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Abstract
Angular di#tribuﬁiqns of the stretched E2 gamma-ray transitions cascading
fromlrptational or &ibratiohal stéteg, popuiated b& heavy—idn, xn reactions, have
been megsured.- Thg feacfiohé wefe iﬁduced by,hHe, llB, th and 19F ions on taf-
gets_iﬁvthe mass range.from 159 to'l86; In.qné_cése the variatioh of anisotropy
with bombarding energy was meaéured. Lgrge anlisotropies were obse:ved indicatigg

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

theoretical calculation of the alignements are diécussed. The implications of

‘the stfong anguiar distributions for nuclear structure measurements with these

reactions are considered.

¥ ' : : : B
Present address: Yale University, New Haven, Connecticut, USA.
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alignmént of theirvénég%gr méﬁenta iﬁ the plane perﬁendicular to the beam>di~
fectionb Tﬁe'rapid suﬁééqﬁeht decay of these highlf'e#cit;d>coﬁp5uﬁd systems,
by neuﬁfon a%d gamma emisSidﬂ,.leaves the angular moméntuq vector of £he populatéd
rotational or vibrational state still stroﬁgiy 51igned, thus'causiﬁg consider-
aBle ahiéotrofies-in the angular distributions of the qaséadiné gamma rays de-
exciting this staté. |

Whilst the invgsﬁigations of these anguiﬁ;‘disﬁributions are of value

from the point of view of understanding the reaction mechaniém; 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 are not fully

‘understood. For nuclear spect:oscbpy,vthe angular distributions provide additional,

much needed data on which to base the interpreta%ion of the observed radiations.
So far most of the studies of gamma rays and conversion electrons, following xn
reactions, have been interpreted mainly on the basié of the energy systematics

of collective stafes..'In_a previous papérg) 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 convefsion coefficients. If the angular

--distribution of the gamma rays is given by

’fvlﬂé)i=vl + A2P2(cos é)_+ AuPu(ccs 9),

then the angular‘disfribution of the conversion electrons is

&/
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W(G)l=.l + b2 o 2(cos 6) + b uPu(ces G)ﬁ - :' ' " '

 The particle parameters b

o are tabulated for some cases by Band et ai.lo) and .

w ' thevhighervcoefficients can be obtained from,the.b with the aid of recurrence

2

‘-formulaexbi The particle parameters very considerably in magnitude from one
mgiiipolafity to another and:may even change sign (see table 1). Significant

ibvariations’alse‘oecur for conversion of‘a given transition in diffefent atomie;
shells, moreoveivail'of the coefficientsj?ary'with energy. Therefore, to ebtain
reliable measurements of eonversion coefficients 1t is moet desirable ﬁQ measure
the angu}ar distfibutions of bOth»the‘gammalrays and . the conversion electroﬁs.
When it is not possible to make suchAeimultaneoes measurements of both angular
dlstributlons, the best procedure is to make both gamma and conversion electron

: measurements at an . angle of 5h°’to the beam dlrectlon, this belng the angle where
Pe(cos‘e) term is zero. Clearly, even_to obtain accurately the gammq‘ray oe con-

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

anisotropies.

2. ‘Experimental Method .
'~ The beams of heavy ione were produced by the Lawrence Radiation Labora-
-ftofy Heavy-Ion Acceleretor. The accelerator gave heavy-ion beams ofrvarious
eﬁergies, with uﬁ to 20% duty cycle. The energies were measured by'SCAttering
‘the beam from a thin gold foi} into ; Si solid stete counter. Thisvceunter was
callbrated at the full energy/of the accelerator (10.h MeV/nucleon) and the
interpolation to the lower energles was done by the means of a pulse generator.

The accuracy of this method is expected to be withln 29,
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’

The target chamber‘was essentially a vertical, aluminum cylinder of 8

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

ness to st0p the beam completely and were accurately mounted on the axis of
A:the cyllnder at 45 to the beam d1rect10n For beams of llB and heavier 1ons,
“the targets were self supporting f01ls, having thlcknesses of the order of

, Sang/cm_.:" The hHe beams had.cons1derably greater ranges than;those of tne'
heavier ions, so forvthe uHe induced reactions the targets were about 50 mg/cn?
in thickness, mounted on 156 mg/cmel thick lead béckings; The beams were col-
limated'by‘two iead apertures,nplaced 10 cm apart, the final one being 10 cm
from the target. The beam could be focusSed mith a quadrupole lens and typi-

cally about one sixth of the beam hit the collimators and five 81xths 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 detectOIS were solid state counters of the Ge;Ll type, with dlmen-
sions of 6 cm- by 8 mm. A typical width at half maximum for a 660'kev~gamma )
ray‘ihcident on these counters was 5 keV. The'detectors could‘be accurately
rotated about the axis'of the'target chamber.’ Thefcounter to target'distance
was in range of ten to fifteen cms. One detector, fixed at 90° to the beam
direction, was used as a monitor. In some measurements two moveable detectors
were used and in others only one.

At least two measurements were made at each angle In addition to

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

length), we took measurements between the beam pulses, so that any corrections

[ 3
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for induced fadioactivity in the target could be made. In ail cases tﬁis
correction turned out to bé of negligible importance. Corrections for counting
loss in the pulse height analysers were made by counting the pulses accéﬁted
by the analysers and also counting, with faét scalers,” all those pulses wﬁich
were applied to the analysers in the same range of pulse heights; The difference
between these two counting rates gave the counting loss, which was kepé in all
cases below 10%. .
Normalisation of the counts in the movable counters was achieved by

- using the counts.ih the monitor counter. This normalisation was done in two
ways. In some of the bombardments a very intense peak from Coulomb excitation,
either in the target or in the project;les, Qas present and in these cases this
peak was used for the ﬁormalisation. 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”thaﬁ there is nd contribution to the moniﬁor'spéctrum from, for
example, radiation from the collimators. However, we were able to check, in
the'cases where tbere was a Coulomb excitation péak; that this total count was
always proportional té the counts in the Coulomb ekcitatioh 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
vnormalisation with a reaction peak to make sure that there were no gross errors
arising from this procedure. No discrepahcies inconsistent with the expected -
Qtatistical errors were found. Therefore, we felt safe to use this method of
normalisation, 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 obggin the angular distribution from the normalized counts
it was neceéﬁary to cofrect for any possible misalignement between the axis of
rotation of lhe counters and the beam spot on the target, as well as for an&»
attenuation of the gamma rays by ﬁhe targetAmaterial. The alignement was checked

19QT1

by measuring the angular distributioﬁ of the gamma rays from the 27 msec
isomerlg), taken between beam bursts. These 382 keV gamma rays, would be ex-
pected to have an isotropic angular distfibuﬁion, because of the long lifetime
of the isomeric state. The target attenuation was checked by measuriﬁg the
angular distributibn of the gamma rays from vafious gamma ray sources, which
were placed agéinst 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 misélignement was re-
quired and thatonly the 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 25% in tﬁe worst case of the ll'He induced reactions,
where thicker targets were required. The final angular distributiéns were cor-
rected for the attenuation due to the finite solid angles of the detectorsli).
The target chamber that we used required a‘thick térget 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
.5ombarding energy was chosen so that the yield from the desired reaction was

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

L
with (4n) 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 anguiar momenta brought into the compound systems by lhg
higher energy projectiles, we made this chdice of target chamber in order to

be able to cover all angles of observation from 0° to 90°. Tﬁe use of a thin
target would have required a flight tube to allow the beam, which had paésed
through the target, to reach a suitably shielded Faraday cup. With our present
Ge-Li detector mounﬁings this Qould have severely restricted observations at
the forwara angles and would;consequently have made the measurements, parti-

cularly of the coefficients of ﬁhe Pu(COS 6) terms, must less prgcise.

The assignements of‘maéy of the transitions in the rotational nuclei
formed in these reactions have been ﬁade prgviously by Stephens et al.e), who
observed the conversion electrons fromAthe decay of the corresponding states.
The tfansitions in the vibrational nuélei 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) gémma specéra for rotational nuclei in this
‘paper are the firs£ ones to have been obtained for these particular reactions.
These measurements also give new information on the ground state rotational

184 186 188 '

. bands of Os, Os and Os. The spectroscopi¢ aspects of these data are

: . : 14
discussed in a companion paper ).



=82 UCRL-17204

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
spectra from the 182 18k l86W( He,2n) reactions afe presenéed in.fig. A In
the following paperlh). Some of the angular distributioné are shown in fig. L.

For each reactién. the normalized intehsihies of the gamma rays at all
_Of the angles of observation were fittea, by means of a least séuareé computer
 program, to a function of the form W(6) = B A2P2(cos g) + AhPh(COS 6). For
any particular ?eaction the coefficients AO give the relative intensities of
the ggmma.rays; after cérrecﬁion for counter efficiency has been made. The
relative counting efficiencies weré obtained using the accurately known relative
gamma ray intensities in the decays of l77mI{uls), 2?Na l6) and 2073; 17). In

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

2

for all of the angular distribu?ions. The relative transition intensities for
each reaction are also shown in tﬁble 2 IA each case the intensity of the U+
-2+ transitionvwas taken tb 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
%ransitions,'the correction is easy to make from the published tables of in£ernal
conversion coefficientsls) and should involve little error. We assumed that
the ratio of M+ N+*-** gshell conversion to L shell conversion was 0.33. The
errors on the felati?e intensities are estimated to.be about i10%.

In the éase of lBuW(hHe,Qn)l86Os fanetlon ye bhidiad Lhe varlation of

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

detectors at 90° and 45° to the beam direction was employed. The target consisted
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of'a‘fine'powdef'of l8hW»depositea on‘0.0006 cm mylar. It was about L MeV hick_.
to~hHe ions.: The ratlos of the counts taken in each detector for a number of ',
tfansitions were obtalned as a functlonvof bombarding-energy and the results are
~shown iﬁ fig. 5. It can be seen that, within the accuracy of the measurement

there is no change of anlsotropy with bombardlng energy

| _ 4. Discussion
k.1. THE ANGULAR‘DISTRIBUTICNS
The pronounced angular uistributions of the de;excitation gamma rays
obserued in. heavy-lon, xn reactions are a consequence of the fact that a reactlon
19,20)

of thls type proceeds mainly tnrough a compound nucleus mechanism and that

the 1ncoming projectile brlngs in orbital angular momentum in the m = 0 subetate
nly, taklng the beam ax1s as the axis of quantlsatloan). Heavy 1ons'bring
_into the compound system large amounts of orbltal angular momentumn, average
values of twenty to fifty are eommon, eo that, even if the target and projectiles
}have épine, the compound nucleus will, on the'average, have i1ts angular momentum-
fvector.strongly aligned.i'Several neutrons mayfbe evaporated from the compound
nucleus befofe a particle stable state, which can decay by gamma emission, is |
-formed and.eevefallgamma rays may then be emitted before one of_the_rotational

22,23)

states of the final nucleus is reached The angular momentum taken away

7 . _ , _ oo .
in any one of these steps is small, the average being about two )- Moreover,
the angular momentum'vectors of the individual events'wtll 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 stretched
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v'iE2'transition, leading finaily_to the gfound state.. As is well known all'of
_these gamma rays will have the same angular dlstrlbutlon, the anlsotropy of
rwhicb will depend on the degree of allgnement and the ‘spin of the initial state
Whilst- ;t is easy to see Why‘the pronounced angular dlstrlbutlons are
ob;ained, it is'not easy to give a quantitetive 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 momenﬁa brought in by the prof'

Jectiles and the spins of the target and projectile. The incoming projectiles

of higher orbital'angular momenta interaot with the sufface'region of the target

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

24,2 . o L
. formation, ° 5). This elfect, which can only be roughly estimated at present,

musf_be taken into account in aseessing nhe distributionvof the orbital angular
momenta contributing to compound nuoleus 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
“Erought into the'éysfem this difference wiil be qnite small, but in case of
'helinm or lighter'ions tne difference may be imporﬁanto

"The dlstrlbutlon of the z component of angular momentum |m| in the com-
pound system depends only on target and prOJectlle spins, which are randomly
ofiented, since the incoming orbital angulgr momentum has m=0. This distrioutioh
of m-is the same for all stetes and is easily calculated. The maximum value for

.Iml, which can occur in a given case, is simpiy the sum of these two spins and

rarely exceedes five. The states in the compound system, having angulaf momentum

greater than 10, will therefore alﬁays be strongly aligned; those having small

Y

).
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.

_anguiar momenta may not be if the target and projectile havé large;spins('

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

méteiyvproportional to (2¢ + 1) and, for a typical heavy ion reaction, {. may

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

[3

nucleus will be strongly alignéd, even when the target and projectile have 1arge‘

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

of £ 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

26,27)

few unité in the cascade It must however be remarked that the theoretical

basis for this assumption does hot appear to be strong at present. In order to )
get an idea of the angular momentum distributions in the final nucleus, after
théjneutron éascade, some of these were calculated with a program obtained from

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

régctions in a rough way and necessarily made some gpproximations, but is unlikely

.

to be grossly in error.

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

~

| first of these is the relative orientﬁtion 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 thé neutron transitions

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

1

other ts when there is no correlatidh between the directions of all the vectors.

The true situation lies somewhere.in between and to evaluate it one needs to
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know how fhe:levei densities in the intermediate and final‘nuélei Vafy with
v.eneréy‘and aﬁéﬁlar mgményum} ﬁp to this time thegevis no‘adequate treétment
of le&el"densityﬂ The other féctor on‘which the aiigneﬁent depends is the.
abSoiuﬁe magnitude.bf the angular momenﬁum carried aﬁay by’eacﬁ'neutéonf 'In
_ fig,-T ﬁe illustrate the especially simplé.case of a LLHe,2n reactiﬁn.‘ A typi-
'calbspéctrum forvthe.energy-of.the outgoing neutrons is shown‘together with an
_iﬁdicatibn of the évefagevangular.ﬁqmeﬁfum'carried away b& neuffons in different
rggibns of,this spectrum. Thé highér energy neutrons carry away more angular
momentum.and therefore cause more misalignement thén do those of lower energy. .
" Thus the alignement of the particle stable states in the final nucleus’depenAS
on thé excitation energy 1ﬁ that nucleus,.ﬁhe 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. Aécount must also'be taken of the | i
 fact that sometimes charged particle emission may be more probable than either
' neﬁtron of gamma ray emission. This situation will most probably occur in the
"last stage of particle emission from states of very high angular moﬁentum;
v There may be no states of similar;angulaf 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 deéay, which is probably the most
likely to occur, is not so severely slowed down by the céntrifugal barrier and
-moreover:alpha particles are less strongly bound, to the egtent of about 13 MeV,
than afe neutrbns. | | h
Finaily, the effects on the aligﬁement due tb the gamma raj casééde,

before the rotational state 1s reached, have to be evaluated. Again,‘this de-

pénds-on detalls of the level density and probably, in the last stages of the
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cascade, on details pecgliar to that particular final nucleus. Even the matrix

elements fo electromagnetic decay in the statistical region are not understood

at present2 ), though what little experlmental ev1dence there 1s suggests that

Q.. t3—

the decay is predomlnantly quadrupole rather than dlpoleeg)r

At the present stage of our knowledge of all the factors whlch would
have to come into such a calculation, it seems to us not worth whlle to attempt
one, since there are just too»many unknowns which cannot be easily separated:
. Perhaps an exception to thts is the case of an hHé 2n reaction.very close to
_ threshold Rasmussen and Suglhara 9) have pointed out that this would involve
only relatively low energy states in the flnal nucleus, whlch‘have some chance
of belng understood and one mlght,’ln this case, learn something useful.
Sakai et al. h) have; howéver; attempted a calcnlation of the angular distributions
'of the gamma rays from p,2n reactions

We shall now make some observatlons 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 A and Ah’ the coefficients of the P (cos 6)
and the_Pu(cos Q) terms in the angular distributions. For a state of spxn J
there are (F + 1) magnetic substates with different values of |m|, m being the
.1z component of'i Thus our two'parameters will’not be sufficient to define the
distributlon in [m], which determines the angular distribution of the gamma rays'
from the state J. There w111 in general be,many substate d;strlbutlons'whlch ’
will result in the_same angnlar distribntiOn. We candhowever consider some
physically plausible diStribution and.see whether tnis corresponds‘in any way
to. the experimental observations. The most obvious, but not necessarily the

most correct 1s the Gaussian distrlbution It turns out, for Gaussian distri-

butions of the substate,populations,vthat to a good degree of approximation one

ot
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';cen drawla.curfe.reiating A2 to Ah’ whichlwill_apply whatever.the.initial.spin
‘cf'the:state, (we are'referring here oniy to the stretched E2 transitions in
the grouhd-state barid of an even nuclehs). A poihtton this curve will refer to -
a Gauss1an dlstrtbutlon of a partlcular width, for an 1n1t1al state of a parti- v ' b;
cular'spln For a state of different spin the width will be different. In |
crder to test our hypothesis of a Gaussian dlstrlbutlon of substates we simply

have to plot all of our experimental data with A and"Au as co-ordinates end

2
tsee whether the points lie about the cﬁrve defiyed on our assumption. Such a
plct.is shown in fié. 8. It can‘be seeh that on the whole the‘trahsitionS;ori-.
v'gihating frcm the high spin states ere consistent with the‘curve, whereas those
from the low spin states lie above it: | |
| It is probably only sensible to exéect to obtain_a.Geussian distribution
- of substates prcvided that the particuler state concerned is fed via g large
'number of routes, none of which is.dominant. This is certainly not the case
ffor.the lower.spin states of the totational hahd, since most of their feeding
‘comes from the next higher.rctetiohal state, but‘it‘may‘be roughly true for the
.'highest rotational-state seen. Fcf avparticulér cascade the width of the dis-
Vv_ trlbutlon in ]m| will ‘in fact get progressively smaller as one proceeds down
: the band by stretched E2 transitions, correspondlng to an.approx1mately constant
misalignement of the angular mohentum vector. We have no way of assessing
.theoretically the distributtons ih Im] resulting from_trahsitions which feed D

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

highest band members seen. However; if we assume that the [ml distributions v

are the same for all transitions feedlng the ~ground band, then we obtaln a re-

sult similer to that which we see in fig. 8, i.e. that the p01nts for the lower



-15- UCRL-1720% |

~

brotational'transitions»should lie above the curve. A constant distributidﬁ
;\for lm] implies that the angular momentum vectqré of the transiti&ns feéaing.

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

state which_théy feed. This ‘general featuré is in fact all thatvis required

to give a result of the desired form. | o

Thé é - 0 transiﬁions have particularly small anisotropies in some’

caséé; 'These small anisotropies cannot easily be explained as arising fﬁom.

the reiatively weak feediné of the 2+ state via‘pathways other ﬁhan'frém the

4+ rotatipnal state. In all cases where this effect is seen, - the transiﬁion-

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

to be thatvthe.angular distributions are pefturbed by eXtré ﬁuclear fiéldsBO).
The half.liVes of these states are‘of the ordef of 10_9 sec, which is a suffi-

ciehtly long_time for such effects to occur. The alpha-gammé angular corre-

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

rotational states, are_obsérved to‘be perturbed, eQen though the half li?es in

theséwéases are of the order of 2.10_lojsec. The attenuations observed in

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

pole interactionﬁo). The characteristic of this type‘of interaction is that the
.Ié@os 6)termis attenuatgd more than the Pu(cos 0) term for the 2 -0 transition.
‘ Such an interaction ﬁould also appeér to be.consistent with‘our results here.

it 1s interesting to evaluate the width o in the Gaussian approximatioﬁg

which corresp&nds to the observed'anisotropieé of the highest rotdtioﬁal»states
. which wé see;‘ The Gaussian distribution in m is given by
m‘2 |

%)

nof
no

20

W(m) = (om0 e .
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- If we take the mean .values of A~ and Ah for the 12 » 10 transitions from‘the

165 11 1*9

1k
Ho + "B and N results, whlch appear to be rather similar, we

i'obtain'AéA=‘O.37i01055 and A, = -0.11*0.0k. These values are to be compared:

‘with the values for complete alignement of the 12+ state of A, = 0.40k and
Ah ='-O.l6{ It can be seen that, at the 12+ state, the values in these two

-cases, do not depart very much from those for complefe allgnement They cor-

+0.6 159 11
respond to a width o = 2. 3_2 3 The angular dlstrlbutlon in the Tb + B

reaction is less anisotropic and corresponds to ¢ = 4.3%*1. 1In all of these
cases however it is clear that the 12+ state is rather strongly aligned. The

165

1 : L
Ho + lB'reaction gives one of the largest anisotropies; even though the

Emaxiinum chaﬁnel‘spin of 5'in.this-ca3e is the largest of any of the reactions

" which we have‘stﬁdied.. To get an idea of the effect of the target and pro-
jectiie spins in ﬁhis reactien we have_worked eut‘the values of Aé and Au,
aseuming that the misalignement of the 12+ state afises oniy froh this effect
.and that the state is fed onlyefrom the component of orbital angular momentum
| 12 in the incident beam. The values obtgined afe\.A2 =~O.}58 and_Au = -0.108,"
, which are yery close to these measured. However this is an;oVerestimate of

| the reduction of anisotropy from this effect since mesﬁ of the feeding'of the
~12+ state arises from lncomlng angular momenta greater than 12 (see fig.’ 6 )
'in which case the target and prOJectlle spins will tend to produce less mis-
-alignement to the 12+ state. This agrees with our previous qualitative conclu-
sion that the reduction of anlsotropy 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 hHe induced reactions were much less orbital angulav

momentum is brought in (See fig. 6). It is interesting to note that there is
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‘.nﬁ obﬁidus correlation between our measured anisotfopies, and either ﬁhe ﬁaxi;-
mum chahnei spins of target and projectile, or the.distriﬁuﬁioné'of anguiar
ﬁomenta‘brought_into the final nuclei. Tt should be nqted'howeve: that £he'_

‘chéﬁnel’spin in our hHe induced reactions was zero in all cases. |

,It is possible to estiméte a rough upper limi£ to the value of o due to
thé.neutron.cascade. Rasmussen and Sugiharaeg) have poiﬁﬁed'out that the.cas-

- ‘cade will give rise ﬁo éh afbroximately one'dimensipnal random wéik in the pro-
Jjection m. Thuslafﬁer n steps of'average Step leégﬁh_(projectign) M we will
.héve,.approximately{ a Gaussian distributién in @,ofIWidth u.nl/Q. For evapo_
 fation bf>h'neutrons,and an average step'lengthlﬁf 1, we obtain a value of 2
N ' for this #idth. An average step 1engtﬁ:of 1 correspbndé to an average angular

v.momentum Qf about 2 carried away by eéch neutfon, assuming that there is ho
correlation'between thé directions of the angular momentum vectors of the ocut-

'_going neutrons and the'beam-difection;l This value is of the same 5rder.of |
mggnipude as the miniﬁum observed values ofva at the'12+.state.

Aithoﬁgh'all of the observed anisoﬁropies are large, there afe signi-
_ficant variéticns_froﬁ one case.to another. Thére is no oBvious reason why:
theré‘Should be significant variations in the alignements in the statistical

'1pha§e‘of the reactions, i.e. when very many pathways leading to a-particuiar' f..

‘  stﬁfe are open. It seéms likely fhat_the differences arise‘beéause there may_

be, in some cases, only a few important pathways in the last stages of the
- gamma ray cascades leading‘to the rotational states. In such a situation if
‘one or more non-stretched transitions occur, significant reductions of the
- ¥ . ° .

ahisotropieS'wili result. éipce these final pathways will differ from one

wnucleus to another the anisotropies will also differ. It is easy to caléulate



- -18- - ~ UCRL-1720k

vthe effect of a non-stretched. tran51t10n on the angular dlstrlbutlon and some
. dlscu531on of - the effects ar1s1ng from these in heavy ion-xn. reactlons is given
“in the paper of Rashussen and Sug1hara29). Although one will-occasionally er
pect to see significant reductiensein anisotropy from this effect;,the reduction
would nermally be expected to he small: Such heavily fed hon-stretched transi-
tions probably can accehnt fer the observed variation of enisotr0py from one
case to another: Ve may also add that even if the distribution in m were
‘Gaussian after the statistical phase of the reaetion, it would.not be after one
or more nbhfstretched transitions via a limited number Qf pathways. Thus we
must. also expect deviatidns from the Gaussian line in our plot from this effect.
As an example of the important pathways which can occur in‘the last
steges of the gamﬁa.ray‘caseade we show, in fig. 9; part of the levelgscheme
of 18603, as obtained by Emery et al.5l).
b

1
are those which we observed in the wW(

The intensities of the gamma rays
86 :
He, 2n)l "0Os reaction. It is clear
that in this case there are a number of strong tran51t10ns, both stretched and

non- stretched Wthh feed the rotational states These transitions will have

an important effect on the final angular'distributions from the rotatiohal 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 elso
18h 18

seen in the reactions l82W( He,2n) 6W( He,2n)” Os, as can be seen

from fig. 1 of the following paperlh). 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 low excitation than:

1s usual, and these states collect a significant part of the total intensity.

188 - ‘



-19- - ~ UCRL-1720%4

| X ‘ . o
The result of the 18 W( H ,2n)1860s experiment, where we measured the

variation of anisotropy with bombarding energy, is father'surpriSing.A Sihce.
| | o 186 L
. the average angular momentum brought into the Os nucleus‘varies from about

vh.i, at the lowest energy,'to 11, at the highest, ‘one mlght nalvely have ex- -

pected to see some change in anlsotropy, but there was none within the errors
of- the measurements Presumably- thlS must arise from a cancellation of the
&erious effects mentioned earlier. With only one result of this type we'are
not really ahle to éay more than this. - | |

Ih summary,'ouf results have shewn that pronounced angular distribu-
tions, corregbonding to -large and fairly dnifofm 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,jbut not'quantitative way

at present.' It seems llkely to us that the angular dlStllbutlonS will not

afford a very sen51t1ve tool for studylng the mechanlsm of the heavy 1on, Xxn

¢

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

troscopié‘studies of the nuclei whichhcan be formed in these reactions. In a

7

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

~assigning spins and multipolarities 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

159, .
9To, l65Ho and l8LTa with

Fig.'l;”-Gamma’ray spectra from the bombardment of

54 MeV'llB ions.
o . _ :
1’9Tb,.165ﬂo end g with

AT

: Fig.-2. Gamma réy'spectfa_from,the:bombardment of
ok |

93 MeV = N ions.

| 159

Fig. 3. Spectrum of the gamma rays from the bombardment of Tb with 92 MeVA

| 19F tons.
Fig.”h."Angulér diéfributions’of the gamma rays from the reaction 165Ho(llB,hn)Ner.
| The{solid lines aré the least squares fits to the points (see text). Two
meésﬁreﬁénts’were made“at'eaéﬁ angle and the points have been displaced slightly
to show thié.
-Fié. 5. The.yield at hﬁb dividéd by thé yiéld at 90° fof various gamma rays from
18k, 186, |

 the reaction (uHe,En) Os. The absolute value of the vertical scale has.

;no sighificance.
Fig. 6. Caléulatéd.distributions éf angular momenta for final nuclei, formed in
 various heavy;ion,xn reactions, befﬁre the eﬁission of gammé radiation. Tﬁe
distributions are averagedioverithick targets:

‘Fig;L7. Diagraméfic illﬁstration of a fypical'reaction where 27 MeV uHe ions
érevincident on a rare earth target (A-4, Z-2) with a Q value fof formation
of the compound nucleué (A,2) of -2.5 MeV. (A,Z) evaporatgs neutrons having
avspectrum similar to that shown in the insert. The temperature of 2 MeV,

co;?espdnding to the spectrﬁm shown, is a little high for (hHe,Qn) reactions

" but typical for réactions 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
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Fig 8. The coeff1c1ents A

25 ' L '_.Uc'RL-1720u

(A,Z) have energies above the neutron binding energy (NBE) in (A-1,2) and
will decay:to (A-2,7) with a similar neutron spectrum,'where this is allowed.
by the energetlcs A small fractlon of the states of (a-2 Z), 50 formed,

w111 also be neutron unstable and may decay to (A 3, Z)

:

o &re plotted agalnst A, (see text) for a number'of
rotatlonal or vibratlonal gamma rays observed as the last step of a- number -
ofvheavy-lon,xn reacthns._‘Some 2-0 transitions of low energy are believed

. to.have their‘angular distritetions attenuated by extra nuclear effects and

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

- have been omitted from this plot.

,t~Fig. 9; Partial level scheme for 18605, showing some of the transitions which _

186

2?._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,

Pl
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

wl
A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or "

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, '"person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant ‘to his employment or contract
with the Commission, or his employment with such contractor.








