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1 - INTRODUCTION 

The possibility of producing light nuclei with a large neutron 
excess by reactions of high energy protons with heavy targets (1, 2) or in 
con.plex transfer reactions induced by heavy-ions (3), has been at the origin 
of a considerable new interest in the field of light exotic nuclei. For some 
nuclei, stability to heavy particle emission is the on*\ known information. 
However, even this information is precious because the particle stability of 
nuclei is a sensitive check of theoretical predictions of masses of nuclei 
(4» 5). of particular value are the cases where the limits of nuclear 

in. 
stability can be established this w^v as was the case recently for Be and 
1 7 B (6). 

It is clear however that more detailed information on ground and 
excited states are needed as knowledge progresses on these new nuclear species. 
Some experiments have already been reported on half-lives (7, 2) and mass 
measurements (8, 9). The spectroscopic information on these short-lived 
nuclei has been repidiy progressing (10) .and recent work (11) shows that it 
may possibly be extended in the future up to the limits of stability. Par
ticularly important, however, are the measurements of ground state masses 
of nuclei. 

Three different methods have been used to measure masses of exotic 
nuclei. Nuclear reaction Q values were used to measure the mass of He (12) 
at the same time as its decay was studied (13). Similar Q-value techniques 
have been applied since to 2 5 N e (1M), 1 M B (15) and 2 6 N a (16, 17). More 
complex transfer reactions on heavy targets have extended these measurements 
to nuclei even further from the stability line such as 0 (8). Also gamma 
coincident beta end-point energies have been used to determine the masses of 
nuclei w i t h T z = 5/2 between 2 3 F and 3 5 P (10, 18-23). Recently it was shown 
that a single stage mass spectrometer of moderate resolving power, used 
on-line with an acceJerator could be used to measure masses of short-lived 
isotopes (?). These first measurements of " Na were still of moderate 
accuracy (200 to 500 keV) but extended to a distance from the stability line 



(AT = •=•) that was practically inaccessible to other techniques. In the 
present paper we wish to report on an extension of these measurements to 
other nuclei (notably Li) and on a substantial improvement in precision, 
bringing this technique to better than 100 keV accuracy in cases not limited 
by statistics. The implications of the measurements will also be discussed 
more fully than had been possible in ref. 9. The present series of measu
rements will be referred to as Run II. The previous measurements, Run I, have 
been reanalyzed and included in the present paper. Thus, this work supersedes 
ref. 9 and the preliminary values fron Run II previously presented (24). 

2 - EXPERIMENTAL 

A - Principle of the experiment 

The short-lived nuclei of interest are produced in reactions of 
24 GeV protons from the CERN proton synchrotron incident on uranium or 
iridium targets. In the on-line mass spectrometer (25), a special, heated, 
target assembly acts as a surface-ionization ion source for a single-stage 
magnetic spectrometer. The ions passing through the exit of the spectrometer 
are refocussed by a pair of electrostatic quadrupole lenses onto an electron 
multiplier located in a well shielded area and able to detect single ions. 
In principle, one determines the ratio of two masses, one of which is known 
and serves as reference mass. In this work, the reference mass was always 
a lighter isotope from the same element. In order to measure this ratio of 
two masses, one measures accurately the ratio of the accelerating potentials 
that cause the ions of the two masses to follow exactly the same trajectory 
between the entrance and exit slits of the spectrometer. 

The on-line mass spectrometric technique (25, 26) and its first 
application to mass measurements (9) have already been described. A more 
detailed description of the experimental apparatus can be found elsewhere 
(27, 28). Our description therefore will restate briefly only the features 
which are essential in following the discussion and will put particular 
emphasis-on the new developments which have resulted in obtaining extended 
and improved results. 



B - Target ion-source 

The essence of the technique lies in the capture of energetic 
recoils from the nuclear reaction in heated graphite foils from which alkali 
elemer.rs diffuse very rapidly and can be subsequently ionized on a hot 
metallic surface (25). A high degree of chemical selectivity is thus achieved 
in times which are compatible with even the shortestB half-lives. All the 
known, particle-stable sodium isotopes can be produced by the reaction of 
high energy protons with uranium (2). The target was thus made of an assembly 
of about 100 foils of graphite {70 yrn thick) on which a layer of uranium 5 
to 10 mg/cm thick had been evaporated. The assembly was wrapped in a 25 urn 
thick rhenium envelope heated by a DC current (̂  60 A, 4-5 volts) to a 
temperature in excess of 1600° C (fig. la). 

Iridium, rather than uranium, was used as a target to produce Li. 
This (as has been observed earlier (7, 26) ) is necessary because the effective 
work function of the ionizing surface is decreased in the presence of uranium. 
As lithium has a higher ionization potential than sodium, its efficiency of 
ionization is thus decreased by a factor of 10 while that of sodium is not 
notably changed. The target then consisted of an array of 100 foils of gra-

2 
phite 70 um thick and 50 foils of iridium 50 urn thick (100 mg/cm ) , separated 

2 
by spacers. The total target thicknesses were thus around ^ 1 g/cm of uranium 

2 
and *\» 5 g/cni of iridium. 

The experiment sat in the fast extracted beam of the CERN proton 
12 synchrotron (fig. lb). The full intensity of the accelerator (around 1.5 x 10 

protons) was delivered to our target one burst out of every five (i.e. every 
10 seconds) in a time lasting only two microseconds. The complex pulsed 
proton beam transport system (29) resulted in a focus of about 2 mm diameter, 
smaller than the dimensions of the target (8 mm diam.). The exact position 
and focus of the proton beam in some runs was found important to the production 
of short-lived nuclei. 

C - The spectrometer 

The target-ion source was kept at a positive potential of about 
10 kilovolts DC and the ion beam was focused on a defining slit S, at ground 



potential by a system consisting of two intermediate electrodes. The width 

of slit S. could beexternally controlled by a micrometer between 0.1 and 

2.0 mm. This 3lit acted as an object for a 90° magnetic sector with a weakly 

inhomogeneous (n = 0.23)-field of mean radius 35 cm. In order to maximize 

the production rates by high energy protons, the target-ion source could be 

up to f5 mm long, only limited by optical considerations. The inhomogeneous 

field acted as a weak lens and the size of the beam in the direction of the 

magnetic field was 15 mm at the place of radial focus. The magnet gap was 

50 mm at the mean radius. 

In order to achieve the expected-resolving power CM/ÛM = 650 at 

10 % of the peak height) and maintain the best possible transmission it was 

necessary to correct the aberrations of the magnet with a point by point 

shimming procedure that is described in detail elsewhere (27, 23). Figure 2 

shows the improvement in resolution that was obtained by the shimming pro

cedure. As will be discussed in a later section, it is worth noting that even 

though the precisian in the mass measurement was better with the shimmed 

machine, it was concluded that no systematic error had been caused by the 

distortion of the peak shape. This is understandable if an objective criterion 

(mean, median) is used to define the centroid of a peak and if the peak shape 

does not depend on mass. The fact that one compares isotopes of the same 

element produced and ionized under the same conditions is certainly very 

favorable in this context. A particular problem arose, however, because the 

cross sections differed by a factor of as much as 5 orders of magnitude from 

* Ha to Ha. In the case of Li, with as few as a hundred hi nuclei produced 

each proton burst, care had to be exercised to avoid distortion of the peak 

shape caused by dead time effects in the detector and electronics when as 
7 

•any as 50,000 couhts/ms of Li were collected on the detector. 

D - Background requirements and beam transport system 

The ions passing the exit slit of the spectrometer were detected by 

an electron multiplier. Earlier experiments (2) had shown that the radiation 

background caused by the intense burst of protons interacting with our target 

was the limiting factor in detecting rare isotopes. The thermalization and 



capture of energetic neutrons caused a background tail that extended many 
milliseconds after the passage of the beam (fig. 3). The background problem 
was solved by locating the electron multiplier behind a wall of 80 cm of 
iron and 1.2 m of concrete. A thin layer of cadmium (0.5 mm thick) served to 
insure that the thermal neutrons behind the shielding wall were captured 
quickly, thus suppressing the exponential decay (30). Figure 4 shows an 
example of how " Li stood out clearly above the background. 

Because of the shielding requirements, the ions passing through slit 
S 2 had to br transported through an evacuated pipe in the shielding wall and 
refocusad on the detector. This was done by a system of two symmetric triplets 
of electrostatic quadrupoie lenses. The position and dimensions of the final 
image after the transport system was studied by displacing the detector M„ 
with a 0.1 mm slit, in the two directions r and Z. This procedure will be 
described in detail elsewhere (27, 28). For typical conditions the beam 

2 dimensions were about 4 x 3 mm . This was smaller than the active surface of 
the electron multiplier and was in reasonable agreement with calculations 
(28) which showed the beam transport system capable of accepting all rays 
passing slit S„ During the experiment a rough check of the efficiency of 
the transport system could be done by comparing count rates on detectors H, 
and H_ at each end of the transport line (see fig. 1). One will thus assume 
that the exit slit of the spectrometer is S only. The potential applied to 
the transport lenses tc insure focusing was maintained proportional to the 
main accelerating voltage when it was changed to perform the mass measurements, 
as will be discussed in a later section. 

E - Mass measurement procedure 

He make use of the well known theorem (31) that if two ions of 
masses M and M are accelerated under potentials V. and V_, and if they ' 
follow the same trajectory (between slits S and S 2 ) , the following relation 
holds : 

(1) 



In order to determine exactly the potentials that will match the trajec
tories» a periodic, calibrated, triangular modulation is added to a well 
stabilized DC power supply in order to sweep the ion beam back ami forth 
across slit S-. A pei.k is then recorded with a multiscaler synchronized 
with the modulation. As is illustrated in fig. 5, the position jf the center 
of gravity of this peak (i.e. the phase with respect to the modulation^ gives 
a measure of the voltage increment v at the time when the ion beam passes the 
slit. This is then added to the DC component U of the regulated high voltage 
supply. 

On alternate accelerator pulses, data were recorded on two masses 
by switching two physically distinct DC power supplies by a system of relay's 
and accumulating the corresponding counts in different" sections of the mul
tiscaler memory. The system was later modified to measure three masses in 
succession. The power supplies were stabilized to IJ and the 6 tc 10 KV 
voltages were measured through a divider bridge by an accurate six-digit 
digital voltmeter (DVM). Each one of the 100 resistors of the divider bridge 
had a temperature variation of 2 x 10 per degree centigrade, and the whole 
bridge was immersed in oil. 

A measurement would consist of a number of such alternate m-ss 
sweeps in order to have adequate statistics for both masses. This could last 
from 10 to 30 minutes (or longer for low yield isotopes) and during this 
time, the IJVK readings - interfaced to a PDP 15 computer - were averaged out 
(see •§ 3A). The stability o. the DC voltages as measured during a run^came to 
about 0.1 volt (or 10 ) and did not seem to be the limiting factor in *-he 
precision of the measurements as discussed in a later section. At the end of 
a run, the data were transferred £rom the multiscaler to lhe computer and 
could be stored on magnetic tape and processed while data for the next run 
were accumulated. The data processing involves mainly subtraction of backgrounds 
and calculation of the centroids of the peaks, as will be explained later 
(% 3C and 3D). 

The amplitude of the triangular modulation was adjusted in order 
to cover completely the peak width and give enough channels for background 



subtraction on either sicis. This came to about 50 volts peak-to-peak 

(0.5 % of the total voltage) in typical conditions. 

F - Determination of systematic errors 

In order to determine the systematic errors, formula (1) was 

modified and a parameter 5 introduced so that : 

_£ = _Ë to) 

B A 

with 6 being measured by rsing pa5^s of known masses produced under the sane 

experimental conditions. During Rur> I, the value? 'if 6 were founû to be 

many volts and could not be neglected. It was conjectured that the parameter 

6 reflected the presence of many causes of syfttsnatic errors which could not 

be eliminated. The most worrying point was not the absolute value of 6 but 

rather its time variation. The procedure which had been adopted «as thus to 

calibrate each " mass measurement " by 6 measurements done immediately 

before and after, and differing by the same mass number jump. While :his 

procedure gave good results, a further r*>Finement was introduced during Run II 

whereby 3 masses (M., M , M_) could be recorded in succession. If M., and H_ 

are known masses, 5 is continuously measured and one is freed of its time 

variation in determining the unknown M.. This is at the obvious expense of 

some complication in The hardware (three power supplies, etc...)» routing 

logic, and data processing. In order to test the value of this concept one 

had first to apply it to three known masses. Cue can then defines three 

quantities S ^ , <5-c, fig from trivial modification of equation 2. 

The results were disappointing because quantities such as 

A = 6"BC - 6^c were not only different front zero but also varying with time. 

It thus seemed necessary to calibrate (as was done in Run I (9).), each ' 

mass measuramen i by a succession of 6 and A Sicasureineiii., Lefore-^nd^after. 

The only improvement so far, over Run I, was that A showed dispersions';'-"~-~... 



about 3 times less than 6 (Table I). After a long series of measurements 

discussed in a later section the measuring bridge referred to as B was 

replaced by a new one inferred to as B'. All the measurements done subse

quently showed values of 6 smaller than 1 volt with A values compatible 

with zero. See Table I. It was later discovered that the value of one of the 

resistors in bridge B varied according to the applied voltage. However, 

the measurements done with both bridges are discussed in the next sections 

and are shown to be compatible. Since the three known sodium isotopes used 

for the A measurements were 22, 25, and 26 the assumption of Ù = 0 when 

B' was used gives, as a by-product, a new high precision check of the known (16, 

17. 19) mass of Ha, as discussed in a later section. 

G - Variation of 5 with time after the proton burst 

The interaction of the beam of protons with our target caused a 

slight, but noticeable, displacement of the peak position. This indicates 

that the value of the DC potential of the target changed. The & values 

obtained varied with time after the beam burst. The reason for this varia

tion in the target potential is not fully understood but is thought to he 

due to the release of secondary electrons. 

The magnitude of this additional 6" can Le of the order of 2 volts 

and is found to damp out some 10 milliseconds after the beam burst. In most 

of the Biass measurements, one introduced an adequate delay after the beam 

burst before starting data accumulation. This is not possible in the case 

of the shortest lived isotopes like Li (T.,, =8.5ms ). It was found 

necessary in this case to record the entire sequence of peaks as a function 

of time after the beamburst (see fig. 4 ) . The improved procedure complicated 

somewhat the data analysis but did not cause any loss in statistics since 

the .data corresponding to each pair of peaks with their own 6-value were combined 

later on as discussed in the next section. 



3 - DATA PROCESSING AVr ERROR ESTIMATION 

As explained before, the basic formula is equation 2, in which V 
is obtained by adding an increment v, depending on the position of the 
peak, to the measured DC voltage U. 

A - Measurement of the DC voltage U 

if 
U, which is between 6 and 10 kV, is divided by 10 by the special 

divider bridge (B or B') (see 9 2 E) and then measured by the DVM. 
Each measurement of U lasts 1 second, starting from the beginning of the 
mass measurement» and is then automatically recorded by the computer. The 
computer identifies the voltage (A, B or C ) , and calculates a running average 
0 . The dispersion of the N measurements is also estimated (see Appendix A ) . 
However, if this dispersion is due only to fluctuations of the voltage 
applied to the ions, it does not have to be taken into account in the error 
estimation. This is because it is already included in the statistical error 
on the position of the peak since its only effect is to broaden the peak 
which then decreases the accuracy of the calculation of the centroid. 

B - Calculation of the increment v 

The position of the peak may be characterized by its center of 
gravity (mean), or its median. If there exists a non-zei-o 5, its value 
may be slightly changed according to the method chosen, but the final mass 
must be $he ^ane. This result was checked by performing all calculations using 
both the mean and the median (see Appendix B). 

The centroids of the two peaks corresponding to the ion beam 
sweeping back and forth across the slit are called A. and A_. The voltage 
v Ais calculated by comparing the distance between the peaks (A- - A--) to 
the distance corresponding to phase zero, which is equal to one half of 
the period of the triangular modulation (fig. 5) : 



where V is the frequency of the triangular modulation (40-250 cycles/s) 
which is measured to better than 1 %, t . is the time per channel, and 
V . is the number of volts per channel. In order to measure V ., we recorded en e ch' 
the same mass with different applied voltages U and plotted U versus 
A_ - A.. Then, V . is twice the slope calculate^ by a least squares fit. 
With the resolving power of 650 at 10 % of the peak and 260 channels, V 
was typically about 0.3 V£h-

C - Determination of tht= systematic corrections 

Measuring two known masses M, and M-, fi was easily calculated 
from equation 2. When there were three masses M, , II,, Jt,, A was defined as : 

From the statistical uncertainty of the centroids, it is possible to 
calculate the error only due to these statistics for V . , v, and 6 or A -

en 
Unfortunately, with the bridge B, it appeared that during Run I, ths values 
of & were dependent on the mass difference M - 11 , while during Run II, 6 
and A were not noticeably dependent on the differences H - M or M - M . 
However, with 3 masses, they depended very much'on the sequence : ABC, 
°r ACB or CBCA. In all cases 6 or A were fluctuating very much more with 
time than predicted by statistical considerations. To take into account 
all these difficulties, we recorded series of spectra with the same mass 

" jump during Run I, or the same sequence during Run II. 
For such a.series of n spectra, first we calculated the values 

6J or A, corresponding to each spectrum. Then we calculated their mean 
values' 6'or "A and used their dispersion as an estimation of their uncer
tainty. The~results obtained in the different cases are summarized in 
Table It As. said before, we finally discovered that these high values of fi 
and their dependence on mass ^ump or sequence were mainly due to a faulty 



resistor of the bridge B. With the bridge B*, Table I shows that we obtained 
very small values of 6 and zero values for A. 

In the cases "here the entire sequence of peaks is recorded as 
a function of time after the beam burst, the piucedure is moresophisticated, 
as the first pair of peaks must be processed separately because of the 
influence of the beam on the high voltages, while the subsequent pairs may 
be added together. Then the different spectra were combined as before and 
provided two values of 6 or A : & or A for the first pair of peaks and 
6 2 or A- for all the others. Their dispersions are o and 0_. Howe«sr 
as there is only one measurement of U for all pairs of peaks, 0" and 0"-
are not independent : a. is due to the fluctuation of the divider bridge 
while o" reflects the same fluctuations plus; the fluctuations of the change 
of high voltage produced by the beam burst. So we can calculate these two 
effects instead of a. and a_ and get : 

2 2 
for the divider bridge fluctuations 0". ., = d „ , (5) 

2 - a 2 - « 
beam ~ 1 "* 2 

D - Calculation of the masses and their errors for each spectrum 

In the normal situation when all pairs of peaks are already added 
together, the unknown mass M. was calculated by use of equation (2) in 
which 5 is taktn equal to 6 for the 2 mass case, or to 6--, - A for the 
3 mass case. 

The error on M, was calculated taking into account the uncertainty 
of Ô or A (estimated by their dispersions) and the statistical errors during 
the measurement of H. 

, i.e. : 

° 2 < V = M A 2 " s t a t + <^T >2 ° 2 ( « " o r î " ) . (7) 

where AM = HA - Hfî o r MA - H„ according t o the cycle and with 

2 2 2 
and for the beam burst fluctuations a. = 5 . - 0 , (6) 



2 
2 _ Vch , g 2 (A) . g 2 (B or C) , ... 

I °.t« " — { ^ 2 — + — > ( 3 ) 

I A B or C 

where o(A), g(H) or g(C) are the statistical errors on the determination 
of the centroids of the peaks of A, B or C, 

In the more sophisticated case where the sequence of peaks is 
recorded as a function of time, 
the first pair of peaks and H., 

2 7. was also taken into account beam 

•A "stat + <^>*°L. C 9 ) M 2 - 2 

IT2 . 
stat 

Then, M. is the weighted mean value of M.. and H._. The contribution of 
0" . *j is added to the error deduced from the errors on M.. and M.„ in bridge Al A2 
order to set the final error on M, ; n 

I/o2 (H A 1) • i/o2 (« A 2) Y **"» 

4 - RESULTS 

All the individual results are shown in Tables II to IX. This 
nethod measures the masses of singly ionized atoms, but the 
results are presented in terras of the mass excesses (M - A.) of the neutral 
atoms. In Table X the final values for each mass are the weighted means 
of all individual results. The reference mass values were taken fromWapstra and 
Gove (I)(32). When the reference mass was not accurately known (e.g., 
mass 29 measured with a 28 - 29 cycle), an intermediate weighted mean value 
was calculated and the uncertainty in the reference mass then folded in. 
The error on the adopted value is the standard error. 



If our estimation of the uncertainties is correct, the experimental 
values of x 2 should be within the limits of the x* values predicted by 
statistics. It appears from Table X that all the values are compatible, 
except for Na. Testing our method on the seven other masses, we get 
X s ^ 73 for 89 measurements for which the expected value would be 81.5 £ 13. 
From this, we may conclude that in general our estimation of the uncertainties 
is correct. Considering now the case of Na, we get x 2 = ? i* f o 1 ' - 5 measu
rements while it is expected to be 23 _ _. The probability of such a deviation 
(- 6 a) is about 10 . To check more carefully what happened, we drew a his
togram of the number of measurements versus X- (fig* 6)- It shows that in 
21 cases, | x- 1 * 2 while in the 4 others we get | X- I > 2.5. These four 
measurements have an asterisk in Table V and one sees that they come from 
only two series of measurements, one during Run I, and the other during Run II. 
Our conclusion is that something was wrong in these two series (potentials of 
the triplets not well adjusted, for example) and that we have to reject the 
five spectra of these series. Fortunately, the mean value of the 20 measu
rements remaining is very close to the one including all the data : - 1140 
instead of - 1170 and x 2 is now 23 when the expected value is IB fi . Then, 
for the whole experiment of 1Q9 measurements, we get : 

X ! = 96 (expected = 100 _+ 1") 

This indicates that all the measurements are compatible whether they were 
done with 2 or 3 mass cycles or with the bridge B or B*. 

Our value for Ha is accurate to 25 keV which is one part per 
million. For this isotope two previous values existed in the literature : 
- 6853 +_ 30 keV by Ball et al. (16) and - 6903 ̂  20 by Flynn and Garret (17). 
Our value agree . with the measurement of Flynn and Garret, confirming, as they 
suggested, that the value of Ball et al. was influenced by an unresolved 
first excited state at 80 ksV. Combining our measurement, Flynn and Garret's, 
and the beta end-point measurement of Alburger, Goosman and Davids (19) 



One last remark to be noted is that in the case of Na, it was necessary 
I 27 
J to check that there was either ;io contamination due to natural Al, or 
that it was small enough so that it was possible to subtract it. All spectra 
in which the contamination was not small were .-ejected. If we combine our 
value with that of Alburger, Goosman and Davids (19), the best value 
becomes : - 5625 + 55 keV. 

generally predicted to be unbound L«îfore it was identified in 1966 by 
Poskanzer, Cqsper, Hyde and Carny (33). The binding energy of its last pair 
of neutrons, as measured in this work, is very small : E„ = 170 +_ 30 keV. 
We also measured the branching ratio P for delayed neutrons (11) and the 

ground state is 1/2 + while the excited level is 1/2 
towards only one of these two levels with a log ft = S.O. Because it is very 

done. For such a light and exotic nucleus, however, the empirical extra
polations based on systematic studies of binding energies or the semi-empirical 
general formulae cannot be very reliable. The transverse relations of Garvey 
and Kelson cannot provide the mass of . Li without an estimate of the unknown 
•ass of Li. However; one can turn the argument around and, using the 
measured mass of Li, try to predict the masses of Li and He. One finds 
that both nuclei must be unbound in agreement with experiment (33, 35). 

In Table XI we have only reported values calculated in the 
framework of the shell model : J and T arc assumed to be good quantum numbers 
and the effective interactions are calculated with parameters fitted to 
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known levels in "-'he lp shell. Cohen and Kurath (36) have adjusted parameters 
for 2 body interactions while Goldhammer, Hill and Nachamkin (37) have also 
included 3 and ^ body interactions with a better selection of experimental 
data. The results of these calculations applied to predictions of ground 
state binding energies (26) show relatively good agreement, especially with 
the parameters from Goldhsmmer. 

The available calculated values of log ft for this decay have also 
.been reported in Table XI : they come from Cohen and Kurath and from a 
similar calculation done by Hock with L-S coupling according to the method 
of A.N. Bolarkina (38). The agreement is very good in this last case and 
fairly good also with the Cohen and Kurath parameters. By combining the 
experimental mass-excess and the values of log ft calculated for the decay 
of Li to the computed excited levels of Be (26), it is possible to 
also deduce the P value and half life of Li. These are shown in Table XI n 
to be in reasonable agreement with the experimental data. 

B - Sodium masses 

The results of the present work, along with other previously known 
masses of sodium isotopes (32) are plotted in fig. 8. The curve is asymmetric 
mainly because it is a cut thvough the mass surface at constant Z instead 
of the usually presented cut at constant A. It should be noted that the range 
of measured isotopes covers N/Z ratios from 0.7 to 1.9 and that the curve 
extends to more than 25 HeV above the minimum. To our knowledge, this is 
the biggest excursion to date away from the bottom of the valley of stability. 
These results should therefore provide a sensitive test for terms in the 
mass formulae which would not show up closer to stability. 

We have compared our results with four, basically different theo
retical approaches to the problem of nuclear masses. These are the liquid 
drop model, a large scale shell model calculation, the Garvey-Kelson method, 
and a Hartree-Fock calculation. Shown in an expanded scale in fig. 9 are the 
differences between the calculations and the experimental mass excesses (M-A). 



The Myers and Swiatccki J 960 caJculatio;i (39) is based on a liquid 

drop model with ad hoc corrections for shells. The overall agreement is seen 

to be fair in fig. 9. It should be noted however that subsequent calculations 

by the same authors giving an improved over all fit for heavier masses (MO) 

give poorer results for the sodium masses by several HeV. It is therefore 

probable that the agreement in 1965 for Ma was somewhat fortuitous and that 

the liquid drop model is inadequate for such light nuclei. One should fur

thermore note that the various calculations based on the Strutinsky method 

for shell corrections to the liquid drop such as those of Seeger (41), have 

not to date been applied to the light nuclei which we have studied, despite 

their success for heavier masses. 

A recent approach to the study of s-d shell nuclei is the untrun-

cated shell model calculation by B.J. Cole, A. Watt and R.R. whitehead (M2). 

This calculation uses effective two-body interactions fitted by Kuo (43) or 

by Preedom and Wildenthal (MM) on low T levels of nuclei near the stability 

line. The results, reported on Fig. 9, seem in good agreement with our ex-
29 

p":rimental values up to Na but the trend indicates a large divergence for 

Na. It is difficult to draw definite conclusion in the absence of calcu

lations for masses 31 and 32. We could remark, however, that they suggest 

that their results are inaccurate for masses A > 30. As the interactions 

are fitted only on low T levels, the present measurements on high T states 

might therefore provide a constraint on the form of the effective nucleon-

nucleon interaction to be used in these extensive shell model calculations. 

Tne Garvey-Kelson method (4) is based on local relationships between 

neighbouring masses which should be satisfied in the framework of a simple 

independent-particle model of the nucleus. Single particle aspects are very 

naturally taken into account and this has proven remarkably successful when 

applied to light nuclei where these aspects tend to be relatively more 

important than liquid drop aspects (6Ï. This calculation has been performed 

for light masses (2 ̂  17), using two different sets of parameters adjusted 

by least squares fit procedures- The first set (GKl)has been fitted on 

experimental masses with ï ^ 2 (5). Fig. 9 shows that the calculated masses 



diverge monotcnically from A = 26 until A = 30 while for A = 31, 32, it 
appears an abrupt reversal of tb's trend. With the second set of parameters 
(GK II), which includes also masses with T = 5/2 and our experimental 
sodium masses witti A $ 30 (45), the diverging trend is corrected and the fit 
is very good uniil A = 30. However the abrupt change observed for A = 31, 32 
becomes even more apparent. As the Garvey-Kelson approach retains only the 
smoothly varying features of the nuclear energy surface, these deviations 
from the mod-=l could indicate the sudden onset of a change of nuclear shape. 

Support for this possibility can be obtained theoretically, by 
Kartree-Fock calculations to be discussed shortly, and experimentally, by 
plotting the measured two-neutron separation energies versus neutron number 

31 (fig. 10). This plot reveals a rather striking feature. Our data for Na 
32 

and Na indicate a hump at N = 20 and 21 which does not appear in the ex
perimental values for other elements closer to stability. It is worth 
reminding the reader that similar E,, graphs presented by Wapstra and Gove 
(IV) (32) show that for prominent shells (not for N = 20) the curves are 
smooth right up to the filling of the shell, and then drop suddenly when the 
next shell begins to fill. It is well known that in regions where a rapid 
phase transition occurs (like in the region N = 88 to 92) such curves flatten 
out or even rise somewhat. Then the behavior of the experimental data for the 
sodium isotopes at N = 20 is inconsistent with the classic shell closure 
effect, and more reminiscent of the behavior one observes when entering a 
region of sudden deformation. 

Interesting light on this question is shed by recent Hartree-Fock 
calculations (16) since such calculations readily give nuclear radii 

and deformations. For Na nuclei in the middle of the shell and close to 
stability a rather deformed prolate shape (Q = 48 fm" for Na) is predicted. 
For nuclei further away from stability, as N = 20 is approached, the Hartree-Fock 
calculations of ref. 46 yield two possible prolate solutions corresponding 
to two minima of comparable energy. Whereas the first niniaun corresponds to 
a more spherical shape, a rather large deformation (Q a. 56 f« for. Ha 
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find Na) is associated with the second solution. That solution is definitely 
the stablest when special care is taken to add the rotation energy. It is 
seen in fig. 10 that it reproduces well the upward trend of the two-neutron 
separation energy around H = 20. The reason why the onset of the deformation 
comes one mass number higher than in the experiment will be discussed in 
ref. 46 • The results of these Hartree-Fock calculations are quite unusual 
in that they predict a region of strong deformation at a neutron number of 

MO 20, which, in the Ca region corresponds to a well known spherical closed 
shell. The question of v-tetheror not this is a new regior of deformation must, 
however, await further experimental and theoretical evidence. 

ACKNOWLEDGEMENTS 

It is a pleasure to acknowledge the excellent contributions of 
R. Fergeau, M. Jacotin and J.F, Kepinski who built the mass spectrometer and 
related equipment and assisted during the run at CERN. We thank G. Le Scomet 
for preparing the targets and assistance in computer programming. We are 
grateful to Alan Ball and all the members of the CERN heavy liquid bubble 
chamber group whose help was essential in installing the experiment and 
maintaining the complex proton beam transport. We are indebted to X. Campi 
H. riccard, A. Kerman and S. Koonin for valuable discussions and for making 
the results of their calculations available to us before publication. 



For the measurement of the voltage U with the DVM the running 

average ÏÏ after N measurements is : 

and the dispersion is estimated by 

" » = 1=1(Ui "U i > '(" " M 

have been used instead of U.. 

APPENDIX B 

The means and medians are calculated by 

mean = ( Z ixC.) / t C. 
i=l i=l 1 

where C. is the number of count: in channel i, and n is the number of channels 

across the peak. 

where S . = ( Z C.) / 2 
u * i=l 1 
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Typical S and A values during the two runs of mass measurements. The first 
pair of peaks after the proton beam had typical values about 2 volts higher 
and a worse dispersion. 

*» ""£££ B r i ^ 
in the cycle 

I 2 
I 2 
I 2 
I 2 

II 2 
II 3 
II 2 ! or 3 

6 (volts) A (volts) 
Value Dispersion Value Dispersi on 

1 13 to 26 0.6 to 1.9 
2 •\. 13 " 
3 3 to 8 

5 to 10 „ 

any 15 to 25 1.5 to 3 
any {25 to 35) -1 to +1 0.5 to i 
any ^ -0,5 0.3 0.0 0.2 



TABLE II 

Experimental results for the mass excess of Li. All of the data arc from 
run II and were collected as a function of time after the beam burst. 

Used masses (M-A) experimental 
6 or A Mass (TceV) 

9-11 39983 t 162 B 
9-11 1031)0 + 525 " 
9-11 11070 + 161 " 
9-11 10811 + 168 " 
8-11 1123B + 580 " 
9-11 11676 + 357 " 
9-11 10959 + 122 " 
9-11 1081B + 115 " 
9-11 11296 + 512 » 
9-11 11002 + 163 B 
9-11 10891 + 158 " 
9-11 10593 i 177 

A is an averaged value between 6-7-9, 5-8-9 and 7-8-9 data. 

7-9 

8-9 

5-9 

7-9 

8-9 
(a) 



TABLE III 

Experimental results for the mass excess of Na (keV). All measurements 
were done during run II with the bridge B'. In the 2-mass measurements 
22-25 and 22-26 were used respectively for calibration and mass measurement. 
In the 3-mass measurements, masses 22-25-26 were used and it was assumed 
that A = 0. In all cases data were collected as a function of time and 
only the 2nd, 3rd, and 4th pair of peaks have been taken into account. 

2-mass measurements 3-mass measurements 

- 6792 i 190 - 6733 + 110 
- 6790 i 190 - 6960 + 100 
- 6987 i 190 - 6982 + 110 
- 6917 1 190 - 713B + 115 
- 6900 ± 190 - 6812 +115 
- 6918 ± 190 - 6751 + 190 
- 6851 i 110 - 7053 + 195 
- 6972 I 110 - 6979 + 213 
- 6916 i 110 - 6852 * 110 
- 7006 1 110 - 6B36 t 110 
- 7102 i 110 - 6680 + 95 
- 6903 + 110 - 6816 J; 95 

- 6935 +_ 100 
- 6981 + 100 



Experimental results for the mass excess of 

mass 

(M-A) experimental 

(keV) 

Bridge 

(A = 0) 

26-27 
26-27 
26-27 
26-27 
25-27 
25-27 
26-27 
26-27 
22-26-27 
22-26-27 
22-26-27 

- 5253 £ 255 
- 5870 *_ 270 
- 5816 *_ 210 
- 5517 ;t 210 
- 5711 i_ 155 
- 5590 ;f 150 
- 5923 *_ 255 
- 5602 i 250 
- 5578 i 195 b 

- 5133 ± 195 b 

- 5513 + 190 b 

6 is an averaged value from 24-25 and 25-26 data, 

data collected as a function of time after the beam burst. See text. 



values deviating more than 2.5 o. 

used masses (M-A) experimental 
6 or A mass (keV) Run Bridge 

22-25 25-2B - 1751 jt 300 
" 25-28 - 1702 *_ 300 

22-25 25-28 - 808 -̂  500 
" 25-28 - 1189 ̂  315 

22-25 25-28 - 1197 £ 375 
" 25-28 - 309 X 370 

25-25 27-28 - 1858 £ 2M0 a 

" 27-28 - 1981 £ 250 a 

22-21 26-28 - 1091 *_ 360 
22-25 25-28 - 152 *_ 560 
" 25-28 - 1853 *_ 515 
" 25-28 - 632 *_ 535 
" 25-28 - 750 £ 570 

22-25-26 25-26-28 - 1357 ± 335 
" 25-26-28 - 820 i 380 

22-21 26-28 - 1017 ± 990 
(o) 25-26-28 - 316 i 190 a 

" 22-25-28 - 1716 +_ 205 a 

" 25-26-28 - 712 £ 195 a 

22-25r26 22-26-28 - 131 *_ 700 
22-25-26 22-25-28 - 861 £ 600 
" 22-25-28 - 1327 i 595 
(A « 0) 22-26-28 - 1056 ± 215 b 

" 22-26-28 - 1127 £ 210 b 

" 22-26-58 - ' 998 + 210 b 

- rejected value . See text. 
- data collected as a function of time after the beam burst. See text. 
- A il an averaged value between 22-25-26 and 21-22-26 dat*.. 



TABLE VI 

29 
Experimental results for the mass excess of Na 

used masses (H-A) experimental 

jt A ., ..i R"n Bridge 
o or Û mass (keV) " 

22-25 

22-26 

25-26 

22-26 

22-25 

22-25 

22-26 

22-25 

22-25-26 

M = 0) 

26-2 9 

26-2 9 

26-2 9 

26-2 9 

25-29 

25-29 

25-29 

28-29 

28-29 

25-29 

26-29 

26-29 

26-29 

25-29 

26-29 

22-26-29 

22-26-29 

22-26-29 

22-26-29 

22-26-29 

3133 + U20 

2E76 + •480 

2550 + 470 

3125 + "480 

2691 + 720 

2799 + 760 

28M3 + 7"40 

2343 + 350 

.2590 + •410 

2923 + 570 

3067 + 630 

2686 + 720 

38014 + 840 

W 8 5 i 1300 

•4292 i 980 

1801 ± 770 * 

2000 i 760 a 

2381 ± 220 a 

2723 ± 230 S 

2512 + 2 2 0 * 

I B 

II 

- data collected as a function of time after the beam burst. See text. 



TABLE VII 

30 
Experimental results for the mass excess of Na 

Used 

6 or Û 

masses 

mass 

(M-A) experimental 

(keV) 
Run Bridge 

22-26 26-30 8813 ;t 620 I B 

25-26 29-30 9104 + 

8174 t_ 

910 

780 ., 
22-26 26-30 7399 £ 890 " 
22-26 26-30 9750 *_ 1480 II 

22-25-26 22-25-30 7854 £ 940 " 
22-25-26 22-26-30 7522 i_ 1200 a » 
» 22-26-30 6407 i 1190 a » 

22-25-26 22-26-30 7507 *_ 920 a " 
U - 0) 22-26-30 8393 *_ 450 a " B* 
M 22-26-30 0799 i 530 a " 
" 22-26-30 8376 *_ 1440 a " 

• data collected s a function of time after the beam burst. See text. 



TABLE VIII 

run II with bridge B as a function of time after the beam burst. 

used masses (H-A) experimental 

6 or Û mass (keV) 

22-26-31 9720 ̂  1620 

22-26-31 11880 £ 1520 

22-26-31 10390 t 1060 



run II with bridge B as a function of timo after the beam burst. Only the 
first pair of peaks could be used because of the lack of statistics. 

used masses (M-A) experimental 
mass (keV) 

22-26-32 1791(0 *_ 2000 
22-26-32 1U960 ±_ 2150 
22-2b-32 20120 *_ 2imi 
22-26-32 11780 ̂  2"W0 
22-26-32 19220 + 5070 



Adopted values for the experimental mass excesses of Li and Na. 

Isotope H-A (keV) Number of y X 

measurements experimental expected 

40940 + 80 12 13 1 0 + *j 
— - 4 

26 21 «Î? 
11 7 »: ï 
(25) (71) « » : J > 
20 23 1B + ? 

- 6 

20 15 18+ 7 

- e 
12 9 1 0 + 6 

- 4 

3 1.0 1.4 + 2.5 
- 1.0 

S 7.3 l i + 3 " 5 

3 - 4 - 2.0 

Na - 6901 *_ '5 

?Na - 5620 t; 60 

*Na C- 1170 jt 60f 

- 11*0 *_ 80 

«a 2650 *_ 100 

JNa 8370 jt 200 

LKa 106C0 X 8 0 ° 

!Na 16100 + 1100 

Original value before the rejection of suspicious measurements. 



Comparison of experimental and calculated values of the mar^ excess and 
of the binding energy of the last pair of neutrons of Li. The predicted 
P and hal' life are obtained by combining th^ calculated log ft and the 
experim'.ital mass excess. 

Mass excess E„ 
(keV) (keV) 

log ft P '1/2 
(%) (msec) 

Experimental + 170 +80 5.0 60.8 8.5 + 0.2 

Cohen Kurath 

Goldharamer 
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FIGURE CAPTIONS 

Figure i-a) The target-ion source made of an array of foils wrapped 
in a rhenium envelope. 

l-fc>) Set-up of the mass spectrometer in the fast extracted 
beam of 24 GeV protons produced by the CERN synchrotron. The mass 
spectrometer magnet bends in tht vertical plane. 

Figure 2 Improvement of the resolving power of the mass spectro
meter, and of the symmetry of the peak shape introduced by the 
shimming. With the high voltage of 10 kV and 0.4 V/channal, the 
measured resolving power» full width^at 10 % of maximum is 350 before 
shimming (run I) and 650 after shimming (run II). 

Figure 3 Measurement of the background after the proton burst 
which occurs at time 0 : 
a) Near the mass spectrometer (detector M ) 
b) In the counting room (detector H-) 
The background suppression is indicated at three different times by 
the numbers above the arrows. 

11 9 Figure t Spectra of Li and Li : Four pairs of peaks are 
recorded following the proton burst which occurs at time 0 . It 
may be seen that Li stands very clearly over the background and 

9 decays very much faster than Li, due to its short half-life of 
8.5 ms . 

Figure 5 Time spectrum (upper part .: the figure) of the ion 
current recorded in a mode synchronized with the modulated accelerating 
voltage (lower part). U is the average DC voltage (6-10 kV). The 
triangular modulation amplitude was typically 50 volts peak-to-peak 
and had a frequency of 40-250 cycles/s. The vertical dashed lines 
indicate the centers of gravity of the mass peaks. The quantity 
1/2vt . is one half the period of modulation. See text for further 
explanations. 



Figure 6 Histogram of the number of measurements versus x- for 
2 8 N a . 
a) With all 25 measurements, 4 measurements (shaded area) appear with 
very largo value of \ . . 

b) Without the suspicious measurements, the remaining measurements 
show a normal dispersion. 

Figure 7 Decay scheme of Li as deduced from the mass measurement 
described in this work, and from the P measui-emenr described in 

n 11 
reference 11. It is assumed that the ground state of Li has negative 
parity so that it dees not decay to the 1/2 + ground state of Be. 
All energies are in HeV. 

Figure 6 Experimental mass excesses for all known sodiu.ii isotopes. 

Figure 9 Differences between the calculated and experimental mass 
excesses. "/'he different calculations are MS : liquid drop model from 
Myers and Swiatecki (39) ; S H : shell model from Cole et al. (42) ; 
G K : Garvey et al. relations I (5) and II (45) . 

In the upper part of the plane 
the calculated values are less bound than the experimental values. 

Figure 10 Values of the separation energies of the last pair of 
neutrons. The experimental values for the sodium isotopes (solid line) 
exhibit a hump at M = 20 and 21. This is shown by none of the 
experimental values for other elements neither by the calculations 
shown, in figure 9 such as the Garvey et al. relations II (45) (GK). 
The only theoretical calculation reproducing this feature is the 
Hartree-Fock calculation (46) (HF) described in the 
texv. 

http://sodiu.ii
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