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infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
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1. INTRODUCTION
Thefe have been a numbér of studies of nuclear 1evél densities bgsed

on the yields of isomeric pairs in compound nuclear reactions. The first

_analysis of such experiments was'by Vandenbosch and HuiZengal and was intended

to apply to systems involving relatively low angular momentum and excitation
energy. Recently Dudey and Sugihara2 have extended the statistical model
formalism to.cover nuch broader ranges of angular momentum énd ékcitatidn
energies such as one would eﬁcounter in alpha-particle-ihduced ré;ctions at
several fens of MeV.

The recently published wbrk Of'Lark and M_or_inaga5 may offer a more

stringent test of this type of calculation. Following-(@,2n) and (o,ln)

reactions on even-even deformed nuclei, théy_were frequently able to resolve

several prompt gamma rays of the grbund rotational bands of the product nuclei

and in a few cases delayed gamma rays from isomers. Stephens, Lark,ﬂand Diamond

have pursued similar studies using heaﬁy—ion beams, usually with'bdduz projectiles
5 .

have investigated gamma transitions in the

ground band_folloWing (p,2n) reactions on odd-even rare earth targets.
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IT. ISOMER-YTELD THEORY APPLIED TO 00Ty

" Let us examine the results of Lark and Morinaga” for intensities of

¢ : T .
gamma-~-ray cascades in 18 W. They give prompt gamma-ray yields, from which

can be deduced independent yields, of 2+, h+, 6+} 8+, lO+, and 127 levels of -
. the ground rotational band. This nucleus also has a 5 msec isomeric state, =

the yield of which they measured between beam pulses. Diambnd, Stephens, and

Burde6 have restudied the ;BOW levels and have located the-isomer at 1525 keV,

'establishing an'8 assignment.on the basis of ganmma ~gammsa, angularvcorrelationSL

The gamma-ray ylelds, which were studied for both 178Hf(a 2n) at 27 MeV and

1
80Hf(a bn) at 52 MeV are summarlzed in Tables I and II.

The;ylelds have not been corrected for internal conﬁersion ahd hénce
refer to the production of individual gamma rays rather thaﬁ to‘the population".
of the correSponding energy levelé.5 Fof=on}y the lowest energy gamma ray is
internal conversion an Important coffeétion. The lowest eﬁergy gemme. rays were
also éubject to the laréest.erroré in defermining;iﬁtehéifies;3:heﬁce there will,
be no discussion of‘the cumulative or independent yiéld of the 2+.level. 'Acéord—’
ing to Lark and Morinaga, crossover transitions, if present at all, were in much
lowér yield than cascade transitions. Furthermoge, the yieldé‘weré not corrected
for gamma-~ray anisotropy, which méy weil;haﬁeiﬁeen appreciable judgiﬁg.from more
recent studies.7’8 Thus the 90° measurements may have given lower than true yieldsv
for the‘prompt caééade gamma.s . |

178 180

The data in Table I indicate: that in the 27-MeV Hf(a 2n) W reaction,

there is apprec1able 1ndependent formation of 180W nuclei of relatlvely low spin.
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180

o - -1 ' : o +
In the 52-MeV Hf(a,hn)l8ow case, —SQW states of spin as high as 12 -are
. : ] . :

populated;.however, states of lower.spin are produced witﬁ comparéble independent
yield. Becausé of the‘large.experimental errors, quantitative judgements'are
difficﬁltbtovmake.' It is interesting to note that even with a éoﬁsiderablé in-
- crease in bombarding enefgy ahd henée input angulér momentum,_the'prompt yield
of high-spin statés is not increased very much. 4

The yield of delayed 18Omw nuclei is perhaps more'amenablé to treatment.
Eﬁidently the decay of the 8 level enters the ground-statevrotational_band at
the 8 level. The cumulative yields of delayed 8+—>6+,'6+—ah+, and koot gamma,
rays should then be equél to each other and approximately,tovﬁhe sum of the
2+—->O+ plus X-ray yieldé. This_is séen to be consistent with the delayed yields
.in Table II:‘ The dependence oh bombarding energy in this césé is large. The - "~
a#erage 8" yields at 27 MeV and 52 MeV afe zEOO mb and a800 mb, réspectively.
‘Evidently the decay of high-spin states in the éompound nucleus,‘which have a
higher yigld at higher-Bombarding:energies, leads primarily‘tp‘fhe 8— levels in
the %esidual l8OW nucléus. | : |

We consider whether these data are interpretabie inﬁperms of the kinds
'of calculations used to énalyze isomericvyield ratios.  The method uéed for the
l78Hf(oz,2n):_L8OW reactions proceeds in the following mannef:

1. ?ar“cialwavé c‘rcés sections for compound nucléﬁs formation in the

178

reaction Hf plué 27-MeV alpha particles were calculated.by means of an optical

model program.
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- 2. In the decdy ?f the cOmpound nucleus the evaporatioﬁ of neutrons?
?rotons‘and alpha particles was consideréd; The spin distfibution in 181W .
residual huciei was'obtained at an:average.excitétion energy céfrésponding'to
the emission of é neutrdn from 182W with a kinetic energy equal ﬁo_that avéraged -

o?er'thé kinetic_energy s?ecﬁrum. . | |

73. The decay of the excite@ lB;W nuclei was ffeated'in a manner analogous
tb that of the'cqmpouﬁd nucleus, “&nd the spin distribution of excited lBOW nuclei
'was‘determiﬁed. in this_casévthé averagé kinetic éne%gy of the evaporatéd neutronS'
was obtained by avefaging over only that:part of the kineficienergy spectrum which
.would result in the (@,2n) reacfiéns.‘ That is, evaporation paths which led to

180

W nuclei excited above the neutron séparation energy were not included in the

averaging; such events presumably lead to the (&,%n) reaction.
The details of the calculations; choices of parameters,'étc. are described
in an Appendix. - Spin distributions calculated for the compound nucleus l82w and .

' ‘ 0] o
the excited nuclei lBlw and 18 W are shown in Fig. 1. The calculations for the

1,180 ‘ o S . :
180Hf(a,hn) W with 52-MeV alpha particles were carried out in a manner
1 | 180 R ; ' ‘

78Hf(a,2n) 8 W reaction. Spin distributions for the

feaction
similar to that for the

'(ajhh) case aré shown in Fig. 2.
| In the usual application of this type of calculation”fq tﬁe’analysis of

1,2

Aiéomeric'yield ratios,”’  the excited residual nucleds<is-assumed to decay by

successive electromagnetic transitions (usually dipole) to one or the other .
‘final isomeric states. - Most of the experimental data are for spherical nuclei

. %

near shell,edges‘sihce such nuclel most frequently have long-lived igomeric
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(10, 9) and (11, 10);
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states. In the case of a deformed nucleus such as lBQw; electric quadrupole
transitions may be more common than dipole‘transitions. A further discussion of

a possible role of K-selection rules in gamma-ray deexcitation for deformed

nuclei is reserved for a later section.

-We restrict ourselves here to semi—qdanfitative consideretions. We
ask whether the yield of the delayed 8- isomer relative to the prompt yileld in
the two reactions can be reasonably explalned by the calculated spin dlstrlbutlons.‘
At 27 MeV the ratio of delayed to prompt is xQOO/h9O = 0.4, The prompt yleld is

taken to be the cumulatlve yleld of the h level; this 1ncludes the contrlbutlon

of levels as high as lO and perhaps others still higher which have not decayed -

"to the 8 level. The-experimental errof in the ratio is of the order of 50%.

If it is assumed that excifed-;8ow nuclei which are formed hy néutron evaporation
and'which‘have spin 10 or higher decay to the 8- level and those ﬁhich have spin’
9 or lower decay to the ground-state rotatlonal pand, the spln dlstrlbutlon in

Flg. 1 1nd1cates that the delayed/prompt ratic is O 32/0 68 = 0. h? It the

division is made at J > 11 and < 10, which'we shall denote'(ll, 10), the ratio

is 0.28.
At 52 MeV the experimental ratio»is m800/520 = 2.5, again'with about

50 % experimental error . Dividing the spin distributionfof excited }8OW nuclel

~as in the 27-MeV case, we see from Fig. 2 that the calculated delayed/prompt

ratlo is o 76/0 2l = 3.2 for (10, 9); it is 2.3 for (11, 10). A single "dividing

'spin value" eppears to account for the bombarding energy dependence of the delayed

yield. However, the experimental errors are too large to permit a choice between
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- The detéiied.shapesAof theuspin distributioné in Eigs. 1 and 2 depend

. on the Vélues(assigned to‘parameters such és the effeétive.moment of ineftia -3, | T
the‘spin cutoff parameter o, and the liﬁiting.spin J! (éee Appendix). The
values uséd in the calculatioﬁS'are listed in iable TIII aﬁ&.IV;E,SincE‘theﬂvalués of |
thesé parameters have not been firﬁly éstaﬁlished, we have checked whether it

is oniy fortuitous that a single dividing'spin is found for the twb réactioﬁs;

A separate calculation was‘made in which 1afger valués were assigned to @ll of

;the parameters for the final evaporation step. In the'274MgV (a;Enj casé,‘whehr

%/%R % O.6h,v02 = 25,5,,énd J' = 161 in:the secbﬁd neutron-evapératibn step, the
delayed/prompt ratio for the division (16, 9) was O.5ﬁ and for (li, 10),it was

© - 35.5, and J' = 198 in the fourth neutron-

0.3h. At 52 MeV, when §/%, = 0.9, o
‘evaporation step, the ratio was 3.7 for (10, 9) and 2.8 for (li;WlO)iz_A single
'dividing spin value at the two_bombarding’enérgies is still consistent with the

experimental results.
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IIT. CONSIDERATIONS REGARDING THE GAMMA RAX CASCADE

o

We have seen above that ordlnary lsomer. yleld theory is capable of

.explalnlng the ratio of 8— isomer yileld to lovest’ Iy yield for two different:

reactions leading to widely different spin distributions. In this case it was
necessary to assume that after the last neutron evaporation nuclei with spinsA
greater than ~10 contribute to the 8- isomer and those with lower spins do not.

It is not simple to rationalize why this particular dividing spin should apply;

Clearly, the yleld received by various iow—lying levels is not simply a function

- of spin alone, for the yields to 8- and 8+ levéls are quite ‘different. The K

quantum number (8 for the 8- level and O for the 8+ ), parity or details of
feeder levels above must have an important influence in determining yields.
Nuclear spectrOscopic studies on even-eveh nuclei in'the deformed region

can glve us 1ns1ght into the factors governlng ‘bhe paths of the gamma cascade in

Athe lover energy reglon 4& where A is the odd even mass dlfference "~ Below 2A

‘there is only the,ground rotational band of'K=O and even parity, with some

9

collective bands” moved down somewhat below 2A.

Above 2A will begin many two-quasi particle bands with X equel to

sums or differences of Q'quantum numbers of two neutron:(or two proton) Nilsson

orbitals near the Fermi surface (cf. Gallagher and Solov1ev) 10 'In the specific

180 '

‘case of W the near-lying Nllsson orbltals are mostly Q= 5/2 7/2 and 9/2 Thus,

for this nucleus we expectla:famlly: of low-X bands (K:O, 1, 2) beginning above

éA and'a_famil&f of high-K bands (x=6, 7, 8). The K—'selection rules would

h_effeétively7prevent fast gama transitions between different families at what-

ever spin. Gamma ray cascades within the low-K family would constitute the prompt
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gamma yield, and cascades down fhe high-K family would all give’the»8-isomer yield.
. For‘nuéléi inkanother region of the Nilsson_diagram where Q=l/2 or B/é orbitals _*_
are prévalent, no such division of two—quési—particlerbands into families‘would
occur, but the prompt.gamma yieid to various members of the ground rotafionai

band could well vary from nucleus to nﬁcleus, according to the parficular X

values of the‘lowest two-quasi;particle bands which woﬁld ser#e aé principal
reeder” pafhé into the‘ground band. | |

| -Above an énérgy §¥a ,‘where four-quasi particle excitations'could’éccur;

_ T X ,

it seems fruitless fo'specuiate about gamma cascade paths, since it ié‘not’cléar

to what éxtent stateg_will ﬁix énd.the K: quantum number, number of quasi-particles,
etq. lose their validity. Such.considéraiionS'sﬁggest the parficu;ar desiraﬁility
of dddit;onal experiments on gamma ray yields, performed at bbmbafding‘energies
wiéhin,B‘MeV.of thréshold. AAt sﬁch energies near threshold the'whéie_régidn of
gfeatest uncertaiﬁﬁy for mapping the gamma ray cascade’(i.e.; between % MeV and

the neufron binding energy of ~8 MeV) couldvbeACompietely aVQided._ The last

neutron would have evaporated to ieave a finai stété ofﬂtwo-quasi—particle‘excita—
tion or less.  Of course, the.fewer the number of neutrons evaporated tﬁe easier
it ﬁill be to push the gammia ray measurements cléser to thréshold: 'Pérhéps; (p,2n)
" and (d,Qn) reactions ére hopeful for carrying yield measurements t§wafd threshold,
~and the behavior of garma ray yields or anisotroﬁies with eﬁergy might give really
definiﬁive information on the dépendence of nucieér-level denéity on J after the

first neutron evaporation step. A : ' -
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IV. REMARKS ON GAMMA ANGULAR DISTRIBUTIONS
. Further valuable information on the "spin history" in the neﬁtrbn
evaporation 'and gamma ray cascade can be provided.by measurements of gamma.
ray angulaf distributions with respect to the beam{f We referred earlier to

measurements7?8 indicating rather large anisotropies. Diamond, et al.7 observed

| Ph(cos 6) as well as PE(COS 8) terms in quadrupole gamma ray angular distributions

following heavy-ion reactiocs on rare-earth targets. Thus, we are prompted to
present some formulas and_coefficients that may be heltful in analyzing sact
experiments. | |

For spin- zero target and progectlle the splns of” 1n1t1al compound nuclel

are perfectly aligned in the plane prerpendicular to the beam axis (only mI—O states)

Con51der,f1rst the limiting case of such complete alignment at the top of a gamma-
!

wie) =1 + A P, (cos 6) + AuPu(cos o). ': .'.4>(l)'

'ewe w1sh to calculate the coeff1c1ents for all quadrupole radiation in “the "stretched"

=2 =2 42 E2 ‘
cascade Jé—>, Jo2 =5 J-k.. =N hE2> == 0. The coefficients are the same

for all the gammas; From formulas. given for analysis of low-temperature nuclear
alighment experiments;lfit is simple to derive the desired coefficients Ag and Ag .

- The angular distribution of a gamma ray of pure multipolarity }\.v enitted from

an'assembly of oriented nuclei 1s usually expressed as follovws:

W) =1+ BEFQPQ(COS ) +.BuFuPu(cos-6) + ceer (2)
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The coefficient Fk  is taken from <y-vy -angular correlation thedry and. depends

on initial spin J, finél spin J', and multipolarity A as follows:

Jr-J-1

. FK(JJ'xx) = (=) (2J+l)%(2hfl>(hkl-ilk0) -w(JJxx;kj*)' (3)

The coefficient B, is determined by the initial populations w(m) in the

»Varioﬁ5'2J+l magnetic substates of the gammahemitting ﬁucleus.

Bk(i) = (2k+1)795 % (Jkn0| Jm)w(m) < - .
| om _ | ()
% w(m) - A

_:For the case we consider w(m) = 5, o, SO the sum for By . reduces to a’
o : ' :

single term, and we get by substitution

!

B.F ;.-55/2(2J¥i>1/2(JEOC{Jb)kééi:l{205W(JJ22; 2fq42)

1

0
AE(J)E 272

o (5)
1/2

4A3(J) Bufu‘é_-l5(2J+l) (JMOOIJO)(QEl—llMO)W(JJEE;‘ﬁ:J—Q)

2

formulas above include the Clebsch-Gordan. coefficients and Racah coefficients in

. The values of A, and Agifor various initial T values are’'given in Table V. The

standard notation.

o Any'departufe from completé stretching in‘thé cascade reéults in lowered
.anisotropies for all succeeding transitions. In the notatioﬁ of Ref. ll‘one must
-insert U coefficients in Eq. (2) for each tr?nsition that intervenegibetween the

spiﬂ state for which the B coefficients are determined and thevgamm; transition

' for which the angular distribution is desired.
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The general formulale forgattenuaﬁion caused by a preceding radiation
step J! - J, where L will be half integral for neutron evaporation and integral
3y P .

for gammas, is as follows:
L 2 1 o |
Uk(J_‘ - J) = (27'+1)2(23+1)*W(J3'KLT; J'T) o (6)

Table VI gives values for U and Uh for ‘the special case of a JVQEQJ.intervening

transition. An L=2 transition other than J —J will (for large J) result .in less

attenvation than above. A dipole transition will cause less &ttenuation also at

".a given J.

- A simple approximate éxpression for Eq. (6) can be given that is valid

for large J and Jf.‘ We use the limiting expression (A2.3) of Edn}dnds15 for Racah .
coefficients with iarge ar to substitute into Eq. (6) and get
L | o
UK(J —>J') = Pk(cos 8), o ) (7)»
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where 6 is thé angle‘in the 01d vectbr medel subtended by the short side

| NL(I+1) with adjacent sides of lengthN J(J+1l) andNJ'(J'+1) . The law of

cosiries can be used to evaluate the argument

’

JU}1)+ J’@'+l)— Lﬁﬁl)
2[J(J+1)J (Jt+1)7%

cos @ =

'Thé above formula was fested.on somé Values from Table VI,for*L:k:EQ‘ife.,‘at
J=2h, Ué(approx.) =0.985, U, (exaét.)v= 0;985; at J=iO U.(approx.) = 0.9193,
Ué(exact.) 0.9189 at J=k, U, (approx ) = O. 5838 U, (exact ) = 0. 575h

~ If one knew the whole ﬂspin history" from the completely,aligned (mj;d)
compound. nﬁcleus to the top of the stretchéd gémma cdsqade, one céﬁld just take
~the product of the U :factors for each preceaing ;#ep.» For multiple.paths wg'_,
could také a weilghted average of the U prodﬁcts»for'eaéh,;péir. At present

_sugh reliable detailed models have not been deveioped, and we_shali be interested :

. in approximate treatments. | |

Tgble v ;anAalso be used.to calcuiate the Ag and Aﬁ coéffic?ents for the
initial anguler momentum vectorlnot'perpendiéular to the beam axis (i}ef mJ#O).

The general formulas for Aﬁ(J) differ from Eq. (5) only‘iq repiacement.of
the:first Clebsch-Gordan coefficient by (JkmO|Jm). The dependence of this Clebsch-

" Gordan coefficient on m can be expréssed simply in terms of a Legéndre polynomial

1

frtem]

I\)]r—-

(2J+l)(2J 2) ,]

Umth):lw@4n[ G
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or more generally for all k.

(molon) V5T
(J1en 70 Jm ™) "By, ( _m'

Nﬂf(i§i7)

From this relation and the eipreésions for the Legendre polynomials of order 2 and1hvw~

' 2
5 (oY _ DX =1
Bplx) = =55
P (x) = o (35x - 30x” +73)/8

we g"e‘é

@) <2200 [ - 3 o) ~
(©)

32 m y }
|
J

A, (3) = 2, (3) LJ_ - 10 m+ 5 X 5

I (3+1)

 The above_formulas'areAexac%, ghd they are Simple enough! to lend them- .
selves to various approximate treatments of the spin history from thé initial
compound nucleus through successive neutron evaporation stages and gammas/to the

.top of the stretched-cascade.

For heavy ion reactlons, inc¢luding alpha reactions at the hlgher energles, P
Vthe average orbital angular momentum carrled in is much greater than the angular

tiomenta carried off in individual neutron»evaporatlon or gamma stages..’



-13~ _ . UCRL-i6916 ’

A different formal approach is to consider distributions in magnetic sub-
states. For & normalized distribdtion w(ﬁ}-over magnetic substates at initial
state ' J of the stretched gamma cascade we have the general formula - e
0
A (7)

KK(J)g_m 3 w(m) P (m\/J(J+l)} | (9)

-I<m<J

‘

That the tofal angular momentum values in typical heavy-ion reacﬁionsAare
largé compafed to_individualiangular momentum changes may be seen from Fig: 5;
v_which'shows thé distribution of spins fof 56 MeV:Bl; on Hol65; In such cases thé'
‘neutron evaporation stéges may have approximately the effect on alignment of a
qne—diménsional randem walk in tﬁe projection“ mJ. If at eéﬁh sfage the average
step length is p , after o steps we apprpadh a_Gﬂa;;ssia‘m,.'di‘str‘J‘Jbu‘c,ionllL in m.

m

1/2 Qnug

win) ~ (enrr

With such approx;matlon and for Qnu >> l we can make a further approx1matlon ofreplac1ng

the ‘sum Of Eq.(9): over magnetlc substates’ by an 1ntegral We-then get the follow1ng:

) 0 lr Ip )
AE(J> ~ AQ(J) ] 1 65

: , (10)
0,. { WOrug 55h2 N 1

: _oabng g U

Au(;) - A,l*w) : IO (3s1)? |
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If.the.target,and projectile " spins are not both zero;'there will be an
»additioﬁal attenuation factor on the anisotropy due to these spins. This attenua-

tion factor can be calculated by hoting that there is the following distribution
. . . ) i

of magnetic substates in the initial compound hucléus ’

Q . J>¢J< <|m|
I, - {m]+1 .
(2J>+1) (23 +1) ., I -7, <Im| < I+

_ ».Wi(m)v .= < ' ‘ .  (11)

1
2J>ﬁl s lm1<3>-J< N s

where -J_ is the greater of the two spins (target or projectile)‘and Jo is the

‘. 4

lesser.
It the'abové analysis weré applied to éxpérimental angulaf distriputions,

‘one éouid derivé a i value, the effective steﬁ length in the random walk of spiﬁ'
projection-on the beam axis. For aisuécessibn of S—wave neﬁtrdn evéporations the
step length would be u¥1/2. ,For'lafger angular moméntumvcarried off,'the ‘W value
will depend both on the average vaiue bf angplar momentﬁm cérried off ana also upoﬁ
the extent to which the épin history deviates.from the completely étretched spin
'sequéﬁce; ﬁhich‘minimizés L. |

- The analysis of -y-anisotropies in Fig. 1 of Diamond et al.7 nicely‘shows
the validity'of a Gaussian>approximation to the distribution in magnétic Substates 

for heavy ion reactions.
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We would like to conclude with'a‘saﬁple calculation not making use of the
'Gaﬁssian treatmgnt'and to'suggest some cbnéequences of .the experimental'angular .
distributions from the work of Ref. T.

lCénsider JO=2h'compound.nuéleus completely éligned (M=0). Consider four
sﬁccéssive neutron evaporation steps each carrying off 5/2 units of angular .
| momentum fhrough a stretched spin‘éequenée-to the top of the EE cascade‘at spin
) J =1L . We-caléulate fhe cgefficient Ké:for the caScadé ga;ma'angular correlatidn
with respect to the beam direction, using Eq. (7) and iable V.

. — P , _ 0
A, = U2.(0—>I)U2(I —>¢I)U2(II —>.111)U2(III_ _>J:V)A2(1.u) |

 From Table V we read Ag(lh) = 0.%39682. From Eq. (7) we caleulate
U, (0 5 T) = 0:9933 S : A_ |
'UQ(IV - II)='{O». 9913

_Ug(.II—»III)= 0.9887 - _ y

, Ué(iﬂ —=IV)= b.98l+9

. IIUQ‘ 0.9588

Ao

il

0.3805

2

. heavy-ion reactions. It is remarkable to see in Fig. 1 of Diamond et a1, that

This value of A, should constitute an effective upper: limit. for: typical

the 12 — 10 and 10 -+ 8 gamma transitions show-A2 coefficients very clbse to

 this limit. \Thus, we might'at first be tempted to gonclude that'the-feeding at



o
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the;spinleAlE level has come meinly wvia a stretched-spin sequence in the neutron

evaporation process, and any gamma cascade preceding the rotational band.  However,

" perusal of Tablé'Vi shows us that wé'can.have'several unstretched transitions with

A JkE»in thehigherspindsvelé of the spinlhistory without apéreciably'lowering the

X -Measurements of AZ are thus not a sensitije indicator of spin hisﬁdry'

in the.ﬁigh—spin end'of tﬁé process. |
Meésureménts of nuclear-reaction gamma ray iniehsities ahd angular distribu-

tions at various bombarding energies seem indeed a hopeful and powerful tool for

study.
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.  APPENDIX

The equations used in the calculation of spin distributions are summarized
below;? The partial ¢éross section OC(EC,JC) to form a compound nucleus of excita- .

i: tion énergy Ec and spih Jc, for the case of alpha-particle bombardmeht, is '‘given.

by
' J +8
: e _
o o 27 +1 o -
. s o ed _ ,
UC(EC,JQ) =T zz: ed, +1 Ty(e) 4 _ a1 7
. =lJC_Sl : . :

‘ where_h_is‘ﬁhe reduced de Broglie wavelength of the incoming alphé pafticie, Jt
is the spin of the target nucleus; S 1is the entrance channel spin, and T (e) is
'_'fhe transmission coefficient of tﬁe incident alpha particle of chamnel energy € .
' .and ‘orbital angular momentum ﬁ. ‘ o

The normalized probability for the compound nucleus to decay by emission

. of a partlcle v(neutron, proton, or alpha partlcle) to a final state of average

excitation energy E

£ and spin Jf is given by
A - ’Jf+sv R RS o
ZQ(EJ)P(EJ)ZIi IZ T(e)
-8 ={d_-s |1 -3 ’
1 : N
()(E J)— v Vv v . (Ag)

ZZQ (Ef"f’» lZ . (e‘

Here QV(Ef’Jf) is the level density in the residual nucleus formed by emission,
of particle v; the functional form of Qv(ﬁf’Jf) is discussed below. 'AlSQ'Pc(Ec;Jc)'

is a normalized form of GC(EC,Jé); that is
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J =0
c

‘sv and ZV' are the intrinsic spin and orbital angulaf momentum of particle

v; S, the exit channel spih.~ The quantity in the denominator of Eq: (AQ) is 
a.normalizaéion constant which-éccounts for‘ail of the original compound nuclei.
if more than one particle is evéporated in cascadg, thg.distribution
P§1>Ef,Jf) is used instead of PC(EC,JC) in ﬁq. (a2) to ggnerate another distribu-
tion PSE)(Engf). This is'coptinued fof as many steps as nécessafy. |

The density of levels of energy E and spin J is taken to be

»

. (2J+l)al/‘u : 1/2 | ,.'2 1
Q(E,J) = e(gmg)B/EEB/l* exp {E(aE) . - J(3+1) /20 ]

)

‘where a = A/10.7 MeVil‘fOr avresidual'nucleus_of mass number A. The spin

: _ o _ o E ' :
cutoff parameter ¢  is formally related to the effective moment of inertia

by. : o

o = so/me | o (a9)

where the nuclear temperature T is obtained from

- 1/T’=(a/E>1_/?_ - 3/4E. o ; | I (Aé)
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. The analysis_of‘isoméric yield ratios2 indicated that a'consistent fit to
'experimenfiwas obtained if._ﬁ_ wés chosen to be the moment of inertia SR' of a
%igid sphere of-i‘adius-.»l.EAl‘/5 Fvwhen E>10 MeV éndnless thanv %R at lower
exgitatioﬁ‘engréies, - The rough correlation of S/%R with E. vhen E<I0O MeV,
as given in Ref. 2,‘was used for.dalculations herg.' |

-Equation (Al) was considered to give the level density for J values up

to. a limiting ~J  wvalue given by»
;e isttymEmt .

For J > J’A, a(E,J) was taken to be zero.

In all of the cai;ulations the eXcitatiﬁn'ehéfgy  E ;was;ébrrected'for
.tﬁe:odd-éven charaéter of residﬁal nuclides. For odd-odd ﬁuciei, ?hé corfectioﬁ'-
was zefo; for é§enFodd Qr.odd—even; -E was reduéed by i.O MeV; ana>f6r evgn-even.
nﬁclei, the reduction was 2.0 MeV. V Lol |

Transmission coefficients for neutrons, protons, and alpha particles were

'calculated with an optical model ﬁrogram of Glendenning.,_7 The parameters assumedm_, 
for a nuclear potential of Woods-Saxon form
Vo * W e |
vV = - = & ".‘ . (A8)
nuc : L

1+ exp (r—rOAl/B-rl)/d!
. o ]

Ty

are given in Table III.
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The average kinetic energy of an em;tted neutronAwas assumed to bev 2T>
if ééséntially all -of the energy spectrdm cogld lead to the desired final nuclide.
It éome frgction of the spectrum had to be excludéd, the average energy was calcu-
lated for the aVailable'part assuming the spectrum shape was Maxwellian.  In the |
case of charged particleé thevaverage kinetic energ& was assumed to be B+T where
B is an effective barrier energy. Itrwas assumed to be that kinefic energy for
which the penetrability of an =0 wave was 0.5 by the'optical model éalculatiOn.‘

Typical Values are %i ='l9.6 MeV for alpha particles when the residual nucleus

is 178 179Ta.-

Hf "and Bp = 10.1 MeV for protons when the residual nucléus is

Table IV sumarizes the values of the quantities %/ﬁR, 02, J’,'and.if as

used in various stages of the calculation.. The distributions in Figs. 1 and 2
result from these choices. Aszindicated earlier, the ratio of delayed to prompt
gamma, rays is not a sensitive function of the values assumed'for any of these

quantities.
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Table I. Prbmpt_gammé;ray yieldsa o, in the feactiogg 178Hf(&,2n)180w at 26 MeV and 180Hf(a,hn)180w at
52 MeV and independent yields o1 fq;-residual'l8ow nuclei of spin I. .
B | | . (e2) (a,kn)
»E7 ) h Levgl Energg i | Spinrand Parity S .°7 | . oy ' _07 o o1
 (keV) (kev) = ' of Level ' (mb) | (mb) , (mb) - (mb)
' 102-:5‘ - 10245 o* » }200&30" Lt 7_ e ' pr—
23145 L 33647 B - 490+70 2204100 - 3204120 902140
3547 690410 6" 270670 - 90:90 230470 6080
ChsTaT - 11k7415 8 _ 18060 5090 L7040 -10+90
520410 166720 . 107 - I30s70  130:70, . . 180480 100:£100
585415 Ceeseses 12T T Bos0 8050

aFrom'Ref; 3.

bCalculated by difference.




- S o 178 8
Table II. Delayed gamma-ray yieldsa c d in the reactions T Hf(a,hn)l W

=21~

T ¥
at 27 Hev and_lBOHf(a,hn)18omW at 52 MeV. -

UCRL-16916

Cm,

Ey.- ' Level Energy

L5747 o '

“(keV)i | (keV)
, 54 , ————
102+5 10245
- 23ha5 55647
35447 690+10

1147415 s

- Spin and Parity

of Level

K X—ray

2—}-

® o\ &
TF TR T+

. («,2n)

d
o
4

(mb)

- 230460

230790
170490

21070

(d':)'*‘n) |
d

o,
(mb )

5904270
110480
11304180

6104200
- 7204270

“%From Ref. 3. .

~ -
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~ Table III. Paramétersa used in optical-model calculation of penetrabilities.

~ Parameter =, .. . ‘Alpha . - ,‘_ Proton

'7*331 v (Mev) i 50,0 _ ' ]. 57.0

W oMev) . 2l0 .. . 200

fo ) o Tiar . 1es

o (F)  1.51;fL L L.77 S 0.00 -

S G B
+da (F) .. 00576 1. - 1T 0,650

Neutron

57T.0

20,0

1.25,
0.00 .

0.650

~ %See Eq. (48) for]definitign,dfbéymbols.
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‘Table IV. Values of effective moment of inertia & (units are rigid-
’ 2
" body moment %R), Spin cutoff parameter ¢ , limiting spin J', and aver-

-age energy of residual nucleus E Step 1 refers to evaporation from

N £
" the compound nucleus; steps 2, 3, and 4 refer to further evaporation

‘from residual nuclei formed by neutron emission in the previous step.

| L Particle S Jr Ee
~Reaction '  Step Emitted = - :%V%R o2 (n)- (MeV)
178Hf(m,2n)180W 1, o n 1.0 81.4 . 40.5 1h.1
o 27-MeV e o P 0.64 25.1  15.5 5.9
: S | o @ 0.6 248 = 16.0 6.1
Lo ! o2 n 0.5 19.4  1k.0 6.3 -
. . ‘ | T P ———— — PO —_———
. a —— —— ——— -
v.;sonf(a,un)lsow T n 1.0 130 . 64,5 38.3
- 52-MeV o A p 1.0 113 5545 29.7
- o ‘ o 1.0 111 - 55.0. ° 29.9
| 2 n 1.0 .11k . 57.0 29.5
; o P 1.0 92 . L5.0 19.5
.o o \ 1.0 90 43,5 19.5
\ 3 n 1.0 93 46,5 19.1
A o P 1.0 7L 35.5 11.1
# oo a 1.0 70 35.0 11.2
o n. 0.7 27.6° 16.0 8.7
o P 0.25 9.9 10.0 1.k
o 0.25 9.5 9.5 1.3




~;§;24;

"UCRL-16916 o

Gamma Ray Angular Coefficients for Stretched Quadrupole Cascedes

Table V.
Initially Perfectly Aligned at Spin J.
I [ 25(0) a9
2 T2y -1.71&29
It .51020 - 36735
| 6 LB5b55 . - .2upho
8 o857 - .19780
10 11353 - L1751k
| 12 10372 - .161h9 :
- b ;39682 - .55238'
| 16 39170 - 14588
1 38776 - .1b100
20 3Bh6L T - 13721
op 38206 3 -_:13ﬁ193 .
lzu.-' 37994 - 13171
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v'Tablé VI. Angular Attenuation Coefficients for Gammas Following a J E;Jv

Quadrupole Transition in'the Cascade.

B A 2n | U, (J %)
o | | - .21k29 ‘ C o egsn
. 57538 S-S
6 .79091“ : o 3636k
8 | 87676 - .60965
10 - o189 o .T3851 .
12 A Lol26T . .81326
T eBs 86021
16 : _ . r.96703; ' . .89153
18 S 9ps sk
20 S Lome2 - ek
22 | o822l R ;éulzh |
ok | S .985Qh - : . .95038'_‘“'»
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See also the somewhat related approach by Barlit, (E. M. Barlit, "Concerﬁing

" the Angular Distribution of Rotational -y-Quanta.” Dubna preprint 2197 (1965).)

He treats the situation where at theﬁbeginning of the quédrupole‘gamma cascade.

there is a Gaussian distribution of spin vectors about the initial compound

nucleus spin vectors, such as would result from a 3-dimensional random walk
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FIGURE CAPTIONS

| Fig. 1. Calculated spin distribution: of the compound nucleus 182W fofmed

178Hf. Also plotted is the spin'distribution

' of the residual nucleus 18QW formed by neutron évaporation‘from_l8gw. "The

distribution for each nucleus is normalized to unity. The distributions

should be histograms but for convenience in graphing J has been taken o

be a continuous variablé.
‘ 180

. 2. Spin distribution of 184w formed by 52-MeV aypha particles on - ut.

Also plotted are distributions for residual nuclei l8lwtand 18OW. 'See also

caption of Fig. 1. The unusual shape of the_distribution for lBOW results

from the sharp cutoff in 0(E,J) at J' = 16n. The division of the spin

. distribution into those'excited nuclei which decay to the 8- isomer and

 Fig. 3. Spin distribution of

- plotted are distributions for residual nuclei

thosé which enter the ground rotational band,promptly is not .a sensitive

function of the shape of the spin distribution.

176Hf formed by 56 MeV ;%Baions-On

173 Hﬁ;and_l72Hf.

;6;Ho. Also
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sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf .of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
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may not infringe privately owned rights; or
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or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. '
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mission, or employee of such contractor, to the extent that
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