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Excitation functions are .presented for many heavy-.ion-induced (HI) 
. . 

reactions that produce Dy , 12 14 149 ~y~~~ a'nd rn151. Projectiles were c ., N 

1 ~'5, . 016, 018, and of 4'. to. 10.4 . M ~ V  per amu. The reactions 

studied are all of the type (~I,xn)', where x ranges from 3 to 9. A large 

fraction of the . total reaction cross section is accounted for. by 6hese (HI ,xn) 

reactions- 9/10 at approximately 45 MeV to 112 at approximately :lo5 MeV. 

An analysis to obtain the energy of the first neutron is presented. Com- 

parison of the results of this analysis to angular-distribution studies 

suggests that each neutron removes 2 to 4 35 units of angular.momentum. We 

obtain the relationship between average total photon energy and average 

angular momentum removed by photons. Comparison with the average photon 

energy from other work leads to an average of 1.8 ' 0.6 .Pi for the angular' ' 

.momentum removed by each photon. The excitation energy.E of the.lowest- 
J 

.lying. state.of spin J has been estimated. 



THE AVERAGE ENERGY AND ANGULAR MOMENTUM REMOVED 
FROM ~y COMPOUND NUCLEI BY NEUTRONS AND..PHOTONS* 
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.Lawrence Radiation Laboratory 
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Currently available beams of heavy, ions ,(HI) make. i-t possible to 

study co~npound nuclei over a wide range of excitation energy and angular : 

momentum., .Radiochemical studies are quite useful because they give in- . .. 

formation about specific reactions; e.g., the (~1,5n).reaction can be (studied 

without interference from the .reactions (HI ,6111, (RI,~?~), e t a c t  This 

specificity . is difficult to obtain by physical 'means because of complex 

coincidence-detection requirements . The products ~ b ~ ~ ~ ~ ,  Dy150, , and Dy 51 

are particularly useful because they can be easily .identified by. their 

characteristic alpha redioactivity. 

In previous studies we have presented recoil-range data that 

give strong evidence that these products are produced by essentially pure 

compound-nucleus reactions. " Also reported are angular-distribution 

measurements from.which it has been possible to obtain the average total 

energies (Tn and q) of neutrons and photons. 3 

The experimental data reported here consist of excitation func- 
. , . - .  -. . ... 149 , , ; . i , . . . , 1 

tions for 26 reactions of type (H1,xn)Dy ' (~1;~n)Dy ; (h , . . j& 51 
Y J xn 

Compound nuclei of masses 154 t.6; 158 have been formed by various projectiles 

and targets. 

The conventional treatment of excitaticn-fhi;t'5on data involves the 

use of the statistical model with little, if any, allowance for the-effect 



of angular~momentum. This type of.treatpent may be.acceptable for reactions . . 

induced by .pro-Lons and ,helium',ions .bf' Several tens .of .MeV. However, it is 

clearly. unsatisfactory for ,reactions .between complex nuclei that involve 

4 .angular .mementa of several tens. of .?I .units.. 

,<'We analyze the results to obtain the average energy associated.with 

the first emitted neutron. Also,.we have estimated the relationship between 

average total photon energy and average angular rnomenLul~ re~flo-vetl by thc 

photons. This relationship along with the average individual photon energy 5 

gives ,the average angular momentum reraoved by each photon. Ey an approximate 

.method'.we have estimated the energy. E of .the lowest. level of spin J as a 
j 

function .of J . . . I .  



11. EXPERIMENTAL PROCEDURES AND RESULTS 

We haye used the stacked-foil technique to measure cross, sections 

for 4.1-h Tb 149g (10% alpha ), 7.4-min Dy150 (17.9% alpha 1, and 17.9-min Dy 151 

(6.2% alpha) ' produced by many reactions between complex nuclei. The experimental 
2 

conditions (targets, irradiations, counting techniques, etc.) have been 

6 
. . described previously. 

The product atoms recoiled out of thin target 1ayer.s (30 to 120: .. ,. 

2 2 pg/cm ) and were stopped in A1 catcher foils of about 1.8 mg/cm . We . .. . 

measked gross alpha seaioactivity with m.. ionization. .chambers. :. Activattan. 

of impurities in the catcher foils was found to be negligible.. Decay curves 

were graphically analyzed into the three componknts above.. At the lower8:;. 

energies small mounts of 2.5-h activity were observed. The presence 

of Dy152 prevented us from measuring the very: small cross sections for Tb 149 

150 and at lower energies. Separ~tion of the activities of 7.,4-m.in Dy , . . 

and 17.9-min Dy151 by the decay analysis was usually quite clear. . Kqwever,., 

for those cases in which the initial activity of either.species was dominant 

(ratio of approx 10: l), the determination of the weaker component was subject 

to large error. 

6 
Various uncertainties have been discussed previously:. In this study 

the only additional uncertainties are t~ose.:fcom*analysis of the .,decay curves, 

151 
and the decay properties of Dy150 and D y  . The half-periods: and alpha 

7 branching ratios for %15? and Dy151 have been measured by Ma,cfarlane.. The 

half-periods are un.certain to approx k 3% and lead to negligible error in the 

cross sections. The absolute uncertainties in the alpha branching ratios 

are riot known but are pro:bably about k 10%. , 



Resolution of t he  decay curves introduces no addi t ional  uncer ta in t ies  
. . - .  

. . . . 

f o r ~ y l ~ ~  cross sec t ions .  For those experiments i n  which the  cross sect ions  

of Dyl5' and a r e  approximately e q i a i ,  s t andard 'e r ro rs  f r &  decay 

analysis  a r e  about * 20% f o r  Dy151 and about f 10% f o r  Dy150. For experiments 

i n  which t he  r a t i o  of these  cross sec t ions .  i S  approx 8: 1,. the  a c t i v i t y  measure- 

m e n t . f o r , t h e  species  of .h igher  cross sect ion has'a standard e r r o r ~ o f  about 

f ?$, and fo r  . the  other  .species has a standard e r ro r  - of approx +' 50%. 

142 144 140 
I so top ica l ly  enriched r r~ater la ls  .were used fo r" ta rge t s  of Nd , Nd , C e  

; B&. 176J .. ~ a ~ ~ ~ ,  and Da 138 . The i so top ic  composition of these materin.ls i.s . 

given: . in Table 'I. I n  the  t ab le '  we make a note of  those isotopes for wliich 

correct ions  were.applied i n  the  calcula t ion of the.' cross sect ions .  It' i s  

important t h a t  these  corrections be precise  f o r  an analysis  such a s  t h a t  

presented i n  t he  next s e c t i o n . .  

The cross-section r e s u l t s  a r e  presented i n  Table 11. I n  Fig.  .l we 

show some typ i ca l  excita.l;f on functions (p lo t ted  aS f r a c t i o n a l ,  cross  sect ion 

u/oR aga ins t  exc i t a t i on  energy E)  .  his' f igure  shows da ta  f o r  two s e t s  of 

reac t ions  t h a t  produce ' the  compound nhcleus Dy156. The beam energies were 
0 

calcula ted from range-energy curves'o? DJorthcliffeU and Lhe i n i t i a l  energy 

149 
of .10 .38  MeV per  m u .  The cross sect ions  given f o r  Dy were measured by 

observation of 4.1-h Tb149g,. Thk values l i s t e d  f b r  Dy'49 ac tua l l y  include 

any 4.1-h Tb1496 formed d i r e c t l y  by ( ~ 1 , ~ x n )  react ions;  Also, t h a t  f rac t ion  

of t he  Dy149 t h a t  decayed t o  4-min Tb149m was nbt observed, and therefore  i s  

not  included. i n  the  l i s t e d .  values. . O u r  est imate ' i s  t h a t  the  d i r e c t  hroduction 

'of Tb 149g i s  negl igible  &id t h a t a b o u t  213of  t h e  Dy14' decays t o  Tb 1 4 9  

and i s  not  observed. The former est imate was discussed previously;3 the  

1 a t t e r . i ~  based on the  f a c t  t h a t  the  f ract iona ' l  cross sect ions  f o r  Dy 149 
, , 



9 : - . :  ,. . 
' . .150' ' . .. 

are all about l/)'those for Dy , or Dy151 fro; similar reactions (see 
. . .  . . 

Fig. 1). Relative values of the cross sections for Dy149 require only that 

the first es.timat.e. be correct;.absolute values require a measurement of the 

branching ratio of Dy14? to Tb149g., More detailed studies of the decay. , 

properties of,.each of these . . nuclides would make the interpretation of these 

data .mor.ei.def inite . . . 
. : ' .  . . 



111 . AN ANALYSIS TO OBTAIN THE .AVERAGE' . . ENERGY 
. .  . . . . ,  a 

OF THE FIRST EMITTED NEUTRON 
. . . . 

I n  t h i s  work we'have measured exc i ta t tbn  functions fo r ' , a  nwnbef of 

. . -149 151 
d i f f e r e n t  reac t ions  of the  type ( ~ 1 , x n )  t h a t  l e a d  t o  Dy , Dy150., aild Dy . 

.Le t  'us consider t he  r e l a t i onsh ip  between two of"these react ions  t h a t  lead 

t o  t he  same product, say ( ~ 1 , 6 n ) ~ ~ ~ ~ O  and (HI, 5n)Ey 150 ,- where ' t a r g e t  + i d  

p r o j e c t i l e  i n  the  two reac t ions  a r e  d i f f e r e n t .  It i s  c l ea r  t h a t  i f  atomic 

and mass numbers, ( Z  and A )  and exc i t a t i on  energy (E) were the  only var iab les ,  
. . 

the11 we could hope t o ,  unfold t.he energy spectrum of: the  f i r s t  neut'yon emitted 

i n   the(^ ,6n) reac t ion  by comparing t he  two exc i t a t i on  fbnctions . This 

unfolding process would be r a the r . t ed ious  and would require  very accurate  

data ;  therefore ,  we a t t a c k  the  more modest goal  of ext ra 'c t ing. the  average' 

energy ( E  ) assoc ia ted  with the  f i r s t  emitted neutron ( t he  average. k i n e t i c  
1 

energy (k ) of the  f i r s t  neutron plus  the  average t o t a l  photon, energy (V ) 
1 . . .1 

d i s s ipa t ed  before emission of the  second neutron). It i s  general ly  believe? 

t h a t  t h e  photpn energy (y ) i s  very smal l ,  
4 

1 

T,et us def.ine F  as the  f r a c t i on  of those reac t ions  i n  which no 
X 

charged p a r t i c l e  i s  emitted t h a t  lead t o  a  spec i f i c  product by an ( ~ l , x n )  

r e ac t i on .  The f r a c t i o n  of a l l  reac t ions  i n  which no charged p a r t i c l e s  a r e  

emitted i s  denoted by f  . For various exc i t a t i on  energies ( E )  we have 
n  

measured the  cross  sec t ion  a f o r  a  s p e c i f i c  product, and we can ca lcu la te  

t h e  t o t a l  r eac t ion  cross  sect ion a 
R ' 

Therefore we have 



and 

X 
max 

Now l e t  us def ine  t h e  quan t i ty  (E) t h e  average e k c i t a t i o n  energy assoc ia ted  
s . x J  . . 

with t h e  reac t ion  ( ~ 1 , x n ) :  . ' 

These . . . .  , 
a 

(E) q u a n t i t i e s  can be obtained from experimental e x c i t a t i o n  functions 
X 

provid.eci f can be determined. 
n 

L e t  us de r ive  t h e  re la t ionsh ip '  between (E) and (E) . ' The d i s t r i -  
X x-1  ' 

bu.tion of energies .  ( E  ) assoc ia ted  with t h e  f i r s t .  emit ted neutron i s  .denoted 
1 

by P ( E ~ ) .  Neglecting t h e  e f f e c t  of angular  momentum, we have 

. . 
E 

, max 

whereEmax = E-2 B. and B. i s  t h e  separa t ion energy of t h e  i t h  neutron.  
1 i=l . 

1 

. . 
Normalization of P( E 1 ,) such t h a t  $ P ( E ~ ) ~ ~ ~  = 1, ;ads t o  the  r e r u l t  



Substituting E~.' (4) into Eq. ( 3 ' ) ,  we obtain 

If emax is -large with respect to (E ) then.itLcanbe replaced.with small 
1 

error, by w .  The order .in .integration of Eq. (6) can be. changed, then, 

. pr-oyided we assume .that .P(E ) does not vary with .E over .the .region of interest 
1 

The quantity in the square bracket is simply 
. ,, 

Therefore,, we have 

(E)~ = 
p" ' 

(8) 



. . 

Finally,. Eq. (8) can be reduced to 

From Eq; .  (9). one can determine the average energy ( E  assoc.iated 
1 

with the first neutron if Z, A, and E are the only variables. -.Even'if,ther 

values..of vary with aygu.lar moment?, Eq (9)  be useful. Lt may be 

possible to calculate or measure the changein angular momentum, .!A JIJ. , 

associated with,the emission of the first-neutron. If one.knows experimentally 

. the dependence of the (E) values on angular momentum, then values of. ( E ) ~  !, . .  . . . X 

and ( E ) ~ - ~  can be chosen corresponding to J values that differ by the a]. :, 
1 ' 

associated with the first neutron. Alternatively, if one knows. .(E ;), he 1 

may he able to obtain A J1 ., . .. , . , . ,  , .  . . . , .  . .  . 

: In the- next section we pre,sent values of f .  and . (E)  obtained . .from 
n x 

the excitation functions. We discuss the dependence,of (E), on angular 
x . .  

momentum and 'the significance of the application of Eq. ( 9 ) .  



IV. DISCUSSION 

This work and previous studies3j4 establish the necessity for includ- 

ing angular-momentum effects in a meaningf~1,~analysis of cross-section data. - 
The description of the dependence of nuclear level density on angular 

4 .momentum require& two parameters : (a) the nuclear .moment of. inertia 

. . 
(possibly dependent on .E and J) and (b) the excitation energy of. E of .the 

j 

lowest excited state of spin J: We have not attempted to delimit these 

quantities'by.fitting calculated excitation fw~ctions to our data. .Instead, 

we use Eq. (9) from the previous sebt.ion t,n gain infomat2on 'a-bout the., first 

step in the evaporation cascade ,'. and we use a siinple .appr?oxim&dt;ion :Lo estimate 

E as a function of J. 
J 

We.compark .these results with average energies .of the neutrons and 

photons obtained from angular distributions3 and try toarrive at an energy 

and angular-momentum balance. Finally, ,we obtain a relationship between 

total photon energy and angular .liiomentum removed by photons..' 

. . 

A. General Relationsiip of These Results to Other.Studies 

6 
In a previous study we have yresellted el-oss-3cction data for 

reactions of the type (HI,xn)Tblhgg. The results were compared with the 

data for (H1,xn)Ey reactions. These two reaction types show large differences 

in the magnitude of the peak cross sections. We can explain these differences 

by assuming that only those Tb compound systems of ,low spin (c7.5 f 1.5) 

contribute to the (HI,xn)~b 149g reactions . 6 

Also we have compared angular -distribution measurements for .the .two 

reaction types (HI ,~n)Tb'~~~and (HI , ~ n ) D y ~ ~ ~ ,  (HI ,~n)Eyl~~, . (HI ,~n)Uy]~~. . This 

comparison leads us to conculde .that an increase inangular momentum leads.to an 



increase  i n  the  amount of energy d i s s ipa ted  b y  photon emission. ~ d d i t i o n a l  
. . 

I .  

evidence f o r  t h i s  conclusion i s  given by t h e  f a c t  t h a t  t h e  e x c i t a t i o n  func- 
. .  : .  

t ' i 0 n . s  f o r  (H1,xn)~b 149g reac t ions  peak a t  3 t o  3  .> MiVPe; emitted neutron 

compared with 5 t o  6 MeV per  emitted neutron f o r  t h e  ( H I , X ~ ) D ~  r eac t ions  

(see  Fig .  2 of reference  6 ) .  

.Mollenauer has s tudied t h e  pho tons .emi t t ed ' in  various nuclear  r eac t ions  
: 

induced by He4 and c12. H i s  r e s u l t s  ind ica te  t h a t  t o t a l  photon energy 

increases  with increas ing angular momentum. For a l l  t h e  reac t ions  s tudied 

t h e  average individual  photon energy was between 1 . 0  and 1.6 MeV (1.1 MeV 

12 12 
f o r  Te + 110-MeV C and -1.2 MeV f o r  Ho + 110-MeV C ) H i s  measurements 

of photon y i e l d s  a t  45 and 90 deg give evidence f o r  quadrupole r a d i a t i o n  i n  

12 
severa l  r eac t ions  induced by C , , w i t h  t h e . n o t a b l e  exception of Te + 11O;MeV 

12 
C . AE chown i n  Eec . . I V D  the (H1,xrl)Ey reac t ions  .account Yor approx :l;/2 .. 

t o  9/10 of t h e  ca1.culated reac t ion  cross  s e c t i o n s .  Since these  cross  

sec t ions  a r e  such a s u b s t a n t i a l  pa+ of a l l  t h e  reac t ions ,  i t . i s  reasonabl'e 
I 

t o  assume t h a t  the  average photon energy f o r  (H1,xn) reac t ions  i s  very nea r ly  

t h e  same a s  t h a t  measured by Mollenauer .' Therefore from Mollenauer Is 

r .esul ts ,  .it i s  reasonable t o  expect f o r  (H1,xn)Dy reac t ions  a value of .  1 . 2  

2 0 . 3  MeV f o r  the  average, ind iv idua l  photon energy. 

. . 

B. The Fract ion of the  Reactions i n  Which No Charged P a r t i c l e  Is Ehi t t ed  
. . ,. 

I n  Table 11, cross-sect ion d a t a  a r e  given f o r  r eac t ions  of -Uie .type 

(H1,xn)JIy. How does the  p r o b a b i l i t y  f o r  these  reac t ions  vary wi th  type and 

energy of t h e  p r o j e c t i l e ?  We need t h i s  information t o  descr ibe  t h e  quan t i ty  

f  (%he f r a c t i o n  of t h e  reac t ions  i n  which .no charged p a r t i c l e  i s  emi t t ed) .  
n  

We can expect t h a t  t h e  p r o b a b i l i t i e s  f o r  neutron evaporation from each of 

t h e  Dy compound nuc le i  (A = 154 t o  158) w i l l  have very s imi la r  dependence 
. . 



on excitation energy (E' However, we do not know how the probability for 
. . 

compound-nucleus formation depends on type and energy of the projectile. 

.The. simplest assumptions that we can make are as follows: (a) The projectile 

14 
type (dl2, , N  , .etc . )  ,is not important; (b) The energy dependence of f can, .n . 

be described in terms of the.initia1 .excitation energy of the compound nucleus. 

.We show values of f plotted against excitabion energy.in Fig..2. 
n 

The values of .f shown correspond to excitation.energies for ,equal cross 
11 

sections of 4.150 and DylS1. At this energy we approxihate f as 
n 

where a denotes cross section with num'ler.f'.eal. subscripts for . the mass nurhber 

o f  the .product.. The last .term (80 . )  in Eq. (10) is a crude estimate of 
149 

the sum of the cross sections for Dy15? and Dy149. (we estimate that the 

149 
absolute cross section for .Dy .is .three t imes  the measured cro'ss section; 

see Sec-. . I1 . ) The magnitude of this term . is not, large as shown by the 
- 

arrows ,in Fig. 2. The absolute values shown are uncertain by approx f 20$, 

but the relative values have standard errors of approx + 10% (see reference, 6). 
2 We have used a single relationship for a /TR for -all' reactions. .This 

R 

relationship was obtained from the calculations by ~homas' for reactions of 
. . 

141 ' 2 .  heavy ions with Pr . The values of o /rrR:-;.are G v e n  in Table 111,. where R .  

they are compared .to the classical.result 



, , .  

The sum of' the radii of .target and projectile is denoted by R, coulomb barrier 
' :  

by V, and center-of -mass energy by Ec .m . The energy dkendence of oR from 
. 1 

E;. (11) and from square-well calculations is very similar for E /V > c.m. 
. .  * 

1.10 We conclude that the relative values of u for E c  .m /V _ >  1.10 are . 
R 

. .  , 

quite reliable. 
. . 

We have drawn a single curve in Fig. 2 for all. projectiles 'and targets, 

. . 
namely 

- 35)/65 
n , for 45< E <lo5 MeV. (12) 

This equation fits ti11 the measurements within the experimental errors. 

We conclude that a very substantial fraction of the total cross .' 

sect8ion 1ead~ -to (HI,~I)D~ retictioris. Also the variations' between different 

prdjectiles are probably less than approx. .lo$. Note that for the calculation 
. . .  

of (E)~ , errors in f and u '  tend to compensate. 
n R 

C .  Values of the Average Excitation Energy (E)~ for (~1,xn) Reactions 

. . 
In Sec. 11 we have defined the average excitation energy (E) 'and 

. X 

discussed the relationship of this quantity to the average energy ( E ~ )  
. .  . 

associated with the first neutron. The, value of (E) .is determined by the 
X 

ratio of two integrals over excitation energy, as given in Sec. I11 

A graph of ' a typical, pair of these integrands . is shown in Fig. ' 3. .The 

integrations were performed graphicallywith a planimeter..Val~esof(E)~ 



have been determined f o r  26 react ions  of type , 

o r  ( H ' I , X ~ ) D ~ ~ ~ ~ .  . The r e s u l t s  a r e  given i n  Table I V .  , Cr.~ss-sect ion da t a  i n  . . 

T a b l e 1 1  were used with f values from Eq. (12) and,.uR values from.Table I11 n . . 

(column 2) . .The f i r s t  column gives the  react ion,  t he  second the  value of' 
h 

( E ) ~  I n  t h e  t h i r d  column i s  given (E)x - Z BiJ where B. i s  the  separation 
1 

i =l 
energy of -Lhe i t h  neutron. 

It, i s  important t o  remember t h a t  only r e l a t i v e  values of u, the 

prodi.ict. R a and the  masses a r e  important f o r  the  determinaLioii of the  
n R7 

r e l a t i v e  values of (E) . W e  a r e  in te res ted  i n  the i t lr l 'e~ences betwccn m l u e c  
X 

of ( E ) ~ ,  and t h e r e f o r e  r e l a t i v e  values a r e  o f -  muchmore concern than the  

absolute values.  .Masses of t a r g e t  and Dy nuc le i  were taken.from Seeger ' s  
. . 

mass formula. l0 The absolute  values of t he  atomic masses from Seeger I s ,  . .  . 

.Cameron ' s ,  .and. Levy ' s formulae may d i f f e r  by severa l  MeV but t he  r e l a t i v e  

values agree t o  about 0 .5  MeV. A major.source of e r ro r  i n . t h e  r e l a t i v e  
. . . . 

X 

values of : ( E ) ~ ,  - Z Bi may be the  day-to-day variat iorl  i n  i n i t i a l  energy of 
=I 

t h e  beam from t h e  Hilac.  There has been no de t a i l ed  study of t h i s  question, 

-bu t  we 'estimate a standard e r ro r  p f  abvut 1 MeV $'or the  r e l a t i v e  values 
. . 

of (E) X .  I n  t h e  $as t column is  given t h e  average angular momentum (J ) t h a t  
. . 

. . . . 

corresponds to' each value of (E) . These.-values have..been ca3culated from 
X . . . . 

t he  c l a s s i c a l  approximation, 
. . 

. . 
where p . i s  the reduced mass, and.R is  the  sum of the  r a d i i  of the  co l l i s i on  

par tners  (see Eq . 20) . 
X . . 

The values of (E); - Z .  B . are .  .p lo t ted  aga ins t  average angular 
i=i . 1 . . . . .  . . 

.m~mentum (J) i n  Fig.  .k .  the.'da.ta f o r .  react.ions .with x ranging from 4 " 



. . X .  ' 

t o  7, we. can e s t a b l i s h  t h a t  increas ing (J') increases  (E)x - .Z Bi. A l i n e a r  
X i =I 

dependence of (E) - X Bi on (J? with slope 0.47 k 0.2MeV i s  cons i s t en t  
i=l 

with a l l  t h e  d a t a .  Dashed.l ines of t h e  same slope are- . indica ted  f o r  the  

o the r  r eac t ions .  
. . 

'1n order t o  use .Eq. (9) "bf Sec. I1 t o  e x t r a c t  the  average energy 
- .  

assoc ia ted  with t h e  f i r s t  neutron,,we must know the  average change A J  i n  
1 

angular  momentum due t o  t h e  emission of t h e  f i r s t  neutron. Pik-Pichak has 
. . * .  

ca lcu la ted  AJ - 1 / 2 - f o r  a nucleus of . m a s s  50-.having t h e  moment of i n e r t i a .  
1 - 

of a r i g i d  sphere, and angular momenta and e x c i t a t i o n  energy comparable t o  
. , . .  

l3 Thomas has obtained a s imi la r  r e s u l t  the  Dy nuc le i  formed i n  t h i s  s tudy.  

. . .  14 
f o r  a nucleus of mass 2b9. If no photons accompany t h e  f i r s t  neutron and 

where d i s  t h e  displacement between t h e  l i n e s  f o r  ( ~ 1 , x n )  and': [HI, ( x - l ) + ]  . 
X 

. . 
reac t ions .  placement of each ' l i n e .  i s  uncer ta in  by about k 1 MeV and 
, 

t h e  ext rapola t ion of severa l  of t h e . l i n e s  l eads  t o  a d d i t i o n a l  uncer ta in ty .  

We can.expect  an o v e r a l l  s tandard e r r o r  of about k 1.5 MeV i n  khe values of 

The value of (k ) can -a l so  tic? Thfemed :.fYom angular  -d is  tribut?on::measure - 
1 

ments . A comparison of t h e  (1( ) q u a n t i t i e s  from the-two independent s tud ies  
1 

i s  i n t e r e s t i n g .  ~ n g u l a r - d i s t r i b u t i o n  da ta  have been used t o  obta in  t h e  

average t o t a l  energy Tn of t h e  neutrons.  Values of T from reac t ions  of 
n 

x = 3 t o  7 a r e  approximately propor t ional  t o  t h e  square r o o t  of t h e  e x c i t a t i o n  

. . 
energy o r  t o  t h e  square r o o t  of x .  It i s  the re fo re  reasonable t o  assume t h a t  

. . . . . . . 

the  average value (k ) w i l l  alsb be p r o p d r t i o n a l  t o  G.. Using t h e  r e s u l t s  
1 



of r e f e r ence .3  t o  obtain the  propor t ional i ty  constant, we have 
. .  . 

. . . . 

This evaluation r e f e r s  t o  the  exc i ta t ion  energy (E) fo r  each , reac t ion .  
X 

Experimental sources give r i s e  t o  e r ro r s  of' a b m t  -1 10% i n  t he  proportiona1it.y 

constant  1 .7.  The assump.l;.ion.of i so t rop ic  emission of neutrons i f  In e r r o r  

makes t he  values of (k ) from.Eq. :(.16) too small.  3 
1 . . . . 

111 Ta.ble V we 3.ist t he  values of 111 )from Q,s.. (13) and (16). .Also 
. . 1 . .  

we give t h e i r  r a t i o .  Even though the  u n c e ~ t a i n t i e s  a r e  r a the r  - large , .  It i s  
. . 

i n t e r e s t i n g  t h a t  a l l  values derived fr.om exc i ta t ion  functions a r e  smaller than . . 

those  from angular d i s t r i bu t i ons .  It i s  c e r t a in ly  poss ible  t h a t  t h e r e . . i s  

some systematic e r r o r  of which we a r e  not aware. One p o s s i b i 1 i t y . i ~  t h a t  

t h e  l i n e s  i n  Fig .  2 have a s lope '% 0 .2  MeV ra the r  than .0 .47  MeV. This 
. X 

would requ i re  t h a t  the  erro 'rs  I n  (E) - Z B. be somewhat l a rge r  than we " .i-q 1 - 
est imate .  

Another .poss ib i l i ty  i s  t h a t  t he  A J  has been estimated incorrectly. .  
1 '  

. , 

I f . A J  were 3, then Eq. (15) would read 
1 

. . 

(k ) = d + (1-.4 0.6) MeV. 
1 X (17) 

I n  t h i s  case t he  degree of consistency would be much g rea t e r .  Preliminary 
. .. 

ca lcu la t ions  by Thomas ind ica te  t h a t  a moment of i n e r t i a  (appropriate to, t h e  
. . .  . . 

nuc lear . l eve1  densi ty)  of about 114 t h a t  of a r i g i d  sphere i s  required t o  
. -  . . . 

1 4  ' ' 

give t h i s  r e s u l t .  Theoretical.arguments have been given t o  show t h a t  the  . . . ,  . . . .  

appropr ia te  moment of - i n e r t i a  is  not expected t o  be l e s s  than $hat of a , c ig id ,  
. . . .  . . . 

1 3 4 5  
. . 

sphere.  Addit ional  experimental evidence i s  c e r t a in ly  required t o  . . . . . 



determine how much angular momen.tun is taken away by the neutrons. However, 

these results seem to suggest'that AJ ~ : 3  compared to theoretical estimates 
1 . .. . . . . .  - 

of AJ, = 112. 
From the values (E) ' it 'is possible to obtain the relationship 

X 

between avdrage .total photon energy and average total angular momentum 

removed by photons. Using Eq. (16) as the most reliable estimate of average 

neuiron Pnergy, we can ~ubtract f ~ u n r  each vdlue or ( E )  the s k  of the bind- 
X .  , . 

. . 
ing and average kinetic energies of each neutron. The remaining energy (T ) Y 
must be dissipated by- photons, Similarly, we must subtract from the values 

of (J) the sum of the angular momenta removed by the neutrons. In the 

preceding paragraph we gave evidence that suggested rather large values of 

A?,. Let us consider the.c.lassica1 approximation for the average orbital 
. . 

angular.mumentum i of the emitted neutrons. If the directions of these 
n 

. . 
angular momenta & are parallel to J, then we have n 

where Rc.is the. radius of the emitting nucleus. This relationship combined 

with Eq. (16) leads to A J' values of 2 to 4. If we subtract from the values 
1 .  

of (J) the values of A J  from Eq. (18) for each successive neutron, we,might 

expect to arrive at a 1ower.limit for the angular momentum removed by , 

photons. However, there is evidence that the values of (J) from Ey. (14) 
. . 

probably overe~timate the average angular momenta o,f the compound nuclei. 1,lG 

Noncompound nueleus reactions occur and probably deplete the number of compound 
. . . . 

nuclei o f  higher. spins. Therefore, the use of Eq. (14) for (J) and Eq.; (18) 
. . . :  

for A J probably. leads to a reasonkble estimate for the total average angular . % .  , . . . . 

.momentum removed by photons. 



I n  Fig. 5 we show the  r e s u l t s  obtained by the  procedwe just' d e s rkd .  Note 

t h a t  each experimental point  i n  Fig.  5 w a s  obtained from values of (E) and 
x. ~ . 

.(J) and therefore  represents  an average over a l l  energies f o r  a given reac t ion .  

( ~ o u ~ h l ~  speaking, each point  i s  from the  peak of an exc i ta t ion  funct ion.  ) 

There a r e  several  i n t e r e s t i ng  fea tures  of t h i s  graph. F i r s t ,  a l l  the  d i f f e r en t  

measurements from reac t ions  of x = 3 t o  9 give a consis tent  t rend :-. namely, 

a roughly l i n e a r  increase of (5) with average angular momentum. .Second, 

t h e  slope of t h e  l i n e  i s  0.46 2 0.15 ~ e ~ / t l - e s s e n t i a l l y  the  same as t h a t  i n  

Fig .  4. Combinir~g Flg. C) with Mollenauer I s  mcaouremc.n.t of 1 . 2  + 0.3 MeV 

per  photon5, we obtain an average of 1.8 * 0 . h  f o r  the  angular momentum 

removed by-each photon. This r e s u l t  i s  i n  accord with the  number of photons 
. . 

12 
per  r.eaction t h a t  Mollenauer observed f o r  Te + C . But it i s  surpr i s ing  

t h a t  Mollenauer I s  r e l a t i v e  photon yields '  a t  45 and 90 deg ( f o r  Te + cl*) 

indicated dipole r ad i a t i on .  5 

The p lo t  shown i n  Fig .  5 i s ,  of course, in t imately  r e l a t e d  t o  t he  

dependence of E ( the  energy of the  lowest s t a t e  of spin J )  on J .  For each 
J 

J, the  t o t a l  photon energy (9) must 'be g rea te r  than the  energy E by , 

j  
4 

approximately t h e  separation energy of a neutron. Therefore, t he  t rend i n  

Fig.  5 implies t h a t  E va r i e s  almost l i nea r ly  with J .  
j 

Throughout t h i s  d i scuss io r~  we have assumed t h a t  i n  t he  f i r s t  s t e p  . 

of t he  evaporation cascade e s sen t i a l l y  no energy i s  d i s s ipa ted  by photon 

emission--that i s  (yl) :: 0 .  There i s  no d i r e c t  evidence t h a t  t h i ~  assumption 

i s  s t r i c t l y  cor rec t .  However, the  cross-section and angular-dis t r ibut ion 

r e s u l t s  do indicate  t h a t  the  photon energy (7' ) decreases with increasing 
1 

number x of emitted neutr.ons. .  his conculsion i s  based on t w o  r e s u l t s :  

X 
( a )  The values of t he  quan t i ty  ('(E); - Z B. )/x a r e  a l l  5.0 t o  .6.4 MeV per 

1 
i=l 

neutron and do not show a t rend  t h a t  increases .with x, and (b )  The values 



T /x do increase with x,) and thuk we infer that (k ) increases with x (see 
n 1 

Eq. 16). The comparison of these two results gives evidence that the ratio 
. . (q)/(-yl) increases with x. 

. . 

D. . An Estimation of %he Dependence of E4 on J 

A ~ompleteanal~kis of the results presented here r~.~uirks a rather 
. 9 

dif f j.c.111 t. ca.lculation. Ona must cunsiilem. bhe dlslri'bution in angular momentum 

of the initial compound nuclei. Then the distributions in energy, angular 

momentum, and type of emitted particle must be considered for each step 

r o;f ,  t1:h @':!::e \v.ap oration cascade. Such a calculation is beyond the scope of 

this paper. ,However, with a number of simplifying assumptions and approximations 

we can arrive at an estimate of the dependence of E on J. The essential 
, j 

features u f  Lh-ls. analysi.5 were suggested to us by Dr. J. Robb Grover of 

Brookhaven National ' Laboratory; . . 
. . 

The assumptions made are: (a) The distribution function P(J') that 

describes the initial'spectrum of angular momenta is given by the classical 

sharp-cutoff approximation.. 

P(J)~J = (~J/J,~,~)~J for J < Jmax, (19) , 

and 

(b) There are only small changes in P(J) as a result of the evaporation of 

neutrons; ( c ) The distribution oC:.the to:tal en&q T, :of :x ~neutcCm~::;i~,~rIepr,ees.e~tted:: n . , 

as 



where T is .a nuclear temperature parameter. This expression. originates from 
. . .. , . . .  

the constant-nuclear-temperature approximation developed by Jackson. '17 1n 

this approximation T /x = 2.r. Thus we obtain a'value 6f :T for each value of 
n . . . .. 

E from the T values given. in reference 3; , (d) The dependence of E. on J is 
11 ,I 

given by . . . . . . 
. . . . .  , 

and (e) Neutron emission takes place if the excitation energy exceeds the . . . . . 

sum of E .  and the separation energy of a neutron. The physical consequences 
J 

of this assumption are described by a very illustrative graphical represen-. 

.tation in reference 4. . . .  . . , . - .  . ... 

We will dekelop an approx*a.te r,elationship between the constants 

c or c -  and the values of fractional.cross sections F for the reacrl;lons 
1 2 x 

(HI,x~), (see Eq. 1). Let us consider initial excitation energies 10 to 30. 

MeV less t han   in in in other words, the leading edge of the excitation 
function for the reaction ,[~~~:(x+l)n]. 

. . . . . . 

After the emission of x neutrons, we require assumption (e), above, 

that another neutron will be emitted only i,f 
. , 

where 



. .  . 

and B,  i s  t h e  separat ion energy of the  i t h  neutron.  Then we have 
1 

.. . 

The l i m i t  Jc i s  :obtained from E q i  ( 2 3 )  or (24) and Eq.  (25) . Hence, 

Expressl.ons ~imilar  t o  Eys .  (28) and ( 2 9 )  can be .wr i t ten  f o r  the  l i m i t  J x J  

which, with these  a s s h p t i o n s ,  determines t h e  d iv i s ion  between the  reac t ions  

(H1,xn) and [HI,(x-l)n] .  The expressions f o r  J and J depend s t rong ly  on 
c. X 3 .  

assumption ( b ) ,  namely t h a t  P ( J )  i s  e s s e n t i a l l y  unchanged by the  evaporation 

of neutrons.  -We expect t h a t  t h i s  assumption i s  reasonable f o r  t h e  smaller 

6 
J vaiues ( e  .g . , J < 25), , but  it '.may be very poor f o r  t h e  higher vaiues of 

J .  (see  t h e  discussion i n  the .  preceding s e c t i o n . )  Therefore we confine 

t h i s  t reatment t o  a p o r t i o n ' o f  the  leading edge of t h e  e x c i t a t i o n  funct ion 

. f o r  the  [HI;-(x+l)n] r e a c t i o n .  .In, t h i s  region,  t y p i c a l  values of F range' 
x + l  

from about 0.02 t o  0.25,  F i~ about 0.5,  and F ranges from about 0 . 4  t o  
X x-1 

0 .2 .  Therefore, values of J. a r e  not  very l a rge  (J < 25))  and . the  values 
C % . .  C .  . . . 

of J approach J . I n  th i s '  energy region w e  do not  lean v e r i  heavi ly  on x max 

assumption ( b )  f o r  t h e  higher J values because t h e  value of J i s  not c r i t i c a l .  
. . X 

For s i m p l i c i t y  we e l iminate  J from t h e  formulation by t h e  following 
X 

approximation. I n  t h e  denominator of Eq.  (27) we extend t h e  i n t e g r a t i o n  



over J from t h e l i m i t  J t o  Jmax, and we extend the  in tegra t ion  over T 
X a  . . . n 

from M t o  m .  These new l i m i t s  make a small: a d d i t i o n a l  contr ibut ion t o  the  
X 

i n t e g r a l ;  t h i s  add i t ion  depends on i n i t i a l  energy E approximately a s  does 
. . 

. . . . . - ; with  these  conSiderations we change Eq. (27) '  ti read 
Fx-l  . . 

2 
The denominator of Eq . (30) .is simply. J /2, and the  .nur&ratds.::: can be max 

expressed i n  t h e  terms of t h e  incomplete gamma f m c t i o n  

. . 
I n t e g r a t i n g  and solving f o r  c o r  c we ob ta in  

1 2 ' 
.. 

i Mx+l . . 1. ! - 
2 i .  m? r '"2 - P J 

x + l  max L . ,Mx+17-1.. 
. /  .. , . 



. .  . 
One cannot expect t h i s  .treatment t o  be very accurate .  We can expect only 

t o  obtain the  t rend of the  E. values within.about a fac tor  of two.. 
J 

The appl icat ion of Eq. (32) y i e ld s  values ,:of e.i from.0 :l0 t o  0: .  27 
1 

MeV .. Values of.  o' . from Eq. (33) range from 0..0025 t o  0.015 -MeV : ' .The former 
2 

r e s u l t  i s  indicated i n  Fig,. 5 by the  s,olid line.,: . the l a t t e r  ,r.esult by the. 

dashed l i n e .  Both the  dashed and t he  so l i d  l ines .  a r e  consis tent  with the  t rend 

i n d i c a l ~ d  by the  values, of' (T ) shown i n  Fig.  (5 . ) .  .As s t a t e d  previously, the. Y 
average t o t a l  photon energy  is expected t o b e  grea te r  than.E by about 

J 
t he  separation energy of the  neutron.. The var ia t ion  in.ci and c: values .i.s .,; . . 1 2 

la rge  enough t h a t  t h e r e  i s  a considerable region of over lap.of  these . two 

representa t ions .  The.range.,of values obtained f o r  c: i s  more l imi ted than 
1 

t h a t  of c: which may ind ica te  t h a t  E i s  b e t t e r  represented by a l i n e a r  
.2 '  J 

than a . quad ra t i c  dependence o n J .  . . .  

We might expect a "cold" spinning nucleus t o  give a reasonable model 

of the  s t a t e s  of highest  angular momentum f o r  a given exc i ta t ion  energy. . I f  

the  cold nucleus has the  moment of  i n e r t i a  of a r i g i d  sphere of radius  

1 .2Ali3F, then Eq. (24) i s  appropriate with a C value of 0.0084 MeV. This 
. . 2 .  

model i s  not inconsis tent  with the  approximate' analys is  presented above. 
. . . . . . 



V . CONCLUSION, . . 

.. . 8 . .  

A large body of cross-section data has been..present6d for reactions 

14.9; ; 
of type (H1,xn)IIy , (HI,X~)D~'~~, (~1,xn)'Dyl~~. The fraction :of the 

total reaction cross section that ieads to these reactions -varies with initial 

excitation. energy from about 9/10 at 45 MeV to about 112 at 105' MeV. An ' ,  

analysis of the "first moment" of the excitation functions has been presented. 

' 

This analysis of the cross-section data 3eads. to estimates of the energy of 

the first emitted neutron. These energies are consistently smaller than 

estimates obtained from angular-disiribution studies. The discrepancy' 

suggests that 'the first neutron may remove rather large amounts of angular 

momentum (2 to 45). A linear relationship has been obtained between avernge 

total photon energy and average total angular momentum removed by the 'photbns. 

This relationship imp,lies that the average angular momentum removed by each 

photon is 1.8 +- 0.68 .. The dependence of E on J has bekn roughly estimated 
J 

. . 

from the cross-sect$on data. '. . 

. . 
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Target . . Mass number and abundance ($) .. : ' . 
. . . .  

nuclide of the  : i so topes  

a 
Corrections f o r  these  components.were made i n  c a l c u l a t i n g  the  cross  sec ' t ions.  



Table 11. Cross-sec t ion  r e s u l t s .  ( ~ i f f e r e n t  exper.imen.ts s epa ra t ed  by dashed 
. . 

l i n e s ) .  . . 
. r  . 

Eb ( l a b  ) Cross s e c t i o n  (inh) 

( M ~ V  1 
2 ,2 

151 1 
Nd + C -+ 



. . . . . . . . . . . . . . . . . . .  . . . . . . . .  . . . .  Table 11 (con*.! d )  . . . . .  . . . . . . . .  . . .  . . .  

. . 

. Eb Cross sec t ion  (mb) 
' ( M ~ v )  149 . . 150 . $51 L 

' . 14 . 155 
. . . . . . . . . . . . . . . . .  . . . .  

. Pr  + .N -t :Dy 
! 



Table . .  . 11. ( ~ o n t  jd) 



. . . . .  : . 
. . .  . .  ......... E : : : ; Cross...section ( m b )  .'..b 

: . ,149. 
. . . . . .  ( M ~ V  3 ; L $50 .: 151 

Dy 



Cross section (mb) . . 

D~~~~ m150 ?Y151 



.. . . . .* . . 

' L8tc <<z z .?or 

6ql ' L6q <*T< 8'lrr 

< Lq ' 1'7'1 oqz q ' rlr 

I-. 6L zgr L r<r 

z . Lr z-rL o. lgj 
............................ 

9Zc < ' 81> 9-06 

' zzg . qLz < l> leror - 

-691. 14-9 6'Lq 4-orr ' 

' ozz <qL rqr < • 6-r~ 

r'L8 zrg • oqz 0.8~7: 

ogz 6qz z'0-177: 

' 8<t( 19l 4-z~ 6. gor 

r~r? o<r nu ; . . .. . 

(qm) uoy!pas . ssoq 
6qry 

. . .. . .. . 



Table 11: ( ~ o n t  ' d )  

Eb 
Cross sec t ion  (mb) - - 

( M ~ V  
14 0 

DyY Dy15 
131 

Dy 



q ' rrr 

9 ' 9ZT 

I'L 

LLz Log e-g6 L gzr 

<a$? . ' 804 . IIZ 8.' Ptr r 

I IT 691 ' ozz 9'trGr 

z. 4 1 ' ZZ . . 8 ' z6, zeLgr 
z . I V 42' 4-6Lr 

L . o 9.4 z ' 061 

I.0 9 ' 1 g zoz 



. . . .  . . .  
Eb , .. . '  Cross section (hb) 

. . . . . . , . . 
( M ~ v ) '  ' - . 4,150 

...., 
. . .  

20' ' 

' l57 . . 
; 

' ~a~~~ , + N e  +. 
. . 

. .. 
. . . . . . . . . . . . .. . . .. 



Table 7 . 11. (contld) . .. . . 

. .  . 

Cross ,section (mb) 
. &50 131 Dv 



Table 11. (Cont ' d )  . . 
. . 

. . . . .. . . . . .  . . . . . . . . . . . 

Eb . - 
Cross section (mb) 

. . . . . rn150 ,rn151 





Table 111; Calculated t o t a l  react ion cross  section^.^ 
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See reference: 9 .  
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Table V . Average energy of  the  f i r s t  ernittgd neutron (k ) i n  ' : ( ;HI ,X~)D~ 
r e a c t i o n s .  1 

a 
angular  d i s t r i b u t i o n  - cross  sec t ions  

b 

1.81.2 1 .5  

b 
Eq. 1.5. 
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-Fig. 1. ~ e a s u r e d  cross sect ion a divided-by. calculated t o t a l  
react ion cross sect ion as a . funct ion of exc i ta t ion  energy 

R .  
E. 



E x c i t a t i o n  e n e r g y ,  E ( M e V )  
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Fig. 2. The fYaction fn of the calculated'total reaction cross 
section that leads to (HI,xn) reactions as a function of 
excitation energy E. The different 'symbols'are for different 
target materials as shown. The arrows indicate the estimated 
magnitude of the contribution from reactions producing Dy149 
and $52. The major products are Dy150 and Dy151 (see text). 
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E x c i t a t i o n  energy,  E ( M e V )  

Fig. 3.  Fx ( so l i d  curve) and (I? (E) dashed curve.) vs exc i ta t ion  b 8 energy f o r  the  react ion ( ~ e  0,6n,)~y150. The value of 
( E ) ~  i s  indicated.  



10 30 5 0 70 

Average angular momentum <J> (3) 

Fig.- 4.- The average excitation energy (E), minus the sum of the 
binding energies Bi of the neutrons a s  a function o f . t h e  
average angular momentum (J). Different symbols are used 
for  the different  (HI,xn) reactions +, x = 3; V, x = 4; 

, x = ? ; . , x = 6 ; A , x = 7 ;  & , x = 8 ; d , x = 9 .  
Open points are  fo r  Dy149;. closed for  Ey150; and half 
open for  ~ y l 5 1 .  



Angular momentum, J (3 ) 

Average total angular momentum removed by photons (-ti) 

Fig.  5 .  Average t o t a l  photon energy ( ) versus average t o t a l  
angular  momentum removed by t h e  ons. Symbols a r e  as i n  
Fig .  4. Also indicated  is  t h e  r e l a t i o n s h i p  between Ej and 
J. The s o l i d  l i n e  was obtained wi th  t h e  assumption 
E j  = FIJ; t h e  dashed l i n e  with E = c ~ J ~ .  
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