns
and ~ 28 ns.

The preliminary value for the g-factor of the 17" level is found

to be close to 1.0 in agreement with the suggested configuration.

Above the

lowest 17" levels we have observed a set of four -y-rays (395.1, 515.1, 532.0
and 657.1 keV) which have approximately equal intensities and which - because
of their coincidence relations - are found to form a cascade.

The order of

r
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these y-rays is not yet firmly established and we are, at present, left with
two alternatives as indicated in Fig. 2.

It should be added here that in no

previous works in the lead region have we come across a case where a stretched
cascade of four y-rays have about the same intensity, i.e. the sidefeeding is
small.

This fact indicates that all levels belonging to the yrast cascade

above the suggested 20+ level of the hA2

x 5

Uo/2

~ configuration are states

in which the core contributes with an angular momentum J > 5.

A cross-over

transition of 1047.0 keV puts the 515.1 and 532.0 keV y-rays in consecutive
order.

The prompt and the delayed coincidence intensities favor the order (left)

given in the level scheme (or 396.1 and 657.1 keV interchanged).

This, however,

makes some of the angular distribution measurements difficult to interpret and
these measurements favor alternative 2 (right).
the 8

+

All the strong Y-rays above

level are associated with a half-life of 110 ± 10 ns.

this half-life belongs to a 22
ti(,/2 i 1 3 / 2

x

+

We suggest that

core-excited state of the configuration

5~t which decays by a low-energy unobserved E2-transition to a

20 + state of the same configuration.

The g-factor associated with the 110 ns

half-life has been evaluated from measurements on all the 5 transitions preceding the 17" level and is found to be ~ 0.70, a value which agrees with the
value of the g-factor of the 39/2" of the(hg,„)2 i 1 3 / 2
211

At.

x 5

~ configuration in

Further experimental support for this part of the decay scheme, e.g.

including conversion electron experiments, is required.
From the known levels in 2 0 8 P b ,

209

B i and

21

0Po also states having higher

spins can be assumed to occur at energies where the present experiments should
make detection possible.

One example of such a level is a core-excited state

of the configuration [h„y„ ^i^/o x " ^ ^"*~ a s
which the core has I > 5.

w e

^

as man

y other states for

Therefore the present experiments also have included

a study of y-rays preceding the group of 5 transitions discussed above.
such v-rays are found.

Three

They are all feeding the 110 ns half-life level dis-

cussed above and their intensities, coincidence relations and decay rates indicate the order and the approximative half-lives given in the level scheme.
These three y-rays

are

likely to convey information about states having J

in the region 23 - 30. The state at about 7.1 MeV can, for example, be due
to the 23" state of the n h ^ - Î13/2 v ^9/2 ^5/2

configuration.

about 7.85 MeV may be due to the w h ^ - 1,3/, v Ji5/2 Pi/?"1

conf

The state at

iêuration and

the state at about 8.55 MeV to the 27" state of the irhg^„ i,, /2 vi

/2i1o/2~1

configuration which, according to a rough estimate, should be the lowest state
of this configuration and have an energy which roughly agrees with the experimental value.
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From our preliminary measurements on 2 1 2 Rn and from the work on
recently performed by the Stockholm group it is thus found that one sees
levels which in both cases have excitation energies as large as 8.1 - 8.5 MeV
(ZOkPb resp.
resp.

210

212

Rn) and angular momenta as high as perhaps 23 - 27 (201*Pb

Rn) and in both cases the angular momenta of these levels are likely

to be supplied by the four valence particles and a high-spin particle-hole excitation

in the core of 2 0 8 Pb.

There is thus far no experimental evidence

of any change in the spherical shape at the relatively high excitation energies and angular momenta quoted in these two four-particle nuclei.
* Participants from Stockholm:

I. Bergström, J. Blomqvist, C.J. Herrlander

3.3.22 CALCULATION OF RELATIVE ALPHA-DECAY RATES FOR THE DECAY OF THE 1~
AND 9" STATES IN 2 1 2 At
(P. Carle, T. Erikson, K. Fransson and M. af Ugglas)
Experimental results on the a-decay of 2 1 2 At using isotope separator
on-line techniques

-

the PINGIS facility

the Annual Report of this Institute 1)

-

has already been presented in

This work has now been concluded

2)

12
Here we will present a calculation of relative a-decay rates for 2212,
At.

Calculations of such rates in the 2 0 8 Pb region have been carried out using
different approaches, which have the common feature that they cannot reproduce the absolute values of the partial width of the a-decay.

The relative

widths, however, have been successfully calculated by Rasmussen
a-decays from both even-even and odd-even nuclei.

Lately such a-decay calcu-

lations have been extended to the doubly odd nucleus
et al.

, and also preliminary results for

same authors
odd-odd nucleus

212

for

210

At by Shihab-Eldin

At have been reported by the

. We have performed calculations for the a-decay of the
212

At in the way outlined by Rasmussen and Shihab-Eldin et

al.
The L' n partial decay constant is given as follows

2

V

(1)

Here Yj, is the reduced a-width which gives the probability of formation of
an a-particle inside the nucleus, and P L gives the probability of this particle to penetrate the centrifugal and Coulomb barrier.
outer solutions should join at a radius Ro.

The inner and the

The best value for Ro in the

- 129 lead region has been found to be 8.0 fm

3)

We have calculated the barrier

penetrability PT from expressions given in Ref. 6.

The barrier is here de-

fined by the Coulomb potential rather than by the optical model potential.
This approximation can be accepted if one is interested in relative partial
Ot-decay constants for decays of about the same energy.
The reduced a-width is written in the delta function approximation of
the a-particle:
n2R
L

47TS
o

YT

(2)

B.R.R..R.,
J 1 J 1

2M

where

(3)

F FG

VP

VP
Here S

PI

is the radius of the a-particle and R j , R. , R-, and R., are the

radial wave functions for proton and neutron states in the parent and daughter nuclei.

These radial wave functions in the lead region have been calcu-

lated by Blomqvist and Wahlborn

using a Woods-Saxon potential.

In configurations where protons, neutrons or both are not coupled to
spin zero, additional terms F p , F
the reduced a-width.
proton and

i

and G are included in the expression for

Primed spins refer to the daughter nucleus; j indicates

neutron spin.

F , F

and G are given by

j(Jp 0 j -1/2 | j' -1/2) ,

(4)

i(JN 0 i - 1/2 I i' -1/2)

(5)

0 )

(6)

Jp(L 0

N

The factor bj^j- in (3) is a product of fractional parentage coefficients
and recoupling coefficients derived from recoupling of the parent state in
terms of the daughter state and the four nucléons forming the a-particle.
To calculate this factor, we assume that the involved initial and final
states consist of pure shell model configurations.
212

The initial states in

At are
[7T(h

9/2 ) 9/2

v(8

9/2)Jr,9-

Spin and parity 1~ and 9~ are the most probable assignments for the ground
state and the isomeric state.

The final states in

208

Bi are

- 130 [irh

9/2

tirh,
[7rh
The factor

9/2

,

9/2

,

j 4 > 5>

i s now w r i t t e n as

where t h e c t - p a r t i c l e - l i k e c l u s t e r i s described by

.

«C.,

1

1

and the initial and final states by

C.+ « C . V >

It can be shown that the expression for b will be
J +J--J-L
-

2

) *
Jp

There is a selection rule governing the possibilities of coupling the different angular momenta Jp, J^ and L.

It follows from expression (6) that a

non-zero value of G implies that Jp + J N + L must be even. As the protons
are in the same orbits, it follows that Jp is even and due to the parity
change in all a-branches, L must be odd. Thus JJJ is restricted to only odd
values.
In Table I the results of the calculation are compared to the PINGIS
experimental values.

Within a configuration the decay constants X L = (YL')2.

PL are independent of the radial wave functions in (2). The theoretical results are in good agreement with the preliminary calculations by ShihabEldin et al.

, except for the l~-*5+ and l~->-3+ Tr(h .„) v(J 5 ,J decays.

DISCUSSION
To compare the calculated relative a-decay rates with the experimental
intensities, the normalization has been performed via the strongest a-branch
within every configuration.

The experimental a-decay rates of the 9~ isomeric

r

r
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TABLE I

Theoretical and experimental relative a-decay rates for the 1
ground state and the 9" isomeric state in 2 I At.

State in

208

Decay of

Bi

Configuration

212

Decay of

eAt (I")

Theory^

212m

A t (9")

Theory*}

Theory®

Exp.

100

100

100

58

45

183

19

100

100

100

100

.«.,„> „(„„>->
-" -

4+

304

ir(h9/2) v ( f 5 / 2 ) " 1

6+

40

25

4+

100

100

Theory® Exp.

9.0

20

_

II

_

5+

0.6

< 51

41

103

_

II

_

3

+

8.3

68

12

<43

_

II

_

7+

2.7

< 17

93

109

_

»

_

2+

21

12

TT(h9/2) V ( p 3 / 2 ) ~ 1

5+

75

36

- " -

4+

_

t!

_

3+

_

11

_

6+

a)
b)

3.0
100
7.7

0.4
67

6
36

< 8

7.6

14

100

0.1

<3

< 15

100

100

Calculated assuming pure configurations
Calculated with mixed 2 0 8 Bi states

TABLE II

Preliminary results of calculated configuration mixing of the
212
At (1") ground state.

212

8At (I")

Mixing ratio

Configuration

'00

7r(ti9 A ) 9 / 2

v= 1

Vg9/2

956

•^(^9/2) '

v = 3

Vg9/2

40

•"•(hg^A)lïl2

v= 3

Vg9/2

1

f7/2 V = 1

Vg9/2

3

v../.

0

T ( h 9 12)

7r(hg / 3 2 ) 9 ' 2

v= 3

r
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At are in very good agreement with the calculations. However, for

the decay of the 1~ ground state of

212

A t , the agreement is not so good.

There are large discrepancies for the 1~ •* 4 + ir(h_ ._) v (Pi/2^~ 1
1" •+ 3 + Tl(h_ ,_) V(f,z«)' 1 branches.

and

tne

These deviations are believed to reflect

the neglect of configuration mixing in the initial 1~ state.
CONFIGURATION MIXING CALCULATION
Calculations giving wave functions and eigenvalues of states in
8)
9)
have been performed by Kim and Rasmussen

and by Kuo

20B

Bi

. The wave functions

for most of the low-energy states show very little configuration admixture.
In Table 1 relative a-decay rates including configuration mixing of the final
states according to Ref. 9 are given. Here we have also included a correction
factor to y as a function of the relative angular momentum Z of the nucléons,
B = 1 - a£(£+ 1) + . . . ,
where

a = 0.013 (Ref. 3 ) . This correction factor takes care of the fact that

the delta-function model overestimates the contributions of high-j orbitals.
Calculated configuration mixing of the initial states is given in
Table T.I.
REFERENCES
1. K. Fransson, M. af Ugglas and P. Carle, Research Institute of Physics 1974
Ann. Rep. 3.3.35
2. K. Fransson, M. af Ugglas, P. Carle and T. Erikson, USIP Report 76 - 09
3. J.O. Rasmusson, Nucl. Phys. ^4 (1963) 93
4. A.A. Shihab-Eldin et al., Nucl. Phys. A244 (1975) 435
5. A.A. Shihab-Eldin et al., Lawrence Berkeley Laboratory report LBL-4000
(1975) p. 217
6. I. Perlman and J.O. Rasmussen, Handbuch der Physik, Vol. 42 p. 109
7. J. Blomqvist and S. Wahlborn, Ark. Fys. Jjj (1960) 545
8. E.Y. Kim and J.O. Rasmussen, Phys. Rev. JL35 (1964) B44
9. T.T.S. Kuo, Nucl. Phys. A122 (1968) 325

3.3.23 NUCLEAR PROPERTIES AT HIGH SPIN FROM UNRESOLVED y-RADIATION VIA
YRAST CASCADES
(S.A. Hjorth, A. Johnson, Th. Lindblad and M. Piiparinen*)
When a compound nucleus is formed in reactions with energetic heavy ions,
the distribution of spins may extend to values > 60 units

.

In contrast,

spectroscopic studies of the yradiation following such reactions only give
2)
evidence for states with spin values of 24 units or less
. These observations may be supplemented with the fact that measurements of the average
number of y-rays emitted during the deexcitation of an individual nucleus

r

- 133 suggest that this number by far exceeds the number of y-rays associated with
decays in the established level schemes.

From these experimental facts one

concludes that the y-xay deexcitation of the final nucleus must proceed
through a long cascade of unresolved transitions prior to the entry into the
level scheme established by in-beam y~ray spectroscopic methods.
Theoretical estimates have shown that such long cascades of unresolved
transitions cannot be reconciled with the idea of having to deal with decays
governed by statistical properties of the nucleus.

The current belief, there-

fore, is that the nucleus undergoes a series of phase transitions with decreasing value of the spin.

Thus, between angular momenta of about 20 to 40

units the nucleus acts as an asymmetric collective rotor decaying with enhanced E2 transitions within a series of densely spaced rotational bands.
Such a decay mechanism explains the continuous spectrum and the fact that the
nucleus can decay through long cascades without reaching the YRAST states.
Furthermore, at still higher angular momenta the nucleus is expected to become an oblate rotor that rotates around its axis of symmetry.

This type of

rotation cannot be regarded as a collective rotation of the nucleus as a
whole but must rather be understood as a rotation composed of individual particle motion.

Hence, the decays are expected to have single-particle transi-

tion strength and to have decay energies which are not a smooth function of
angular momentum.

In particular, the single-particle structure of the nucleus

may allow for the occurrence of spin traps and isomeric transitions.
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FIGURE 1
Electronics set-up used in the
present experiment.
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FIGURE 2

Compton-suppressed prompt y-ray spectrum emitted in
coincidence with y-rays detected in a 12.5 x 12.5 cm
Nal(Tl) crystal. The energies entered correspond to
transitions in 1 8 0 Os.
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FIGURE 3

Same as in Fig. 2 but delayed.

In order to test these ideas and gain further insight into the structure
of the nucleus at these high values of spin, the y-ray deexcitation following
the bombardment of a 3 mg/cm2
vestigated.

176

Yb target with 120 MeV

12

C ions has been in-

The y-rays are detected in a 10 % efficiency Ge(Li) detector

using an annular Nal(Tl) crystal to suppress Compton events. Furthermore,
the events in the Ge(Li) detector are also recorded in coincidence with y-rays
from a separate Nal(Tl) detector and routed into two different memory blocks
depending on whether they are emitted in or between the cyclotron beam pulses.
In this way only those prompt and delayed events having a high y-ray multiplicity are recorded on a minimum amount of background.
is shown in Fig. 1,

The electronics set-up

r
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FIGURE 4
Logarithmic plot of the spectrum
shown in Fig. 1, extended to
higher energies.
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FIGURE 5
Same as Fig. 3 but with
the response functions
for the discrete transi^
tions subtracted and with
corrections for detector
efficiency.
0500

1000

EY(keV)

1500

Examples of spectra showing the prompt and delayed components are shown
in Figs. 2 and 3.

One may immediately see from Fig. 3 that these data give

evidence for an isomeric level in
ground band.

180

Os decaying into the 6 + and 8 + of the

However, the data also give some evidence of isomers of very

high spin decaying via the higher spin members of the ground band.
A logarithmic plot of the prompt spectrum shown is inserted in Fig. 2.
It is seen that there is an indication of a broad bump of unresolved y-rays
superimposed on an exponentially varying background coming from the statistical cascade.

This is perhaps even more clearly exhibited in Fig. 4 and 5,

which shows a preliminary attempt to obtain the true continuum y~ray spectrum
by subtracting the response functions for the discrete i ines and by correcting the completely stripped spectrum for the energy-depei.dent efficiency of
the Ge(Li) detector.

As seen in this figure, the non-exponential part of

r
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the spectrum extends to a y-ray energy of about 1200 keV.
3)
Assuming
that

where R is the sum of the nuclear radii in fm, we would expect that

«52.
nax

Using this spin-value and
„eXC

, 2o2 m

1

where ^rig *-s t n e rigid body moment of inertia, and the maximum stretched E2transition energy is obtained as

exc
E

52

„exc
"

E

1.2 MeV

S0

which is in good agreement with the experimental observations (Fig. 4 ) .
* Department of Physics, University of Jyväskylä, Finland
REFERENCES
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3.3.24 AVERAGE CONVERSION COEFFICIENT OF CONTINUUM y(S. Messelt*, S.A. Hjorth, A. Johnson and Th. Lindblad)
As part of an investigation of the continuum y~rays from compound-nuclear
reactions initiated by heavy ions, the electron-spectrometer TARM will be
used to study the conversion electron spectrum.

By simultaneously measuring

the electron spectrum and the y~ray spectrum using a Nal(Tl) detector (Fig. 1 ) ,
the conversion coefficient as a function of energy can, in principle, be
determined after correcting for absolute efficiencies, etc.

In practice it

may be necessary to record only those events that are coincident with the
known transitions within the ground-state band in the final nucleus.

A signi-

ficant improvement in the e~y coincidence resolving time is achieved by using
the fast bipolar output of the TC 205A amplifier together with a cross-over
discriminator (Fig. 2 ) . Thus « 50 s FWHM is obtained (Fig. 3) for an energy
range of 200 - 1700 keV.

This value includes the effect of the variation of

the electron-transport time in the solenoid due to different trajectories.
In this way we should obtain information about the average multipolarity of
the continuum and its variation with energy.

Some preliminary measurements
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FIGURE 1

Schematic, cross-sectional drawing of the electron spectrometer for e ycoincidence measurements.
Legend: 1) Preamplifiers and PM base 2) PM-tube 3) Iron and u-metal
shielding 4) Light-guide 5) 2 x 2" Nal(Tl) crystal 6) Pb-Cd-Cu absorber
7) Beam tube 8) Target 9) Baffle for (mainly) low-energy electrons
10) Solenoid 11) Si(Li) detector 12) Cool finger 13) Si(Li) detector preamplifier 14) Dewar

TC 205A
FIGURE 2
Block scheme of the
electronics used to obtain e~y coincidences.
Amplifier time constants
are given in ys.

6" y coin
Time spectrum

FIGURE 3 (left)
Resolving time for e~y coincidences,
range is 200-1700 keV.

The energy
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have been made, but a high background in the NaI(Tl)-detector due to radioactivity and reactions induced in the beam tube, etc., makes it desirable
to improve the experimental arrangement.

In one experiment the Nal(Tl)-

detector will be supplemented with a Ge(Li)-detector and only events in
coincidence with transitions in the g.s.b. will be used.

In another arrange-

ment the Y~spectrum will be measured separately using an anti-Compton setup.
This project is supported in part by a grant from Carl Trygger's Foundation for Scientific Research, and by the Nordic conmittee for accelerator
research.
* Physics Department, Oslo University, Blindern, Oslo, Norway

3.3.25

PROBLEMS OF ANGULAR MOMENTUM PROJECTION AND A CRANKING MODEL FOR

HIGH SPIN NUCLEAR ROTATIONAL STATES
(R.A. Sorensen*)

Angular momentum projection from an axial deformed state is unique and
unambiguous.

But several different states of given total J can be projected

from a triaxial or other non-axial shape.
At low or modest spins, most deformed nuclei are thought to be axial,
and the unique projection can be simulated by the simpler cranking procedure
in which a component of the angular momentum perpendicular to the symmetry
axis is constrained to have a fixed expectation value

.

In some simple

models the energy determined by cranking is as good as that determined from
an exact angular momentum projected wave function even in the case of strong
"back-bending" of the energy spectrum

.

At higher spins the nuclear shape may be strongly non-axial due to the
Coriolis and centrifugal forces. Also some light nuclei appear to be triaxial.

Several methods have been suggested for treating the non-unique pro-

jection from such states.

The diagonalization of an energy matrix in the

many dimensional space of projected states is calculationally impossible at
3)
present, and even the simpler ad hoc procedure of Kamiah
has not yet been
successfully performed for heavy nuclei.
Using as a guide the known spectrum of states of a triaxial rigid rotor,
4)
which behaves in a simple way at high spin
, it is possible to construct
appropriate projectors for the VRAST states and also for the lowest few excited states at high spin.
PT
J,n

=

These projectors are

|J,J
' 'x

J-n)<J,J x

=

J-n|

(1)

r
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where the x axis is that corresponding to the largest moment of inertia for
the triaxial deformed wave function from which the angular momentum is being
projected.

J is the total angular momentum quantum number.

The triaxial

wave function has J x = even only, so that for J even, n = 0, 2, 4
n = 0 being the YRAST state and the rest excited states.

with

For J odd,

n = 1, 3, 5 ... with n = 1 being YRAST.
* Permanent address: Physics Department, Carnegie-Mellon University,
Pittsburgh, Penn., USA
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Inc. (1975) pp 190- 192

3.4

3.4.1

HIGH ENERGY PHYSICS AND RELATED TOPICS

HIGH-SPIN STATES IN LEAD AND HAFNIUM ISOTOPES POPULATED ÏN THE CAPTURE

OF STOPPED PIONS
(Amsterdam-Basel-CERN-Karlsruhe-Stockholm collaboration*)

Recently, investigations on ir absorption in heavy nuclei have been reported from a Dubna group

with clear indications of the population of

states of high spin in the residual nuclei.

The identification was made by

studying, off-line, long-lived radioactive nuclei from IT irradiated targets.
In these measurements it was found that an isomer having J= 37/2 could be
produced and this exceptionally high angular momentum focused the interest
on the mechanism of IT -capture in heavy nuclei.

It might be questioned

whether there were some unknown features favouring high angular momenta.
However, any such speculations depend on the knowledge of the relative cross
sections for producing nuclei in states of different values of J and such
information was not available from the first Dubna investigations.
2)
Similar experiments were later also carried out at SIN
, in which
prompt y~rays from the reactions

175

LU(TT ,xn) and

165

HO(IT ,xn) were observed.

ra

By comparing the intensities of known y~ y transitions in the rotational
bands of the even-even isotopes, the relative yields of reaction channels
corresponding to a certain number of evaporated neutrons were determined.
Locher and Myhrer

have shown that these yield curves can be reasonably

well explained by a two-step model for 7T-absorption.

The pion is assumed to

be absorbed on an n-p pair which mainly share the pion energy.
neutrons goes into the nucleus and the other one leaves it.

One of the

The population

of high-spin nuclear states should then be a relatively trivial effect and
the angular momentum distribution in the nucleus would be similar to that
one introduced by 65 MeV neutrons, the only uncertainty being whether the
pion is absorbed on two or several nucléons, for example an a-particle.
In order to get a better understanding of the spin distribution of the
final nucleus in a (TT ,xn)-reaction, we have chosen to stop pions in Bi and
Ta targets.

In the neutron-deficient lead isotopes there are many short-

lived isomeric states with half-lives in the region 1 ns - 1 s.

These states,

originating from the i 1 3 / 2 neutron holes, usually have a large spin value
compared with the ground state.

A typical example is the state in 205<pjp^

at 5161 keV with J u = 33/2+ and T . = 71 ns.

The studies of isomers in the

ns-region offer the possibility of electronically quenching the large background of prompt pionic X-rays and they give much richer possibilities of
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measuring a large number of isomers of a variety of angular momenta.

The

population of such known high-spin states can be studied, since they decay
through y-ray transitions which are known, and they can be identified in a
large admixture of other isotopes by selecting a suitable time window which
suppresses the decays of states with different half-lives.

In addition,

by using a Ta target we wanted to find out how high up in the rotational
bands of the even Hf isotopes we would be able to recognize the prompt E2
transitions.
The experiment was performed at the 600 MeV synchro-cyclotron at CEB.N.
The so-called y-channel was used with a IT flux of about 40,000 sec" 1 , and
80 % of these were stopped in our target.

The Y~rays were recorded by two

independent Ge(Li)-detector systems, one of them being the IKO Comptonsuppression Ge(Li) spectrometer.

The two systems were triggered by a stopped

pion which was defined using a beam telescope, consisting of four plastic
scintillation counters and one plexiglass Cerenkov counter in a conventional
coincidence-anticoincidence arrangement.
3

The detected y~rays were routed in

7

three time intervals (0-100-10 -10 ns).
The preliminary results for the bismuth target indicate that the decay
of the following high-spin states has been observed:
203

Pb(29/2 + ),

20

"Pb(19~),

20S

Pb(25/2~) and

206

Pb(12 + ).

198

Pb(12 + ),

2OO

Pb(12 + ),

With the Ta target

+

we recognize Y~ray transitions up to the 14 member of the ground-state rotational band of the even

168

~ 171l nf isotopes.

In the delayed spectra from

the Ta target we can also see the isomeric states of the
topes.

176

» 1 ? 7 >* 7 8 Hf iso-

From the splitting of the 5g •* 4f pionic X-ray transition in

181

Ta

a preliminary value for the effective quadrupole moment, Q .. = 3.68 b, has
been obtained.

From the 6g -*• 4f transition we found a value of Q ,, = 3.3 b.

From these two values we can extract the intrinsic quadrupole moment
Q = 3.45 b.
The final aim of the analysis which is now in progress is to obtain
yield curves for the TT capture reaction as a function of x, the number of
emitted neutrons, and also as a function of the amount of angular momentum.
Comparison with compound nuclear reaction calculations is in progress, involving geometric corrections for neutrons hitting the nucleus in all directions from a point of the nuclear surface.

It is not yet clear if new informa-

tion about the ir absorption mechanism and the two-nucleon momentum distribution in nuclei may be obtained from the final analysis of the experiments.
*
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3.4.2

SEARCH FOR PROTONIUM

(Basel-CERN-Karlsruhe-Stockholm collaboration*)
Since the discovery of antiprotonic X-rays in Tl by Bamberger et al.

1)

in 1970, a considerable number of p X-ray spectra have been investigated,
ranging from p-U down to p-He. The X-rays from the simplest antiprotonic
atom, p-H, have, however, not been studied until now, in spite of their fundamental importance for our understanding of the nucleon-antinucleon interaction.
The interest in the p-p system has recently increased because of the probable
existence of strongly bound (some tens or hundreds of MeV) NN states, to
2)
some of which y-transitions may occur
. The presence of such resonances
would make an estimation of the p-p scattering length by extrapolation from
high-energy data very uncertain. The details cf the NN interaction also have
an interest of their own, partly due to their influence on the evolution of
the matter-antimatter mixture at high temperature and density, which might
3)
have existed just after the Big Bang
The two main reasons why antiprotonic X-rays are difficult to detect
are their low energy (only ~ 1 0 keV for the 2p-+Is transition and, above
all,the low yield which can be anticipated, both these circumstances implying
a hard struggle against background.

The low intensity is ultimately due to

the lack of a protecting electron cloud around the neutral p-p system, which
is thus not prevented from passing close tc the nucleus of a neighbouring
hydrogen atom.

The large electric field present there gives rise to a Stark

mixing of high-n levels, and thus makei possible transitions to s-states of
high n, from which annihilation then takes place rapidly.

The system will

thus very seldom reach the low-n p-states, the transitions from which to the
Is state are the only ones with an energy sufficiently high to give a reasonable detection probability in a Si(Li) detector.

Theoretical estimates of the

Stark mixing are rather uncertain, but point to a 2p -*ls yield of the order
of 10~ 3 per stopped antiproton.
An experiment attempting to observe the X-rays from protonium has been
running during the period March - November 1976 at the K 19 beam from the
proton synchrotron at CERN.

The p-p X-rays are recorded by five Si(Li) de-

tectors which are tuned so that their response is almost identical. Thus

"1
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Mylar container
with thin windows (35p.)

10 cm

Si (Li)-detectors
FIGURE 1

Schematic drawing of the arrangement for recording of p-p X-rays.
The lower part of the figure is an end-on view.

direct adding of the spectra is possible.
is about 4 x l ( T

3

The total detection efficiency

(including solid angle), and the energy resolution in beam

is about 350 eV at 10 keV.

The target is a liquid hydrogen container

(16 cm long by li cm diameter) with five very thin mylar windows (35 pm)
facing the X-ray detectors.

The trigger indicating a stopped antiproton is

obtained from a telescope consisting of five scintillation counters and two
Cerenkov counters (see Fig. 1 ) . A more stringent signature of an annihilation
event can be derived from seven scintillation counters sensitive to charged
pions emitted from the annihilation vertex.

Figure 1 shows the most important

parts of the experimental arrangement for the recording of X-rays belonging
to the K-series of the p-p atom.
Tests related to the observation of the above-mentioned high-energy y r a y s
by means of a 12" by 10" dia NaJ(Tl) detector, surrounded by a plastic scintillator shield, have also been performed.
The analysis of the obtained spectra is in progress.
Participants from Stockholm:

K. Fransson and A. Nilsson
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3.5

3.5.1

INSTRUMENTATION AND METHODS

THE 225-cm CYCLOTRON

(H. Atterling)

Operations and technical improvements
The operation and technical improvements of the 225-cm cyclotron were
the responsibility of the following group:
H.
K.
J.
B.

Atterling, C.J. Herrlander* and K.-G. Rensfelt {physics staff);
Abrahamsson, A. Blomqvist, S. Egnell, H. Jardemar, G. Printz,
Sjökvist and Ch. Svensson** (engineering group);
Brandberg***, A. Englund, T. Puusepp and J. Weimer (operators).

Assistance was given on part-time basis by L. Harms-Ringdahl.
At the end of last January, the 225-cm cyclotron could begin to deliver
beams to the experimental area after a long shutdown, during which, as reported last year, one of the coils of the main magnet was repaired.

The

first weeks of January were used largely for reinstallation of disassembled
parts of the beam-handling system and for vacuum testing of various elements.
Since tha

eginning of September, the operation of the cyclotron has

been somewhat hampered because of the construction work on the site close
to the cyclotron hall (see the following).

With regard to the safety of

the workers, it has been necessary, since the time mentioned, to limit the
operation of the machine to evening and night shifts. The reason for this
is, partly, that the shielding along one of the walls of the cyclotron hall
has been removed during the course of the excavation on the site (see photograph at the beginning of this Ann. Rep.).

Besides, the operation of the A+

cyclotron RF system during a period when blasting is taking place on the site
has been judged as dangerous.

Since September the day shifts have been used

for maintenance, etc., and for ion source changes. Major repair and installation work, including testing of new equipment, has been concentrated into
a number of relatively long periods during which the cyclotron has been
shut down.
The distribution of cyclotron time from January through November is
shown in Table I.
It can be seen from the table that about 18 % of the total beam time
has been used for experiments with 120 MeV
state).

1Z

C ions (accelerated in the 4 +

As regards the intensities of the carbon beams brought out to the

experimental area, the demand has been rather modest (usually a few nA or
even less).

Therefore, no major difficulties have been encountered in

r

r
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TABLE I

Division of time among activities from January through Npvember.

NUMBER OF
8-hr SHIFTS

ACTIVITY

109

In-beam experiments with a-particles
In-beam experiments with

12

24

C ions

4

Production of radionuclides
Machine tuning and beam adjustments

44

Beam available but not used because of target set—up, etc.

31

Scheduled maintenance and ion source changes

51

Repairs, improvements, installations, testing of equipment
Total work time

supplying these beams.

111
374

Because of this and because of the shortage of shifts

available for the implementation of a very extensive research program, no
shifts were scheduled for heavy-ion beam development during the period concerned.
During the year, a number of difficulties experienced in the operation
of the machine had to be overcome.
One problem was encountered with a factory-made 1-kW wideband amplifier
(for driving the power tetrode in the RF system).

The output power from

this amplifier sometimes dropped to about 70 per cent of the normal value.
The cause of this turned out to be a cold soldering in the input stage. Also,
the RF frequency synthesizer gave some trouble.

This was caused by a capa-

citor which was found to be temperature-sensitive and, therefore, had to be
replaced.
The reliability of the anode voltage rectifier has been improved by the
replacement of the original semiconductors in the phase angle control unit
with modern ones.
During the first four months of the year, a number of vacuum leaks were
revealed and repaired.

Among repairs could also be mentioned the replacement

of faulty elements in the ion source positioning mechanism.

A fire in the

cable system for the ion source caused a rather time-consuming repair work.
Among improvements, mention should be made of new elements added to the interlock system for personnel protection.
To decrease the risk of voltage breakdown in the heavy-ion source, a
modification to the reflector shaft insulation has been made.
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In 1972, a new arc power supply for the ion source, in particular for
the production of heavy ions, was installed.
by an outside manufacturer.

It had been designed and built

It could provide voltages up to 10 kV and pulse

currents up to 40 A, but the average current was limited to 3 A, which, in
many cases, was too low.

Because of this, and also because of some other

problems encountered, the manufacturer undertook a complete redesign and
built a new power supply which was delivered and installed last May.
This power supply can provide pulses with a length variable from 0.2 ms
and upwards to continuous operation.
tage up to 3 kV.

It is designed to deliver an arc vol-

The design value for the maximum arc current is 40 A for

short pulses and 20 A for a continuous arc, the maximum average power being
limited to 15 kW.
So far, the supply has not been tested at full power, the limitation
being both the allowable maximum power dissipation in the source and the
present insufficient water cooling for the supply itself.
with

In typical runs

12

c"* ions, a continuous arc at about 600 V and 5 A has been used.

In

the runs performed so far, the new power supply has worked most reliably.
Experimental hall
The experimental hall, briefly described in the previous Annual Report
is now under construction.

1)

Work on the site began at the end of last August

with the demolition of a small storage house above the 80-cm cyclotron vault.
Excavation work was started on 1 September.

The new hall will be built al-

most completely underground, and approximately 5000 m 3 of granite have been
blasted away.

This phase was completed in the middle of December.

According to plans, the construction of the building will essentially
be completed at the beginning of July next year.

The installation of beam-

handling and experimental equipment is scheduled to commence, at the earliest,
in August 1977.

The first beam to the new experimental area is expected to

be delivered during the first quarter of 1978.
The new hall will be provided with five caves constructed of movable
concrete blocks.

Four of these caves will house, in all, six target stations.

The fifth cave will be equipped for processing of target material in connection with production of radionuclides.

Also included in the hall is a count-

ing laboratory and space for power supplies, storage, etc.. The caves will be
covered with movable roof blocks of concrete.

This block roof can also be

used, at least partly, as an experimental area.

A 20-ton crane will be in-

stalled for the handling of concrete blocks and equipment.
As regards the equipment required for the experiment i1 hall, some preparations were made during the first half of the year, e.g., price inquiries concerning a number of quadrupole magnets, a switching magnet, power supplies and

r
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A detailed planning and design program is now under way.

The main responsibility for the implementation of this program rests
with a project group composed of H. Atterling, S. Borg, A. Kerek, K.-G. Rensfelt and J. Sztarkier.

This group has a number of co-workers both from the

technical staff (including the cyclotron operation group) and from the
physics staff, the total group being divided into four working parties.
of these handles matters regarding the building.

One

The three others are re-

sponsible for the detailed work concerning the equipment for the hall as well
as for work on major improvements of the cyclotron.

In this connection it

may be mentioned that orders have been placed for major components for the
beam-handling and vacuum systems.
The 225-cm cyclotron is scheduled to be shut down in March 1977 to make
possible the construction of two ports for the connection between the experimental and cyclotron areas.

Connection will be opened also between the experi-

mental hall and the vault housing the 80-cm cyclotron, the operation of which
will be discontinued (see Section 3.5.2).
*
On leave as from August
** On leave as from December
*** From November
REFERENCE
1.

Research Institute of Physics 1975 Ann. Rep. p. 168

3.5.2

THE 80-cm CYCLOTRON

(E. Toth-Pal and K. Abrahamsson)

During 1976, the accelerator was operated intermittently for undergraduate student laboratory work (about 100 hours) and for the production
of

ls

0 for biochemical purposes.

Only routine maintenance had to be per-

formed.
The operation of the 80-cm cyclotron is scheduled to be discontinued in
March 1977. According to plans, the cyclotron magnet will be used as a
switching magnet in the experimental hall now under construction.

r

-
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GAMMA-RAY MULTIPLICITIES IN ALPHA-PARTICLE AND HEAVY-ION INDUCED

REACTIONS

(Groningen-Lund-Stockholm-Swierk-Gothenburg Collaboration*)

The formation of compound nuclei in reactions initiated by heavy ions
involves very high values of angular momentum.

On the other hand, in the

y-decay following these reactions only levels with spin values up to 24 Ti
have so far been directly observed

. This gap between the angular momentum

input and the spectroscopically established spin values is at present not
fully understood.
The dissipation of angular momentum in the decay of such high-spin
states can, by virtue of the strong spin dependence of the y-transition probability, only proceed via a cascade involving quite a large number of y-rays.
It is possible to measure the distribution of the number of these y-rays by
making use of a multidetector arrangement. Such studies have recently been
2-4)
reported by several experimental groups
. The measurements normally
employ the recording of events in a Ge(Li) detector in a singles mode and
in coincidence modes with several Nal(Tl) detectors.

A charged particle de-

tector and/or a neutron detector are sometimes also included.
One major experimental problem in the heavy-ion induced reactions is
the large numbers of neutrons produced.

Since it is desirable to place the .

scintillation detectors close to the target in order to increase the effi-.
ciency, events due to neutrons and y-rays cannot be separated by time-offlight methods.

Using liquid scintillators, however, pulses due to neutrons

and Y-rays can be distinguished by pulse shape discrimination.

Obviously

such a system also offers a possibility of measuring neutron multiplicity.
At the Research Institute of Physics both detection methods have been used
in a system using CAMAC technique for the registration of the events.

The

system is designed to handle up to. 16 detectors but in the preliminary experiments only 8 Nal(Tl) or 8 liquid scintillators have been used.
The detectors are surrounded by removable lead shields to reduce crosstalk, and each detection unit fits into one of the 17 aluminium cones that
are embedded into a semisphere made of resin

.

Five of these detector posi-

tions are located in a plane covering two quadrants in order to make a crude
angular distribution measurement possible.

Fig. 1 shows the detector assembly

when using liquid scintillators and Fig. 2 shows the result of such a rough
measurement of the average angular distribution of the emitted neutrons.
The liquid scintillators are coupled with short light guides to XP2020
photomultiplier tubes, while the Nal(Tl) crystals use EMI 9656 photomultipliers.

The voltage dividers are partially stabilized by zener diodes, and

the continuum and its variation with energy.

r

r

Some preliminary measurements
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FIGURE 1
The multi-detector
arrangement.

LSc.
120MeV12 C
FIGURE 2

Angular distribution of the
neutrons emitted in the
U6
Cd( 1 2 C,xn) reactions at
120 MeV 1 2 C.
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the anode output pulses from the EMI 9656 tubes are in addition amplified in
a fast preamplifier.
The signals from the detectors are connected to the electronic data acquisition system shown in Figs. 3 and A.

When eight Nai(Tl) detectors are

employed, the fast anode output pulses directly feed a LRS 2 x 8 coincidence
input register.
units

When liquid scintillators are used, constant fraction timing

and pulse shape discriminators

first separate the events due to

neutrons and yrays.
The LRS coincidence unit is gated by a timing signal from the Ge(Li)
detector.

In case of a coincidence event an address consisting of 8 or 16

bits, indicating which detectors are involved, is available.

This address

and the digital energy signal from the Ge(Li) ^ntector are then stored on
magnetic tape via the CAMAC system.

The LRS unit also has an analogue output

r
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FIGURE 3

The electronic data acquisition system used with eight Nal(Tl)
detectors.
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FIGURE 4

The electronic data acquisition system used with eight NE 213
liquid scintillation detectors.
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r
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C/5
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CHANNEL NUMBER

FIGURE 5 (above)
Examples of p-fold coincidence spectra
from the 176 Yb( 12 C,6n) 18 °0s reaction at
E i 2 r = 118 MeV.

FIGURE 6 (left)
The probability, P N , of recording a
p-fold event when M'coincident y~rays are
recorded in a system of eight detectors
having an average efficiency of 0.004 %.
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r
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Width of the multiplicity
distribution a

Average multiplicity <M>
122

Te(a.4n)

122

122

Te(a.4n)

122

Xe Ea=55.5MeV

Xe
E a =55.5MeV

8

6

FIGURE 7

e

io

10

I

(a and b)

Average multiplicity and width of the m u l t i p l i c i t y distribution in the
122
Te(ct,4n) 122 Xe reaction at E a = 55.5 MeV.
proportional to the number of detector signals coincident with the Ge(Li) detector signal.

Using single channel analysers, one can therefore obtain

routing signals for the pulse height analyser connected to the Ge(Li) detector.
In this way 1-fold [one scintillation detector signal coincident with the
Ge(Li) detector], 2-fold, etc. spectra can be monitored in addition to the
0-fold spectrum [i.e. a Ge(Li) signal not in coincidence with any of the
scintillators] (see Fig. 4 ) .
The magnetic tapes are analysed off-line using the program PATSY and the
TRASK computer.

As the result of the analysis, one may, e.g., obtain the

Ge(Li) spectra recorded in coincidence with a specific Nal(Tl) detector and
the Ge(Li) spectra corresponding to p-fold coincidences.

Examples of such

spectra are shown in Fig. 5.
Let us consider a reaction where M + 1 photons are emitted and one cf
these is absorbed in the Ge(Li) detector providing a "gate event".

If the

average efficiency (including solid angle) of the N detectors is U, and the
Y~ray emission is assumed to be isotropic, the probability for a p-fold event
is

n=0
This probability as a function of ( M s is shown in Fig. 6 for the case of
eight detectors, each with an efficiency of 0.004 %.

The probability in

Eq. (1) is also equal to the ratio
N

C (i) /
p

C (i)
p

(2)

ui prompt pionic X-rays and they give much richer possibilities of
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where

Cp(i)

is the number of counts in the i t n peak in the p-fold spectrum

corrected
ed for deadtime, etc.

Using the experimentally determined P„
values,
w,p
the corresponding experimental values

are calculated.

(3)

I,k

PP

R pppp represents the probability to register a p-fold coinciR

dence if only p detectors were present.
Theoretically, the quantities R p p are obtained from the matrix equation

(4)

PP
where \u £2 f = [M(M- 1) ... ( M - r + 1)]£2 is a column vector and -jx
| is a
{ r J
_
1 p,rj
triangular matrix. In the reactions considered, the M-value determined in
this way is the mean value

M

of a distribution.

All the higher central mo-

ments
Mn

=

<(M-<M>)n)

(5)

needed to characterize the distribution can in principle be determined by
measuring all the ratios PJJ p .
Using formulae (3) and (4), the average multiplicity^ M
moment a
122

2

for the ground band in

122

Xe, when populated in the

and the second
122

Te(a,4n)

Xe reaction at E a = 55.5 MeV are obtained as shown in Fig. 7.

* Participants from Stockholm: S.A. Hjorth, A. Johnson, A. Kerek, W. Klamra,
Th. Lindblad, S. Messelt, C. Pomar, W. Walus and J. Sztarkier
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3.5.4

IS THERE A POSSIBILITY FOR CONSTRUCTIVE USE OF THE KINEMATICAL

ENERGY BROADENING IN A NUCLEAR REACTION?
(K.-E. Bergkvist)

Suppose one would wish to study the deexcitation of a compound nucleus,
formed in a heavy-ion reaction by means of high-resolution conversion electron spectroscopy (trying to resolve the suggested close lying "wobbling
transitions" along the yrast line of a deformed nucleus is a conceivable
case in point).

At sufficiently stringent resolution requirements it be-

comes imperative to study the decaying nuclei in flight, because already the
stopping distance and the angular straggling in the target will, ultimately,
imply that the conversion electrons have to penetrate a source layer with
a thickness incompatible with the resolution aimed at.

If the conversion

electrons have by necessity to be studied while the emitting nuclei are in
flight, one may ask whether this compelling circumstance, once accepted,
can be used to actual advantage.

In last year' Annual Report we described .

a new method for optical spectroscopy on atoms moving in confined beams of
uniform velocity (a more thorough presentation of this method is given in
Ref. 1). By a constructive use of the Doppler effect it became possible
to actually gain some two orders in magnitude in intensity, while at the
same time realizing a resolution in wave length quite unaffected by the
broad wave length region .^presented by the light collected.

The motion

of the compound nuclei formed in a heavy-ion reaction - under the circumstances assumed - can also, effectively, be that of particles moving in a
confined beam with essentially uniform velocity.

With the often close anal-

ogy between light optics and particle optics one may ask whether conversion
electron spectroscopy on the moving compound nuclei features a possibility
analogous to the new optical method of Ref. 1.
Neglecting the recoil of the nucleus in the electron emission, a Lorentz
transformation between the laboratory system and the system where the compound nucleus is at rest shows that the measured conversion electron momentum will exhibit a relative variation Ap/p with the "igle of emission 6 with
respect to the beam normal which is in lowest order given by
P

Ap/p
where (5^ ^

C.N.
6
3

(1)

and ß are the velocities in units of

and of the conversion electron, respectively.

c

of the compound nucleus

For conversion electron spec-

troscopy of very high resolution, some kind of imaging spectrometer based on
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particle orbits is ultimately needed.

If the conversion electrons ara

emitted from a range of points centered at z = ZQ along the beam direction,
the relevant image width coordinate ç in the detector slit plane will, in
a conventional situation of measurement, be of the form

(2)

Ç = M • (z - z 0 ) + A • 6 + Ro • D • (Ap/p),

where M and D are, respectively, the magnification and momentum dispersion
of the type of spectrometer assumed, A is the degree of astigmatic defocusing introduced, and RQ is the radius of the central circle of the instrument.
Whereas, as is well known, the kinematical energy spread associated with
different angles of emission 8 can be cancelled by a suitable choice of A
(assuming R3 • D fixed), it is impossible, conventionally, to make the image
width (2) at the detector slit insensitive to z, i.e. to the variation in
the point of emission of the conversion electrons.
Although not immediately apparent from the derivation of the functioning of the method in Ref. 1, crucial in the way of functioning of the new
method is an interchange, in an intermediate imaging step, of the parameters
describing the point of emission and the angle of emission of the light entering the spectrometer.

Assume, in the present case, that we arrange a

transformation of the kind expressed in formulae (3a - c) of the initial
emission parameters before the electrons enter the spectrometer

z - zg •+ z f - z 0 ' = a « 6

(3a)

-> e1 = b • (z - zn)
(Ap)Vp 1 = Ap/p =

(a, b design constants).

(3b)
c

(3c)

-®- e

If the primed variables are used in Eq. (2) it is

seen that the image width coordinate ç can be made to cancel irrespective
of both 6 and z, i.e., irrespective of both the angle of emission of the
conversion electrons from the moving compound nucleus and of the position
of the compound nucleus (at the instant of emission).
Clearly a transformation of the kind (3) does not imply an imaging in
the ordinary sense.

It can be adequately satisfied, though, if just one-

half of the imaging domain of an ordinary imaging magnetic field is employed.
Thus both the semicircular and the double-focusing magnetic field effect the
desired transformation after an angle IT/2 and TT/2/2, respectively.

Geomet-

nsson and A. Nilsson
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rically, the linear relative size of the transforming magnet and the main
spectrometer will be roughly given by the value of ß„ „ . A certain degree
of freedom is offered, however, by the possibility to vary the magnitude of
the ratio M/D by suitable choice of spectrometer type.
The principle outlined is presently being studied from various, more
detailed aspects. An obvious inherent limitation in the degree of functioning of the method is, clear lys that boiling-off of even low energy nucléons
from the compound nucleus will introduce a certain lack of uniformity in the
velocity of the compound nuclei.

It should be noted though, that this non-

uniformity also affects measurements where no actual advantage is taken by
the movement of the compound nuclei.
REFERENCE
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3.5.5

A NEW UHV-SYSTEM FOR THE 100 KV ACCELERATOR

(L. Lundin, J. Hilke and R. Buchta)
From the experience gained during several years1 work at the isotope
separator with surface physics problems it has become clear that the target
chamber must be maintained at very high and very clean vacuum conditions in
order to obtain reliable and reproducible results.

That surface contamina-

tion is a serious problem is evident when one realizes that the number of
rest gas atoms and molecules that impinge on the target area per unit time
at a pressure of 10

7

Torr, is still of the same order of magnitude as that

of the bombarding ions at normally used beam intensities.

For that reason

it was decided that a completely new target chamber arrangement had to be
designed to replace the present collector chamber of the isotope separator.
For the new target chamber the goal was set to reach a final vacuum of 10~ 1 0
Torr.

To achieve this, UHV-techniques had to be employed, i.e. bakable

stainless steel design throughout, two-step differential pumping, liquid
nitrogen (LN2) traps and, in order tc avoid contamination from pump oil, ion-,
sublimation- and sorption-pumps.
The UHV-system
In order to maintain the focussing properties of the separator the total
length of the vacuum system has to be kept constant.

The original collector
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chamber was shortened to 50 cm to give space for the new UHV-system.

The

reconstructed collector chamber, in which a pressure of 10~ 7 Torr is obtained, contains the first LN2~trap and is followed by a narrow channel to
reduce the gas conductance to the differential pumping stage.

This stage

consists of a T-shaped vacuum chamber, sealed with Viton 0-rings, to which
a VEECO 300 U/s ion pump is connected.

The interior of the top part of the

chamber is almost completely occupied by a cylindrical LN2-container through
which the beam passes into an axial tube with a length of 38 cm and a diameter of 2 cm.

In this way a very efficient trap for pump oil fragments

from the preceding stage was formed.

The LN2-trap also increases the pump-

ing speed of the differential stage.

The vacuum obtained by this combination

8

is 2 • 10" Torr.

The target chamber itself is a modified ULTEK UHV-chamber.

It is evacuated by an ULTEK 250 l/s D-l ion pump via a poppet valve.

To

temporarily increase the pumping speed during pumpdown, titanium sublimation
pumping capability is provided with a four-filament holder inserted horizontally in the ion pump.

The filament holder is surrounded by a double-walled

cryo-panel kept at liquid nitrogen temperature, which increases the efficiency of the sublimation pumping as well as the speed of water-vapor pumping.
In ord_r to minimize the gas flow from the differential pumping stage a 1 cm
tube with a length of 5 cm is mounted as an aperture in the beam entrance of
the target chamber.

Vacuum valves are included in the channels between the

three pump stages so that they can be kept separated during beam-off time.
When the chamber has been opened to atmospheric pressure the pumping down
cycle starts with an oil-free mechanical pump which takes the pressure down
to a few Torr.
to about 10

The pumping is continued by a double ULTEK 236 sorption pump

Torr where the sublimation-ion-pump takes over.

The whole

target chamber can be baked out at a temperature of 150° C by means of heater
tape, wrapped around the outside.
vacuum of 8 * 10

After a bake-out period of 12 hours a

Torr was reached.

To be able to monitor the vacuum con-

ditions in the target chamber a VARIAN Q-POLE restgas analyzer was installed
in one of the ports.
Target control and measuring system
The samples are mounted on primary target holders, stainless steel
squares 1.8 * 1.8 x 0.15 cm, by means of two thin steel springs.

One such

holder is fitted onto the main target holder, six more can be placed in a
magazine inside the target chamber.

The magazine can be brought in contact

with the main target holder and the primary target holders can be changed
one by one.

In this way seven different samples can be investigated with-

out breaking the vacuum.

The main target holder consists of a horizontally

r
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mounted cylindrical cup, the bottom of which has a central hole with a diameter of 1.5 cm. The primary target holder forms a lid on this hole. Inside the cylindrical cup a filament is mounted from which electrons are drawn
for electron bombardment heating of the primary target holder.

Measurements

at target temperatures up to 1500° C can be carried out in this way. A thermocouple embedded in the front end of the target cylinder measures the target temperature.

The main target holder is mounted on a pivot and can be

rotated + ^ degrees from the position perpendicular to the beam.

By means

of a precision-screw the target holder can be moved along the beam ±2.5 cm
from the position focussed on the monochromator slits.

The main target holder

is electrically insulated from the target chamber to provide possibilities
both for beam current measurement and for applying a retardation voltage.
Three different apertures can be chosen to limit the beam spot on the target.
Between the aperture and the target is mounted a movable Faraday cup with
suppressor, which can be switched into the beam for exact current measurements.

Both linear and angular movements inside the target chamber are a-

chieved by a system of flat spring hinges to avoid the need for lubrication.
The target area is viewed perpendicularly to the beam by two optical
monochromators, one ("HEATH EVE-700") through a quartz window to cover the
wave length range 2000 - 6500 Â, the other ("McPHERSON 218") through a LiF
window to extend the range down to 1100 A.

The detectors used are, for the

HEATH, EMI 6256 S and, for the McPHERSON, EMR 542 F.
In spite of all the precautions taken there is still a small but finite
risk of target contamination from the old vacuum chambers of the isotope separator.

To eliminate this a new vacuum chamber of stainless steel for the

analysing magnet has been ordered, and a new diffusion pump with a low backstreaming rate and utilizing poly-phenyl-ether pumping fluid will be installed
at the collector end of that chamber.

3.5.6

NEW HIGH-PURITY THIN FILM EVAPORATION FACILITIES

(A. Röste, M. Braun and B. Emmoth)

A new UHV evaporation chamber (Ultec MX - 14 with integral Ion and Ti
_Q

sublimation pump) is now operational at the Institute.
torr region with monolayer formation
bakeort.

Working in the 10

times of 6 hours may be possible by

Extreme purity of evaporated material will be provided by the use

of an electron-gun source operating at 4 kV, 2 kW, with temperatures in ex-

r
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cess of 3500° C (Varian 980 e-Gun Source with three crucibles).

The advan-

tages are that only the spot hit by the e-beam will be evaporated and that
it is possible to aim the e-beam with great accuracy both mechanically and
magnetically.

Typical deposition rates in A/min are Pt 250, Ta 300, Au A60,

Ni 600, Cu 1150, Si 2000 and Mo 2000.

The film thickness is measured with

a quartz oscillator which is calibrated with RBS at the van de Graaff.
This new chamber will be used to produce thin films with a low impurity
content.

Such high-purity films are of a general interest in surface physics.

First we will investigate the possibility to produce thin films on a substrate
without having oxygen chemically bound in the interface.

This is important

since our optical detection method, in certain cases, might be influenced by
oxygen at or in the substrate.

Some spectral lines are enhanced, others are

unaffected, while some decrease in intensity

.

Thin film technique has been

used by many experimentalists in order to measure sputtering yields

.

In

most cases the assumption has been made that the sputtering yield for evaporated layers and bulk material should be equal.

This may not be true in all

cases if the pressure in the evaporation chamber has been too high.

In com-

bination with sputtering at the 100 kV machine and RBS analysis at the van
de Graaff accelerator we will study these effects.
Finally, this new evaporation chamber will give us the possibility to
evaporate elements with a high melting point, which is not possible with our
resistive heating system.
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3.5.7

A GENERAL INTERFACE BETWEEN DIGITIZERS AND MEMORY UNITS

(J. Sztarkier, B. Jansson and K.-G. Rensfelt)

The interfacing between digital equipment of different kinds is a rapidly growing problem in a small laboratory where the equipment is bought, one
piece at a time, from a variety of manufacturers over a long period of time.
The mechanical parts of interfaces are often the most expensive and most workconsuming parts.

We have constructed a device with six inputs and six out-

puts, each for a maximum of 24 signals and mechanically standardized.

The

signals are converted to (from) the internal standard (TTL neg. repr.) and
all are individually available on a patch-board on the front panel (sef ^ig. 1).

agnecs, a switching magnet, power supplies and
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A picture of the patchboard. The inputs/outputs on the lower
half are all connected to the two multi-way connectors on the
upper right part. Thus standard set-ups can be programmed on
the corresponding male connector.

The inclusion of one new unit means that one cable (24 wires) has to be made
(if it does not fit the standard) together with one printed circuit board
with the interface to (from) TTL logic and the unit is interfaced to all the
equipment previously included.
A routing system for 16 inputs is included in the device as well as a
12 bit buffer register.
able on the patch-board.

A number of standard logical operations are availThey are divided into two categories.

The first

one is comprised of simple type circuits as inverters, and-, and or-gates,
flip-flops, etc., which are mounted on easily exchangeable plug-in units.

In

two such plug-in units, the user can put in up to three 16-pin DIL IC-circuits
each according to his own wishes.

The other category, for more complicated

circuits, are four gate and delay generators, a 16-output sequence generator,
level converters, etc., which are permanently included in the patch-board.
The device allows, e.g., the use of several memories, even of different types,
at the same time, in order to extend the storage possibilities.
tests of the patch-board are now going on.

Preliminary
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3.5.8

SUPPRESSION OF THE PROMPT PEAK IN LIFE-TIME AND g-FACTOR MEASUREMENTS

(J. Sztarkier and K.-G. Rensfelt)

When measuring g-factors by the TDPAD-method and life-times of excited
states there are great advantages to store the information in two-parameter
configurations (E x t ) . Time distributions are then simultaneously observed for several y-transitions.
tated to a good extent.

The background subtraction is also facili-

The resolution needed in the energy and time para-

meter excludes the random access memories in multichannel analyzers and even
large computers to be the storage medium for the time-energy spectra.

The

only solution is to store event-by-event in mass storage devices such as
magnetic tapes, disks etc., which, unfortunately, are too slow to accept the
high singles counting rates.

There is thus a need for reduction of counting

rate without loosing valuable information.
In the case of g-factors and half-life measurements, where the half-life
is considerably larger than the FWHM of the prompt peak, a partial suppression,
by a known factor, of the prompt peak will still give the possibility of reconstructing its position and shape, simultaneously restricting the amount
of data recorded on e.g. magnetic tape.
instrumental set-up.

Fig. 1 shows the block scheme of the

The region of suppression is chosen in the amplitude

CYCLOTRON
RF

FIGURE 1

Principle of the reduction of the prompt counting rate in
time measurements by gating the ADC:s. The window is set
by a single-channel analyzer on the output of the time-toamplitude converter.
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FIGURE 2

Principle of the reduction of the prompt counting rate in
time measurements by gating the start signal of the timeto-amplitude converter. The window is given by the width
of a fast discriminator output pulse.

dimension by means of a SCA on the linear output of the TAC

. Another

possibility (Fig. 2) is to detect the prompt peak in the time dimension by
a fast coincidence circuit, and suppress it before triggering the TAC, thus
decreasing the counting rate also for the TAC. Both methods have been ex2 3)
plored in experiments at this Institute ' . The third possibility is to
A)
store only the prompt events in a RAM memory
, a method which is more
complicated, however.
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3.5.9
(G.

THE MAS-SYSTEM

Ehrling and K.-G. Rensfelt)

A program system for basic treatment of data from multiparameter experiments has been developed.

The first step is the sorting of the data

stored on magnetic tape, event by event.

The two computers, P300 and TRASK,

are used simultaneously to benefit from the speed of P300 and the fairly

r
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large core memory of TRASK.

The sorting is done in P300 by MASP300 and the

result is stored in TRASK by MASTRASK.
allowed.

parameter.

A gate is defined by a lower level, an upper level and a com-

pression factor.
compressed.
malism.

A maximum of four parameters are

The conditions put on the events are defined by one gate on each

A region out of the original matrix is then extracted and

A majority of possible sorting modes is covered by this for-

The maximum number of channels which can be stored in TRASK is 70k.

MASTRASK incorporates the administrative handling of the sorted data,
plotting, punching on paper tapes, and storage

the carousel memory.

Also,

further gates can be set directly on the sorted matrix.
In experiments where the intensity of Y-peaks is investigated as functions of some parameter, such as time, angle, or energy of incident particle,
it has been possible to reduce the number of channels used in the energy
spectrum without significant loss of information.
sion of the program TAA

In TAA2,the improved ver-

, the position and shape of the Y-lines are taken

from the uncompressed projection.

Only the intensity and background is

fitted to the compressed spectrum, thus giving much better resolution than
with ordinary gate settings.
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3.5.10
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PREPARATIONS FOR THE STUDY OF REGIONAL BRAIN METABOLISM WITH

15

0-

LABELLED DEOXYGLUCOSE
(M. af Ugglas, E. Toth-Pal, H. Beving and K.Â. Pettersson)

The possibilities to localize metabolic activities and delineate organ
function in a non-destructive way by external detection, offered by some radionuclides, have in less than one decade made the use of them most indispensable.
Despite the fact that few of these radio-nuclides belong to elements really
having a true relevance to the metabolic (or rather physiologic) pathways,
which they follow, they have gained a tremendous attention.
ample being technetium which is not even found in nature.)

(The explicit exA stimulating task

therefore seems to be the development of labelling techniaues making use of
nuclides of far more organically legitimate elements like, for instance, 1 ! C ,
13

N and

15

0 . Their specific features of very short half-lives (20 min., 10 min.

and 2 min., respectively) appear promising not only with reference to a large
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ratio of information/patient dose-burden but also to the possibility of performing dynamic studies.

In addition, the beneficial use of their positron

radiation is foreseen and an extensive development of positron cameras is undertaken at a growing number of places. As positron cameras are very expensive, especially the large ones with many detectors, and take a considerable
time to develop, it appears most reasonable for us today to start with a medical application involving a target organ with a limited detection volume, e.g.
with cerebral metabolism and a smaller brain camera.

Such a camera is present-

ly being developed at the University of Stockholm (T.R. Gerholm and L. Eriksson,
Physics Department)
Regarding a situation in which a large number of medical cyclotrons have
been installed at hospitals in the most recent years, two observations should
be pointed out.

One is the fact that fully-developed routine labelling tech-

niques are often lacking and the other is the meager possibilities for suitable
detection.

Occasionally prototype devices of positron cameras may be found.

Therefore we have started the development of radio-chemical procedures and
positron cameras first.

For this purpose the radioactive sources we can pro-

duce and the scheduled beam times available at our two conventional cyclotrons
are sufficient.

Especially our old 80-cm cyclotron has delivered 20 yA beams

of 7 MeV deutrons very securely.

After completion of the new experimental area,

the premises will be even better at the larger 225-cm cyclotron with its higher
energies.
For a study of regional cerebral metabolism not so many possibilities
with simple and relevant substances are at hand because of the low brain barrier penetration, which is limited to very few molecules like oxygen, glucose
and a number of amino acids.
2-deoxy-D-glucose.

A substance with special advantages seems to be

It has been shown that it is taken up and accumulated in

brain cells with a rate equal to that of glucose but after phosphory1ation it
is not further catabolized and excreted.

A simple way of incorporating a posi-

tron emitter in deoxyglucose is undoubtedly to perform a hydrolytic step with
ls

O-labelled water.

The question is only a matter of very fast chemistry.

Our main objective now is to study the kinetic conditions and their control.
A remote and automated analysis of the processes to be carried out is the subject of our major efforts and this study is a joint project with the Karolinska
Institutet (T. Greitz and M. Bergström, Department of Neuroradiology, ana
L. Widen, Laboratory of Neurophysiology).
The instruments already set up for this investigation consist of a gas
target, transport lines, traps for the radioactive products and various chromatographs.
The gas target makes use of the nuclear reaction 1'*N(d,n)25O at atmospheric pressure.

None of the many links in the production chain is optimized

r

- 166 -

For instance, in the catalytic hydration step forming H 2 1 5 0 the hydrogen

yet.

is added in the simplest way and both catalysts, palladium and platinum, have
been used in a short section of the transport tube.
admixture can be controlled accurately.

The variation of the H 2 -

At present, however, enough labelled

water is trapped later in the procedure to allow analysis of the more important steps. Therefore, no careful studies of reaction mechanisms, catalyst
materials, temperatures or mixing proportions have been performed yet.
On the other hand, many types of traps for the radioactive water have
been investigated in order to obtain a relatively reliable collection.

The

present experience points to the use of a combined cold trap and liquid scrubber.

Considerable efforts have been spent to certify that the

15

0 is properly

attached to the water molecule and not only physically dissolved in the liquid phase.

For this purpose the extracted preparations have been analysed

on a gas Chromatograph.

In running a large number of liquids and gases on

a Porapak Q column, it was found that the positron activity concentrated in
the water peak to better than 97 %.

One of the radiation detectors was then

closely attached to the Chromatograph detector.
At present the second and final step of the synthesis is being investigated.

It involves the acid-catalysed hydrolysis of a glucoside.

The kine-

tics and yields of these preparations are now carefully followed by injecting
consecutive samples on a high-pressure liquid-chromatograph.
A system from Waters Associates with a p-Bondapak carbohydrate column
is being tested for the high-speed analysis of small on-line extracted and
transferred samples, in order to follow the progress of the hydrolytic mechanisms in time.
It is hoped that in the near future the yields will be high enough to
allow a preliminary localization of labelled sugar by simple NaI(T£)-detectors.

The work primarily aims at showing a differential uptake of the sugar

in separate regions of a cat brain after intravascular injection.
Awaiting the positron camera under construction, a test arrangement of
a few (6) small detectors will be placed around the head of the cat.
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3.5.11

SHORT-LIVED RADIONUCLIDES FOR MKDICAL APPLICATIONS

(K. Abrahamsson, H. Atterling, W. Forsling, S.O. Hilding, H. Jardemar,
A. Nilsson, K.-Â. Pettersson, G. Printz, E. Toth-Päl and M. af Ugglas)

Studies on the use of cyclotron-produced, short-lived radionucleides
are going on at our institute in cooperation with research groups at the
Caroline Hospital and at the Danderyd Hospital in Stockholm
In order to study regional cerebral metabolism,

a5

0 has been produced at

the 80-cm cyclotron for labelling, into proper molecules. A special report
2)
has been given for this project
, which has been supported by the Swedish
Medical Research Council.
As reported earlier

, various methods for the production of

123

I with

high radionuclidic purity for thyroid diagnostics have been studied at the
225-cm cyclotron.

A status report for 1976 has been sent to the Swedish

National Society for Cancer Research, which has supported this study financially.

Even if hitherto the yields of

123

I have been rather low after bom-

bardments and chemical separations, we intend to continue the development
work and the production after the completion of the new experimental hall
which is now being built for the 225-cm cyclotron.
Good results have been obtained for the production of
nuclear reactions

8

8!
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An increase of these efforts to

make possible regular deliveries to hospitals depends mainly on available
bombardment time and shielding facilities.
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3.5.12 PRELIMINARY RESULTS OF PROTON INDUCED X-RAY ANALYSIS OF ARCHEOLOGIC
ANTLER FINDINGS
(P. Carle, D. Sigurd and K. Ambrosiani*)

Many archéologie findings from the Viking age (about 800- 1000 A.D.) in
Scandinavia are made of antlers.
kronhjort) and reindeer.

Some examples are horns of elk, stag (Sw.

Objects made of this material are, for instance,

combs and game-pieces. (See Fig. 1.)
parts of Scandinavia.

These animals were living in different

The aim of this analysis is to find out whether it is

possible to decide, for example, if a certain comb found in Birka (the first
town of Sweden, 800- 1000 A.D.) is made of an antler from elk or stag.

In

r
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FIGURE 1

Part of a comb {left) and a game-piece {right) from Viking age.

the latter case, the comb or the material had probably been imported from the
southern part of Scandinavia.

If we can prove that combs of a certain type

are made of stag or elk, it will be very useful for the discussion of the
chronology of combs

-

the most common object in grave findings from the

Viking age.
We have used protons, E m a x = 2 MeV, from the Van de Graaff accelerator
of this Institute to induce X-rays from pieces of horn.

To begin with we

have only examined horns of known kinds, both from about 800 A.D. and from
recent times.

First we tried to let the proton beam pass through a thin Al

foil out into the air.
could be examined.

The advantage of this method is that large objects

As in this case, however, our samples contain very small

concentrations of elements of medium atomic weight, contaminations from the
air (Ar) and the foil will dominate the spectra.

To circumvent this problem,

small pieces were cut from the specimens and attached to an Al holder, so
that the proton bombardment could be carried out in the normal scattering
chamber.

The X-ray radiation was extracted through a 50 ym mylar window and

monitored by a 0.5 cm3 Si(Li) detector with FWHM = 260 eV at 14 keV.

In

Fig. 2, some spectra are shown which have been measured with the samples in
vacuum.

There is a possibility that the proton beam can penetrate the sample

and hit the Al backing.

However, in a spectrum measured when the proton beam

hits the backing only, Cu K a is the dominating peak, and in all antler measurements the Cu X-ray peaks are small.
In these first measurements the relative concentrations of metals are
rather similar for horn samples from the same kind of animal.

For example,

the Sr/Fe ratio is for the elks 0.3 - 1.0 and for the stags 0.03 - 0.05-

The

concentrations vary somewhat (at most by a factor of two) in samples taken
from different parts of an elk's horn.

Also, the bremsstiahlung background

varies considerably between samples in these measurements.

This is caused

by the difference in electric conductivity of the samples.

For instance, if

m g n resolution, some kind ot imaging spectrometer based on
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the sample is a good insulator, it will be more charged by the proton beam,
and more electrons will thus be accelerated towards it. There is a possibility that the metals could have diffused into the material while lying in
the ground.

By taking more known samples, archéologie and recent ones,

from different finding areas, these question can probably be answered. In
the near future, we will apply the method to Viking age findings for which
the origin of the material is unknown.
* Department of Archaeology, Stockholm University, Stockholm

3.5.13 PROTON INDUCED X-RAY EMISSION FROM PAINTINGS
(0. Undeman and D. Sigurd)
Knowledge of the elemental composition of pigments on art objects can
aid in the determination of age and authenticity of the objects. However,,
most methods used for this purpose are destructive in the sense that a small
part of the object has to be extracted for the analysis.

We have investi-

gated the possibility of using proton induced X-ray emission as a non-destructive method to analyse the composition of paintings.
The objects used in this study could not be subjected to high vacuum
conditions, and thus the proton bombardment had to be performed at atmospheric
pressure.

To meet this condition the 1.8 MeV proton beam was extracted from

vacuum through a thin (~10 pm) foil of either Al or kapton.
X-ray radiation was monitored with a Si(Li) detector.

The emitted

Typical beam intensi-

2

ties at the sample were 1 pA/rnm .
The results of this investigation are:
1) With the detector system used, the sensitivity for elements with
Z >13 was sufficient for the purpose of determining "ge and authenticity of the paintings.
2) The radiation damage introduced by the proton bombardment required
for the analysis was not visible to the naked eye.
The work was carried out in collaboration with the Swedish National
Museum of Fine Arts.

*

A detailed account of this work is found in: 0. Undeman, Civil Engineer
Thesis, Royal Institute of Technology, Stockholm (1976) (in Swedish).

length of the vacuum system has to be kept constant.

r

The original collector

~l
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4.

SEMINARS 1976

A general seminar is given once a week. At irregular intervals the
subject is of a more general "science and society" type, intended for all
the personnel.
"SCIENCE and SOCIETY" SEMINARS
12/2

P. Ragnarson (Radio Sweden) and P. Isberg (ASEA-ATOM):

The mass-

media, the scientists and the technicians"
20/2

Kerstin Anér (Stockholm):

"How free is research - and how free

should it be?"
15/11

Kerstin Fredga (Stockholm):

"New findings from planetary research"

26/11

C. Helgesson (Stockholm) and 0. Stephansson (Luleâ): Introductions
to a discussion on the final storage of highly radioactive waste
from nuclear reactors:

"Glass and ceramics as storage-materials"

and "Rocks as a storage place", respectively

*•:-&

GENERAL SEMINARS
9/1

D. Sigurd:

-*-.^

"Surface physics at the van de Graaff accelerator

and at the Frescatron"
9/1

A. Kerek:

"Neutron and y-ray multiplicity measurements with

liquid scintillation detectors"
12/1

P. Erman:

"Research at the Vascatron"

12/1

S.A. Hjorth:

"Experimental investigations on high-spin states in

deformed nuclei.
16/1

G. Astner:

16/1

S.A. Hjorth:

Past-present-future"

"Research at the 400 kV accelerator"
"Improvements of the target stations for nuclear

physics"
19/1

H. Atterling:

"Beam handling and ion optics"

19/1

S. Hultberg:

23/1

J. Blomqvist:

23/2

C A . Nicolaides (Yale):

"The future computer equipment at our institute"
"Effective interactions in the lead region"
"Atomic and molecular properties from

a many-body point of view and comparison with recent experimental
values"
8/3

J. Blomqvist:

"The two-photon process

experiments and theories"

n

+ p -> d + 2y\

r
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22/3

L.-E. DeGeer (FOA):

"Surveillance of the radioactivity of air

and precipitation in Sweden by the Research Institute of National
Defense"
29/3

M.J.A. de Voigt (Groningen):

"Collective excitations in vibra-

tional and transitional nuclei (negative parity bands)"
2/4

W. Ockels (Groningen):

"Instrumentation and technical development

of the nuclear facility in Groningen"
9/4

C.-E. Magnusson (Lund):

"QDM (Quantum defect method) - a general

physics theory with applications 'co atomic spectra"
23/4

G. Tibell (Uppsala and CERN):

"ir" -absorption in

209

Bi.

A

progress report on the analysis of new data from an experiment
carried out at the CERN synchrocyclotron"
28/4

L. Curtis (Toledo and AFI): "The exponential law - the history,
development and application of the modern halflife concept"

10/5

J. Speth (Zürich):

"Microscopic structure of the "new" giant

resonances"
15/6

J. Whitton (Copenhagen):

"The application of channe11ing/Rütherford

back-scattering of 1 MeV He ions to metallurgical problems:
determination of phase changes in the nf.obium-hydrogen system"
10/9

H. Trauenfelder (Illinois):

13/9

C A . Nicolaides (Yale):

"Physics of biomolecules"

"Do non-stationary states actually decay

exponentially?"
20/9

N. Elander:

"Spectroscopic constants and lifetimes for valence-

excited bound states in SiO"
20/9

J. Blomqvist:

"Quadrupole interaction and high-spin states in

the lead region"
27/9

F. Janouch (Stockholm):

"Report from the Aachen conference

'Neutrino 76"'
4/10

A. Johnson, Th. Lindblad and J. Blomqvist:

"Superheavy elements -

have they been observed?"
11/10

R.A. Sorensen (Carnegie-Mellon): "Where is the angular momentum
in rotating nuclei?"

14/10

T.E.O. Ericson (CERN):
only?"

"Do nuclei consist of neutrons and protons

r
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27/10

L. Wilets (Seattle):

"A classical model for heavy-ion collisions

incorporati.ng the Pauli principle"
1/11

C. Nordling (Uppsala):

"Recent results on molecular spectroscopy

with electrons and X-rays"
8/11

F. Janouch (Stockholm):

"Weak neutral currents and atoms"

22/11

L.K. Peker (Amsterdam):

"The Coriolis effect in the y-vibrational

bands"
13/12

B.D. Patterson (Zürich):

"Muon spin rotation states of cobalt

and other ferromagnets"
20/12

I. Bergström and J. Blomqvist:

"Very high-spin states in the lead

region, produced by valence nucléons and core excitations"

r
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5.

PUBLICATIONS

S.E. Arnell, S. Sjöberg, Ö. Skeppstedt, E. Wallander, A. Nilsson and G. Finnas
"High-spin states of

6S

Sr"

Submitted to Nucl. Phys.
G. Astner, L.J. Curtis, L. Liljeby, S. Mannervik, and I. Martinson
"A high precision beam-foil meanlife measurement of the Is3p *P level in Hel"
Z. Physik A279 (1976) 1
I. Bergström, J. filomqvist, C.J. Herrlander and C.-G. Linden
"Evidence for a 3.6 minute 12" state of the h n / J 1 iis/71 configuration in
206

H and effective two-particle interactions"

Z. Physik A278 (1976) 257
S. Beshaij K. Fransson, S.A. Hjorth, A. Johnson, Th. Lindblad and J. Sztarkier
"Band crossing in

18I

*Pt"

Z. Physik A277 (1976) 351
J. Blomqvist and T.E.O. Ericson
"An anomaly in the reaction n+ p -»• D + 2 Y "
Phys. Lett. 57B (1975) 117
J. Blomqvist and T.E.O. Ericson
"Doubly radiative np capture: a precision evaluation"
Phys. Lett. jilB (1976) 219
J. Blomqvist, I. BergstrSm, C.J. Herrlander, C G . Linden and K. Wikström
"Quadrupole interaction and high-spin states in the lead region"
Phys. Rev. Lett., in press
M. Braun and B. Emmoth
"Dose dependence of the photon emission from sputtered aluminum atoms during
helium irradiation"
Appl. Phys. Lett. 29 (1976) 545
M. Braun, B. Emmoth and R. Buchta
"Concentration profiles and sputtering yields measured by optical radiation
of sputtered particles"
Radiation Effects 28 (1976) 77
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J. Brzozowski, P. Bunker, N. Elander . nd P. Erman
"Predissociations in the A, B and C staces of CH and the interstellar formation rate of CH via inverse predissociation"
Astrophys. J. 207 (1976) 414
J. Brzozowski, P. Erman, M. Lyyra and W. Hayden Smith
"Radiative lifetimes of resonance levels in Fe I and Fe II"
Physica Scripta _14 (1976) 48
J. Brzozowski, P. Erman and M. Lyyra
"Predissociations and perturbations of the A, B, B', C, D and F states in NO
studied using time resolved spectroscopy"
Physica Scripta (in press)
A. Callear, P. Erman and J. Kurepa
"The D state lifetime and the UV laser action of molecular iodine"
Chem. Phys. Lett, (in press)
L. Curtis, B. Engman and P. Erman
"High resolution lifetime studies of the d 2 n„, C'lL, and D 1 !^ states in C 2
with applications to estimates of the solar carbon abundance"
Physica Scripta _13 (1976) 270
L.-E. De Geer, A. Kerek, Z. Haratym, J. Kownacki and J. Ludziejewski
"High-spin states in

llfI

*Nd observed in the (a,2ny) reaction"

Nucl. Phys. A259 (1976) 399
N. Elander, J. Oddershede and H.H.F. Beebe
"On the A1!! - X 1 !* band system in CH + and CD + : theoretical spectroscopic
constants and lifetimes"
Ap. J., to be published
B. Emmoth, M. Braun and H.P. Palenius
"Implantation prifiles and sputtering studied by detecting the optical radiation from sputtered particles during ion bombardment"
Nuclear Materials (in press)
P. Erman
"Direct measurement of the N^ C state predissociation probability"
Physica Scripta 14 (1976) 51

- 176 -

P. Erman
"Time rasolved precision spectroscopy in the applications"
Proc. VIII Int. Conf. on the Physics of Ionized Gases (invited talk),
J. Stefan Institute, Ljubljana (in press)
P. Erman
"Recent progress in atomic and nuclear physics using nuclear spe^troscopic
tools"
To be submitted to Nukleonika
B. Fogelberg, L.-E. De Geer, K. Fransson and M. af Ugglas
"Transition probabilities and energy levels in heavy odd-mass isotopes of
Sn (A= 119- 125)"
Z. Physik A276 (1976) 381
K. Fransson, A. Nilsson, J. De Raedt and K.-G. Rensfelt
"Problems related to the use of annihilation radiation for precision energy
calibration of Ge(Li) detectors"
Nucl. Instr. and Meth. 138 (1976) 479
K. Fransson, A. Nilsson, J. De Raedt and L. Tauscher
"Precise energy determination of the first excited state in

I37

Cs for absolute

energy calibration in muonic atoms"
Nucl. Instr. and Meth. j m

(1976) 511

G.J. van Gurp, D. Sigurd and W.F. van der Weg
"Tungsten as a marker in thin-film diffusion studies"
Appl. Phys. Lett. 2^ (1976) 159
Z. Haratym, J. Kownacki, J. Ludziejewski, Z. Sujkowski, L.-E. De Geer,
A. Kerek and H. Ryde
"High-spin states and evidence for particle-core coupling in the N= 83 isotones

1It3

Nd,

llj5

Sm and

147

Gd"

Nucl. Phys. (in press)
S.A. Hjorth, A. Johnson, Th. Lindblad, L. Funke, P. Kemnitz and G. Winter
"Two-quasiparticle and rotational-aligned structures in

Nucl. Phys. A262 (1976) 328

190

Pt,

192

Pt ana

~1
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H.R. Johnson, P.P. Hubert, E. Eichler, D.G. Sarantites, J. Urbon, S.W. Yates
and Th. Lindblad
"Lifetimes of ground-band states in

192

Pt and

19lf

Pt and application of the

rotation-alignment model"
Submitted to Phys. Rev. C
W. Klamra and J. Rekstad
"Level structure of

107

Pd studied by the

10

'*Ru(a,n)107Pd reaction"

Nucl. Phys. A258 (1976) 61
C.G. Linden
"A 480 ms isomeric 29/2~ state of the (pi/i2)o+ fs/21 (ii3/22)i2+ configuration in

203

Pb,

Z. Physik (in press)
C.G. Linden, I. Bergström, J. Blomqvist, K.-G. Rensfelt, H. Sergolle and
K. Westerberg
"High-spin states in

205

Pb and a precision test of the nuclear shell model

for three nucléons"
Z. Physik A277 (1976) 273
J. Ludziejewski, J. Bialkowski, Z. Haratym, L.-E. Pe Geer, A. Kerek, and
J. Kozyczkowski
"The lifetime measurements of some high-spin states in the
^'^Nd

138

' 1 3 9 C e and

nuclei"

Physica Scripta (in press)
J. Oddershede and N. Elander
"Radiative properties of valence-excited bound states in SiO"
J. Chem Phys. £5 (1976) 3495
W. Hayden Smith, J. Brzozowski and P. Erman
"Lifetime studies of the NH molecule:

new predissociations of the dissocia-

tion energy and interstellar diatomic recombination"
J. Chem. Phys. 64 (1976) 4628
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6.

THESES

During 1976 the following members of the AFI staff presented their
theses.

The titles and the individual papers making up the theses are given

here.
Kjell Fransson :

I

"Studies of nuclear structure, atomic phenomena and
muonic X-rays by means of off- and on-line isotope
separator techniques"

C.E. Bemis and K. Fransson,
On the properties of the 27.78 keV level in 1 2 9 I ,
Phys. Lett. 19 (1965) 567

II

K. Fransson and C.E. Bemis, Jr.,
The decay of

132

Te and levels in odd 1 3 2 I ,

Nucl. Phys. _7Ji (1966) 207
III

V. Berg, K. Fransson and C.E. Bemis,
The decay of

13<f

Te,

Arkiv for Fysik 37 (1968) 203
IV

K. Fransson, H. Ryde, B. Herskind, G.D. Symons and A. Tveter,
Collective states in the odd nucleus

170

Tm from inelastic deuteron

scattering,
Nucl. Phys. A106 (1968) 369
V

T.A. Carlson, P. Erman and K. Fransson,
Dependence of internal conversion in

169

Tm on the chemical environ-

ment and its application to the Mössbauer isomer shift,
Nucl. Phys. Alll (1968) 371
VI

P. Erman, B. Sigfridsson, T.A. Carlson and K. Fransson,
Autoionization in 6 -decay,
Nucl. Phys. A112 (1968) 117

VII

K. Fransson, M. af Ugglas and Â. Engström,
An isotope separator on-line system at a cyclotron for heavy
ions (PINGIS),
Nucl. Instr. and Meth. JJL3 (1973) 157
(Continued ...)

r
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VIII

B. Fogelberg, L.-E. De Geer, K. Fransson and M. af Ugglas,
Transition probabilities and energy levels in heavy odd-mass
isotopes of Sn (A= 119- 125),
USIP Report 76-02 and Z. Phys. (in print)

IX

K. Fransson, M. af Ugglas, P. Carle and T. Erikson,
On the high multipole alpha-decays of the 18
and the 1

and 9

states in

lz

state in

212

Po

At,

USIP Report 76-09
K. Fransson, A. Nilsson, J. De Raedt and L. Tauscher,
Precise energy determination of the first excited state in

Cs

for absolute energy calibration in muonic atoms,
Nucl. Instr. and Meth. (in print)

XI

L. Tauscher, G. Backenstoss, K. Fransson, H. Koch, A. Nilsson
and J. De Raedt,
Test of quantum electrodynamics by muonic atoms: an experimental
contribution,
Phys. Rev. Lett. J35 (1975) 410

XII

K. Fransson, A. Nilsson, J. De Raedt and K.-G. Rensfelt,
Problems related to the use of annihilation radiation for precision
energy calibration of Ge(Li) detectors,
USIP Report 76-10

Wlodzimierz Klamra

I

"Coriolis perturbed rotational bands in nuclei
of different deformation"

W. Klamra, S.A. Hjorth and K.-G. Rensfelt,
Properties of rotational excitations in

159

Dy,

Physica Scripta _7 (1973) 117
II

W. Klamra, S.A. Hjorth, J. Boutet, S. André and D. Barnéaud,
High-spin rotational states in

157

Dy,

Nucl. Phys. A199 (1973) 81
III

S.A. Hjorth and W. Klamra,
High-spin levels in

1

Dy from the

151

*Gd(a,xnY)155Dy reaction and

some properties of rotational excitations in odd mass Dy isotopes,
USIP Report 74-21, University of Stockholm
(Continued ...)
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W. Klamra and J. Rekstad,
Level structure of

103

Ru studied by the

100

Mo(a,n) 103 Ru reaction,

Nucl. Phys. A243 (1975) 395
V

W. Klamra and J. Rekstad,
Level structure of

107

Pd studied by the

10<(

Ru(a,n)107Pd reaction,

Nucl. Phys. A258 (1976) 61

Karl-Gunnar Rensfelt

I

"Nuclear Magnetism and High-Spin Isomeric States
in the Pb-Region"

K. Abrahamsson, A. Filevich, K.-G. Rensfelt and J. Sztarkier,
A Fast Beam Pulsing System for the Stockholm 225-cm Cyclotron,
Nucl. Instr. and Meth. JJJ. (1973) 125

II

A. Filevich, K.-G. Rensfelt and J. Sztarkier,
A Device for Melted Targets for In-3eam g-Factor Determinations,
Nucl. Instr. a.id Meth. j?8 (1972) 601

III

I. Bergström, J. Blomqvist, B. Fant, A. Filevich, G. Linden,
K.-G. Rensfelt, J. Sztarkier and K. WikstrSm,
E2 Core Polarization by Neutrons in the (i 1 _,_)~ 2 Configuration
in

206

Pb,

Physica bcripta _3 (1971) 11
IV

K. Nakai, B. Herskind, J. Blomqvist, A. Filevich, K.-G. Rensfelt,
J. Sztarkier, I. Bergström and S. Nagamiya,
The g-Factor of the 12 + Isomeric State in

206

Pb and the Effective

Orbital g-Factor of the Neutron,
Nucl. Phys. A189 (1972) 526
V

K. Wikström, B. Fant, A. Filevich, K.-G. Rensfelt and J. Sztarkier,
Evidence for 15

and 11

Isomeric States of the

i13/2]29/2+
rations in

210

and * ( h 9 / 2 ) ^ 1 / 2 - v ( p 1 / 2 ) " 1 Configu-

At,

Physica Scripta _5 (1972) 126
VI

A. Filevich, K.-G. Rensfelt, J. Sztarkier, K. Nakai and I. Bergström,
The g-Factor of the 15~ State in

210

At,

Physica Scripta _5 (1972) 27
(Continued ...)

- 181 VII

K.-G. Rensfelt, C. Roulet and K. Westerberg,
The g-Factor of the 31/2" State in

209

Po,

to be published in Physica Scripta
VIII

I. Bergström, C.J. Herrlander, Th. Lindblad, V. Rahkonen,
K.-G. Rensfelt and K. Westerberg,
Evidence for Two-Particle Core Polarization in the Isomeric
29/2 + and 21/2" States of the ""(^^8*
2

ir(h_,|) v(j~ )_+ Configurations in

2D9

i-13/2 v * J ~ Z ^ 0 +

and

At,

Z. Phys. A273 (1975) 291
IX

C G . Linden, I. Bergstrom, J. Blomqvist, K.-G. Rensfelt,
H. Sergolle and K. Westerberg,
High Spin States in

205

Pb and a Precision Test of the Nuclear

Shell Model for Three Nucléons,
accepted for publication in Z. Phys.

Kjell Wikström

"On the interactions of a few nucléons in the nuclear
fields of 2 0 6 Pb and 2 0 8 P b "

I. Bergström, J. Blomqvist, B. Fant, A. Filevich, C.G. Linden,
K.-G. Rensfelt, J. Sztarkier and K. Wikström,
E2
in

Core Polarization by Neutrons in the (iii/o)"2 Configuration
206

Pb,

Physica Scripta _3 (1971) 11
II

I. Bergström, B. Fant and K. Wikström,
Energy of the (nq/2^8+L e v e l
Proton Charge,

in 2 1

°Po

and tne

Effective h, 9/2

Physica Scripta 3 (1971) 103
TIT

J. Blomqvist, B. Fant, K. Wikström and I. Bergström,
Evidence for High-Spin Core-Excited States in

210

Po,

Physica Script, _3 (1971) 9
IV

I. Bergström, B. Fant, C.J. Herrlander, P. Thieberger, K. Wikström
and G. \stner,
On the (hg/2^3 Proton Configuration in

esAti26 ,

Phys. Lett. _32B (1970) 476
V

I. Bergström, B. Fant, C.J. Herrlander, K. Wikström and J. Blomqvist,
Evidence for an Isomeric 29/2 + Level in
Physica Scripta J_ (1970) 243

211

At,
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VI

I. Bergström, J. Blomqvist, C.J. Herrlander, K. Wikström and
E. Fant,
Evidence for a Core-Excited Isomeric 31/2

State in

209

Po,

Physica Scripta J£ (1974) 287
VII

K. Wikström, I. Bergström, J. Blomqvist, C.J. Herrlander, B. Fant
and V. Rahkonen,
Evidence for Two-Nucleon Polarization in the
77(h

9/2 i13/2)ll- V ( J ~ 2 V

LeVel in 2 O 8 P

°'

Physica Scripta J^ (1974) 292
VIII

K. Wikström, B. Fant, A. Filevich, K.-G. Reasfelt, J. Sztarkier
and I. Bergström,
Evidence for 15" and 11* Isomeric States of the
i

]
13/2
29/2+
221100
gurations in
in
At,
At,

V(

Pl/2rl

and

1

Confi-

Physica Scripta _5 (1972) 126

IX

G. Astner, I. Bergström, J. Blomqvist, B. Fant and K. Wikström,
Effective Quadrupole Charges in the Lead Region,
Nucl. Phys. A182 (1972) 219

~i

- 183 -

7.

CONFERENCES

CAM II PHYSICS MEETING, Helsinki, June 1 - 2 , 1976
The purpose of this informal meeting was to gather Nordic CAM (Crystal,
Atomic and Nuclear) physicists having a partially joint research program.
The meeting was a direct continuation of the CAM I meeting which was held at
AFI in November 1974. The program is given below.
Opening of CAM II {FoTke Stenman)
-

On depth profiling of hydrogen and helium isotopes in solids by nuclear
reaction analysis {Jörgen Böttiger)
Applications of Rutherford backscattering analysis in semiconductor
physics (Dag Sigurd)
Applied ion implantation (Kjell Björkqvist)

-

Delayed avalanche breakdown in n-type silicon at low temperatures
(Ari Lehto)

-

Atomic physics with particle accelerators (Indrek Martinson)
Quantum Beat Measurements of the 3 D fine structure in He I (Gunnar Astner)
A high-intensity method for optical spectroscopy with ion beams
(Leif Liljeby)

-

Irradiation effects studied by optical emission (Manuel Braun)

-

Spectroscopical observations during sputtering (Hans Palenius)
The fate and adventures of the light elements (Gösta Gahm)
Physical conditions in solar protuberances (Oddbjörn Engvold)

-

Lifetime measurements in C2 with applications to estimate of the solar
carbon abundance (Lorenzo Curtis)

-

New predissociation effects in the NH molecule (Jerzy Brzozowski)
On the astrophysical (p,y)-reaction rates (Juhani Keinonen)

-

Time resolved optical precision spectroscopy:

a new method for studying

the f<. »mental characteristics of atoms and nclecules (Nils Elender)
New facts about the NO molecule observed with time resolved spectroscopy
(Marjatta Lyyra)
Many body calculation of photoabsorption effects (Cleanthis Nicolaides)
Optical double resonance in atomic Ne (Stig Stenholm)
Excitons in aromatic molecular crystals (Folke Stenman)

r
UENNART HJERTMÄN
* 28 April 1923
t 1 December 1976

It is with the deepest regret that we have to announce the untimely
death of one of our most appreciated and sympathetic collaborators.
Lennart Hjertman joined the Institute late in 1965 after the dissolution
of the Swedish Board for Computing Machinery (Matematikmaskinnamnden) and has
since been working with programming of various scientific problems for the
computer TRASK. He also contributed significantly to the development of the
Trask Algol compiler.
We all remember Lennart Hjertman as an extremely kind and skilled programmer/mathematician who was always eager to help and always became deeply
interested in whatever task he undertook. He had the rare gift of exercising
meticulous order and fully understood the great importance of carefully documenting his work for the benefit of anybody who might have to take on where
he left off. He had the truly inquisitive mind of the research worker and
was never satisfied until he fully understood and mastered the tasks assigned
to him.
Lennart will always be remembered for his kindheartedness and great interest in the work at AFI, and the loss of his friendship and professional
skill cannot be overestimated.

Solve Euitberg

