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PREFACE 

The 7th International Nuclear Data Committee meeting was held 

at Lucas Heights, Sydney, Australia, in October 1974. During the 

meeting, a topical session was held entitled, "Gamma Rays from Nuclear 

Reactions". Papers were presented by a number of INDC delegates and 

by participants from the Australian Atomic Energy Commission, the 

Australian National University and the University of Melbourne. 

This report contains the text of the papers as submitted by the 

authors without further editing. The paper presented by Professor 

G. B. Yankov (USSR) was delivered in Russian and translated into 

English by an interpreter:. Since the full text is not available in 

English, only the abstract is presented here. The papers submitted 

by Dr. B. Rose (UKAEA) and Professor B. Spicer (University of Melbourne) 

were not orally presented and only the abstracts are included in this 

publication.. 

Several of the papers have been submitted, or will be submitted, 

to international journals. Until such time as they are published, 

data presented here should not be quoted without prior permission from 

the authors. 

In the table of Contents, the name of the person who presented 

each paper is given. At the commencement of each paper, the names 

of all authors and their affiliation are given.. 
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1. 

SECOND INTERNATIONAL SYMPOSIUM ON NEUTRON CAPTURE. GAMMA RAY 

SPECTROSCOPY - PETTEN, SEPTEMBER 2-6, 1974 

J. R. BIRD 

This symposium concentrated on a specific topic and provided 

quite a thorough review of progress since the first symposium in 

1969. Some of the material presented was already well known, but . 

a number of new developments aiid trends were also evident - from 

the papers and from private discussions. 

There- was considerable emphasis on reaction mechanisms with 

only one third, or less., of the time being, spent on nuclear 

spectroscopy and structure. This meant that there was also more 

emphasis on epithermal rather than thermal capture. This presumably 

arose, in part at least, from the fact that there was to be an. 

International Conference on Nuclear Structure in Amsterdam the 

following week. 

Some of the more significant (and recent) work reported was 

as follows. 

Direct Capture 

This is variously defined, but the picture given by Lane is 

that.: 

(i) At energies close to.thermal we observe on-resonance 

and between-resonance. capture. The latter may be 

considered as the sum of contributions of local 

resonances and background capture' which is the • 

contribution of all distant levels, (including hard-, 

sphere interactions).. . 

(ii) When resonances overlap we have a strongly fluctuating 

cross section (Ericsson fluctuations). 

(iii) At high energies the fluctuations become small and 

direct or hard-sphere capture dominates 

Attempts to observe background capture from the interference 

shape of isolated.levels is recognised to be rendered extremely 

difficult by level-level interference. The only case discussed 

was the 91 keV resonance in 5^Cr (y,n) (98 keV resonance in (n,y))-. 

This is quite broad and very asymmetric (Jackson) and although a 

second broad bump may be superimposed on the low energy tail a 

value of a = 200 yb is derived. This asymmetry, has also 
non-res 
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been observed in a measurements at Karlsruhe (Beer et.al;) and-
P ' ' " • ' ' 

the high resolution ORELA data'should be- studied to throw more 
light on this reaction.^ Jackson's results for ^*Ni (Y/П) give 
a < 13 b äridr this was claimed as' confirmation of theoretical 
non-res 
predictions that should drop dramatically from below to 

non.-res . 
above the peak of thel3s strength function maximum. 

The mass dependence of a was discussed theoretically 
non-res 

by both .Lane and.Mahaux. The latter, using an optical model 

approach, calculated a number of shapes varying in maximum to 

minimum ratio, but all calculations produce a drop when going from 

A, = 50 to A - 60. Chrien appealed for similar calculations in the 

region of the 4s strength function maximum. 

Work at Brookhayen, described by Chrien, has involved a care- • 

ful study of partial cross sections from below 1 eV to about 20 eV. 

in a number of nuclei in.the region A = 150-170. The, between 

resonance, cross section is fitted by multilevel calculations with 

all known resonances including any just above or below the interval 

measured. In about three cases an additional a is needed to 
non-res 

fit the observations.' Random signs of the phases of the resonances 

are needed. Chrieri is confident that when this work is completed 

there will be definite evidence for о 
non-res-

A new approach to the search for direct capture has been taken 
in the analysis of thermal capture spectra of RCN. Results for 
(37Cl+n) are found to give a much improved correlation - with. (d,,p) 
results when-(I /Ё •). is used rather than (I /E 3) or (I /E 5 ) . 
' . . ; Y Y Y Y Y Y 

Mughabghab reviewed thermal results for many nuclei and concluded that 
12 nuclei from 27Al to 4 6

e a give the best correlation using E ** . 
These, he concludes, have .a.t , dominated by direct capture. 

thermal 
From lt8Ti to 57Fe an exponent of 2 to 3 gives the .best correlation 
and this is attributed to the .dominance of valence capture. For Ni, 
and Zn an exponent of 4 to 5 is needed and this is attributed to 
the dominance' of the: tail of the giant resonance. This, .is a neat picture, 
but in fact an exponent of 0 to 3 give the same correlation coefficients 
in the Ti to Fe region so that definite conclusions are barely warranted. 
Further comparison of thermal and resonance spectra should help to clarify 
this situation*... i. ' 
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In reviewing high neutron energy capture, Bergqvist pointed 
out that direct capture- seems to provide only a relatively small, 
part of the cross section (-10%) up_ to E = 14 MeV which is the 
region of the giant dipole resonance. 

Lane reviewed the development of evidence and ideas.since 
the 1950's on simple interactions and described them.as,"the most 
exciting anomaly on the nuclear physics scene for some time: that 
resonance states which can have lOOO or,more components show such 
simple behaviour". 

The importance of single particle transitions comes from 
correlations between Г ̂  and. (2J+1)S (i.e. partial radiative 

Yf widths and stripping spectroscopic factors), from correlations 
between Г . and Г ; and from.comparison of observed and calculated Y'i n 
values of Г .. As mentioned above, a characteristic exponent of E.. Yi Y 
may also apply. 

Mughabghab reviewed the now considerable body of evidence for 
occurrence of these effects in the mass regions A = 24-60 and 
A = 90-142 and even higher; In doing so, he provided a considerable•. 
amount of new evidence from comparison of calculated valence model 
strengths with experimental results (for example in 21+Mg, 36Ar and 
5ltFe) . Three other papers to the conference reported new evidence 
for correlations in Nb and Mo. Jackson also reported :.(у,п) results in 
Cr and Ni giving Г..-Г correlations of -0.7. Thus the importance of 
single particle effects and the range of non-statistical nuclei is 
well-established, the valence model often underestimates the transition 
rates and overestimates the correlation coefficients. It is thus ' 
generally not the only process contributing to resonant capture in 
these nuclei. 

Valence capture is going through a honeymoon period in which many 
signs of its importance are appearing. The next step must be to take 
full account of effects such as the errors in (d,p), Г and Г . results, 

n yi 
and to fully map the energy and mass regions in which it occurs.-

The success of the valence neutron model implies that the giant 
dipole resonance does not steal all the single particle strength for 
s,p and possible d-states as is. assumed in normal photonuclear treat­
ments of the giant resonance. This problem was discussed .by Lane in 
a review of ideas which are being applied to establish a compromise. 
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It is clearly important to investigate d-wave,.effects further ..tp.find 

out whether they are single particle or giant dipole in character.. 

Semi-direct Capture \ • -

Bergqvist and co-workers continue with Nal measurements of 

spectra from fast•neutron capture and comparisons with calculations 

from theories of semi-direct capture. The fits are qualitatively 

satisfactory at the high, energy end of the spectra. The' cross 

sections do not confirm the presence of destructive interference 

below the giant dipole resonance (as mentioned in the previous 

paragraph). 

Bergqyist also stressed the importance of new data on 14 MeV 

capture cross sections Which agree with results obtained by integrating 

spectra. All previous activation-type measurements are now suspected 

to have been in error because of the effects of secondary neutrons. 

Lucas Heights experiments provide data in the region linking 

valence capture effects at low energies to semi-direct effects at 

high energies-and- are thus an important addition'to other neutron 

capture work. Ä new group using the Karlsruhe 3 MeV accelerator 

reported their first measurements of spectra in the keV energy range 

(on nickel) ."''"'"• 

Ml Giant Resonance 

Electron scattering at 180 preferentially observes magnetic 

transitions and recent experiments, at NRL and IKO report the systematic 

appearance, of a.giant Ml resonance in many nuclei. The centroid; occurs 

at 6'3/A s' MeV and the width is approximately one-fifth of the centroid 

energy. For example:, in 197Au, the resonance is centred on approximately 

8 MeV with a width of several MeV. 

The electron scattering, experiments are subject to uncertainties in 

the shape of the radiative tail of the elastic peak.and it is to be hoped 

that neutron capture results can be obtained to confirm the observed Ml . 

properties. 

E2 Giant Resonance 

Electron 'seat-tering also'provides evidence for an Ё2 giant resonance 
below the -El giant resonance. Angular .distributions for gamma rays from 
14 MeV neutron capture in 12C show-an^anisotropy suggesting the presence 
of E2 transitions, but 10-B., 29Si and 40Са do not show this effect. 
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Nuclear Spectroscopy 

The study of nuclear levels is now assisted by the use of polarised 
thermal beams and targets; the use of filtered beams at h keV (boron), 
2 keV (scandium), 24 keV (iron), and the very intense and pure beams 
provided by guide tubes at the Grenoble reactor. Thus level energies 
can be obtained to ±100 eV or better (±10 eV with the best bent crystal 
spectrometer) and spin determinations can be made with the polarisation 
facilities. Very little interest seems to exist at the moment in 
angular correlation work. Work with (n,y) sources for resonance 
fluorscenee show that Г values are similar for bound levels and 

Y 
neutron resonances. 

Heavy Nuclei 

An experiment at Munich reported two gamma rays at 700 and 718.keV 
associated with but preceding delayed fission by 1 to 2 us. Their, 
intensity is rather high and further work is needed to confirm whether 
these are from (n, yf) reactions. 

Applications 

A number of papers were presented on materials analysis using 
neutron capture, the most active program of this kind being at 
Karlsruhe, where plans are in hand for using a californium source 
and a Ge(Li) detector for studying manganese nodules on the floor 
of the Pacific Ocean. 

General Situation 

It is quite apparent that a lot of current work in neutron capture 
spectra is being fitted in between other work which is often programmatic 
in nature. This, is particularly true at electron linacs and is even more 
obvious because of the reduction in. number of these which are active.. In 
contrast, there is a lot of interest in measuring gamma ray strength 
functions using inelastic scattering of electrons, 3He, ̂ He, etc. (using 
the wide range of intermediate energy facilities currently in operation). 
Work with reactor beams has a new lease of life using the new techniques 
and facilities listed earlier. 

The Petten symposium was a well organised and cohesive event and it 
was agreed that a third such symposium would be organised - if possible 
at Brookhaven in October 197 or possibly at Grenoble. 





NON-STATISTICAL EFFECTS IN GAMMA RAYS FROM keV NEUTRON CAPTURE-" 

•M. J. KENNY, B. J.. ALLEN, J.. W. BOLDEMAN, A. R. de L. MUSGROVE 

Australian Atomic Energy Commission 

Neutron capture gamma ray spectra for many nuclei do not follow 

i statistical model predictions, but exhibit a broad bump for gamma 
I . • . - , . ' . ' • . . • . - ' • 

ray energies around 5 MeV (126 < A < 142, 181 < A < 206). ̂ This bump 

has been found to be due. to primary El radiation. Other non-

statistical effects, e.g. partial width correlations at (n,y) 

resonances between neutron and gamma widths have been observed in 

these mass regions and also for 40 < A < 70' and 90 < A < 112. 

These are all regions close to closed neutron shells where the 

initial and final states in the (n,y) process occur in the vicinity 

of single particle states. 

Through collaborative experiments with ORNL we have access to 

neutron capture cross section data obtained on the ORELA facility.. 

By combining the capture gamma ray spectra obtained at'Lucas Heights 

with the ORELA data, we are in a position to obtain a better under-

standing of the capture process. Of particular interest at the 

present time are valence effects, doorway states and correlations. 

The nuclei for which we have the strongest information on non-. 

statistical effects are Ca, Fe and Zr, with some information on 

silicon and barium. Our neutron energy range extends to 1 MeV. 

We have used a Nal detector to study gross features of the 

gamma ray spectrum following capture of neutrons with energies 

50, 150, 250, 460 and 1000 keV. In all thirty elements have 

been studied spanning the mass range 40 to 240. In many cases a 

qualitative estimate can- immediately be made of the presence of 

non-statistical decay. A computer program containing the known 

response functions of the detector at various energies has been 
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used to unfold the spectra.so that the intensities of .gamma rays in 
» 

bin widths'.of. 0.25 MeV have been obtained. . Figure 1 shows 9 typical 

spectra at energies of- 250 and 450 keV where there are examples of 

both statistical and non-statistical decay. In some cases'"spectra '•• 

which have at first sight appeared to be statistical have been shown 

after unfolding^to have a non-statistical component. The major 

survey has been supplemented-by more detailed measurements with a . 

high resolution Ge(Li) detector. 

.' In silicon the capture cross section data shows a broad asymmetric ' 

resonance at a neutron energy of 55 keV and a very sharp narrow 

resonance at 67.7 keV. The asymmetric resonance is the only such case 

that has been- observed in the series of ORELA measurements on over 40 

nuclei and is indicative of a direct capture component. Figure 3 shows 

the asymmetry. Detailed spectra measurements at Lucas Heights have 

shown that the 55 keV resonance is followed only by transitions to 

negative parity states at several MeV excitation and is assigned s-wave 

The 67.7 keV resonance is followed by strong transitions to low lying 
ТГ о —-positive parity states and is presumed p-wave with J = */2'. A further с 

asymmetric resonance is observed at 180 keV and inverse (Y/П) experiments 

point to a doorway state at E •=. 800 keV. Further analysis of existing 

spectra -and exgension to higher neutron energies is currently under way. 

However it is already apparent that, strong valence effects occur in 28Si. 

For capture by ^Ca a correlation coefficient of 0.74 is observed 

between Г and F for 10.s-wave resonances. The average value <Г > 
, n у • • • Y s 

is 3.7 eV which is about three times the value expected in this mass 

region. Strong single particle effects do occur, but are not sufficient 

to account for all of this increase. The spectra show transitions to 

'the /i .ground state of 41Ca for neutron energies above 50 keV. This is 

interpreted äs being due to d-wave resonances. At energies above 200 keV, 
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the ground state transition would account for ~10 per cent of the 

observed strength. Analysis of the cross, section data confirms the. 

increasing prominence of d-wave resonances above 150 keV and the d-

wave cross section is comparable with s-wave and in excess of p-wave. 
I 

The most, detailed spectra measurements have been made for iron, 
* • 

where Nal data extends to 1 MeV and Ge(Li) data to 0.5 MeV. Figure 2 

shows the unfolded spectra at various energies and it is: seen that . 

they are similar in shape up to 460 keV. At 1000 keV the high energy 
4 

component•broadens considerably without any real reduction in strength. 

The neutron energy spread is about 50 keV in each case and since- the 

s-wave level spacing is r-25 keV in 5^Fe, only 2 to 3 resonances would 

contribute tp each spectrum and substantial fluctuations in capture 

spectra might be expected. The data are therefore conspicuous by. their 

overall similarity over a wide energy range. The increasing p- (and d-) 

wave cross sections relative to the s-wave component make no apparent 

change, to the spectra. 

Figure 4 shows the high energy end (E > 3 MeV) of the spectra 

obtained with a Ge(Li) detector for energies up to. 460 keV. The 

energies of the primary y-rays shift with increasing neutron energy. 

Transitions are observed to.all low lying states up to 706 keV 

( /z - 3/2 ' 5/2 •) an<5 to other higher states. While the ground 

state doublet is always prominent, transitions to other states become 

more significant at higher energies.. 

Estimates of the intensity ratios of y-ray transitions to the 

four lowest energy states, relative .to the summed intensities for . 

E > 3 MeV are shown in the table (Figure 5). The behaviour is .. 

consistently similar from thermal to 1 MeV. .It is possible-that •'• 

unresolved gamma rays may produce.normalisation errors, the maximum 

possible effect of. which would be .to reduce the. relative values of 

the high energy component by about one fifth. 
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At 460 keV, the Nal spectrum has been analysed for both 

statistical and valence model components. When normalised to the 

observed intensity at 3 MeV., insufficient strength was predicted 

at high y-xay energies. Then the valence model as applied by 

Mughabghab was used to calculate expected partial radiative widths 

to strong single particle final"states. Calculations were also i 

m,ade for the 27.1 keV s-wave resonance whose parameters are- well 

known. The observed high energy strengths at both 27 and 460 keV 

are about twice the.calculated value for the valence model. This 

discrepancy is too large to be accounted for by normalisation errors. 

To obtain a higher valence component would require lowering Г which 

in this case is.unlikely. It appears then that the valence model 

does not on its own account for the observed high energy strength. 

This is in line, with the observations of Bhat et al. who calculated 

ground state valence components for s-wave resonances up to 220 keV 

and found them to fall well below the ground state widths (Г ) 
Y° 

measured in the inverse 57Fe(y,n) reaction. 

For capture by 90Zr, detailed analysis of the capture cross 

section data has shown strong correlations between Г and Г over an 
n у 

energy range of -200. ,keV<. The correlation coefficient for 37 assigned 

p3/2 resonances is (0.59 ± 0.12). The sample size of 37 produces a 

high statistical probability of valence effects being present. 

Theoretical studies of the theory of valence capture in conjunction 

with R. F. Barrett have eliminated a number of major problems such 

as the consistency of channel radius for the normalisation of the 

single particle wave functions and the form of the Wigner limit. 

The theory has managed to reproduce the observed capture gamma ray 

spectrum for a neutron- energy averaged over 10 to 70 keV with 

surprising accuracy. An interesting feature of zirconium is a strong 
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uncprrelated ground state transition which is approximately equal 

to the averaged valence component. 
1 О Q 

A brief mention can also be made for capture by ±00Ba where 
a correlation of 0.49 is observed between Г and Г for 9 s-wave 

n Y 
resonances. The average <Г > is 340 meV which once again is larger 

than expected for the mass region and is not explained purely by 

single particle effects. 

In summary, non-statistical effects have been observed for a 

number of nuclei close to closed neutron shells. While valence 

capture calculations give reasonable agreement in the case of 

zirconium (closed shell N = 50), they do not give an adequate 

explanation for iron (near closed shell N = 28 + 2). The apparent 

failure of the statistical and valence capture models to adequately 

account for the observed strength to the low lying states leads to 

the consideration of semi-direct theory in which the incoming neutron 

scatters in the target nucleus creating a 2p-lh state. 

The authors acknowledge valuable assistance in the ORELA measure­

ments from R. L. Macklih of ORNL and in the AAEC measurements from 

R. F. Barrett and K. H. Bray of the Australian National University. 
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GAMMA-RAY PRODUCTION CROSS SECTION OF OXYGEN 

С Nordborg, L G Strömberg and H Con.de. Research Institute 
of National Defense, Stockholm 
L Nilsson, Tandem Accelerator Laboratory, Uppsala 

Abstract: 

The gamma-ray production cross section of Oxygen have been measured 
between 6.5 and 10.5 MeV. The measurement has been made in two parts 
covering the energy regions from 6.5 to 8.2 MeV and from 7 to 10.5'*MeV, 
respectively. The gamma-rays were detected"with a large Nal crystal 
using time-of-flight techniques. The differential cross sections at 
90 were measured together with angular distributions at three 
different energies. Spins for the involved levels in the compound 
nucleus are proposed and the shapes of the angular distributions 
are compared with calculations based on the compound nucleus 
model. The results are also compared with previous reported measurements. 

Introduction 

The differential cross sections for gamma-ray production from 
non-elastic neutron reactions in Oxygen have been measured 
between 6.5 and 10.5 MeV. The measurement Was performed in two 
parts. The incident neutron energy region from 6.5 to 8.2 MeV 
was measured at the 5.5 MeV van" de Graaff at Studsvik (l) while 
the higher neutron energy region from 7 to 10.5 MeV has recently 
been measured at the EN tandem accelerator in Uppsala. 

The measurments have been performed with, water as the scattering 
sample using a large Nal crystal for gamma-ray detection at 
90° relative to the incident neutrons. 

At these neutron energies only a limited number of gamma-rays 
1 fi are produced in (п,п'ч) and (n,ccY)-reactions on 0, the most 

prominent one being the 6.13 MeV gamma-ray transition from the 
— 1 fi +• 

3 level in 0 to the 0 ground state. The excitation function 
for the 6.13 MeV gamma-ray transition has been studied through-out 
the whole energy region in steps of about 50-100 keV. The data, 
which are preliminary for the.higher energy part, reveal a 
prominent structure of the cross-section with energy and are 
compared with previous reported measurements. In the higher 
energy region the cross sections for the production of the 6.92 

1 fi and 7.12 MeV gamma-rays in the 0(n,n'Y)-reaction- and the 3.09, 
3.68 and 3-85 MeV gamma-rays in the 0(n,aV)-reaction have also 
been measured. 

http://Con.de
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The angular distributions of the 6.13 MeV gamma.-ray transition 

have been measured at 6.9, 7.8 and 8.9 MeV. The angular distri­

butions at 6.9 and 7.8 MeV have a pronounced structure, and are 

compared with distributions calculated from the compound nucleus 

model assuming different spin and parities of the levels in the 

compound nucleus 0. 

Experimental arrangements 

A schematic lay-out of the experimental arrangement is shown 

in figure 1.. 

i • 

Neutrons in the energy range 6.5 - 8.2 MeV were produced at the 

5.5 MeV pulsed van de G-raaff at Stüdsvik using the H(d,n) He 

reaction (l). The ne.utron energy range 7 - 10.5 MeV was studied 

at the EN tandem accele.rator at Uppsala using the . H(d,n) He and 

the H(p,n) He reactions. The neutron flux was in both cas.es 

monitored by a plastic scintillator which was run in a time-of-flight 

arrangement. The monitor was calibrated against a proton recoil 

telescope (figure 2). 

The scattering-sample (figure 1) was a thin-walled cylindrical 

holder of plexiglass (diameter 4 cm, height 5 cm) filled with 

water, situated at a distance of about 15 cm from the target. 

The gamma-ray spectrometer consisted of a Nal crystal with a 

diameter of 22.6 cm and' a length of 20.8 cm,,vi"ewed by. seven RCA 

8054 phptomultipliers. The dete„ctor was placed in a-heavy shield, 

which could be rotated around the sample position (figure l). Time-

o.f-flight techniques were used to improve the signal-to-background 

ratio о 

http://cas.es
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Data handling ; • 

The background was subtracted by means of a computer program 

and the resulting pulee-height spectrum was grouped into 50 keV 

intervals. The statistical errors were also calculated. In order 

to determine the intensities of the gamma-ray lines an unfolding 

calculation was performed by normalisation of the response functions 

of the Nal spectrometer to the experimental pulse-height spectrum. 

The cross sections were determined by using the. area under the 

normalised response function.- The integrated neutron flux on the 

sample area was calculated using the neutron peak in the time-of-

flight spectrum measured with the neutron monitor. 

In the energy region below 8.2 MeV the data have been corrected for 

neutron and gamma-ray attenuations and multiple scattering of neutrons 

while for the energy'region above 8.2 MeV the calculation of the 

corrections have not yet been completed. 

The estimated total error in the cross sections is about ± T5$> where 

the main contribution to the error comes from the uncertainties in 

the neutron flux measurement (± 10$). 

Results 

The differential cross sections at 90 for the production of the 

6.13, 6.92 and 7.12 MeV gamma-rays from the 0(n,n'y) 0 reaction 

are shown in figure 3 and 4» The data above 8.2'MeV neutron energy 

are not fully corrected for multiple scattering and are just 

tentative. 

In the same figure the recent data by Dickens and Perey (2) are 

also shown. Below 8 MeV'the two measurements agree while above 

8 MeV the data for E = 6.13 MeV by Dickens and Perey are systematically 

higher than the present preliminary data. 

The angular distributions of the 6.13 MeV gamma-ray at the incident 

neutron energies of 6.9 and 7.8 MeV have a pronounced structure 

(figure 5) and the preliminary data at 8.9 MeV show rough agreement 

with the distribution at 7-8 MeV. 
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The angular distributions of the 6.13 MeV gamma-ray have been 
calculated at 6.9 and 7.8 MeV neutron energy using the compound 
nucleus formalism by Sheldon and v.an Patten. (1 , З).. The best 
agreement between the experiment .and the calculations was obtained 
by assuming a 7/2 assignment for the, level at 10.6 MeV and a 3/2 
or 5/2 assignment for the 11.5 MeV level in 0 (figure б) in 
accordance with previous spin determinations for these levels (l). 
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ABSTRACT: 

Gamma-rriy spectra from neutron capture i.n natural samples of silicon and 

sulphur have been measured at incident neutron energies between U.f and 10.9 MeV 

as well as at 15 MeV. A large Näl('Tl) scintillator was used as gamma-ray detector 

and timc-of-flight technique was employed to reject undesirable background. The 

experimental results are compared with theoretical predictions of the semi-direct 

model. 

Introduction 

Studies of neutron capture in 2sld-shell nuclei have previously been performed 

mostly at low energies (below 100 keV) and around llf MeV, In the low-energy 

region the compound-nucleus process is expected to be dominant, whereas at l'< MeV 

semi-direct capture processes , involving the excitation of the giant dipole 

resonance, account for the main features of the observed shapes and intensities of 
2) . . 

gamma-ray spectra . In the intermediate energy region, one might expect a 

competition between compound-nucleus processes and reactions of direct and semi-
. 3) . : 

direct type. In fact,. estimates of Lane and Lynn indicate compound-nucleus 

cross sections as high äs those expected from direct and semi-direct reactions. 

This would imply a more complicated situation for light nuclei as compared with 

heavy nuclei, for which the compound-nucleus cross sections at ~ 10 MeV are 

expected to be orders of magnitude lower than the direct and semirdirect ones. 

The photo-nuclear cross sections for light nuclei show-, in genera], consider­

able structure. One would then expect that the neutron-capture excitation 

functions'for high-energy transitions also exhibit structure and that the gamma-

ray spectra varies with neutron energy in a way which does not resemble the 

systematic variation of the spectra from heavy nuclei. Furthermore, the effects 

of isospin selection rules should be of importance in neutron capture in light 

nuclei. 

This work reports experimental gämma-ray spectra from neutron capture in 

natural samples of silicon and sulphur at several incident neutron energies 

between h.'J and 10.9 MeV as well as at 15 MeV. Shapes of. gamma-ray spectra und 

cross sections for transitions to individual final levels (or group of levels) 

are compared with predictions based-.on the semi-direct capture model. 



•Expe.rj mental at-rangctnent 

The experiments were performed at I he 5«5 MeV van de Graäff accelerator at 

Studsvik and at the EN tandem accelerator at Uppsala. The accelerators were 

adjusted to give ion pulses of less than 5 ns duration at frequencies of 1 MHz 
. 2 Я and 2 MHz, respectively. The H(d,n)~He reaction vas used to produce monoenergetic 

neutrons in the energy range Ц.5 to 8.5 MeV, the H(p,n) He reaction in the energy 
range 8.9 to 10.9 MeV and the H(d,n) He reaction for 15 MeV neutrons. In the 

2Pw"v??Pi» '<>? '*,-, Vfv, Jsv; 
V I ' г •» t ' 

i l l 
E„=89M<JV 

EXCITATION ENERGY (MeVJ 

Fig. 1. . Gamma-ray spectra from neutron capture in Si at'vurious neutron 
energies normaliKed to the same neutron flux' and plotted versus 
excitation energy of the final nucleus. The single-particle structure 

29 
of Si is given on top of the figure. The curves represent spectra 
calculated from the semi-direct capture model with complex particle-
vibration coupling . The theoretical spectra are normalized to reproduce 
the intensity, of the transition to the 2s-i/? ground state. 
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former two cases gas-target- systems wei:' used, in the latter one a tritiated 
titanium target. The neutron flux•••moni'i .«red using timc-of-flight techniques 
by a plastic scintillation counter placed at 135 to the incident ion beam 
direction. The monitor counter was calibrated against a polyethylene telescope 
placed in the forward direction. The gamma-ray detector, a Nal(Tl) crystal, 22,6. 
cm in diameter and 20.8 cm long, was placed in a heavy shielding consisting of 
lithium hydride, lead and boron paraffin. Gamma radiation from the sample was 
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32, Fig. 2. Gamma-ray spectra from neutron capture in Б at various neutron 
energies normalized to the same neutron flux and plotted versus 
excitation energy.of the final nucleus. The single-particle structure 

33 of S is given on гор of the figure. The c.urves represent spectra 
calculated from the semi-direct capture model with complex particle- • 

6) vibration coupling . The theoretical spectra'are normalized to 
reproduce the sum of the intensities to the l.cL/j, and 2s ,„ states 
at 0 and 0.8.1+ MeV. 
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collimatecl through u lead collimator, 10 cm in diameter and 1 m long.,, which was 
plumed with hO cm of .lithium hydride lor neutron attenuation^ Time-of-flight 
technique was used to distinguish gamma radiation from target-.neutrons and 
neutrons scattered from the sample. 

Calculations 
. ... . . ?8 . , \20 

Semi-direct capture cross section for the reactions Si(,n,Y) "Si. and 
32 33 . 
S(n,y) S are calculated according to the scheme described in ref. h, the only-

difference being that the parameters of the T! component of the. giant dipole 
resonance (En=19-0 MeV and Г=5.6 MeV for 29Si; E =19.0 Mev and Г =6.0 MeV for 33S) 

. . 5) . 
are used in the cross section formula . The particle-vibration coupling strength 
parameters are adjusted to roughly reproduce the 15 MeV cross, sections of the 
ground state transitions. This procedure requires for both reactions v =100 MeV 

l) 6) 
with real surface coupling and v =50 MeV and w =l»5 MeV with complex coupling . 
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Results 

The gamma-ray sprctra at a number rf neutron, energies for the reaction! 
po • 3° 

i,y) 'Si and ^(n^.! 28 2° ' 32 3° 'Si(nw) 'yi and S(n,v.)~ JS are given in figs. 1 and 2, respectively. Also 
shown in the figure are spectra calculated from the semi-direct model with 
complex particle-vibration coupling as proposed by Potokar . For the 
28 29 -
Si(n,Y) Si reaction the intensity of the transition to the 2s.. ,_ ground state 

varies slowly with neutron energy and passes through a weak maximum around 9 MeV 
neutron energy. The intensity of the transition to the Id .^ state at 1.28 MeV, 
on the other hand, fluctuates strongly with neutron energy. The model predicts a 
strong transitions to the Id ,? state, but cannot account for the observed 
fluctuations. 

эр 33 The spectra from the S(n,y) S. reaction are dominated by two groups of 
transitions; to the 1<Ц/Р and 2s , states at 0 and 0.8'i MeV and to the lf7/? 

and 2p_ ,p states at 2.93 and 3-2.2 MeV. These four levels contain large single-
. ' . . . 7Г . + 

particle strengths. It can also be observed, that the intensities to the J =5/2 
and 3/2 levels at 1.97 and 2.31 MeV, with small single-particle strengths, are 
•weak. Thus the simper; of the spectra indicate that the reaction process selects 
levels in the final nucleus with single-particle character, i.e. that a direct-
type mechanism contributes considerably to the reaction process. 

The energy dependence of the cross section for the ground state transition of 28 2° -the Si(n,y) 'Si reaction is illustrated in fig. З.'Тпе experimental cross 
sections are compared with predictions of the semi-direct capture model. A 

32 33 similar comparison for the s(n,y) S reaction is shown in fig. I*. It is evident, 
that the model fails to account for the observed excitation functions and that 
additional reaction processes are required. It seems plausible that the compound 
nucleus process contributes appreciably to the cross sections at least at low 
neutron energies. 
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ABSTRACT: 

Gamma-ray spectra from the reactions Y(n,y) Y and Ce(n,y). Ce have been 
recorded with a large Nal(Tl) scintillator for incident neutron energies between 
6.2 and 10.9 MeV. Time'-of-flight technique was used to reject undesirable back­
ground. The experimental results are compared with theoretical predictions of. the 
semi-direct capture model. 

Introduction ' 
Studies of neutron capture gamma-ray spectra in the giant-resonance region 

have been performed mainly with lU MeV neutrons. Excitation functions for indi­
vidual transitions over the entire giant-resonance have been recorded only for 
the reactions Pb(n,y) Pb and- Ca(n,Y) Ca .. The comparison of these data 

ллО ОАО 

with the semi-direct capture model shows that for the Pb(n,Y) Pb reaction 
the model- accounts for the shapes of the gamma-ray spectra as well as the neutron 
energy de- ndence of the cross sections. For Ca(n,Y) Ca on the other hand, the 
model fails to describe the shapes of the spectra at least in the low-energy part 
of the resonance. Furthermore the observed excitation functions disagree with the 
semi-direct capture model predictions. This situation motivates further experiments 
preferably on nuclei at intermediate closed neutron shells. 

The present paper reports studies of the reactions Y(n,Y) Y and 
Ce(n,y) Ce in the neutron energy range 6.2 - 10.9 MeV. Gamma-ray spectra and 

capture cross sections are compared with predictions based on the semi-direct 
capture model. 

Experimental arra^ements 
Neutrons in the energy range 6.2 - 8.2 MeV were produced at the 5.5 MeV pulsed 

2 3 van de Graaff at'Studsvik using the H(d,n) He reaction. The neutron energy range 
8.9 - 10.9 MeV was studied at the EN tandem accelerator at Uppsala. Time-of-flight • 
techniques were used to improve the signal-to-background ratio. The samples were 
cylinders of Y20^ and Ge0o powder, 8 cm in diameter and 6 cm long. The sample was 
placed with its axis along the direction of the incident beam. Background gamma-
ray spectra-were recorded with a water sample containing the same amount of oxygen 
atoms. The signal-to-background ratios in the high-energy part of the spectra are 
typically 1.0:1. Further details of the experimental procedure and data handling 

• • 3 ) " " 
are described elsewhere . 
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Calculations 

• Capture cross sections for individunT gamma-ray transitions have been calcula­

ted using the semi-direct model derived.by Clement, Lane and Rook "The- model' has 

been modified to include spin-orbit coupling in'the. initial and final channels, 

contribution from direct capture and interference between the; direct and collective 

capture amplitudes; To evaluate the matrix elements between the initial and final 

states, calculations of the incident and bound-state wave functions are required. 

The incident wave.functions have been computed by means of a version of the 

EXCITATION ENERGY (MeVJ 

89 
Fig. 1. Gamma-ray spectra from neutron capture in Y at various neutron energies 

normalized to the same neutron flux and plotted versus excitation energy 
-.--•--. • . . . Q ' O 

of the final nucleus. The single-particle structure.of Y'is.given on 

top of the 'figure'.' The curves represents spectra calculated- from the semi-

direct capture model with complex (full curve) am'd real sur.face (dashed 

curve) particle^vibration coupling interaction. 
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ABACUS-2 code with an optical, potential of the form derived by Rosen et al . 
The bound-state wave functions have alr;o been calculated by the ABACUS-2 code 
using a real Saxon-Wood potential and a spin-orbit potential of Thomas form. The 
depth of the Saxon-Wood potential, was adjusted to give the experimental binding 
energy of the single-particle states. 

The calculations for the reaction Y(n,Y.) Y have been performed as for an 
even-even (j =0 ) target nucleus. The single-partiele strengths and binding 

' AÖ v ̂  
energies were obtained from (d,p) experiments on Y . Some information has been 
derived by comparison with (d,p) studies on Zr . Single-particle structure of 
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Се is similarly given by (d,p) experiments on Ce and other nuclei near 
the closed neutron shell N=8.2. The energy (ER) and width (Г ) of the giant dipole 
resonance, which are parameters ,in the semi-direct capture formula, frave been 

10) 89, *9P, MeV taken from photonuclear work- '' (for Лг(п,у) Yj ER = l6.7 MeV and Г = U.,2 
and for lU0Ce(n,Y)llaCe; ER =15.3 MeV.and Г = U.T.MeV')'. 

Two different types of coupling between the incident neutron and the vibration 
of the target nucleus have been applied; the real surface form used by Clement, 
Lane and Rook and the complex form proposed by Potokar . The coupling strength 
was used as a parameter adjusted to reproduce the observed cross sections close to 
the peak of the giant dipole resonance. In the case of real «surface coupling 

O Q 
strength parameters, vn , of 270 and 3̂ 0 MeV were required for Y(n,y) a-̂d 

Ce(n,y) respectively. With complex coupling the strength parameters were taken 
to be v = 90 MeV and w =ll*0 MeV for both reactions, v and w represents the real 
and imaginary strenghts of the isospin part of the optical potential. 
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Results 
Gamma-ray spectra calculated from l.he semi-direct capture model are shown in 

figs. 1 and 2 by full curves (complex particle-vibration coupling) und dashed 
curves (real.particle-vibration coupling) together with the experimental data. 

The calculated intensity of each individual transition has been multiplied by 
the response function of the gonima-ray detector and the resulting distributions 
have been ari'Jed to give the "theoretical" spectra. The theoretical spectra have 
been normalized to reproduce the observed intensity of the ground-state transitioi 

It is evident from figs. 1 and 2 that the semi-direct model accounts for the 
essential features of the gamma-ray spectra. The two types of coupling interactioi 
give roughly the same shape, for the gamma-ray spectra over the neutron'energy 
range covered in this work. 

The cross sections of the Y(n,y) У reaction for transitions to the two 
2d , levels and for transitions to levels below I*.5. MeV in Y are given in 
fig. 3 together with calculations based on the semi-direct capture model. A 
similar comparison for the Ce(n,y) Ce reaction is shown in fig.b 

The semi-direct model with complex particle-vibration coupling interaction 
gives a satisfactory description of the energy dependence of the cross sections, 
whereas the model with real surface particle-vibration coupling interaction 
fails to account for the observed energy variation of the cross sections. 
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Abstract 

The Ti(p,n) and (p,ny) reactions have been studied at proton 

energies between 3.8 and 5.4 MeV. Excitation functions and angular 

distributions have been measured for both neutrons and у-rays. The 

results have been analyzed by the statistical theories. For most of 

the levels in V below 1.9 MeV spins and parities have been determined. 

The branching ratios and the mixing ratios for the y-rays deexciting 

these levels have also been obtained. The 5.255 MeV analog resonance 

has been observed in the (p,n) reaction and has been assigned to be 9/2+. 
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1. Introduction 

The structure of low-lying levels of V has been studied by various 

reactions, i.e. 51V(p,d)1), 50Ti(p,nY)2), 49Ti(3He,d)3), 51V(d,t)4) and 
52 4 5") .. ' -> 

Cr(d,a) ' , and has been shown to be qualitatively consistent with the 

shell model calculation by McCullen, Bayman and Zamick .. However, the 

spin assignments have not'been made for most of the levels above 1 MeV, 

and the existing у-тау dataare only for the lowest five* levels studied by means 

of'the 50Ti(p,nY). reaction by Blasi et al?-* | 

In the present investigation, level and decay scheme below 1.9 MeV 

has been studied by the Ti(p,n) and (p,ny) reactions, and spin (parity) 

assignments have been made for most of the levels investigated by means 

of the statistical theories for average cross sections. Especially the 

42 level predicted by McCullen et al. was located at 0.910 MeV, the same 
4") energy where a 7+ level had been observed by DelVecchio et al. J and 

Bachner et al. , and a doublet is proposed for the 0.910 MeV level. 

It has been well known J that (p,n) reaction cross sections are 

enhanced at isobaric analog resonances. Analog resonances in V have 

been studied in the Ti(p,p) and (p,pr) reactions by Gosman, Slater 

and Spencer . The analog resonance at E =5.255 MeV has also been 

bserved in the present investigation, and has been assigned to be 9/2+. 

2. Experimental procedure and results 

2.1. procedure 

The experiment was performed using pulsed proton beams, of about 

2 ns widths produced by the JAERI 5.5 MV Van de Graaff at a repetition 

rate of 1 MHz. The Ti target was prepared by evaporating TiO_ (enriched 

to- 83.2% in Ti) onto a thick tantalum backing, and had a thickness of 

about 1 keV for a 5 MeV proton beam. Neutron spectra were measured by 
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the time-of-flight method; Three neutron detectors were used, each of 

which consisted of a liquid scintilator, 12.5 cm in diameter and 10.2 cm 

thick, and a photomultipIyer. They were separated from each other by 10° 

3 and were placed at 7.9 m from the target. The -y-ray detector was a 30 cm 

i i i . , 

Ge(Li) detector and was placed at 14 cm from the target. 

Excitation functions for Ti(p,n) V were measured at lab angles 

of 45°, 55° and 65° in the proton energy ranges 3.8-4.0 MeV and 4.5-5.4 

MeV. Angular distributions were also measured at nine angles between 

10° and 95° in the energy range 5.15-5.4 MeV. Since the cross section 

fluctuation was expected to be very large and the target used was very 

thin, the measurements were made at intervals of 2.5 keV, and counts for 

four proton energies were accumulated into a single spectrum. Neutrons 

due to other isotopes of titanium were not seen in the spectra except 
48 

those from the ground state of V. 

Gamma ray spectra were taken at 50° in the proton energy range 4.1-5.0 

MeV. Angular distributions of Y_rays were measured at 0°, 30°, 50°, 70° 

and 90° at two proton energy ranges 4.6-4.695 and 4.7-4.795 MeV. The 

proton energy were varied in steps of 5 keV in each of the ranges. 

For some cases, only prompt y-rays were detected within about 20 ns after 

the arrival of the incident protons in order to reduce background. Gamma 

ray spectra from a natural titanium target were also taken at several 

proton energies, and were used to identify y-rays originating from other 

50„,. 
titanium isotopes than Ti. 

2.2. level and y-ray energies 

Typical spectra are shown in fig. 1 for neutrons and in fig. 2 for 

y-rays. Since the time-to-height converters were not calibrated pre-1 

cisely, the level energies were determined with uncertainties of about 

91 10 keV from the neutron spectra alone using the Q-value J of -2.999 MeV 
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for the Ti(p,ri) V reaction. . Most of the y-ray energies were deter­

mined with uncertainties of 1 keV. From the results of the t'hershold 

measurements shown in fig. 3, the origins of significant y^rays were 

easily identified. Then using the known energies of the fifst five 

levels, the level energies of most of the levels were determined with 

uncertainties of 1 keV. These level energies were in turn used to 

recalibrate the energy scale of the neutron spectra, and the energies 

of the rest of the levels were determined with uncertainties-of 3-5 keV. 

The results are summarized in table 1 together with the results of 

previous studies . . The y-ray energies and branching ratios deter­

mined in the present investigation are listed in table 2, and the decay 

scheme determined, is presented in fig. 10, the details of which are 

discussed in sect. 5. 

2.3. excitation functions and^angular distributions 

Since the cross section fluctuation was very large, the measured 

excitation functions were averaged over the proton energy ranges of 

100 keV widths. The results for neutron data at 55° are shown in figs. 

4 and 5 by rectangles. When the 55° data were not available because . 

of overlapping with the y-ray peaks etc., the averages of the 45° and 

65° data were used. Since both the cross sections at 55° obtained from 

neutrons and those at 50° from y-rays were almost same as those averaged 

over the solid angle as are seen in figs. 6 and 7, excitation functions 

obtained from the y-ray.data at 50° are also shown in fig; 5 by ellipses. 

In the figures the horizontal and the vertical sizes of the symbols 

represent the energy width of. averaging and "uncertainties"- in the cross 

sections, respectively. The "uncertainties" shown here are not the' 

experimental: uncertainties, which are generally smaller, but the expected 

deviations of the averaged cross sections from the statistical model 



.37. 

predictions due to the cross section fluctuations. They were estimated 

from the observed fluctuations of the cross sections about their averages 

in each energy interval as follows: 

N "»I (1) 

where о indicates a cross section at the n-th energy and N is the total 

number of energies inV^energy interval. The absolute values of the 

cross sections were not determined experimentally since the thickness 

of the target was not accurately known. The scaling indicated were made 

assuming a thickness with which the cross sections for the lowest five 

levels were best reproduced by the statistical model calculation described 

in sect. 3. 

The neutron angular distributions were averaged over the energy range 

5.15 - 5.4 MeV. However, for levels which were appreciably influenced by 

the analog resonance at Ep = 5.255-MeV, the energy range 5.3 - 5.4 MeV 

was taken. The relative angular distributions thus obtained are shown 

in fig. 6. The relative y-xsiy angular distributions are shown in fig. 7 

for the two energy regions investigated. 

2.4. isobaric analog resonance 

The observed cross sections of some of the levels are plotted in 

figs. 8 and 9 in the energy range 5-. 1 - 5.4 MeV. A rather sharp peak 

is seen at about 5.-2.6 MeV selectively in several levels which have rel­

atively small cross sections. This peak can be identified as due to 

the isobaric analog resonance observed in Ti(p,p') Ti(2..) at Ep = 

5.264 MeV. 
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3. Analysis 

The method of the analysis and the general aspect of the results 

are described here. The analysis of the analog resonance is presented 

in sect. 4, and the detailed discussion on the spin-parity assignment 

for each level is given in sect. 5. The (p,n) reactions in the energy 

region investigated here are considered to proceed through compound 

nuclear processes, and the analysis presented here, is based on the 

Hauser-Feshbach theory ' for neutrons and on Sachler's theory 'for 

12") 
y-rays. The modification proposed by Moldauer is not used., because 

the present reaction includes rather many channels and the effect of 

this modification is very small. Transmission coefficients were 

131 
calculated by a computer code TRANCE • . using the optical-potential 

141 
parameters by Perey , for proton channels and the equivalent local 

potential parameters by Engelbrecht and Fiedeldy J for neutron channels. 

3.1. excitation functions 

Since the spin-parities of the lowest five levels have been known 

well '•* , comparison between the experimental and the calculated cross 

sections were first made for these /levels and the absolute values of 

the measured cross sections were*normalized to the calculated values. 

This normalization is only for the convenience of the comparison between 

the experimental and the calculated cross sections, and is ;not very 

important, since the conclusion of the analysis can be deduced only from 

the relative values of the various cross sections. The fits for the 

five levels are shown in fig. 4. The very good fits seen here support 

the assignment of the spin-parity sequence of 6+, 5+, 4+, 3+ arid 2+. 

The breaks at 5.25 MeV in the calculated cross section lines .are the 

effect of the enhancement due to the analog resonance, which is dis­

cussed in sect. 4. The excitation functions of other levels are shown 
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in fig. 5 for various choices of the spin-parities. Calculated cross 

section of a level somewhat depends on the choices of the spin-parities 

of other levels. The effects of this dependence are indicated in the 

figure .by hatched areas. This dependence Was especially large for 

negative parity levels. The spin dependence of the cross section a(J) 

resulted in the sequence of magnitude of 

(2) 

and enabled to unambiguously assign spins greater than or equal to 3. 

A characteristic feature in the mass region A *v 50 is that the 

neutron, transmission coefficients for s and d waves are quite larger 

than those for p and f waves at low energies. In the present case at 

En = 2.0 MeV, for instance, the values of the transmission coefficients 

are as follows: Tsi = 0.999, Td_a. = 0.606 and Td5 = 0.658, while Tpr = 

"2 2 • "2" "2" 

0.147, Tpv = 0.122, Tf5 = 0.009 and Tf7 = 0.029. Therefore, crudely 

speaking, the levels with positive (negative) parity are mainly populated 

through the compound states with positive (negative) parity. This fact 

causes some differences between the cross sections of levels with dif­

ferent parity. Especially, 0(4-) is considerably larger than 0(4+) as 

is seen in fig. 5. 

3.2. angular distributions 

The measured neutron angular distributions had large uncertainties, 

and were not very useful in determining the spin-parities except for a 

few cases. The calculated angular distributions are shown in fig. 6, 

and. are generally consistent with the spin-parity assignment from the 

excitation functions and the y-ray angular distributions. Rather dif­

ferent angular distributions are predicted between the opposite parities 
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for levels with J = 4 or 5, 

The у-гаУ angular distributions were well determined experimentally 

and could resolve most of the ambiguities in the spin assignments from 

the excitation functions, though nothing could be said as to*the parities. 

In calculating the angular distributions, the mixing ratios were so 

determined as to best fit the experimental angular distributions. The 

best fits obtained are shown in fig. 7 by different curves for 

various choices for the spins of the levels. The mixing ratios thus 

obtained are listed in table 2. 

4. Isobaric analog resonance 

The enhancement of (p,n) cross sections at analog resonances has 

been explained by Robson et al • as due to the mixing of the analog 

states with the background T< compound states. According to their theory, 

the enhanced (p,n) cross sections at an analog resonance are calculated 

by the enhanced transmission coefficient in the entrance channel / which 

is.expressed as 

7,._ т (Б-В.-1-/)-

* 
where p denotes/the proton channel responsible for the analog resonance, 

* 
Tp is the transmission coefficient in the absence of the analog resonance, 

and E , Г and A are the energy, width and level shift of the resonance, 

respectively, and are treated as parameters. Since the energy steps of 

the present measurement were not narrow enough to determine T, the value 

of 20 keV by Cosman et al ' was taken. The resonance energy E was found 

to be 5.255 t 0.010 MeV and was consistent with the value of 5.264 t 0.020 
81 MeV obtained by Cosman et al. 



41. 

Then the value of Д was varied in order to fit the cross, sections of 

the ground 6+ and the first 5+ levels. The value of Д has a permissible 

maximum imposed by.the condition 

The best values of Д obtained for various spin-parity, assignments J 

for the resonance are as follows: 

0 ~ 2 

_л 7 0= -£-.t 

J-4U 

A = 

A-= 

Л = 

A = 

- £4keT, 

~-4*кеТл 

-14-0 к<т; 
-&!ГкеТ. 

(S) 

тг 5 7 Here the values for J = y- and y- are the maximums given by (4). The 

fits obtained are shown in fig. 8 by various curves, where the cross 

sections," calculated for the sum of the second, third and fourth excited 
/ 5 7 

levels are also shown. The spin-parities y- and y- cannot reproduce 
тг 7 the observed enhancement in the 6+ and 5+ levels, and J - y+ exhibit 

too large peak in the summed cross section for the 4+, '3+ and 2+ levels.• 
тг 9 Only J = y+ explains all the data and the spin-parity of the analog 

9 resonance is assigned to be y+. 

The assignment does not agree with the value of (y-) by Cosman 

et al. ̂  They concluded this result from the proton angular distribution 

for the first 2+ level of S^Ti at a incident proton energy close to the 

peak of the resonance. But the cross section fluctuation is too large 

to draw a definite conclusion from the shape of the angular distribution 

at a single incident energy with a small energy spread. In assigning 
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тт 5 J = iw-) they.had to consider this resonance to be;;analogtöj,the 4,012 

MeV y- level of ti Ti.? This correspondence has a difficulty; as was, 

alluded by themselves. The Coulomb energy differences obtained from 

the resonance energies of other resonances by them are in the range 

ДЕ = 7.700 -7.793 MeV, while the above correspondence gives ДЕ = 
9 7.622 MeV, which seems too small. The present assignment of ̂ + relates 

9 51 the 5.255 MeV resonance to ;the 3.759 MeV j+ level in Ti and gives 

AE = 7.772 MeV in agreement with other resonances. ,, 

The aboye mentioned inadequacy of negative parity for this resonance 

can be qualitatively understood from the fact that positive parity levels 

in V are populated mainly through,-compound states with positive parity, 

as is mentioned in sect. 3.1, and that the cross section of the 6+ ground 

state is strongly enhanced at this resonance. 
TT 

Using the values of J and A thus obtained, the cross sections of 

higher levels can be calculated. The results are .shown in, fig.. 9 for : 
three levels whose cross sections are enhanced at this ..resonance.and 

for other four levels;, which are considered to have spins J = 1 - 4 , 

for comparison. The theoretical lines for,energy-averaged excitation 

functions shown in figs. 4 and 5 also include the enhancement due to 

this resonance. The calculation shows that levels, with negative parity 

or with J = 3 have not enhanced yields at the resonance'. Thus the 0.836 

MeV level is assigned to be 5+ and the 1.702 and 1.753 lieV levels to be, 

4+ or 5+., • . . . 

5. Level and decay scheme of V 

5.1. the 0.0, Ö.226, 0.320, 0.355 and 0.388 MeV levels 

Excitation function of these lcvols are consistent With, the assign­

ment 2'4'5) of 6+, 5+, 4+, 3+ and 2+. The 0.226 MeV level cannot be other 

than 5+ from the enhancement at the analog resonance and from* the 
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neutron angular distribution,- The 0.320 MeV level is assigned to Ъё 4+ 

from the excitation function, since a>4~ level has a larger cross section 

as is seen in an example for the 0.910 MeV level in fig. 5. The 0.320 MeV 
21 level has been reported to decay to the 0.226 MeV level by Blasi et al. J 

They did not observe the 3.20 keV y~transition to the ground state and set 

an upper limit of 2% to the branching ratio. In the present investigation, 

320 keV peaks were clearly seen in all the y-ray spectra as is seen in 

fig. 2. Since the 0.320 MeV level decays mainly to the 0.226 MeV level, 

and other y-ray which feeds the latter is the 684 keV y-ray alone as is 

shown in fig. 10, the population of this level is expressed as 

7(0.320 M i T U»d )=* С (22£ W V K ) ~ c r ( 0 . 2 : 2 £ M e T i e v e O 

(6) 

If the 320 keV y-ray is emitted by the 0.320 MeV level, the excitation 

function of this y-ray should be proportional to P(0.320 MeV level). This 

hold very well as is seen in fig. 3, where the energy dependence of P(0.320^ 

MeV level) is shown to closely follow the excitation function of the 320 

keV y-ray. The ratio of the two quantities gives a branching ratio of 

2.6 i 0.3% for this Y-ray. 

5.2.. the 0.836 and 0.910 MeV levels 

The 0.836 MeV level is assigned to be 5+ from the excitation function 

and the enhancement at the analog resonance. This level seems to decay 

to the .ground state by emitting a 836 i 2 keV y-ray, the existence of 

which could not be ascertained firmly because of the overlap with the 

72 
834 keV y-rays from Ge in the spectra. There was found no other y-ray 

which could be considered to decay from this level. The excitation 

function and the neutron angular distribution of the 0.910 MeV level are 
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consistent only with a 4+ .assignment. The 684 keV y-ray was ascribed 

to this level,-because the excitation function of the 684'keV y-ray was 

nearly the same with that of this level and there was found no other y-ray 

deexciting this level;. The y-ray angular distributions are: also consistent 

4 51 •*• 

with 4+. A 7+ level has been observed ' J at this energy";. This disagree­

ment is discussed in sect. 5.8. 

5.3. the 1.30.1 and 1.332 MeV levels 

The excitation function of the 1.301 MeV level favours an assignment 

of J = 2, and the angular distribution of the 913 keV y-ray, which de-

excites this level to the 0.388 MeV- level, definitely supports this assign­

ment rejecting Other choices of J = 0 or 1. The excitation function and 

the neutron angular distribution of the 1.332 MeV level can be explained 

only with a J = 1 assignment. The only y-ray which can be ascribed to 

this level is the 944 keV y-ray. However, the yield of. this y-ray gives 

considerably larger cross section than that of this level though there 

is no cascade y-ray to this level. Oh the other hand, the yield of the 

913 keV y-ray amounts to only 70 * 6% of the cross section of the 1.301 

MeV level. Furthermore at Ep = 4.40 MeV, which is between the thresholds 

of the two levels, a 946 keV y-ray was observed. The relative yield of 

the 913 and 946 keV y-rays was 72 ± 4 and 28 t 4%, respectively. This 

946 keV y-ray can be considered to deexcites the 1.301\MeV level to the 

0.355 MeV level, and the missing y-ray yield of 30 t 64" ior the 1.301 MeV 

level is just compensated by the. 946 keV y-ray. Since the energy rjesOr 

lution of the Y-ra7 detector was not/good, the 944 and 946: keVy-räy-peaks 

were not resolved in the spectra. With the branching,rätiorgiven above.-, 

the yield of the 946 -keV y-rray was calculated fronCthe,'yield of the. 913' 

keV y-ray in order to determine the yield of the :.944 keV y-ray-; '.Exci.tä--; 

tion function of this |у-гау thus obtained is -shown. in,4ig. • 5 and jijs ?Ь0П?л 
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sistent with that of the 1.332 MeV level obtained from the neutron data. 

5.4. the 1.401 MeV level 

TT 

This level is assigned to be J = 3(+) from the excitation function 

and the y-ray angular distributions, and decays mainly to the 0.388 MeV 

level by the 1013 keV transition and with a weaker, intensity to the 0.320. 

MeV level by the 1081 keV transition. 

5.5. the1.495 and 1.519 MeV levels 

The 1.49.5 MeV level is assigned to be J = 1 from the excitation 

function and the neutron angular distribution. This level decays to the 

0.388 MeV level by the 1107 keV transition. As to the 1.519 MeV level, 

the excitation function indicates J = 0 or 2. This level decays to the 

0.388 and 0.355 MeV levels by the 1131 and 1164 keV transitions, and the 

angular distributions of these y-rays choose J = 2 definitely. On the 

other hand, the neutron angular distribution favours J = 0. This may 

be due to the fact that this level only barely separate from the 1.495 

MeV level in the neutron spectra in the energy range where the angular 

distribution was measured and the cross section may have large error due 

to the peeling-off procedure. In any case the quality of the data is by 

far better for the 1131 keV y-ray angular distributions than for the 

neutron angular distribution, and the assignment of J = 2 should be 

taken. 

5.6. the 1.562 and 1.676 MeV levels 

The 1.562 MeV level decays to the 0.388 and 0.355 MeV levels by 

the 1174 and 1207 keV transitions. All the data indicate the assignment 

of J = 2. Especially the angular distributions of the 1174 keV y-ray 

reject other choices. The 1.6-76 MeV level is assigned to be J = 3 from 

the excitation function. The 375 keV y-ray deexcites this level to the 
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1.301 MeV level,- Weak 1288 keV y-ray peaks were observed 'above the 

threshold of this level. This у-тау may be the transition from this 

level to the 0,388 MeV level. 

5.7. the 1.702, 1.753 and 1,81,0 MeV levels .'..'• 

The 1.702 and Д. 753 MeV. levels, are assigned 4in sect, 4 to. be 4+ 

or 5+ from the enhancement at the analog resonance,. The 1.810 MeV decays 

to the 0.388 MeV 2+ level by the 1422 keV transition. The у-тау excitation 

function suggests this level to be J 5.2. 

5.8. comparison with previous experiments and.the shell model, prediction 

. The spin-parity assignments from the present experiment are summa-
2-5") rized in table 1 together with the results of other experiments. . 

The last second column is the assignments from the present: experiment. 

They are consistent with the results of the previous works except the 

0.910 MeV level. The last, column is the assignments proposed from all 

the data. The proposed level scheme is also shorn in fig*. 10. together 

with the Y-transitions. Here we. considered the' 0.910 level to be a 

doublet of 4+ and 7+ levels-.. As is mentioned before, this level has 

been assigned ' •- to be 7+ from the Cr(dya) V.reaction, while the 

present assignment is 4+. There seems little ambiguity' an both assign­

ments, and the unique solution-of this disagreement is a doublet of 4+ 

and 7+. This is also consistent with the fact that in the present (p,n) 

study a 7+ level cannot be excited with apreciable intensity and that 
)ick: 
17) 

2 • 'j 

the above (d,a) reaction mainly picks up a (f7/2) pair and the excitation 
of J = even levels is forbidden 

The main configuration of the low-lying levels of V is considered 

to be Cf7/2)3Cf7/2)"1. A shell model calculation confined to the (f7/2)n 

configurations was made by McCullen, Bayman and Zamick (M.B.Z) . In 
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..-A.-: ,• ,. 

this model, the cross conjugate nuclei V and Sc have the same level 

structure. The V level scheme proposed here, the Sc level scheme 

18") proposed by Guichard et al J and the shell model prediction by M^B.Z. 

are compared in fig. 1.1. The correspondence between the three are nearly 

46 
complete for lowr-lying levels, if the 0.835 MeV level of Sc is 4+. 

This good correspondence also supports the above proposal of a doublet 

for the 0.910 MeV level. 

6. Summary 

The low-lying level and decay scheme of V has been well established 

in the present investigation. The present results show that the study 

of both the (p,n) and (p,ny) reactions are very efficient in the spin 

assignment. In fact the spins of most of the levels of V observed 

below 1.9 MeV in previous experiments have been determined here. 

The 5.255 MeV analog resonance in V has been assigned to be 9/2+. 

Analog resonances with spins as large as this are difficult to study by 

(p,p) reactions masked by the predominant partial xvaves with low 1 values . 

in the medium mass nuclei. The present results shows that such resonances 

can be studied by observing neutron yields for levels with relatively 

high spins. A characteristic feature in the A Ĵ  50 mass region that the 

parity change in the neutron emission process is approximately forbidden 

has enabled the parity assignment of the analog resonance and in turn 

the parity assignments of levels enhanced by the resonance. 

After the present manuscript had been written, the authors noticed. 

19*) 
the work by Smith et al. • They . reported two 1+ level ats 1.333 

and 1.490 MeV which are consistent with our results. 
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Figure captions 

Fig. 1 Neutron spectra for the Ti(p,n) V reaction observed at 45°. 

Level numbers correspond to those ".given in table 1. 

Fig. 2 A typical у^тау spectrum for the Ti(p,ny) V reaction observed 

at 50°. Gamma-ray energies are given in keV. Asterisks indicate 

Y-rays due to other isotopes of titanium than Ti. 

Fig. 3 Excitation functions for y-rays observed at 50°. Numbers indicate 

Y-ray energies in keV. The quantity P(320) is the population of 

the 0.320 MeV level obtained from eq. (6). 

Fig. 4 Excitation functions of the lowest five levels measured at 55° 

averaged over each 100 keV interval. Experimental values are 

shown by rectangles, the vertical sizes of which indicate 

"uncertainties" obtained from eqs. (1). Symbols connected.by 

lines refer to the statistical model calculations described in 

sect. 3.1. 

Fig. 5 Excitation functions of 'the levels other.than the lowest five 

levels. Rectangles and symbols connected by; lines have the same 

meaning as in fig. 4. Excitation functions obtained from the 

У"гаУ data at 50° are also shown by ellipses. Hatched areas 

indicate the range of variation in the calculated values due to 

the different choices of the spin-parities of other levels. 

Fig. 6 Normalized angular distributions of neutrons for different levels 

averaged over the energy ranges shown in the figure. Different 

lines refer to the statistical model calculations for different 

choices of the spin-parities. 

Fig. 7 Normalized angular^ distributions of various y-rays. Different 

lines refer to the statistical model calculations for different 

choices of the spin-parities. 
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8 The measured cross sections for the lowest five levels are shown 

by closed circles for energies, around the 5.255 MeV analog 

''•""' ' ••''" ''"• '" • ' "' <.rebresent:l> 
resonance.. Different lines ̂ V " the theoretical values for 

different choices of the spin-parity of each levels:. 

9 Behaviour of the cross sections for. various levels around the 

5.255 MeV analog resonance, Defferent lines represent the 

theoretical values for different choices of the spin-parity of 

each levels. 

10 Level and decay scheme of V determined in thisiwork. Gamma-

rays for which energies are not shown, were not observed i n the 

present measurement. 

11 Comparison of the low-lying levels of V with those of Sc 

and the shell; model prediction by MBZ:. Oniy> levels with positive 

parity are shown for Sc. 
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Abstract 

Electromagnetic properties of excited states of 22Na below . 

4.6-MeV excitation energy have been studied using the 23Na(3He,aY)22Na 

and 19F(a,nv)22Na reactions. Investigation of the decay scheme of 

the 4069-keV level using the ,23Na(3He,ay)22Na reaction shows a 
. * • ' • • ' . 

C1.0*'"-53% branch to the 1528-keV level-, compared to a value of 21% 

renorted previously. The existence of weak gairmw-ray transitions 

m the 1983-, 2211-, and. 2572^keV levels has been confirmed 

from gammarfay spectra obtained above and below threshold for popu­

lation of these levels via the 1^F(a,n)22Na reaction. A long 

standing controversy regarding the spin of the 1983-keV level has 

been resolved by gamma-fay angular distribution measurements close 

•'..• threshold for the population of the 1983-keV level via the 
19F(a,n)22Na reaction; the results show that JW (198-3) = 3+. 

Neutron-gamma correlation studies of the 19F(a,ny)22Na reaction, 

tr?ken in conjunction with previous data, impose limitations on spins 

an., parities or several levels and on mixing ratios of associated 

дзпгаа-гау transitions. The spin-parity values are as follows, 
ir + ± relatively unlikely assignments being bracketed:. J (3708) = 6 (4 ); 

JU(406.9) = 4+; ^(4466) = Г , 2±, 3" or 4"; JT(4'522.)'-= 7*, 5±(4",6+),. 
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I. INTRODUCTION 

The 22Na nucleus lies Within a mass region where pronounced 

prolate deformations are known to occur. Its low-lying energy levels 

may be classified into a series of bands which are generally character­

istic of those expected from the rotations of intrinsically deformed 

shapes. The large amount of experimental work devoted to this nucleus 

has been predominantly motivated by a desire to elucidate this 

classification and to extend it to higher energies. 

The Brookhaven group have performed an extensive series of 

gamma-ray spectroscopic studies " , and have interpreted their results 

in terms of the Nilsson model and the SU_ classification scheme. 

Studies, of various particle transfer reactions populating states in 

22Na have been made by Garrett and his collaborators ~ ; they have 

considered their results in the light of the Nilssön model, and also of 

the extensive shell-model calculations performed by Haibert et al. 

The results of other experimental investigations are summarized by 

12 
Endt and Van der Leun , and other relevant theoretical studies include 

13 14 
the Hartree-Fock calculations by Lee and Cusspn and Gunye , the 

weak-coupling calculations of Wong and Zuker , and the Coriolis model 

calculations of Wasielewski and Malik 

A rotational-band classification for excitation energies E up 

to 5 MeV is shown in Fig. 1; it is distilled from the works of various 

authors ' * ' ' . Spin assignments which had not been established 

by model independent methods when the present work was begun are shown 

in parentheses. Evidence for the allocation of states to rotational 

bands is deduced from, for example, observation that their excitation 

energies follow an approximate J(J+l) dependence, the presence of 

enhanced intraband E2 transitions, and the values of spectroscopic 

factors deduced from particle transfer reactions. Many of the assignments 
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тт - + are quite speculative; this is particularly true for the К = 1 and 1 

bands, and for the higher members of the other bands, whose spins have 

generally been deduced from'model-dependent arguments^ ' From a study of 
V П Л С ЛЛ' '• ... 1 7 ' • * . M -

the В( D0,a) Na reaction Del Campo et al. have recently proposed 
extension of the К = 3+, T"= 0; K* = 0+, T'V:0.;'' and К =" l", T - 0 

- . •»- + - -. . ' • * . . . . . . • ' 

bands to spins äs large as 10:, 9 and 8 respectively'-, at excitation 

energies ranging up to 13.6 MeV.' It is clearly desirable that spins, 

parities and gammä-decay characteristics should be firmly established 

for all levels involved in these speculations. '• ' :'"• 

In the light of these general considerations, the'work' described 

in this paper was undertaken with the following, specific objectives: 

1.1. Investigation of some weak gamma-ray transitions' (Section lip" 

From studies of the reaction 20Ne(3He,py)22Na,. Ölriess et al.2'6 

found that, the 4069-keV state decays 100% to the 1983-keV state, with 

an upper limit oif 25% on any other branches. Anttila et a'l. •* studied 

the reaction 21Ne(p,Y)22Na and reported a 21% branchffrom the 4069-keV 

state to the 1528-keV 5 state. The only combination of spin assignments 

consistent with the branching^ratio and mean-lifetime (т £ 4fs) results 

of Arittila et al,, and with the restriction that J11 (1983) = 2* or 3+, 

. • ir - - - + • • ••' . • • • ' • • • "* 

is J(,4069) - 4, J (1983} = 3 . There appears to. be no other secure experi­

mental basis for a J = 4 assignment for the 4069-keV state. It has been 

generally conjectured 'that the 4069-keV state is the 4. member; of the 

K* = 0+, T = 1 band (see Fig. 1) and the analogue of the 3356-keV 4 , 

T = 1 state of 22Ne. Although the J = 4 assignment deduced from-the 

results of Anttila et al. supports this conjecture», the 21% branch to the 

1528-keV 5+ state raises; some problems. Assuming that the E2 component 

has |M|2 S 10 W.u. (a conservative limit for a.'ÄK - 3 transit ion as required 

by the classification shown, in Fig. 1), the data of Anttila et al, imply 
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an Ml strength of greater than 0.1 W.ü. for а ДК = 3 transition. The Ml 

strength should be doubly inhibited by the.K-selection rule for interband 

transitions,. so this result constitutes.a gross violation of the K-selection 

rule. Because the crucial branch to the 1528-keV level was observed in 

complex Ge(Li) singles?spectra, it,was,decided to check the existence of 

this transition by selecting the appropriate particle group in the reaction 
23Nä(3He,<x)22Na and examining the spectrum of coincident gamma rays. 

During their investigations of the reaction 19F(ct,ny)22Na, Baxter 

19 
et al. found evidence for the existence of a (1.3 ± 0.4)% branch from 

the 2572-kev level to the 657-keV level. Prior to this it had been 

believed that the 2572-keV level decayed 81% to the ground state arid 19% 

1 2 
to the 583-keV state ' . A spin assignment of 2 for the 2572-keV level 

is well established, but there is still some doubt about the negative 

parity assignment, although the weight of the evidence suggests that it 

12 ' 
is probably correct . Assuming negative parity, the weak branch to the 

+ 19 

657-keV 0 state would be an M2 transition of strength 0.50 ± 0.16 W.u. , 

which would be consistent with the AT = 1 character required by the classi­

fication of Fig. 1. It was decided to study the 19F(a,nY)22Na reaction 

below and above threshold for population of the 2572-keV level in order 

to confirm that the gamma ray reported by Baxter et al. is in fact 

associated with the decay of the 2572-keV level. While this work was in 
20 

progress Haas et al. also reported the observation of this transition 

in, singles spectra from the reaction 19F(cx,nY)22Na, finding a (1.8 + 0.5)% 

branch. However, there is no indication that this identification was 

confirmed by investigation of threshold behaviour. Haas et al. also 

reported previously unobserved weak branches from the 2572- and 1983-keV 

levels. It was decided to investigate whether these gamma rays displayed 

the appropriate threshold behaviour. 
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i.2 Measurement of the angular distribution of gamma rays ,f,r.6jh the 

1983 -> 583-кеУ transition (Section III.) , ... 

The J = 3assignment for the 1983-keV level has not been firmly 

established; Angular correTatioh measurements give J - 2 or <5 , and 
7 • ir +• + + transfer reactions indicate J = 3 , 4 , or 5 ; taken together these' 

тг * + • -results give J = ,3 . In addition, the work of Anttila-et al. (discussed 
IT + in Section I.1) strongly supports*J *= 3 . However linear•polarization 

19 ir + 

measurements suggest «J ..= 2 . Although the accumulated... evidence favours 

the 3 assignmentj further investigation is desirable. For this reason,, 

the angular distribution of gamma rays from the 1983 * 5,83-keV transition 

has been studied using the 19F(a,nY)^Na reaction, at energies just above 

threshold for population of the 1983-keV state. 

1. 3 Angular-cdrrel at ioiy studies of ;19Р(а,пу-) 2 Na in col linear 

geometry (Section IV) 

In an attempt to obtain model-independent "spin assignments :for 
• . . , . . . . • • • . ' • • ' . ' c 

some of the 22Na states of interest,' and multipole mixing ratios for 

associated gamma-ray transitions, angular-correlation measurements of 

the reaction 19F(a,nY) 22Na were performed in a collinear geometry (Method II 

of Litherland and Ferguson )'. Neutrons were deteeted at 0°, and the 

angular correlations of coincident gamma rays were measured for transiti-ons 

from the 3708-, 4069-, 4466- and 4522-keV states! During the course of 
'•'.' • 2 2 • • • ' . , • • • • ;. • ' *"' ' • " •' ' • • - . — •• this work, Freeman et.al. published the results of similar.measurements 

for the .3708-, .4466-, 4522- and 4708-keV states; however, the; geometry 

used by these authors did not ensure good definition.of nuclear alignments, 

and hence neither rigorous spin assignments nor accurate values of mixing 

ratios could be obtained. 



II. INVESTIGATION OF SOME.WEAK GAMMA-RAY TRANSITIONS 

II.1. The 2%a(3He,ct)22Na reaction 

The decay scheme of the 4069-keV level was investigated using the 

23Na(3He,a)22Na reaction (Q = 8161 keV). A target'.of approximately 

300 yg/cm2 NaBr evaporated onto a thin carbon foil was bombarded with a, 

beam of 8.46-MeV He ions from the A.N.U. EN tandem accelerator. Alpha 

particles emitted at 20° to the beam direction were detected with a <',, 

600 ym x 50 mm x 8 mm position-sensitive detector placed in the focal 

23 
plane of a 61-cm double-focussing magnetic spectrometer . The detector 

bias was adjusted to separate alpha and proton groups of equal magnetic 

rigidity. Gamma rays in coincidence with alpha particles were detected 

at 90° in a .12.7 cm diameter * 10.2 cm long Nal(Tl) crystal mounted with 

its axis vertical and its front face 4.1 cm above the target spot. 

Conventional fast/slow coincidence electronics were used to accumulate a 

two-parameter, 16-channel (position signal) * 256 channel (gamma signal), 

a-Y coincidence spectrum in an IBM 1800 on-line computer. Further dis­

crimination between a-'Y and p-Y coincidence events was afforded by the 

different transit times through the magnetic spectrometer for alphas and 

protons of equal energies and rigidities. The spectrometer entrance slits 

were set to subtend ± 2.25° vertically and ±1.5° horizontally at the 

target; these settings were chosen to provide an optimum compromise 

between yield and resolution. The beam current was limited to 80 nA 

to ensure that pile-up in the gamma detector remained within acceptable 

limits, and also to minimise evaporation of the target material. Even so 

it was necessary to move to a fresh target spot every few hours.-

Fig. 2 shows the spectrum of gamma rays in coincidence with alpha 

particles populating the 4069-keV level, obtained after running for 40 

hours. The inset shows the position spectrum in coincidence with 
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all gamma rays, and the particle „windows used to obtain the gamma-ray 

spectrum presented.. A correction for contamination by gamma, rays from 

the 3944-keV level was made by'fitting two gaussian peaks to the position 

spectrum and then subtracting an *appropriate fraction of the 394'4-keV 

level spectrum from the 4069-keV level spectrum.' Tfre correction amounted 

to 2.4% of the total coincidence"counts. The real-to-random coincidence 

ratio was determined from a simultaneously accumulated time spectrum, 

and a correction for random coincidences (5%) Was made by subtracting an 

appropriately normalized singles spectrum from the coincidence spectrum. 

The data clearly show the 2086-keV gamma ray corresponding LO che 

main branch from the 4069-keV level, and also a weaker 2541^keV branch 

to the 1528-key level. The full curve shown,in Fig. 2 represents a 

least squares fit to the data with line shapes measured for the experi­

mental arrangement described. Allowance was made for summing of cascade 

gamma rays, assuming isotropic angular distributions. The analysis 

yielded ä branching ratio of (10 ± 3 ) % for the decay to the i528-keV level; 

the quoted error includes allowances for statistical uncertainties, 

uncertainties in the detector relative efficiencies^ and "possible gamma-ray 

. • • ) " • • • ' ' " . • . . ' ' . , . 2 4 • • • • • • • -'•••' •• '• • '• •• 

. angular distribution effects 

The present result confirms the existence, of a significant branch 

+ 18 • • 
to the 1528-keV 5 level, as reported ty Anttila et äl. , but the 

branching ratio obtained is; smaller than the value of :21% reported' by 

18 
these authors. Assuming т(4069) $ 4 fs , a 21% branch would require-

|M|2 (E2) >, i 10 W.u. if̂ J*(4,069) = 3+. A branch of (10 ± 3J% would 

reduce this limit to |м|2 (E2> >, 36 W.u. which, although large, cannot 

be rejected25. Furthermore, if J* = 3+ is permitted for the.40,69-keV 

level, then a 2 assignment for the1983-keV level would also be permissible. 

Thus, the restrictions imposed by the branching ratio reported by Anttila et 

al., i.e. J(4069) = 4 and ^(1983) = 3 , are relaxed by the present result 
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to . ^ О б Э ) = 3+, 4" and ^(1983) = 2*, 3+. 

II.2. The 19F(ct,n)22Na reaction 

The reaction 19F(a,n)22Na (Q = -1950 keV) was used to study weak 

branches from the 1983-, 2211- and 2572-keV states. In each case 

singles gamma-ray spectra were obtained at bombarding energies below and 

above the kinematic threshold for population of the level. Targets con­

sisted of 2 mg/cm2 SrF~ evaporated onto 0.25-mm thick tungsten. Both 

planar and coaxial Ge-(Li) detectors were used. Gamma rays were identified 

from their energies observed at 90° to the beam direction and branching 

ratios were deduced from spectra taken at 0°, 55°, 90°.and 125°. The 

results obtained are listed in Table 1, together with relevant results of 

previous workers. Fig. 3 shows spectra taken below and above threshold 

for the weak gamma rays of energies 1983, 2211, 1915 and 361 keV. The 

threshold behaviour of these gamma rays confirms their assignment to 22Na 

levels as proposed by previous workers. Quantitatively the branching 

ratios obtained are in satisfactory agreement with those reported 

previously. Contributions to peaks from summing of cascade gamma rays 

were found to be negligible. : The spectra showed no evidence of previously 

unreported gamma-ray transitions, from 22Na levels. 

• IT ' + Assuming that the 1983-keV state has J = 3 and a mean lifetime 
20 of (2.40 ± 0.25)ps , the present branching ratio for the ground-state * 

transition corresponds to |м|2 (E2) $ 0.06 W.u. This is a weak E2 

transition, as would be expected if ДК = 3 in accord with the rotational-

band classification of Fig. 1. The shell-model calculations of Preedom 
26 and Wildenthal also predict that this E2 transition should be weak 

(|M|2 (E2) = 0.016 W . u . ) . • ' . . - : • • 

If the 2572-keV level has J11 = 2" and a mean lifetime of 
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20 (8.8 ± 0.9)ps j then the present, result for the branching ratio to 

the 657-keV 0* state corresponds to |м|2 (M2) = (0.6 i 0.3) W.u. This 
25 ' is quite a strong M2 transition for this mass region , which supports 

the AT = 1 nature of the transition required by the classification of 

Fig. 1. 

III. ANGULAR DISTRIBUTION OF GAMMA RAYS FROM THE 1983 -*- 583-keV 

TRANSITION 

The angular distribution of 1400-keV.gamma rays, emitted- in the 

transition between the 19834keV state and the 583-keV 1': state was 

measured using the reaction 19F(a,ny)22Na at bombardingenergies Ё of 

5.0, 5.1 and 5.2 MeV, close:, to the kinematic threshold for population 

of the 1983-keV. state (E =4.76 MeV). A target of approximately . 

120 yg/;cm2 BaF2 evaporated onto ä 0.25-mm thick tantalum backing was 

mounted at 459 to the. beam direction and bombarded, with beams of '•He 

ions. The energy loss of the beam in the target was thus- about.70 keVv 

The general arrangement was similar to that described, in detail by Bell 

et al. . Gamma rays were detected in a 40 cm3 Ge*(Li) detector rotatable 

in an arc of 12-cm radius centred on the target, and in a similar detector 

fixed at 90° relative to the incident beam direction. Singles gämma-ray 

spectra were simultaneously accumulated from both .detectors. Data were 

taken with the moving detector at angles of 0°, 15q, 30°,.45;°, 60°, 75° and 

90° in random order, and several angles were repeated at each energy to 

check reproducibility., Integrated charges of 500, 4ÖÖ and 300 yCat each 

angle were used fox. E = 5.0, 5.1. and 5.2 MeV, respectively. 

Angular distributions, were extracted by normalizing the,'yield of 

the 1400-keV gamma ray in.the moving counter to that of the, 583-keV gamma 

ray in the fixed counter. Appropriate corrections, totalling less than 5%, 
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were made for ADC dead time, attenuation of gamma rays in the target 

backing and anisotropy of.the target-detec.tor geometry. The latter was 

determined by assuming that the angular distributions of gamma rays from 
12 

the long-lived 583-keV state (т = 352 ns ) was isotropic. As a check 

the angular distributions were also extracted by normalizing the 140.0-keV 

yield to the 583-keV yield in the same (moving) counter, which cancels out 

dead-time and anisotropy effects, requiring only a relative attenuation 

correction of less than 1.5%. 
The average of the angular distributions obtained at the three 

bombarding energies, 5.0, 5.1 and 5.2 MeVy was compared with the pre-
28 dictions of the computer program MANDY of Sheldon and Van Patter , 

which assumes a statistical compound nucleus reaction mechanism. This 

program has been applied successfully to a number of (a,n) reactions in 

the 2s-ld shell (see, for example, Ref.29), and is expected to be applic­

able to the present case because of the low outgoing neutron energy and 

the high level density in the compound nucleus. A statistical analysis 

for the relevant excitation region in the 23Na compound nucleus has been 
30 carried out previously by Seaman et al. , and further support for the 

assumption of ä statistical compound nucleus reaction in the present case 

is provided by the similarity of the angular distributions at 5.0, 5.1 

and 5.2 MeV bombarding energy (see Table 2), and that at 5.48 MeV, measured 

using a thick target by Warburton et al. . 

For the calculation, using MANDY, of magnetic substate populations 

of 22Na levels, transmission coefficients were calculated from the- optical 

31 32 

model parameters of Hodgson , and Bock et al. . While the majority of 

previous authors have allowed at most an arbitrary 10% variation of 

population parameters from the MANDY predictions (see, for example, Ref.29), 

in the present work more generous allowance was made for the effects of 

statistical fluctuations. Because the bombarding energy in the 
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19F(a,n)22Na reaction was, for the levels of interest, not far 'above the 

kinematic threshold, only £ = 0 , £ = 1 and, to ä lesser extent, £ = 2 

neutrons should contribute significantly to the. reaction cross-section. 

The relative contributions of these partial waves in the MANDY calculations 

were varied between the extremes of, on the one hand, zero contribution 

from £ = 0 outgoing neutrons and, on the other hand', zero contribution 

from £ = 1 outgoing neutrons; the £ = 2 contributiori was allowed to 

vary from zero to twice the value calculated from the optical model ;f 

parameters. In addition the effect of varying/the relative transmission 

coefficients' for neutrons with total angular momenta j '•- £ + 1/2 and 

j = £ - 1/2 was investigated and found not to affect significantly the 

MANDY predictions. 

Fig. 4 showjs the averaged angular distribution for the 1983- н-583-keV 

transition and the best fits to the data for J (1983) = ,2 or. 3 and 

J(583) = 1 obtained using the predictions of MANDY for the magnetic 

substate populations of,the 1983-keV level. Clearly the data are 

consistent only with J(1983) = 3. Also shown in Fig. 4 are the measured 

angular distributions for the 1952- -> 583-keV decay in 22Na, arid the MANDY 
• + . + • • ' • prediction for this 2 •*• 1 transition with a mixing iratio of 0.04 ± 0.06 

(Ref. 4). It can be seen that the two are in good agreement even though, 

because of the low yield at 5.0 and 5.1 MeV, experimental angular 

distributions could not be averaged over bombarding energy as was done 

for the 1983- -> 583-k'eV transition. The success of the MANDY predictions 

in the case of the 1952- -»• 583-keV transition is taken äs further support 

for the validity of applying this analysis to the neighbouring i983-keV 

level. 

While strong arguments have been advanced above for the applicability 

of MANÜY to the resolution of the J = (2,3) ambiguity for the 1983-keV 

level, it is not intended to imply that this method of analysis can be 
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applied indiscriminately to angular distributions from the 19F(a,ny)22Na 

reaction, even when observed close to threshold; for example, the angular 

distributions for the 2211- (1~) -*• 657-keV (0 ) transition were found 

to be markedly different at 5.1 and 5.2 MeV bombarding energy 

(A, = -6.17 ± 6.07 and -0.36 ±0.07 respectively), perhaps in part 

merely reflecting the fact that for ä J = 1 level all the substates are 

substantially populated, and so the nuclear alignment is more sensitive 

to the precise values of the population parameters. 

In summary, it is concluded from the angular distribution results 

that the 1983-keV level has J = 3, with the mixing ratio of the 

1983-•-*• 583-keVtransition being given (see Fig. 4) by arctan 6 = 0.6° ± 1.1° 

or arctan & = 79° ± 1°. The phase convention for mixing ratios is that of 

33 • 
Rose and Brink and the standard errors on ärctan 6 were estimated using 

34 
the procedures described by Archer et al. . The possibility arctan 

б = 79° ± 1° can be rejected since it implies a miraculously large M3 
20 strength when taken in conjunction with branching ratio and lifetime data . 

A 3 " assignment can also be rejected since it requires |м|2 (М2) ̂  400 W.u. 

(assuming a reasonable E3 strength of S 100 W.u.). Thus for the 1983-keV 

level J % 3+, and arctan 6 = 0.6° ± 1.1° for. the 1983-->• 583-keV 

transition. 

IV. ANGULAR-CORRELATION STUDIES OF 19 F(a ,ny)22Na IN 

COLLINEAR GEOMETRY 

The reaction 19F(a,ny)22Na has been used to study the angular 
« 

correlations of gamma-ray transitions from the 3708-, 4069-, 4466- and 

4522-keV levels of 22Na. A beam of **Не ions was used to bombard a 

2 mg/cm2 target of SrF2 evaporated onto a 0.5-mm thick tungsten backing. 

The target chamber arrangement was similar to that described in Section III. 
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Neutrons were detected in a 7.5-cm diameter x lO-cm ;l.ong liquid (NE .213) 

scintillatorrplaced at 0° to tie beam direction and 10 cm from the 

target,. Gamma rays wjsre detected in, two Ge(Li) counters of 50 and ,30 cm3 

active volume placed 8.0, and 7.5 em, respectively,, from the target. The 

former counter could be rotated between 90° and 145° relative to the beam 

direction and was used to measure the angular correlations-; the, latter 

was fixed at 90° and served as a monitor of reaction yield. 

For each Ge(Li) counter conventional fast/slow coincidence circuitry 

was used to select and route real and random neutron-gamma coincidence 

spectra into 2 x 20,48 channels. The neutron pulse-shape discrimination 

circuit gated both coincidence circuits; therefore the fixed.-counter 

spectra accurately monitored any changes in reaction yield, target condition, 

neutron detection efficiency and countr-rate dependent effects.. Furthermore, 

the coincidence-time windows and pulse-shape windows were frequently 

checked during the measurements. / 

' It i's known that the 4708-keV level of 22Na has a 40% branch to 

the 4069-keV level, which could introduce some population of magnetic 

substates of the latter level other than those directly populated by the 

19F(a,n)22Na reaction (for neutron detection at 0°). Ä preliminary 

excitation function was measured to find an energy at which the relative 

populations of the 4069- and 4708-keV levels were favourable. The 

4708- -> 4069-keV transition (639 keV) is obscured by the»637-keV transition 

between the 1528- and- 891-keV levelsi. The intensity of the other branch 

from the 4708-keV level, namely 60% (2725 keV) to the 1983-keV level, 

was therefore compared with the intensity of the 4069-1983 = 2086-keV 

gamma ray. The most suitable beam energy was found to be 11.2 MeV, where 

the relative intensities of the 2086- and 2725-keV transitions were about 

10 to 1, and this energy was used for the angular-correlation measurements. 

The beam current Was maintained between 15 and 25 nA to limit count-rate 
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dependent effects on dead time and resolution. Twenty-five coincidence 

spectra were taken, in random order, with the movable Ge(Li) 'detector 

at angles of 90°, 115°; 125°, 135° and 145°. The typical charge per run 

was 200 yC. 

Fig. 5 shows the sum of all coincidence spectra from the moving 

Ge(Li) detector. All but one of the major peaks have been identified with 

established gamma transitions from levels in 22Na up to E = 5166 keV. 

The unidentified gamma ray has an energy of 3375 N± 3 keV. Considering 

levels of 22Na at excitation energies below the limit imposed by kinematics 

and the neutron-detection threshold (E = 6 MeV), the most likely origin is 

12 

a transition from the level at E = 5317 ± 5 keV having an energy of . 

either 3380 i S or 3365 ± 5 keV, corresponding to final states at 

1936.9 ± 0.2 or 1951.9 ±0.2 keV, respectively; the former possibility 

gives a better match of energies. The gamma-räy energies E were separately 

obtained from internal calibration of the sum of all 90° spectra in each 
12 

counter, relying mainly on the reported energies of the intense ground-. 

state transitions from the long-lived (2571.5 ±0.3)^- and (1527.9 ± 0.2)-

keV levels. The values obtained from the two counters were in splendid 

agreement. The gamma-ray energies were averaged and combined with the 

12 known excitation energies E of the final states to give the excitation 

energies E. of the initial states listed in Table 3. 

There is a peak in the spectrum of Fig. 5 which is attributed to 

the 2541-keV y-ray emitted in the 4069 -*• 1528-keV transition. It is 

possible that other y-rays could contribute to this peak, e.g. if the 

12 
5107-keV level decayed to the 2572-keV level, it would produce а y-xay 

öf energy 2535 keV. However there is no positive evidence for the existence 

of such competing y-rays. Assuming that the peak concerned arises entirely 

from the 4069- ->• 1528-keV transition, and allowing for a small contribution 

to the 4069- •> 1983-keV peak from the first escape peak of the 2572-keV 

Y-ray, the 4069- ->• 1528-keV branch is found to be (12 ± 3)4 from the 125° 
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data, and (12 ± 2 ) % from consideration of the data summed oyer all angles. 

This result provides excellent confirmation of the (10 ± 3)% value obtained 

in the present work from studies of the 2%a(3He,ay)22Na reaction (Section 

II.1), particularly as it eliminates uncertainties arising from angular-

distribution effects,; .- it is in clear disagreement with the 21% result 

18 
reported by Anttila et al. . Although the present experiment was not 

specifically designed for lifetime determinations, conventional Doppler 

shift attenuation analysis of the neutron-gamma coincidence data for the 

4069- -»• 1983-keV transition yielded an upper limit of 30 fs for the 

lifetime of the 4069 ]-ow level; this result is consistent with the only 

18 
previously reported value of £ 4 fs (Anttila et al. ). 

Angular correlations were extracted for the 1895-, 2088-, 2177- and 

2996-keV gamma rays (Table 3).. They are identified with the. following 

transitions in ?2Na; 4466. * 257222, 4069 -*- 19836, 37.0.8 -v 15-2.8"? and 

22 
4522 -»- 1528 keV /respectively. Here again the; level• .energies correspond 

to those given in Refs. 6 and 12. The angular eprrelätipns were normalized 

to the total counts observed between 620 and 1480 keV in the fixedrcounter 

spectra. Görre.ctions were made for. random coincidences (about 5%). Ex­

tensive cross checks: were made between total neutron yield, integrated 

charge, total coincidence yields and coincidence„yields of the strong , 

891- and 1369-keV gamma rays in both counters to ensure that- all the. 

data were self-consistent. The 2088-keV peak was imperfectly resolved 

from the first-escape peak of the 2572-keV gamma ray.. Uncertainties 

introduced into determination of the 2088-keV gamma-ray yield by 

corrections (v 10%) for this contamination were estimated to be < 1%. 

Corrections for anisotrppy in the target-detector geometry were 

deduced from the following measurements: (a) the angular distribution 

of gamma rays from the decay of the.2311-keV, J = 0 level of ^N 

produced via the reaction 11B(a,n)1^fN using a target of natural boron on. 
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tungsten and a beam energy E of 11.2 MeV-'(i.e. beam conditions identical 

to those for the 22Na observations); (b) as. for (a), but with E '•= 8.0 

MeV, which gave cleaner spectra; (c) observation of the angular variation 

in the intensity of gamma rays from a 1-mm diameter 60Co source placed at 

the position of the beam spot observed on the target; and (d) direct' 

measurement of the «geometry. These four procedures gave mutually compatible 

results. At 90°, the correction relative to 145° was (5.0 ± 2.5}%; it 

was less at other angles. Corrections to the nominal angle were less 

than ±1°. 

Fig. 6 shows the measured correlations.. The error bars include 

uncertainties arising from statistical effects, background interpolations 

under the gamma-ray peaks, and the anisotropy corrections. Fig. 7 shows 

the results of least-squares fits to the data calculated for various 

possible spin sequences; x2 is plotted against ärctan 6, where б is 

the multipole mixing ratio. These fits are shown by the full curves in 

Fig. 6. For neutron detection at 0°, the 19F(a,n)22Na reaction can 

populate directly the m = 0, ± 1. magnetic substates of the final nucleus. 

Since the effective angle subtended at the target by the liquid scintillator 

for neutrons corresponding to the levels of interest was about ± 15°, the 
21 population of the next higher substate (m = ±2) may be estimated as 

approximately 7%. The following subst'ate restrictions were therefore adopted: 

0 £ P(m = 0) i? . 1 

0 $ P(m = ±1) * 1 

0 $ P(m = ±2) s? 0.1 

J 

I P.Cm) = 1 
m=o 

The P(m) are defined so that, for example, P(m = ±1) is the sum of the 

equal populations of the m = +1 and m = -1 magnetic substates. Table 
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presents the results of, Legendre-polynomial fits to the distributions, 

and .the mixing ratios permitted by the results of the least-squares fits 

of Fig. 7 for various spin sequences. 

IV.1, The 3708-keV level 

• From their coincidence studies of the 2%е(ЗНе,ру) 22Na reaction, 

Poletti et.al. report that this level decays 65% to the 891-keV 4 state 

and 35% to the 1528-keV 5. state. Warbu'rton et ad. used Doppler-shift 

attenuation studies of the 2817-keV transition to the 891-keV level to 

determine the mean lifetime of the 3708-keV level as 52 >±i 17. fs. These, 

two pieces of information together imply that the spin of the level is 

3;, 4, 5 or 6, and on.this basis it has been generally assumed that the 

3708-keV level is the $* member of the K^ = 3 , T = 0 rotational band. 

The level is strongly populated in the. heavy?ion reaction 12G(11tN,ä)22Na, 
20 

which -is consistent with a.high-spin assignment. Recently Haas et al. 

have made further poppler-shift measurements of the 2817-keV gamma ray, 

obtaining a value of 80 ± 40 fs for the lifetime1; they have re-analysed 

35 
the data of.Warburton et al. to obtain a value of 75 ± 25 fs, and recommend 

22 
that a .lifetime of 77 ± 20 fs be adopted. Freeman et al. have studied 

the reaction.-,19FCa,ny>22Na, and report branching ratios of (75 ± 7)% and 

(25 ± 7 ) % to the 891- and 1528rkeV levels, respectively. Their angular-

correlation measurements of the 3708- -»• 891-keV transition are consistent 

with a J = -6 assignment for the 3708-keV level. However their, neutron 

detector at 0° subtended a half-angle of 38°; hence there was little 

restriction on substate populations, and no rigorous spin assignments 

could be made. 

The excitation energy obtained in the present work from the 

transition to the 1528-кеУ .level is 3704.4 ±1.0 keV (Table 3). "This is 

significantly different from the value 3708 ± 1 keV given by Warburton et 
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al. ' . However, if the gamma ray of energy 2818.0 ± 0.7 keV is ascribed 

to a transition to the 891-keV level, then the excitation energy obtained 

is 3708.9 ± 0.8 keV, in good agreement with the result of Warburton et 

al; But the latter gamma ray could be contaminated by 2818-keV radiation! 

from the 4770- •* 1952-keV transition (a 100% branch.). For this reason 

no attempt was made to analyse the angular correlation of the 2818-keV 

gamma ray. It is not obvious that previous authors who have studied the 

3708- -»- 891-keV transition have considered this possible contamination. 

In order to investigate the possibility that the 4770- ->- 1952-.keV 

transition could cause difficulties in studying the 3708- -»• 891-keV 

transition, singles spectra from the reaction 19FCa,ny)22Na were taken 

below and above threshold for population of the 4770-keV state. A 50 cm3 

Ge(Li) detector was located at 90° to the beam, direction, and the target 

consisted of 3 mg/cm2 SrF„ on a thick tungsten backing. The kinematic 

thresholds for population of the 3708- and 4770-keV levels are Ё = 6849-

and 8136-keV, respectively. At E = 8000 keV, the relevant y-^ay peak was.. 
ex 

found to have an energy of 2814.8" ± 0..7 keV; at E = 9.000 keV, i.e. above 

threshold for the 4770-keV level, the peak energy was found to be 

2817.6 ± 0.5 keV. These results indicate that for beam energies above 

threshold for the 4770-keV level, the 4770- •* 1952-кеУ transition cannot 

be ignored in studying the 3708- -> 891-keV transition. The data obtained 

at E = 8000 keV produce a level excitation energy of 3705.7 ± 0.7-keV; 

combining this result with the value deduced from the present (n,y) coincidence 

data (.3704.4 ± 1.0 keV) yields a best value of E. =3705.2 ± 0.5 keV. 

It follows from these investigations that all previous studies of 

the 3708- •> 891-keV transition using the 19F(a,nY)2*Na reaction at 

bombarding energies above the 4770-keV level threshold should be examined 

to ensure that account was taken of possible competition from the 

4770-.-*- 1952-keV transition. This applies, for example, to the excitation 
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energy and lifetime determinations by Warburton et al."", and to the 
22 branching-ratio and angular-correlation studies of Freeman et al. . 

The present angular-correlation data for the 2176-keV gamma ray 

to the 1528-keV 5 .state strongly favour J(3708) = 6. The next most 

likely assignment is J = 4., and this can be rejected at the 3% confidence 

limit. For.J = 6,'arctan б = -75° + 7°, i.e. 6 = -3.7 *]>"*'. The 
- 4 . 4 ••> ' : 

J = 6 possibility can be rejected because this would imply 

|М|2 (M2) >, 325 W.u., assuming a mean lifetime of477 ±20 f s and a 

branching ratio of 35%2. For J17 = 6+, |M|2 (П2) = 20 ± 6 W.u.,, and . 

|'M|2 (Ml) - (0 *1^) x-10"4 W.u. 

IV. 2. The 4069ткеУ level 

The excitation energy obtained from the present results is 

4071.4 ± 0.6 keV (Table 3), which is in good agreement with the value 

of 4069 ± 2 keV listed by Warburton et al. . Evidence for-a Jir = 4+ 

assignment for this level, and for its identification as the 4 member öf 
IT + ' . . , . . • . . . 

the К = "0 , T' = 1 band, has been discussed in detail in Sections I and IT 

of this paper. The present angular-correlation data for the 2088-keV • 

transition to the; 1983-keV level (shown in Section III to have,-.J' = 3 ) 

are consistent with J(4069) - 3 or 4; all qther possibilities are excluded 
by previous lifetime and branching-ratio data. If the lifetime, of the 

1Я • 

4069-keV level is taken to be s 4 fs (Anittila et al. ).., then the mixing-

ratio obtained in the present work for J(4069) = 3 corresponds to a minimum' 

quadrupole strength of 500 W'.u. if E2j or 2.5 x 104 W.u. if M2. Thus' the- ' 

present results, together with the lifetime value of Ant"tila: et:al., show 

that the spin of the 40.69-keV state is 4, and that for the 2088^keV 

transition arctan б = 0° ±.4°. Assuming the branching ratio obtained in 

the present work (Section И.1), the Ml strength of the 2088-key transition 

is found to be 5 0.75 W.u. This is quite strong, and implies a T-a11owed . 
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transition, as. required by. the classification of Fig. 1. Because the .,:• 

value obtained for 5 ß.s consistent-with zero, and only an upper limit is 

available for the lifetime of the-state,,, no limitations can .be placed 

on the E2 strength of the 4069- -*• 1983-keV transition. 

IV.3. , The 4466-keV level 

On the basis of its selective population in the 12C(ll*N,c022Na 

reaction, Hailock et al. tentatively identified^the 4466-keV level as 

the 4~ member of the к" = l", T = 0 band based on the 2211-keV l" state. 
22 The angular-correlation data of Freeman et al. for the 1894-keV 

transition to the 2572-keV level are consistent with a pure E2 transition 

from a 4 to a 2 state; however, as indicated previously, their experi­

mental geometry did not ensure good definition of nuclear alignments, and 

hence rigorous spin assignments were not possible. The decay scheme of 

the 4466-keV level has not yet been investigated in detail; the 1894-keV 

transition to the 2572-keV state is the only gamma-decay branch yet 

reported . Gamma-ray singles spectra from the reaction 19F(a,nY)22Nä 

taken during the present work confirm that the 1894-keV gamma-ray displays 

the correct threshold behaviour for its identification with a transition 

from the 4466-keV level; the kinematic threshold for population of the 

4466-keV state is E = 7768 keV, and the 1894-keV gamma ray was clearly 

present at E = 8000. keV and higher energies, but absent at E = 7500 keV. 

Freeman et al. measured a mean lifetime for the level of 145 .„ fs.. If 

it is assumed that the 1894-keV gamma ray represents a major branch, i.e. 

5 10%, then the spin and parity may be restricted, on the basis of this 

- ± ± ± -
lifetime value, to 0 , 1 , 2 , 3 , or 4 . The present angular correlation 

for the transition to the 2572-keV level is clearly anisotropic (Fig. 6), 

which eliminates the 0~ possibility. The mixing ratios obtained for J = 1 

and .3 (Table,3) require implausibly strong M2 components for positive 
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parity f|M|2;(M2) >, 12 W.u. and 36 W.ü. 'respectivelyy assuming again that 

J ('2572) = 2 and tKat the 'observed IS^-keV transition represents a 

branch o:f greater than 10%)'. Hence, the combination of lifetime and 

ahgular-correlation data restricts J^(4466) to l", 2~, 3~ or 4~. If 

J = 4 , and if the branching ratio for the 1894-keV transition is 

+12 
assumed to be 50%, .then the E2 strength of the transition is 31 W.u. 

The excitation energy obtained from the: present work,, 4467.0 ±0.7 

6 2 9 

keV, is in good agreement with pjreviousr -values ' л . 

IV.4. The 4522-keV level 

Warburton et al. suggested that the J = 7 member of the K* =. 3 , 

T = 0 band based on the ground state of 22Na should lie in the region of 

excitation energy from 4.4 to 5.3 MeV. Garrett et al,. found that the 

4522-keV state is weakly populated in one- and two-nucleon transfer 

reactions, and that it may therefore be a high-spin state. On the basis 

of its selective population in the 12C(ll*N,a)2.2Na reaction, Hailock et 

al. suggested that the• 45'2;2>-,keV. state is the 7 member of the К = 3 , 

T = 0 band. Del.Ca.mpo et .all found that the 4522-keV state is populated 
- . • • • • . . , > - u - • . • ' \ ' 

in the 10B(16O,a)22Na reaction with a strength and angular distribution 
" • . . . ' * ' • ' • ' .* ' TT " + 

consistent with the predictions of Hauser-Feshbaeh calculations for J = 7 . 
2 2 • -' - ' ' '• ' • • 

Freeman etal. found а 2994-JceV transition between the 4522-keV level 

and'the 1528-keV 5 state; no other information on the decay scheme of 

the level has been.published. Gamma-ray singles spectra from the reaction 
19F(a,nY)22Na taken during the present work confirm that the 2994-keV 

gamma-ray displays the correct behaviour for its identification with a 

transition from the 4522-keV level; the kinematic threshold for population 

of the 4522-keV state is Ё =7836 keV, arid the 2994-keV gamma ray was 

clearly present at E = 8Ö00 keV and higher'energies> but absent at 
a 

' ' " . • • - • " . " - • ' • " i " - . • • . . - . , - ' • - ' • ' • • , • • • ' " , ' .•':. 2 - 2 ', E - 7500 keV. The angular correlation obtained by Freeman et al. for a 

http://Del.Ca.mpo
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this transition was consistent with a pure E2 transition between 7 and 

5 states, but a rigorous spin assignment could not be made. They also, 

measured the mean lifetime of the 4522-keV level to be 115 __ fs. 

On the basis of this lifetime, and assuming conservatively.that the 

transition to the 1528-keV level represents a branch of greater than 2%, 

the spin and parity of the 4522-keV level may be restricted to J = 3 , 
± ± ± + 
4 , 5 , 6 or 7 . The mixing ratios required by the present angular-
correlation data (fable 3) for the transition to the 1528-keV state 

7T + - -

eliminate J = 3 , 4 and 6 , provided that the transition represents 

a branch of greater than 0.01%, 14% and 20%, respectively (the rt.4ui.3ite 

transition strengths would be |м|2(МЗ) >, 30 W.u., |м|2(М2) г 3 W.ü. and 

|М|2(М2) £ 3 W.u., respectively). In addition J = 3 , 4 and 6 assignments 

can be rejected at 3%, 3% and 1% confidence levels, respectively., Thus, 

the combined lifetime and angular-correlation data require J = 4 , 5~, 6 

or 7 , and strongly favour J17 = 5~ or 7 '. If J11 = 7 , then the E2 tran­

sition to the 1528-keV 5 state has a strength of 8 ± 3 W.u., assuming 

that the transition is a 100% branch; this is a reasonable,assumption, 

since the only other possibly significant decay mode would be to the 

3708-keV 6 state, which Freeman et al. find to be less than 3%. 

The excitation energy obtained in the present work (4523;.4 ±0.7 

keV) is. in good agreement with previous values * . 

V. CONCLUSIONS 

The results reported in this paper may be summarized as follows: 

(a) Particle-gamma coincidence studies of the reaction 23Na(3He,ay)22Na 

show that the 4069-keV level of 22Na has a branch of (10 ± 3)% to 

the 1528-keV 5 state. Investigation of the.spectrum of gamma rays 

emitted in coincidence with neutrons from the reaction 19F(a,nY)22Na 

http://rt.4ui.3ite
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confirms this resultj yielding:ävalue of (12 ± 2)%. 

(b) Evidence for the existence of several weak gamma transitions 

reported:by other workers from studies of the reaction 1,9F(a,nY)22Na 

has been placed on a secure footing by taking data below and above 

threshold for popui'ätion'of the initial state involved. The 

results are' shown in Table 1. 

(c) The angular ;distribution of.1400-keV gamma rays from the 1983-keV 

state populated in the reaction 19F(a,nY)22Na was studied at 

energies close to.the: kinematic threshold; the results resolve 

the long-standing J = 2 or, 3 ambiguity for the 1983-keV state, 

•л- + which is shown to have J = 3 . 

(d) Mgülar-correlatiön studies of the reaction 19F(a,nY)22Nä were 

made in collinear geometry. The results, taken in conjunction 

with other data, impose limitations on spins arid [parities of 

several levels, and on the mixing ratios of associated gamma-ray 

transitions. The spin-parity values are as follows: 

J71 (3708) ' = 6 , with J й 4 rejected at the 3% confidence level; 

J*(4I>6$) = 4"; ' :••••• 

J1I(4466) = Г , 2±, 3~ or 4~; 

JTr(4522) = 51 or 7+, with J* = 4" and 6* rejected at the. 3%. 

and 1% confidence levels, respectively. 

. The data obtained on spins and parities provide a more substantial 

basis than previously existed for the assignments assumed in the rotational-
• - • ' • • • 4 2 2 

band classification of Fig. 1. It has been shown previously ' that 

intraband E2 and' Ml transition strengths are in reasonable agreement' with 

the predictions of' the" rotational model. Table 4 lists available informa­

tion on E2 and Ml transitions within the ground-state band'. The data are 
-• • ' " •"-' -' •'- • 12- 22 ' " ' •..-..•,-•• ' 

taken from previous compilations ' /except that the results obtainied in 
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the present work are given for the 3708(6 ) •* ,1528(5 ) transition. It 

is assumed for the sake of the present discussion that the spins-parity-

assignments of Fig. 1 are correct. The intrinsic quadrupole moments Q 

have been deduced from the E2 strengths, and the quantity (g,,-gB) from 

the Ml strengths. It is seen that Q is approximately constant within 

the band, implying'that the relative E2 strengths are in approximate 

agreement with the predictions of the rotational model. The internal 

consistency of the (gK-gD) values is only fair, but they are in reasonable 
4 agreement with the value of (0.056 ± 0.012) deduced ,frpm the measured-

magnetic moiuents of the ground state аьи the 583-keV state. The rotational 
4 22 model predicts '• that the E2/M1 mixing ratios for transitions within 

the ground-state band should be large and negative, in agreement with the 

values in table 4. The picture presented thus far of general agreement 

between experiment and the predictions of the simple rotational model is 

marred by the observation of a substantial branch from the 4069-keV state 

(assumed J17 = 4+, T = 1) to the 1528-keV state (J* = 5+, T = 0). Although 

the branching ratio obtained in the present work is smaller than that 
18 previously reported , it still corresponds to an Ml transition of strength 

18 |'M{2(Ml)' $ 0.03 W.u. (assuming T(4069) -c 4 fs and |M|2(E2) <; 10 W.u.). 

According to the rotational-model classification, the transition would 

have дТ = 1, дК = 3, and would be doubly-inhibited by the K-selection rule. 

But a strength of |M|2 г 0.03 W.u.. falls within the upper half of the 
25 distribution of T-allowed Ml strengths for this mass region , and thus . 

the observed transition presents a significant difficulty for the simple 

rotational model. Probably this difficulty could be overcome by assuming 

substantial mixing of other K-valucs in the 4069-keV level, but this would 

be at the expense of the simplicity, and hence the attractiveness, of the 

model. 

Preedom and Wildenthal ° found that the shell model was able to 
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account for the observed "rotational" properties of positive-parity 

states in 22Na as a consequence of coherent motion among the six extra-core 

nucleoiis. indeed, the shell-model results agreed with data1which deviated 

from the predictions of the simple rotational model; for, example, the 

shell model gave a better description of the J-deperidence of excitation 

energies of levels, within5 a rotational band than did the rotational model. 

22 '"'•-'-
Freeman et al. found that their measurements of Ml and E2 transition 

strengths in 22Na were in remarkably close agreement with the predictions 

of Preedom and Wlldenthal. From Table 4 it is clear that for the 

3708(6) -*• 1528(5 ) rrai>sition, the shell-model predictions are in excellent 

agreement with the new results reported in this paper. • ; 

Although the simple rotational model has had striking success in 

accounting for the general features of the level scheme and electromagnetic 

transition rates in 22Na, deficiencies become evident when detailed 

comparison is made with experiment. Such deficiencies cannot be overcome 

without increasing the "complexity, and hence decreasing the aesthetic 

appeal, of the model. On the other hand, recent shell-model calculations 

• '' ••• '•"•'22 ' ' '• 

display impressive agreement with experiment. Freeman et al. point put 

that the predictions of the shell model and the rotational model diverge 

more strongly when higher-spin states are considered. It is therefore of 

great, interest to investigate the lifetimes and decay modes of the high-spin 

• ' '• . . . : ' . - 17 
members of rotational bands recently suggested by Del Campö et al. . 
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TABLE 2 

Legendäre polynomial fits to the angular-^distribution 

data for the; 1400-keV gamma ray. 

E o (MeV) 

5.0 

5.1 

5 .2 . 

average 

0.44. it 0 .03 

0.35 * 0.04 

0.40 ± 0,04 

0.40 ± 0 . 0 2 

-0.Г7 + 0.04 

-0 ,20 ± 0.04 

-0 .06 + 0.04 

-0 .14 ± 0 , 0 3 

a. = A.'/A- Q., Where Q2 = 0.997 and Q4 = 0'.,971. 
1 l'О. l' ' ,x* х ч 
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FIGURE CAPTIONS 

Fig. 1. Rotational band classification of 22Na states for E <* 5 MeV. 

Excitation energies (in keV) are taken from, reference 12 for 

E < 3.4 MeV, and from reference 6 for E >. 3.4. MeV. Possible 

Nilsspn configuration's are indicated, assuming for each band 

that an "unpaired nucleoli in the 3/2 [211] orbit is coupled 

to an unpaired nucleon in the orbit shown. 

Fig. 2. The spectrum of gamma rays in coincidence with alpha particles 

populating the 4069-keV level of 22Na. . The inset shows windows 

set on the alpha-particle position spectrum. The full curve is 

a line shape fit obtained as described 'in the text. All energies 

are .in keV. The 2086-r and 1400-keV gamma rays arise from the 

cascade 4069 *• 1983 •* 583 keV, and the 2541- and 1528-keV gamma 

rays from the cascade 4069 •*• 1528 -»- 0 keV. 

Fig. 3. Ge(Ll) spectra showing threshold behaviour of the following weak 

gamma rays from the reaction 19F(a_,nY)22Na: 

(a) E = 1983 keV, E t h = 4761 keV; 

№ Ey = 2211, Et]) = 5037; 

(cO E y = 1915^ E t h = 5474; 

(d) E Y = 361, E t h = 5474. 

All energies shown in the diagram are in keV. The arrows 

indicate the positions expected for appropriate gamma rays. 

The data have been smoothed by a three-point averaging procedure. 



1.01. 

Fig. 4. Angular-distribution data and x2-analysis for the 1983- •*• 583-keV 

transition (data averaged over 5.Ö, 5.1 and 5.2 MeV bombarding 

energy) and for the 1952- •+ 583-keV transition (data obtained at 

5.2 MeV only). Magnetic substate populations have been allowed 

to vary as described in the text. The horizontal error bar on the 

X2 plot for the 1952- •-»• 583-keV transition indicates the 

mixing-ratio range determined by Warburton et al. 

Fig. 5. Portion of Ge(Li) spectrum of gamma rays in coincidence with 

neutrons emitted at 0° froi? the reaction 19F(a,ny)22Na at 

E = 11.2 MeV. The data shown represent the sum of spectra 

taken at 90°, 115°, 125°, 135° and 145° with the moving 

detector during the angular-correlation measurements, to 

simplify presentation the spectrum has been compressed by adding 

channel contents in pairs. Transitions between states in 22Na 

are identified. All energies are in keV. 

Fig. 6. Angular correlation data for the reaction 19F(;a,nY)22Na. The 

full curves represent best fits to the gamma-ray distributions 

for various- spin sequences. For small values of cos26, the 

following pairs of curves are very similar, and in each case have: 

been represented by a single curve: (i) 4466 -*• 2572, J - 2 and 4; 

(ii) 4522 -> 1528, J = 3 and 4; (iii) 4522 •> 1528, J = 5 and 7. 

Fig. 7. Results of least squares fits to the angular distributions of 

Fig. 6 for various spin sequences. Confidence levels for the 

X2 statistic are indicated. 
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(p,y) Resonance Strengths in the s,d Shell 

D. G. Sargoöd University of Melbourne 

When we speak of measuring (p,y) cross sections, what we are normally 
T Г ' 

measuring are the. resonance strengths, (2J+1) ,̂ - , of the resonances in the 
compound nucleus. 

This is generally done by measuring the height of the step in a thick 
target yield function at each resonance. The resonance strength is related 
to the thick target step by the formula ' 

Г Г . . M E eE 
(2J+l)-fl = 2(^)2 (2 V1) J ^ y ( - ) . 

MY Ny/ Y . L , . . where y(««°) = —^ = — - — is the thick target step. 
^D Q /e 

In this formula, the 2 is the statistical weight of the proton, 
(-r—rO2 is a centre of mass factor A+l 
J. is the spin of the target nucleus 
Mp is the mass of the protön 
E is the resonance energy in the laboratory 
r / 

:E is the atomic stopping power of the target at the r 

V 
resonance energy 

is the number of resonance decays per incident proton 

N* is the number of decays actually detected 
is the total detection efficiency of the gamma detector 

Q' is the total charge incident on the target 
e is the electronics charge. 

There are three quantities here which are crucially important in deducing 
the resonance strength from the experimentally measured step: the atomic 
stopping power, the detection efficiency, and the beam current integration. 

An alternative method of determining resonance strengths which avoids 
dependence on knowledge of these three quantities has been developed by 
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workers ati Gerecht. .By. means -of a resonance absorption .-'technique , they 

determine Г arid T separa-tely> and with the proton channel• ;.-the only .particle 

channel open put Г = T - Г . • The resonance strength is then built.up from 

its separate factors, assuming tlie spin J is already known. 

They have used the resonance absorption technique to determine the 

strength of the 621 keV resonance in 30Si(p,y) 31P3). The method consists 

of bombarding a 30*Si target at resonance and observing the groind state 

gamma transition at an angle a to the incident beam, using a very finely 

collimated Nal detector, with a sample of 31P in the' collimator to act as 
21 absorber, (see figure 1 of reference •')..• After account is taken of recoil 

of the emitting and absorbing nuclei, and Doppler shift due to emission from 

a moving source, there is just one value of a for which the 31f will 

resonantly absorb the ground state gamma ray. 

The detection of gamma rays as.a function of a (see figures 1 and 2 of 
3Y reference •') shows a sharp dip, the width of which is sufficiently greater 

than the instrumental width for the resonance width, Г, to be determined. 

(the instrumental width had been previously determined by making a similar 

measurement on the 771 keV resonance in 27A1(p,Y)28Si, for which the 

resonance width is only 9 eV.) 

This dip in ithe gamma ray transmission of the collimator was converted 

to an absorption peak, the area of which gives the ground state gamma width, 

Г.у , of the resonance, through the formula 

A = 
a 

'* 7Г Г Ata)da = 2 ЖГ F(nao> 
d a r 

where Aa, the absorption integral, is the peak area 

q0 (the resonant cross section) = 2ттл̂  _•-- •, —-—• 

F ( n a ° } = Ĵ , „ ( 1 " e x p i 5 dx 

n is the number of absorber atoms per cm2 in the collimator 
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Since 1' is. already found, measurement of A i«s effectively measurement 

of.F(no0). A graph of Г(naQ) against no0 is given in figure 3 of reference , 

using which one can then find na0, and hence l'y • From known brandling ratios 

one then gets Г and the determination of resonance strength is complete, 

without recourse to a knowledge of any of the three quantities on which the 

thick target step method depends 

This method is very limited in its applicability, since it 

requires ä resonance with measurable width and a strong ground state gamma 

decay mode. It has been applied to only two resonances: at 621 keV in 

30Si(p,y)31P and at 1966 keV in 26Mg(p,Y)27Al , both measurements being тааз 

by.the Utrecht group. 

To enable the use of the 30Si(p,Y)31P measurement as a standard, the 

Utrecht workers have determined a set of relative strengths across 16 nuclei 

in the s,d shell by comparing thin target yields from chemical compounds targets 
5 Л • ' • • • • • ' containing two of the nuclei to be compared J, a method for which an accurate 

knowledge of the chemical composition of the targets is crucial. Their 
: ' 3 1 '•-

network of comparisons (see figure 3 of reference ) is overdetermined and 

shows a high degree of internal consistency, and excellent agreement with the 

resonant absorption measurement on 26Mg(p,y)27Al. 

Howeveri the Untrecht values are in general disagreement with very 

careful work on thick target step yields made with elemental targets at 

Caltech ' and similar measurements either made with elemental targets or' 7,8) These referred to measurements on elemental targets at Melbourne 

results are shown below. 
• rr 

(2J + 1) ~^X (eV): Comparison of Results 
Resonance 

Reaction Energy (keV) Utrecht Caltech Melbourne Toronto 
2 3Na(p,Y)2 l <Mg 
2 7 A l ( p , Y ) 2 8 S i 
3 1P (p ,Y ) 3 2 S 
30 S i ( p , Y ) 1 J P 31 i 

?f. ?•/ / 

?'t 

M g ( p . Y ) / ' A l 

M g ( p , v ) " A I 

512 

633 

642 

621 

1966 

KJ3 

1 .0510 .16 0 . 8 5 + 0 . 1 8 

5 . 3 ±0 .8 3 . 1 + 0 . 4 3 . 1 6 + 0 . 3 3 

0 . 5 2 + 0 . 0 8 0 . 2 3 b ) 0 . 2 5 + 0 . 0 3 

3 . 1 0 + 0 . 2 ( ) a 1 3 . 9 3 + 0 . 4 0 

5.7 +0.8 9.7 +1.6 
5 .6 i I . 8 
(1.52±0.08 

a) 
0 . 8 9 + 0 . 1 3 «0 0 . 9 8 + 0 . 1 5 
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a) Resonance absorption measurements 

b) Unpublished . -.. 

c) Deduced from 26Mg(p,,Y)27Al result, using Utrecht walue for ratio 

Recently a new measurement of the strength of the 823 keV resonance 

in 2l*Mg(p,Y)2̂ A.l has been made at Toronto by comparing the step in a 

thick target yield function with the yield о Г protons in-Rutherford 

scattering. The ..effect of referring the measurement to »the Rutherford 

scattering yield is essentially to remove the atomic stopping power from 

the calculation, and it also reduces the dependence on absolute beam 

current integration by requiring only the ratio of the charges collected 

in the two measurements, äs shown by the second.of the two following formulae. 

Rutherford scattering gives 

A Q vdaR. • 
t

A E r t ^ E p 9 

E r >^Nscatt-
•da JEp6 

where g is the stopping power at the (P,Y) resonance energy. 

ДЕ is the target thickness in energy units at the (p,V) resonance energy. 

Q is the total incident charge in the Rutherford scattering measurement, 
which is made off resonance 

Ä ; 

du . is the calculated Rutherford scattering cross section 
dN . : 

sc -is the observed yield of scattered protons dTT 

The thick target step expression then becomes 

/V 
«^••'^Н&Кк*^ У r scatt.. 

1 <& %,e 

The Toronto value is in agreement within quoted errors with the Galtech 

result, but in serious disagreement with Utrecht. 
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Since the Caltech, Melbourne, and Toronto values are all the result 

of thick target yield measurements, and are all in good agreement, the 

possibility is very real that the disagreements are not just disagreements 

between different laboratories but are disagreements between two basically 

different methods of measuring the same thing. If this be the case, then, 

until the differences are resolved, I think we must regard all (P,Y) , 

resonance strengths as suspect. 
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De-excitation gamma rays following Photo-disintegration of 27A1 and 1 9F. 

J . E. M. Thomson 

School of Physics, Melbourne University 

This paper presents the resu l t s of experiments in which de-excitation 

gamma rays following photo-disintegration have been observed. The giant 

resonance of the target nucleus is excited with El photons and decays by 

emitting a nucleon. The residual nucleus is le f t in e i ther the ground s ta te 

or low lying excited s t a t e . I t i s the prompt de-excitation gamma rays from 

these low lying excited s ta tes that we have been observing with high resolution 

germonium detectors . 

We wanted to determine the change in the population of a residual s t a te 

as a function of energy of the giant resonance s t a t e in the target, nucleus. 

To obtain th is information, measurements of the de-excitatioh spectrum were 

made for ä ser ies of different bremsstrählung t ip energies. From the relevant 

peak areas the strength or "yield" of a given der-excitation gamma ray was 

determined as a function of bremsstrählung t ip energy. The cross section for 

neutron reaction leading to th i s residual s ta te was then computed from th i s 

yield data by using the Pehfold-Leiss yield curve analysis technique. Because 

of the re la t ive ly poor s t a t i c s and very limited number of yield points the 

resul t ing cross sections have rather poor resolut ions. None the l e s s , our 

resu l t s indicate the general shape of the true cross sections as a function of 

excitation energy. 

Aluminium 

Figure 1 shows the de-excitation gamma ray spectrum following photo-

disintegration of 27A1. Table 1 lists the deduced energy integrated cross 

sections. It should be noted that whenever a level in 26Mg is populated so 

is its T=l analogue in 26A1. The cross section for veaction to the 3.587 MeV 

and 6.129 MeV levels in 26Mg have been shown in brackets. This is because 

both these levels have cascade gamma rays of the same energy. Hence it cannot 

be established which of these levels is being populated or whether both are. 

Note also that in general the (y,p) cross sections are larger than the 

corresponding (y,n) cross sections. This appears to be a general property of 

the light nuclei. Attempts have been made to explain this phenomena in self 

conjugate nuclei by allowing isospin mixing in the Giant resonant states. 

However, there appears to be no satisfactory explanation for this phenomena 

for the light nuclei in general. 
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In the shell model discription. of the 27A1 ground state the major 

component has 11 nucleoli in the &$/2.'shell. This is born out experimentally 

by. the fact that pickup reactions attribute nearly all their strength to 

the transfer of an 4*2 nueleon. (Refs. 1 § 2). 

Direct nueleon pickup neutrons on 27A1 result in states of 26Mg and 
26A1. The results of these experiments tell us the population of residual 

states when ads/2 nucleon is plucked out of 27A1. If we propose a giant 

resonance excitation mechanism which involves the excitation of a single 

nucleon, it will be a^5/2. nüeleön which is excited. Furthermore, if the 

excited nucleon is emitted with little further interaction with the nucleus 

the population of residual states following the photo-neutron should be 

similar to the &§/2 nucleon pickup spectroscopic factor. 

Table 2 shows .a comparison-between our results and the.spectroscopic 

factors for levels in 26Mg. Note that not only are the same levels populated 

but there is also a. fair/agreement in magnitude. The one exception is the 

weak population of the 3.587 MeV level, but as pointed out; an ambiguity exists 

in our assignment here. The pickup work -1 could not resolve which of the levels 

at 4.3 MeV were being populated. We would suggest that it is the 4+ level at 

4.320 MeV that has the major portion of the pickup strength. 

On the right of the table we have the spectroscopic factors from the 

shell model calculation of Wildenthal et al (ref. 3.). The calculation works 

quite Well for the strongly populated levels. It is quite specific about 

predicting a large (Spectroscopic factor for a 4+ level at about 4.3 MeV in 26Mg. 

This is in agreement with our results insofar as it is a 4+ level at this energy 

that we see most strongly populated. 

Table 3 shows a comparis.on between our results and the spectroscopic 

factors from neutron pickup,. Again the correlation is quite good with the 

exception of the level at 1.76 MeV., Why we get disagreement solely for this 

level is not at all clear. Note the reasonably strong population of the 4+ 

level at 4.711 MeV in 2^Alr, this Staate being the-analogue of the 4+ level at 

4.32 MeV in 26Mg. The shell model calculation ' again predicts a large • 

spectroscopic factor for a 4+ level at about this energy in 26A1. 

Overall it would appear that we have established fairly good correlation 

between the reported integrated cross sections and the spectroscopic factors 

determined from nucleon pickup. • 
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Figure 2 shows the deduced cross .sections -as a function of energy. 

A smoothed version of the total (Y,n) cr.oss; section is shown for comparison 

in the top right. The most significant feature about the cross sections to 

various residual states is that they do not differ dramatically from that of 

the total (Y,n) reaction. This is consistent with the proposed model in so 

far as any gaint resonance state is formed via the excitation of a singly 

ds/2 nücleon and that the population of residual states is solely by the 

spectroscopic break-up of the additional &$/2 hole amongst the residual states. 

Fluorine 

The study of 19F is interesting because of the fairly strong photo-

alpha reactions leading to the positive parity states at 5.3 MeV in 15N. 

Table 4 shows the integrated cross section for neutrons to various residual 

states. The the left is shown the results of other experiments. 

The integrated cross section up to 29 MeV the ratio of (y,p) reaction 

to (Y,o0 reaction is about 10 to 1. In contrast, the integrated cross section 

to 14 MeV of Shikazono et al * gives the (Y,p) and (y,a) reaction .roughly equal 

strengths. This suggests that whereas the (y,a) reaction is small compared to 

the total (Y»p) reaction, integrated up to 29 MeV, at lower energies they 

become comparable in size. 

Figure 3 shows the,deduced.cross section as a function of.excitation , 

energy. As anticipated the (Y»p) cross sections, to states in * 80 have, their, 

.strength spread throughout the whole giant resonance region whereas (y,a) 

reaction have their strength limited to a fairly narrow resonance accuring 

at 16 MeV. 

The overall large size of these (Y,a) reactions suggests an electric 

dipole phenomena. One possible process would be the direct excitation of an 

alpha particle cluster present in the l9F.ground state. In other words the 

photon is absorbed through the dipole moment set up by the effective charge 

of the alpha cluster. The effective charge of the alpha particle is given 

by e = *• " j . An order of magnitude calculation using this effective 

charge would suggest that this process is far too weak to account for the 

abserved (Y»ot) strength. 

An alternative mechanism, that should be considered is that the reaction 

proceedes via the excitation of .a single nücleon. The particle-hole state, 

so formed is sufficiently long lived so as to allow further interactions . 

within the nucleus and the subsequent emission of an'alpha particle. 
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< To zero order 19F may be considered as a closed 16.0 core with an 
additional 3 nucleons in the dg/^; o rb i t a l . The reaction may proceed by the 
promotion of a single nucleon from the lPi/2 shell to the 2s-Id she l l s . Before 
.the. excited nucleon can be emitted i t in terac ts strongly with the 3 remaining 
nuclei in the lpj/2. she l l . An alpha group is formed and emitted. The 
residual nuclei i s le f t haying a configuration of four holes in the lp'1/2 shell 
and 3 par t i c les in the ld5,/2 she l l . Such a 3-partiele^4 hole configuration 

1 5 ' 

i s required to describe the posi t ive par i ty s ta tes in N which, are seen to 
be strongly populated following the photo-alpha neutron (ref. 6 . ) . Detailed 
'calculations on the basis of th i s model are underway in th i s department,, but 
as yet no conclusions can be drawn as to i t s va l id i ty . 
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INTEGRATED CS0:>3 SECTIONS FOR REACTIONS'LEADING TO VARIOUS RESIDUALS IN ^ A l AND 2 6 M g . 

Б 
X 

1.8Q9 

2.939 

3.537 

4.320 

4.335 

4.350 

4.835 

4.901 

2-Mg T=1 

2+ . 2.00*0.3 ... • . 

2+ 0.74*0.15 

0+ ( 0 . 3 2 ^ 0 . 1 ) 

^ i . ^ 7 i o . 2 

(2+) < 0.25 

(3+) 0.74+0.2 

(2+) 0.63i0.1 

(2 ,3 ,4 ) + 0.23 

s 
X 

1.759 ; 

1.850 .'. 

2;069 
2.070 

2.072 

2.365 

2.545 : 

'2.661 

3.159 

3.405 

3.745 

4.710 

*A1 
"T 

2 + ;* ; , : . 

i + 

3 
2+T=1. 

1 

3+ 

3+ 

2t3+ 

2+T=1 

5+ 

0*T=1 

(4+T=1) 

0.36^0.07 

0.05 

0.17 
0.92±0.3v 

N.Ö. 

o.50io.i 

0.60+0.1 

0 . 1 7 ^ . 04 

0.38±0.05 

0.09-0.04 

N.O. 

0.32t0.05 

6.129 (2+) (0.37t0.13) 

All cascades from observed states have been taken into account. 

TABLE 1.. 
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A COMPARISON BET>VEEN .LEVELS POPULATED IN Mg FOLLOWING PHOTO-PROTON EMISSION 

FROM 2 7A1 AND SPECTROSCOPIC FACTORS FROM PROTON,PICKUP. ON 2 7A1. 

26 Mg ( T=1 )'. 
E J^ x 

; MeV. 
(a) 

1.809 2+ 

2.939 2+ 

3.587 0+ 

3.942 3+ 

W320 4+ 

4.333 (2+) 

4.350 (3+) 

4.835 2 + 

4.910 

5.292 (2+) 

6.125 (2+ ) 

I if 
** .92 

•32 

( .15) 

N.O. 

.69 ^ 

.12 1.15 

.37 

2 
CS 

2 7 A l ( d t
5 H e ) . 

(b) 

•92-'... 

.19 

.01 

.01 

1.92 

.36 

.12 

2 CS 

S h e l l Model (c) 

( 65/2. -2ф ) 

.75 

.29 

1.8 (4 + ) 

.02 

(a) Selin & Hardell 25Mg(ri,Л Nuc. Phys. A139 (1969) 375. 

(b) Wagner et al. Nüc. Phys. A125 (1969) 97 

(c) Wildenthal et al. Phys. bett..-=-Bj6 (1968) 692 

** Normalized Here. 

TABLE 2. 
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?6 A COMPARISON BETWEEN LEVELS POPULATED IN Al FOLI.O'.VING. PHOTO-NEUTRON EMISSION 
^Al AND SPECTROSCOPIC FACTORS FROM NEUTRON PICKUP ON 27A1. . FROM 

2 G A 1 

E (a) 
X 

0.228 
0 .418 

1.058 

1.759 
1.850 

2.069 
2 .0?0 
2.072 

2.365 

2.5,45 
2.661 

2 .?40 

2.913 

3 .07^ 
3.159 

3.405 
3.507 

3-594 

3.675 
3.719 

3.7^5 
3.918 

3.960 
• • • 

4 . 711 

rAl AND SPS 

Л 

0+ T=1 

3 + 

1 + 

2 + 

1 + 

4+ 

2+ T=1 
1 + 

3 + 

3 + 

( 2 , 3 ) + 

• 1 + 

' 2 + T=1 

( 2 , 3 ) + 

( 2 , 3 ) + 

0 + T=1 

(4+)T=1 

[ФМ\ 

Not 
Observable 

0.19 
0.03 
0.09 
0.50 

0.27 
0.32 
0.09 

P. 21 
0.05 

C23 (a) , 
2 7A1 (3He, 

L=2 L=0 

0-.iV' 
0.12 

0.31 

0 .02 0.01 

0 .02 

) 

'0.50 

0.26 
0.30 

0.10 
0.08 

0.17 

0.14 0.01 

0 .02 . 

0 .08 

0.86 

0.02 

0 .03 

CCS (a) 
Nilsson. 

0.30 

0.13 

c2s (H 
Shell Model 

О.38 

0.14 '. 

0.04 0.90 

(a) Betts, Fortuna and Pullen. Phys. Rev. C8(1973) 6?D 
(b) -Vildenthal «fr «Д 
** Normalized here. 

TABLE 3. 
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INTEGRATED CROSS SECTIONS FOR P H O T G - D I S Ä E G R A T I O N S OF-l9F LEADING 

TO EXCITED RESIDUAL STATES 

29/ 

1 9 F (*,n) 

Ex 
0.936 

1.04 

1.08 

3.059 

3.135 

19F (y.p)" 

1.98 

3 .63 

3,92 

4 .448 . 

1 9 F (T,ex) 

5.27 ;'. 

5.27+5.29 

18p* 
* • 

J 

3 + 

0+ 

0" 

2+ 

1" 

18G* 

2+ 

0 + 

2 + 

3 " 

Щ* • 

(5 /2 ) + 

( ^ > 5 / 2 + ) 

i^f dE 
6A-

MeV-mb/sr. 
This Work 

1.17 +0.4 

1.0+0.3 

0 .28+0.15 

weak 

weak 

1.8+0.2 

0.93+0.2 

weak 

-£0 .2 

0.095+ö>°3 ^ 
""O.Ob 

0.333+0.13 

Hes: 
Me\Hmb/sr.,,. 

Thomas- e t ä i 

1.25; 

0 .45 

14< 

1.75 

0.90 

m 
oRel.UnH 

Shikazpno 
Kawarsak: 

158+10 

38+11 

20+10 

0.75 

71+2 

184+6 

All observed cascades taken Into account. 

TABLE h. 
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ABSTRACTS 

G. В. YANKOV (Kurchatove Atomic Energy Institute, USSR) 

- Secondary Gamma-rays Emitted after Interaction of 

Neutrons with Air 

A number of reactions such as (n,n'Y), (n,ay), (n,dy) can occur 

as neutrons interact with nitrogen, oxygen and hydrogen in air. 

Inconsistencies exist in the various cross sections leading to errors 

of between 50 and 100 per cent in calculation of the secondary gamma 

ray spectra. 

В. М. SPICER (Melbourne University) 

- Recent Photoneutron Cross Section Measurements 

Recent precision measurements of the photbneutron cross sections 

of ^Sc, 181Ta and 208Pb. Their relationship to, and interpretation 

in terms of inelastic scattering experiments with electrons, protons 

and deuterons on 181Ta and 208Pb targets will be discussed. The 455с 

results will be discussed in terms of isospin effects. 

B. ROSE,(UKAEA, Harwell) •' • 

- Non-statistical Effects in Neutron Capture in 93Nb and 103Rh 

A search has been made by T. Haste and B. Thomas at Harwell for 

non-statistical effects in partial radiation widths following neutron -

capture in 93Nb and 103Rh in the neutron energy range up to about 5 keV. 

The only significant correlations observed have been with the widths of 

d-:p transitions to the same final states. . 


