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ANGULAR DISTRIBUTIONS OF GAMMA RAYS .FRODtJCED IN REACTIONS WITH HEAVY IONS 

* 
J. 0. Newbon, F. S. Stephens, B. M. Diamond, K. Koajima and E. Matthias 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

October 17,  1966 

Abstract 

Angular distributions of the stretched E2 gamma-ray transitions cascading• 

from rotational or vibrational states, populated by heavy-ion, xn reactions, have 

been measured. The reactions were induced byHe, 11B, 14 N and 19F ions on tar-

gets in the mass range from 159  to 186. In one case the variation of anisotropy 

with bombarding energy was measured. Large anisotropies were observed indicati:ag 

the strong alignements of the decaying states. The problems involved in a 

theoretical calculation of the alignements are discussed. The implications of 

the strong angular distributtonsfrnuc1ear structure measurements with these 

reactions are considered. 
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alignment of their anglar momenta in the plane perpendicular to the beam di-

rection. The rapid subsequent decay of these highlyexcited compound systems, 

by neutron and gamma emission, leaves the angular momentum vector of the populated 

rotational or vibrational state still strongly aligned, thus causing consider-

able anisotropies in the angular distributions of the cascading gamma rays de- 

• 	exciting this state. 

• 	 Whilst the investigations of these angular distributions are of value 

from the point of view of understanding the reaction mechanism, it is probably 

true at present that their main interest lies in the field of nuclear' spectros-

copy. This is because a detailed study of the reaction mechanism involves many 

complicated features, such as level densities, which at present ar not fully 

understood. For nuclear spectroscopy, the angular distributions provide additional, 

much • needed data on which to base the interpretation of the observed radiations. 

So far most of the studies of gaimna rays and conversion electrons, following xn 

reactions, have been interpreted mainly on the basis of the energy systematics 

of collective states. In a previous paper9 ) we have discussed explicitly how one 

can use this feature. of the reaction in spectroscopic studies. 	 • 

The anisotropy of the radiation, if not taken into account, can introduce 

• 

	

	large errors in the determination of the conversion coefficients. If the angular 

distribution of the gamma rays is given by 

• 	 . -d 	 • 	 -. 	 • 	 -• 	 . 

'W(e) = 1 + A2P2(cos e) + AP(cos e), 

then the angular distribution of the conversion electrons is 	 • 
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W(0) = 1 + b2A2P(cos e)+ bAP(cos e). 

The particle parameters b 2  are tabulated for some cases by Band et al. 10 ) and. 

the higher coefficients can be obtained from-the b 2  with the aid of recurrence 

formulae11). The particle parameters vary considerably in magnitude from one 

niultipolarity to another andmay even change sign (see table 1). Significant 

• 	variations also occur for conversion of a given transition in different atomic 

shells, moreover all of the coefficients vary with energy. Therefore, to obtain 

reliable measurements of conversion coefficients it is most desirable to measure 

the anular distributions of both the gamma rays and.the conversion electrons. 

When it is not possible to make such simu1taneous measurements of both angular 

• 

	

	distributions, the best procedure is to make both gamma and conversion electron 

measurements at an angle of 5 °  to the beam direction; this being the angle where 

p2(cos ) term is zero. Clearly, even to obtain accurately the gairim ray or con-

version electron relative intensities, one must take account of these angular 

anisotropies. 	 . . 

2. Experimental Method. 

The beams of heavy ions were produced by the Lawrence Radiati.on jabora-

tory Heavy-Ion Accelerator. The accelerator gave heavy-ion beams of various 

energies, with up to 20% duty cycle. The energies were measured by scattering 

'the beam from a thin gold foi into a Si soli.d state counter. This counter was 

calibrated at the full energy/of the accelerator (10.4 MeV/nucleon) and the 

interpolation to the lower en'ergies was done by the means of a pulse generator.. 

The accuracy of this method is expected to be within ±20p. 
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The target chamber was essentially a vertical, aluminum cylindei of 8 

• .'. 	 cm diameter and 0.16 cm wall thickness. The targets were of sufficient thick- 

ness to" stop the beam completely and were accurately mounted on the axis of 

;the cylinder at 45° to thebeam direction. For beams of B and heavier ions, 

the targets were self supporting foils, having thicknesses of the'order of 

80mg/cm 2 
	The He beams had.considerably greater ranges than those of the 

heavier ions, so for the He induced reactions the targets were about 50 mg/cn 

in thickness, mounted on 150  m9/cm 2 . thick lead bckings. The beams were col-

limated by two lead apertures, placed 10 cm apart, the final one being 10 cm 

from the target. The beam could be focussed with a quadrupole lens and typt-

cally about one sixth of the beam hit the collimators and five sixths hit the 

target. The diameter of the beam spot on the target was 5 mm. The collimators 

were shielded with lead and we have found that the background arising from the 

collimators was negligible compared to the yield from the target. 

The detectors were solid state counters of the Ge-Li type, with dimen-

sions of 6 cm2  by 8 mm. A typical width at half maximum for .  a 660 keV gamma 

ray incident on these 'counters was 5 keV. The detectors could be accurately 

rotated about the axis of the ta.rget c1amber. The counter to target distance 

'was in range of ten to fifteen cms. One detector, fixed at 900  to the beam 

direction, was used as a monitor. In some measurements two moveable detectors 

were used and in others only one. 

At 1east two measurements were made at each angle. In addition to 

taking measurements of the spectra during the beam pulses (typically 5 msec in 

length), we took measurements between the beam pulses, so that any corrections 
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for induced radioactivity in the target could be made. In all cases this 

correction turned out to be of negligible importance. Corrections for counting 

loss in the pulse height analysers were made by counting the pulses accepted 

by the analysers and also counting, with fast scalers,' all those pulses which 

were applied to the analysers in the same range of pulse heights. The difference 

between these to counting rates gave the counting loss, which was kept in all 

cases below 10%. 

Normalisation of the counts in the movable counters was achieved by 

using the counts in the monitor counter. This miormalisation was done in two 

ways. In some of the bombardments a very intense peak from Coulomb excitation, 

either in the target or in the projectiles, was present and in these cases this 

peak was used for the normalisation. Where such a peak was not pronounced we 

used the total counts in a certain energy region for normalisation. 	This 

procedure is obviously more open to error than the first one, in that it is less 

easy to be sure that there is no contribution to the monitor spectrum from, for 

- example, radiation from the collimators. However, we were able to check, in 

the cases where there was a Coulomb excitation peak, that this total count was 

always proportional to the counts in the Coulomb excitation peak to an accuracy 

of about 0.75%. Furthermore in the cases where there was no strong Coulomb 

excitation peak, we always checked our normalisation with the total count to a 

normalisation with a reaction peak to make sure that there were no gross errors 

a 	
arising from this procedure. No discrepancies inco'nsistent with the expected' 

statistical errors were found. Therefore, we felt safe to use this method of 

ormalisation, provided that we allowed an error of ±1%. This error was always 

much greater than that from counting statistics in the monitor. The reason for 

doing this, rather than normalising directly on one of the reaction peaks, was 

simply the greater statistical accuracy achieved. 
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In order to obtain the angular distribution from the normalized counts 

it was necessary to correct for any possible misalignement between the axis of 

rotation of the counters and the beam spot on the target, as well as for any 

attenuation of the gamma rays by the target material. The alignement was checked 

by measurthg the angular distribution of the gamma rays from the 27 msec 

isomer 12 ), taken between beam bursts. These 382 keV gamma rays, would be
- 
 ex-

pected to have an isotropic angular distribution, because of the long lifetime 

of the isomeric state. The target attenuation was checked by measuring the 

angular distribution of the gamma rays from various gamma ray sources, which 

were placed against the target in the position of the beam spot. The position 

of the beam spot was determined by radio-autograph of the alpha activity induced 

in a gold target. It was found that no correction for misalignement was re-

quired and thatonaytbe gamma rays of lowest energy required correction for 

attenuation. This correction amounted to 10% in the worst case of the heavy 

ion induced reactions and 2% in the worst case of the He induced reactions, 

where thicker targets were required. The final angular distributions were cor-

rected for the attenuation due to the finite solid angles of the detectors 13 ). 

The target chamber that we used required a thick target which would 

completely stop the beam of heavy ions. Therefore we were limited to studying 

the reactions which occurred with incident energies only a little above the 

Coulomb potential barrier for each particular reaction. Higher ion energies 

would, produce a variety of reactions and a high background. In each case the 

bombarding energy was chosen so that the yield from the desired reaction was 

dominant. The measurements which we report on here are therefore only concerned 

with (Li-n ) and (5n) reactions for heavy ions and 2n reactions for He ions. 
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Although it would be interesting to study reactions in which more neutrons are 

emitted and larger angular momenta brought into the compound systems by the 

higher energy projectiles, we made this choice of target chamber in order to 

be able to cover all angles of observation from 00  to 90 0 . The use of a thin 

target would have required a flight tube to allow the beam, which had passed 

through the target, to reach a suitably shielded Faraday cup. With our present 

Ge-Li detector mountings this would have severely restricted observations at 

the forward angles and would consequently have made the measurements, parti-

cularly of the coefficients of the P(cos e) terms, must less precise. 

The assignements of many of the transitions in the rotational nuclei 

formed in these reactions have been made previously by Stephens et al. 2 ), who 

observed the conversion electrons from the decay of the corresponding states. 

The transitions in the vibrational nuclei have been assigned in the work of 

Burde et al. 5), where both conversion electron spectra and gamma ray spectra 

were reported. Most of the Ge(Li) gamma spectra for rotational nuclei in this 

paper are the first ones to have been obtained for these particular reactions. 

These measurements also give new information on the ground state rotational 

18 1 	186 	188 
bands of 	Os, 	Os and 	Os. The spectroscopic aspects of these data are 

1  discussed in a companion paper ). 
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3. Results 

The ten reactions which we studied are listed in table 2. Typical 

spectra for the gamma rays of these reactions are shown in figs. 1-3. The 	 - 

182 184 i86 
spectra from the 	W, 	w, 	W( He,2n) reactions are presented in fig. 1 in 

the following paper 	. Some of the angular distributions are shown in fig. 4. 

For each reaction the normalized intensities of the gamma rays at all 

of the angles of observation were fitted, by means of a least squares computer 

program, to a function of the form W(e) = A0  A2P2 (cos e) + A1 P ) (cos e). For 

any particular reaction the coefficients A 0  give the relative intensities of 

the gamma rays, after correction for counter efficiency has been made. The 

relative counting efficiencies were obtained using the accurately known relative 

177m. 15 22 16 	207 17 
gamma ray intensities in the decays of 	Lu 	

), 	
Na 	) and 	Bi 	). In 

table 2 the coefficients A 2  and A) , corrected for finite geometry, are given 

for all of the angular distributions. The relative transition intensities for 

each reaction are also shown in table 2. In each case the intensity of the L+ 

—*2+ transition was taken to be unity. The transition intensities were obtained 

from the gamma ray intensities by correcting them for internal conversion. 

Since all of the transitions, with which we are concerned here, are pure E2 

transitions, the correction is easy to make from the published tables of internal 

conversion coefficientsl8)  and should involve little error. We assumed that 

the ratio ofM+N+... shell conversion to L shell conversion was 0.33.  The 

errors on the relative intensIties are estimated to be about ±10% 

184 4 	186  

	

In the case of 	w( He,2n) 	Os reaction we studied the variation of 

anisotropy with bombarding energy. A thin target arrangement together with two 

detectors at 900  and 45 °  to the beam direction was employed. The target consisted 
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of a fine powdei of 181 deposited on 0.0006 cm mylar. It was about 4 MeV thick 

• 	to He ionè. The ratios of the counts taken in each detector for a number of 

• 	transitions were obtained as a function of bombarding energy and the results are 

shown in fig. 5. It can be seen that, within the accuracy of the measurement, 

• 	there is no change of anisotropy with bombarding energy. 

. Discussion 

.l. THE ANGULAR DISTRIBUTIONS 

The pronounced angular distributions of the de-excitation gamma rays 

observed in heavy-ion, xn reactions are a consequence of the fact that a reaction 

of this .type.:'prpceeds mainly through a compound nucleus mechanism 19 ' 20 ) and that 

the incoming projectile brings in orbital angular momentum in the m = 0 substate 

• 

	

	. only, taking the beam axis as the axis of quantisation 21 ). Heavy, ions bring 

into the compound system large amounts of orbital angular momentum, average 

values of twenty to fifty are common, so that, even if the target and projectiles 

:'have spins, the compound nucleus will, on the average, have its angular momentum. 

vector strongly aligned Several neutrons may be evaporated from the compound 

nucleus before a particle stable state, which can decay by gamma emission, is 

• 	- formed and several gamma rays may then be emitted before one of, the rotational 

states of the final nucleus is reached 22 ' 23 ) The angular momentum taken away 

in any one of these steps is small, the average being about two 22 ). Moreover, 

.the angular momentum vectors of the individual events will be 'distributed in 

approximately random directions, so that the angular momentum of the rotational 

state. will still be strongly aligned, though less so than that of the compound 

nucleus. This aligned rotational state will give rise to a cascade of stretóhed 
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TE2 transition, leading finally to the ground state... As is well known all of 

these gamma rays will have the same angular distribution, the anisotropy of 

which will depend on the degree of alignernent and the spin of the initial state 21) 

Whilst it is easy to see why the pronounced angular distributions are 

obtained, it is not easy to give a quantitative explaination of the results. We 

shall, only point out here some of the .things which will have to be taken into 

account in such an analysis and draw a few qualitative conclusions. The first 

factor, which must be evaluated, is the angular momentum distribution of the com-

pound system. This involves the orbital angular momenta brought in by the pro- 

• 	jectiles and the spins of the target and projectile. The incoming projectiles 
N 

• 	of higher orbital angular momenta interact with the surface region of the target 

nucleus. They tend to induce direct reactions rather than compound nucleus 

formation,225). This effect, which can only be roughly estimated at present, 

must be taken into account in assessing the distribution of the orbital angular 

momenta contributing to compound nucleus formation. The distribution of angular 

momenta in the compound system will differ from this if the target and projectile 

have non-zero spins. When heavy ions with large average angular momenta are 

'brought into the system this difference will be quite small, but in case of 

belium or lighter ions the difference may be important. 

'The distribution of the z component of angular momentum Iml in the com- 

pound system depends only on target and projectile. . spins, which are randomly 

oriented, since the incoming orbital angular momentum has m=0. This distributioh 

• of rn is the same for all states and is easily calculated. The maximum value for 

ImI, which can occur in a given case, is simply the sum of these two spins and 
rarely exceedes five. The states in the compound system, having angular momentum 

greater than 10, will therefore always be strongly aligned; those having small 
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angular momenta may not be.if the target and projectile have large spins. 

Since the partial cross section for the incident angular momentum I is approxi-

inately proportional to (21 + 1) and, for a t3rpical heavy ion reation, I may 

go up to twenty or more, it is clear that most of the states in the coumpound 

nucleus will be strongly aligned, even when the target and projectile have large 

spins. This may not be true for He induced reactions, where the maximum value 

of I is much lower. 

The next step would be to obtain the angular momenta alignéments of the 

particle stable states, which are reached after the cascade of evaporated 

neutrons. The alignements will be affected most at this stage, since it is 

generally supposed that the average value of J does not change by more than a 

few units in the cascade2627).  It must however be remarked that the theoretical 

basis for this assumption does not appear to be strong at present. In order to 

get an idea of the angular momentum distributions in the final nucleus, after 

the reutron cascade, some of these were calculated with a program obtained from 

Sikkeland and are shown in fig. 6. This program took into account the surface 

reactions in a rough way and necessarily made some approximations, but is unlikely 

• 	to begrossly in error. 

Thealignements of the particle stable states depend on two factors. The 

first of these is the relative orientation of the angular momentum vectors of 

the outgoing neutrons to the angular momentum vector of the initial state. 

There are two extreme cases of this. One is when all the neutron transitions 

are stretched, in which case there is little effect:  on the alignement. The 

other Is when there is no correlation between the directions of all the vectors. 

The true situation lies somewhere, in between and to evaluate it one needs to 



know how the level densities in the intermediate and final nuclei vary with 

energy and angular momentum. Up to this time there is no adequate treatment 

of level density. The other factor on which the alignement depends is the 

absolute magnitude of the angular momentum carried away by each neutron. In 

figi 7 we illustrate the especia1ly simple case of a He,2n reaction. A trpi_ 

cal spectrum for the energy of the outgoing neutrons is shown together with an 

indication of the average angular momentum carried away by neutrons in different 

regions of this spectrum. The higher energy neutrons carry away more angular 

momentum and therefore cause more misalignement than do those of lower energy. 

Thus the alignement of the particle stable states in the final nucleus depends 

on the excitation energy in that nucleus, the states of lower energy being less 

aligned than those of higher energy. This effect may be of greater importance 

when more than two neutrons are emitted. Account must also be taken of the 

fact that sometimes charged particle emission may be more probable than either 

• . neutron or gamma ray emission. This situation will most probablyoccur in the 

last stage of particle emission from states of very high angular momentum. 

There may be no states of similar angular momentum in the residual nucleus to 

which neutron decay can occur, so that neutron emission will be severely in- 

• hibited by the centrifugal barrier. Alpha decay, which is probably the most 

likely, to occur, is not so severely slowed down by the centrifugal barrier and 

moreover, alpha particles are less strongly bound, to the extent of about 13 MeV, 

than are neutrons. 	 • 	 . 	. 

• 

	

	 Finally, the effects on the alignement due to the gamma ray cascade, 	
kz 

before the rotational state is reached, have to be evaluated. Again, this de- 

• 	pends on details of the level density and probably, in the last stages of the 



cascade, on details peculiar to that particular final nucleus. Even the matrix 

elements fo electromagnetic decay in the statistical region are not understood 

at present28),  though what little experimental evidence there is suggests that 

the decay is predominantly quadrupole rather than dipole 22 ). 

At the present stage of our knowledge of all the factors which would 

have to come into such a calculation, It seems to us not worth while to attempt 

one, since there are jist too many unknowns which cannot be easily separated. 

Perhaps an exception to this is the case of an He,2n reaction very close to 

threshold. Rasmussen and S,ugihara 29 ) have pointed out that this would involve 

only relatively low energy states in the final nucleus, which have some chance 

of being understood and one might, 'in this case, learn something useful. 

Sakai et al.) have, however, attempted a calculation of the angular distributions 

of the gamma rays from p,2n reactions. 

We shall now make some observations on our results from a much more 

restricted point, of view than.that above. From our data we obtain only two 

parameters. These are the values of A2  andA, the coefficients of the P2(cos e) 

and the P(cds ) terms in the angular distributions. For a state of spin J 

there are (j + 1) magnetic substates with different values of Imi, m being the 

z component of J. Thus our two parameters will not be sufficient to define the 

distribution in mu, which determines the angular distribution of the gamma rays 

from the state J. There will in general be many substate distributions which 

will result in the same angular distribution We can however consider some 

physically plausible distribution and see whether this cOrresponds in any way 

to. the experimental observations. The most obvious, but not necessarily the 

most correct, is the Gaussian distribution., It turrisout, for Gaussian distri-

butions of the substate populations, that to a good degree of approximation one 
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can draw a curve relating A2  to A, which will apply whatever the, initial spin 

of the state. (We are referring here only to the stretched E2 transitions in 

the ground state band of an even nucleus). A point on this curve will refer to 

a Gaussian distribution of a particular width, for an initial state of a parti-

cular spin. For a state of.different spin, the width will be different. In 

order to test our hypothesis of a Gaussian distribution of substáteswe simply 

• 	have to plot all of our experimental data with A 2  andA as co-ordinates and 

see whether the points lie about the curve derived on our assumption. Such a 

plot is shown in fig. 8. It can be seen that on the whole the transitions ori-

ginating from the high spin states are consistent with the curve, whereas those 

from the low spin states lie above it. 	 . 

• 	. It is probably only sensible to expect to obtain a Gaussian distribution 

of substates provided that the particular state concerned is fed via a large 

number of routes, none of which is dominant. This is certainly not the case 

for the lower spin states of the rotational band, since most of their feeding 

comes from the next higher rotational state, but it may be roughly true for the 

; highest rotational state seen. For a particular cascade the width of the dis- 

tribution in Im l  will in fact get progressively smaller as one proceeds down 

the band by stretched E2 transitions, corresponding to an approximately constant 

misalignement of the angular momentum vector. We have no way of assessing 

• theoretically the distributions in Imi  resulting from transitions which feed 

directly into the lower states of the band, compared to those which feed. the 

highest band members seen. However, if we assume that the Imi distributions 	. 	'V 

• 

	

	are the same for all transitions feeding the ground band, then we obtain a re- 

suit similar to that which we see in fig. 8, i.e. that the points for the lower 



-15- 	 UCRL-172O 

rotational transitions should lie above the curve. A constant distribution 

for Iml implies that the angular momentum vectors of the transitions feeding 

• the rotational band are less aligned, the smaller the angular momentum of the 

state which they feed. This general feature is in fact all that is required 

to give a result of the desired form. 

The 2 - 0 transitions have particularly small anisotropies in some 

cases. These small anisotropies cannot easily be explained as arising from 

• the relatively weak feeding of the 2+ state via pathways other than from the 

l.+ rotational state. In all cases where this effect is seen, the transition 

energy is low, of the order of 100 :to 150 keV. The explaination seems likely 

• to be that the angular distributionsare perturbed by extra nuclear fields 30 ). 

The half lives of these states are of the order of 10 	 sec, which is a suffi- 

ciently long time for such effects to occur. The alpha-gamma angular corre-

lations observed in the decay of even actinide elements, leading to the 2+ 

• 	rotational states, are observed to be perturbed, even though the half lives in 

10. these cases are of the order of 2.10 	sec. The attenuations observed in 

these alpha-decay cases are consistent with those expected for a static quadru-

pole interaction30 ). The characteristic of this te of interaction is that the 

• 	l(cos 8).termis attenuated more than the P 1 (cos e) term for the 2 -0 transition. 

Such an interaction would also appear to be consistent with our results here. 

It is interst.ing to evaluate the width o in the Gaussian approximation,' 

which corresponds to the observed anisotropies of the highest rotational states 

which we see. The Gaussian distribution in m is given by 

2 

	

1 	-m 

	

22 	2a2 
W(m)=(2iiu) 	e 	. 
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If we take the mean values of A and A for the 12 -410 transitions from the 

i6ii 	19 	it Ho± 	B and 'Tb • 	N results, which.appear to be rather similar, we 

obtain A2 = 0.37±0.035 and A1 = -0.11±0.0+. These values are to be compared 

• with the values fr com1ete alignement Of the 12+ state of A 2  = 	and 

A )  = -0.16. It can be seen .that, at the 12± state.; the values in these two 

cases do not depart very much from those for complete alignement. They cor- 

±o6 	 19 	.11 respond to a width a = 2.32 • The angular distribution in the 	Tb + B 

reaction is less anisotropic and corresponds to a = 4.3±1. In all of these 

cases however it is clear that the 12 state is rather strongly aligned. The 

16n 	11 
'Ho + 	B reaction give.s one of the largest anisotropies, even though the 

maximum channel spin of 5 in .this case is the largest of any of the reactions 

which we have studied. To get an idea of the effect of.the target and pro-

jectile spins in this reaction we have worked out the values of A 2  and 

assuming that the misalignernent of the 12+ state arises only from this effect 

and that the state is fed only from the component of orbital angular momentum 

12 in the incident beam. The values obtained are A 2  = 0.358 and A = -0.108, 

which are very close to those measured. However this is an. overestimate of 

the reduction of anisotropy from this effect, since most of the feeding of the 

12+ state arises from incoming angular momenta greater than 12 (see fig. 6 ) 

in which c'ase the target and projectile spins will tend to produce less mis- 

alignement to the 12+ state. This agrees with our previous qualitative conclu-

sion that the reduction of añisotropy from the spins of the target and pro-

jectile is not a major effect in heavy ion induced reactions. It may however 

be an important effect in He induced reactions were much less orbital angular 

momentum is brought in (See fig. 6). It is interesting to note that there is 
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no obvious correlation between our measured anisotropies, and either the maxi-

mum channel spins of target and projectile, or the distributions of angular 

momenta brought into the final nuclei. It should be noted however that the 

channel spin in our He induced reactions was zero in all cases. 

It is possible to estimate a rough upper limit to the value of a due to 

the neutron cascade. Rasmussen and Sugihara 29 ) have pointed out that the cas-

cade will give rise to an approximately one dimensional random walk in the pro-

jection m. Thus after n steps of average step length (projection) 	we will 

have, approximately, a Gaussian distribution in m of width 	l 2 For evapo- 

ration of 4 neutrons and an average step length of 1, we obtain a value of 2 

for this width. An average step length of 1 corresponds to an average angular 

momentum of about 2 carried away by each neutron, assuming that there is no 

correlation between the directions of the angular momentum vectors of the out-

going neutrons and the beam direction. This value is of the same order of 

magnitude as the minimum observed values of a at the 12+ state. 

Although all of theobserved anisotropies are large, there are signi-

ficant variations from one case to another. There is no obvious reason why 

there should be significant variations in the alignements in the statistical 

phase of the reactions, i.e. when very many pathways leading to a particular 

state are open. It seems likely that the differences arise because there may 

be, in some cases, only a few mportant pathways in the last stages of the 

gamma raycascades leading to the rotational states. In such a situation if 

one or more non-stretched transitions occur, significant reductions of the 

anisotropieswili result. SInce these final pathways will differ from one 

nucleus to another the anisotropies will also differ. it is easy to calculate 
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the effect of a. non-stretched, transition on the angular distribution and some 

discussion of,the effects arising from.these in heavy ion-xn reactions is 'given 

in the paper of Rasmussen and Sugihara29 ). Although one will occasionally ex-

pect to see significant reductions in anisotropy from this effect, the reduction 

would normally be expected to be small. Such heavily fed non-stretched transi-

tions probably can account for the observed variation of anisotropy from one 

case to another. We may also add that even if the distribution mm were 

Gaussian after the statistical phase of the reaction, it would not be after one 

or more non-stretched transitions via a limited number of pathways. Thus we 

must also expect deviations from the Gaussian line in our plotfrom this effect. 

As an example of the important pathways which can occur in the last 

stages of the gamma ray cascade we show,, in fig. 9, part of the levelscheme 

of 
186 	

as obtained by Emery et al. 31 ). The intensities of the gamma rays 

are those which we observed in the 
184 

W( 
4
He,2n) 

186
Os reaction. It is clear 

that in this case there are a number of strong transitions, both stretched and 

non-stretched, which feed the rotational states. These transitions will have 

an important effect on the final angular distributions from the rotational states. 

Other strong transitions, not shown in the figure, also occur. A large number 

of transitions, other than those of 'the ground state rotational bands, are also 

' seen in the reactions 
182 w( 4

He,2n) 
184 

Os and 
186 w( 

He,2n) 
188

Os, as can be seen 

14 
from fig. 1 of the following paper). These three reactions show more strong 

non-rotational transitions,than are usually seen in' even nuclei, almost certainly 

because the gamma vibrational states are especially low lying in this region. 

There are therefore more states of relatively high spin at lowexcitation than 

is usual, and these states collect a significant part of the total intensity. 
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The result of the 	w( He,2n) 	Os experiment., where we measured the 

variation of anisotropy with bombarding energy, is rather surprising. Since 

the average angular momentum brought into the 
186 

 Os nucleus varies from about 

4. , at the lowest energy, to II, at the highest, one might naively have ex-

pected to see some change in anisotropy, but there was none within the errors 

of the measurements Presumably this must arise from a cancellation of the 

various effects mentioned earlier. With only one result of this type we are 

not really able to say more than this. 

In summary, our results have shown that pronounced angular distribu-

tions, corresponding to large and fairly uniform alignements of the angular 

momentum vectors of the decaying states, are seen in heavy-ion, xn.reactions.. 

These results can, be understood in a qualitative, but not quantitative way 

at present. It seems likely to us that the angular distributions will not 

afford a very sensitive tool for studying the mechanism of the heavy-ion, xn 

reactions. However we do feel. that they offer a very powerful tool in spec-

troscopic studies of the nuclei which can be formed in these reactions. In a 

previous publication9 ) we have demonstrated the power of this technique for 

assigning spins and inultipolarities of transitions. We have also indicated 

the possibilities of using the strong alignements in studies, of nuclear moments 

and hyperfine interactions. 	. 	 . 	. 
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Figure Captions 

9 	165 	181 
Fig. 1. Gamma ray spectra from the bombardment of ' Tb, 	Ho and 	Ta with 

54 MeV 	B ions. 

i 	i6 	•8 
Fig. 2. Gamma ray spectra from the bombardment of 'Tb, 	Ho and 	•Ta with 

114. 
93 MeV N ions.. 

Fig 3 Spectrum of the gamma rays from the bombardment of 9Tb with 92 MeV 

19 Fions. 	 . 

Fit. 4 . An1ar distributions of the gamma rays from the reaction 165Ho(11Bn)172Hf 

The solid lines are the least squares fits to the points (see text). Two 

measurements were made at each angle and the points have been displaced slightly 

to show this. 	 . 

FIg. 5. The yield at 14.5 0  divided by the yield at 900  for various gamma rays from 

1 	 1 
the reaction 	w( He,2n) 	Os. The absolute value of the vertical scale has 

'no significance. 	 . 

Fig. 6. Calculated distributions of angular momenta' for final nuclei, formed in 

various heavy-ion,xñ reactions, before the emission of gamma radiation. The 

distributions are averaged over thick targets. 

Fig. 7. Diagramatic illustration of a typical reaction where 27 MeV He ions 

are incident on a rare earth target (A_4, Z_2).with a,Q value for formation 

of the compound nucleus (A,Z) of -2.5 MeV. (A,Z) evaporates neutrons having 

a spectrum similar to that shown in the insert.. The temperature of 2 MeV, 
14. 

corresponding to the spectrum shown, is a little high for ( He,2n) reactions 

tht typical for reactions where 4 or 5 neutrons are emitted. To the right of 

the spectrum is indicated the average angular momentum taken away by neutrons 

of different energies. Most of the states populated by neutron emission from 



-25- 	 UCRL-17204 

(A,z) have energies above the neutron binding energy (NBE) in (A-1,z) and 

• 	
will decayto (A-2,Z) with a similar neutron spectrum, where this is allowed, 

by the energetics A small fraction of the states of (A_2,Z), so formed, 

will also be neutron unstable and may decay to (A-3,z) 

Fig. 8. The coefficients A2  are plotted against A (see text) for a number of 

• 	rotational or vibrational gamma rays observed as the last step of a number 

of beavy-ion,xn reactions Some 2-0 transitions of low energy are believed 

to have their angular distributions attenuated by extra nuclear effects and 

these are shown with dotted error bars. Some points with Vexy large errors 

have been omitted from this plot. 	 - 

186  
Fig. 9. Partial level scheme for 	Os, showing some of the transitions which 

184 4 	186  
we observed in the reaction 	w( He,2n) Os. Relative transition intensi- 

ties, corrected for internal conversion, are shown in brackets. Other strong 

• 	 transitions, not shown in this figure, were also seen, 
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