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S P I N  C U T - O F F  F A C T O R S  F R O M  ( n , 2 n )  R E A C T I O N S  

O F  N U C L E I  W I T H  N < 50 

By 
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The available experimental data on isomeric ratios measured in (n,2n) reactions ate 
re-evaluated using a method based on the HUIZENGA--VANDENBOSCH assumptions. So lar 
only the experimental values of isomerie (n,2n) cross seetion ratios reported for nuclei with 
N < 50 at 14 MeV have been re-analysed. The dependence of the extraeted spin eut-off 
faetors on the parameters used is diseussed, and the ]atter ate compared with the values 
predieted by the Fermi gas model; their ratios are found to be about 0.5. 

Introduct ion 

In  recent  yea rs  m a n y  isomcric ra t ios  measured  in (n,2n) reae t ions  a t  
14 MeV have  becn eva lua t ed  b y  means  of the  HUIZElS~;A---VANDENBOSCH 
m e t h o d  [1]. However ,  the  spin eu t -of f  fac tors  ob ta ined  b y  different  au thors  
a te  not  comparab le ,  as different  adap t a t i ons  of  the  me thod ,  cmploy ing  var ious  
app rox ima t ions  and  d a t a  for nuclear  t e m p e r a t u r c ,  t ransmiss ion  coefficients,  
level dens i ty  p a r a m e t e r s ,  pa i r ing  encrgies and  g a m m a  mult ipl ici t ics  have  
been applied.  Re-analys is  of  the  avai lable  expe r imen ta l  da ta  uti l izing the  same 
sources for the  p a r a m e t e r s  migh t  make  it  possible to inves t iga te  the  dependence  
of  the  spin eu t -of f  fac tors  on the  choice of  models .  I t  is the  airo of  the  au thors  
to  pe r fo rm this t a sk  along the  lines of  a recen t  s t udy  of (n ,gamma)  react ions  
[2]. A s a  f i rs t  s tep,  d a t a  for the  N < 50 " i s l and  of i somer i sm"  were re -eva-  

lua ted .  
The main  fea tures  of  the  calculat ion for  ex t rac t ing  the  spin cu t -of f  

fac tors  f rom (n, 2n) isomerie eross-section ra t ios  are essential ly the  same as 
descr ibed elsewhere [10]. 

The  nuclear  level dens i ty  adop ted  is 

/ ~~ ~)/~ ~(U, J )a  (2J q- 1) exp '2 V~• - -  + 2az , 

where a is the zero spin level density parameter, a the spin cut-off factor, and 
J the  angula r  m o m e n t u m .  The  effective exc i ta t ion  energy is U = E - - e a ,  
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w h e r e  E is t h e  i n c i d e n t  n e u t r o n  e n e r g y  in  CM s y s t e m ,  5 = 16/a is t h e  p a i r i n g  

e n e r g y  o f  one  nuc l eon ,  a n d  e is t h e  p a r i t y  f a c t o r :  

for  o d d - m a s s  n u c l e i  

for  o d d  

T h e  m e a n  e n e r g y  o f  t h e  e m i t t e d  n e u t r o n s  is a s s u m e d  to  be  t w i c e  t h e  

n u c l e a r  t e m p e r a t u r e ,  T,  g i v e n  b y  U = T 2 - -  4T.  F o r  t h e  z e r o - s p i n  l eve l  d e n s i t y  

p a r a m e t e r  a we h a v e  a p p l i e d  N e w t o n ' s  f o r m u l a  a = 0.095 �9 ( j N ~ - j z + I )  " A 2'3. 
T h e  v a l u e s  for  t h e  a v e r a g e d  she l l  sp ins  j n  a n d  j z  were  t a k e n  f r o m  [2]. 

A s s u m i n g  t h e r e  a te  d i p o l e  r a d i a t i o n s  on ly ,  t h e  m e a n  n u m b e r  of  e m i t t e d  

p h o t o n s  is 1/2 ~~• w h e r e  U '  is t h e  a v e r a g e  e x c i t a t i o n  e n e r g y  a f t e r  t h e  

s e c o n d  n e u t r o n  emiss ion .  

T h e  c a l c u l a t e d  z e r o - s p i n  l e v e l  d e n s i t y  p a r a m e t e r s ,  p a i r i n g  c o r r e c t i o n s ,  

m e a n  n e u t r o n  energ ies  a n d  a v e r a g e  n u m b e r s  o f  e m i t t e d  p h o t o n s  a t e  s h o w n  

in  T a b l e  I .  T h e  i s o m e r i c  r a t i o s  e x a m i n e d  a n d  t h e  sp in  c u t - o f f  f a c t o r s  c a l c u l a t e d  

f r o m  t h e m  a t e  d i s p l a y e d  in  T a b l e  I I .  I n  some  cases  o n l y  a l o w e r  l i m i t  fo r  

Table I 

Actual values of reaction parameters 
E is the bombarding energy in CM system, a the zero-spin level density parameter, (3 the 
pairing energy correction, E l and E 2 the energies of the evaporating neutrons, n the average 

muhiplicity 

Target 

7oZn 

74Se 

76Ge 

VaSe 

8ose 

SlBr 

s2Se 

SSRb 

S~Sr 
STRb 

88St 

90Zr 

92~~I O 

Target 

12.38 

12.29 

13.06 

12.72 

12.93 

13.62 

10.76 

11.62 

12.95 

12.43 

13.77 

17.17 

17.43 

2.6 

2.6 

2.4 

2.6 

2.4 

1,17 

3.0 

1.4 

2.4 

1.3 

2.4 

1.8 

1.8 

Residual 

11.19 

11.07 

12.95 

12.60 

12.82 

13.52 

13.04 

13.97 

15.30 

11.41 

12.75 

16.09 

16.34 

1.4 

1.4 

1.2 

E1 

2.1 

2.1 

2.0 

2.1 

2.1 

2.24 

2.20 

2.17 

2.13 

2.2 

2.3 

2.1 

2.2 

2.0 

1.8 

1.9 

E2 

1.2 

0 

0.7 

0.6 

0.8 

1.00 

0.91 

0.81 

0.70 

0.8 

0.8 

0 

1.1 

0 

0 

0 
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Table II 
Cross-section ratios and spin eut-off faetors 

The reactions are considered at the bombarding energies reported in Table I. The numbers 
in parentheses after the data  refer to the literature. Isomeric ratios marked "*"  were obtained 
by dividing the experimental isomeric cross-section with a computed ground-state one. 
" * "  means that  the measured isomeric ratio cannot be compared with the calculated one 

Residual Isomeric ratio measurement Caleulated spin eut-off faetors 
nucleus 

E ReŸ Ref. 

6gZn 
73Se 

7ZGe 

77Se 

79Se 

8 0 B r  

SlSe 

S4Rb 

85Sr 

SCRb 

875r 

S~Zr 

9 t M o  

14.7 

14.1 

14.4 

14.7 

14.7 

14.8 

14.7 

14.8 

14.9 

R {/ 

0.56(11) 2.8(3) 

0.86(8) 

0.82(5) 

0.62(8) 3(1) 

0.42(8) 1.80(15) 

0.74(5) 
0.51" 2.7 

0.83* 3.3 

0.623(36) 

0.635(51) 

0.52(4) 4.4(3) 

0.637(34) 

0.58(7) 

0.72(8) 6 -4-1 

0.635(30) 

0.62(2) 5.4(3) 

0.80(5) 

0.74(2) 3.0(5) 

0.52(5) 3.96(6) 

0.55(20) 4.9(5) 

0.47(5) 

0.80(15) 3.0(5) 

0.37(12) 2.9(5) 

0.74* 

0.80(17) 

0.72(8) 

o.82(16) 
0.96(38) 

0.91(18) 

o.8o(lo) 
0.82(1) 

[lO] 
[51 

[171 

[12] 

[9] 
[15] 
[13] 
[13] 
[15] 
[151 

[8] 
[15] 
[18] 

our other's 

2 ~+1.7 
.v_0.6 

3.8+~6 2.9 

3.3-4-1.2 2.7 

4.2-4-O.5 

2.1.4.0.2 a ~+La ~ '~ - -0 ,8  

1.7-4-0.2 

2.5-4-0.3 6.0 

1.6 

3 

3.9-4-0.5 
3.9_+o: 9 

3 -4-0.3 

4 ~_0.4 

3.5-4-0.5 6 =kl 
4.9+ol]2 

5.6+~.5 

3.9• 5.6-4-0.8 

3.7-4-0.3 
3.1.4.0.4 A. ~+o.9 ~ . v _ 0 .  5 

2.9-4-O.2 

3.6-4-0.1 4.0+0.2 

4.2-4-0.6 

4.6+~6 

4.6-4-1.5 

3.5• 

5.5-4-1 

4.2(3) 

6(1) 

6 

8.5(15) 

3.5(4) 

? 

3 i 0 . 5  

3.5 

3.4+~5 
2/t+l.0 .7_0.5 
4.2_+~'.~ 

? 

? 

3.44-1.2 

3 .8 i0 .4  

2.3• 

2.5• 

2 9 + 0 . 9  
"~--0.4 

2.0 

[61 
[6] 

[10] 
[6] 

[61 

[12] 

[6] 

[61 

[61 
[10] 

[6] 

[6] 
[121 

[6] 

[61 
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the  a-value could be de te rmined  (ah example  is p resented  in Fig. 3). The t rans-  
mission coeffieients were t aken  f rom [3], the neu t ron  binding energies and  
nuclear level  spins f rom [4]. 

Diseussion 

Because expressions for the  level densities of  bo th  the  ta rge t  and residual 
nuelei a te  used in the  ealeulations,  i t  must  first  be decided which of  the two 
nuclei involved  in the (n,2n) react ion is character ized b y  the ex t rac ted  spin 
eut-off  pa ramete r .  The case of  the  S6Sr (n,2n) SSSr m'g react ion,  i l lustrated 
in Fig. 1, provides a typica l  example .  The Figure clearly shows tha t  the f i rs t  

0,5 

R = 6"._kw 
6'T 

/ 
86Sr(n,2n) 

d 
c 
b 
(1 

0 - ~  J I 
5 }0 

Fig. 1. Caleulated isomeric ratio curves for the SeSr ( a ,  2rt) reaction after the emission of (a) 
1 neutron; (b) 2 neutrons; (c) 2 neutrons and 1 photon; (d) 2 neutrons and 2 photons. The 

shaded arca corresponds to isomeric ratio measured by STROHAL et al. [18] 

neu t ron  evapora t ion  process plays the most  i m p o r t a n t  role in de termining  
the isomeric ratio. This reflects  the  fact  t ha t  the second neu t ron  to be emi t t ed  
does not  car ry  away much orbi ta l  m o m e n t u m  and thus  does not  considerably 
al ter  the spin distr ibut ion.  The  gamma mult ipl ic i ty  is low for the same reason.  
This conclusion is generally val id  in (n, 2n) react ions at  about  14 MeV, which 
means t h a t  the a-values ob ta ined  belong pr imari ly  to the ta rge t  nucleus. 

The  energy dependence of  the calculated isomeric ratios is shown in 
Fig. 2. The  rat ios seem to be insensit ive to  small changes of  the energy of  the  
incident  neu t ron  beam around 14 MeV (the inves t iga ted  region is 13--15 MeV). 

Al though the t ransmission coefficients ate s t rongly  dependent  on mass 
number ,  orbi ta l  m o m e n t u m  and the forro and paramete rs  selected for the  
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opt ical  potent ia l ,  the  ca lcula ted  isomeric ra t ios  are not  sensit ive to them.  The 
differences of  abou t  1 %  be tween  the  isomeric rat io  curves for the  Se isotopes,  
which have  the  same d a t a  except  for mass  n u m b e r  and neu t ron  b ind ing  energy,  
corresponds  to the  differences in the  t ransmiss ion  coefficients of  the  isotopes.  

r 

b 

1 6r 

0,5 

I 
0 5 10 

Fig. 2. Ca]culated isomeric ratio curves for the SlBr(n, 2n) reaction at (a) 14.8; (b) 14.3; 
(c) 13.8; (d) 13.3 MeV incident neutron energy (in CM system) 

The  spin cu t -o f f  fac tor  and  the  iner t ia  m o m e n t u m  of  nuclei are re la ted 
by the  expression tr 2~-= 8 - T / h  ~. In  the  ene rgy  region examined  the  Fermi  
gas model  predic ts  a r ig id-body  m o m e n t u m  of  OR, whereas  pa i r ing  models  
p rcd ic t  values  Op < ~~ .  The  O/O R ra t ios  are p lo t t ed  against  mass  number s  

in Fig. 4. 
All the  ra t ios  aro la r  below uni ty ,  as prcd ic ted  b y  the pai r ing  models.  

Table HI 

Spin cut-off factors for the reaction s~Sr(n,2n) with the 
measured isomeric ratio of [18] after emitting (a) 1 neutron; 
(b) 2 neutrons; (c) 2 neutrons and 1 photon; (d) 2 neutrons 

and 2 photons 

a b e d 

4.6 4.5 4.4• 4.3• 
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6 

5 

4 

3 

ii 
Fig. 3. Plot 

I I~ II~~ I 
I 

7'0 ~ 90 A 
of spin cut-off factors against mass numbers 

o_. 
O 

0,5 

I I 

70 80 
t 

90 A 
Fig. 4. Ratio of "measured"  and rigid-body moments of inertia of nuclei vs mass number 
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CFII/IHOBbIE KO3aPOH~Id.EHTbI  O B P E 3 A H I / I ~  ,~JI~ H ~ E P  N < 50 
130 PEAI(L[HflM (n, 2n) 

./X. XOPBAT H A. I<FILLI 

Pe3foMe 

13p0BeAeH rlepecMoTp 3KcHepHMeHTadIbHMX AaHHblX HO H30MepHblM OTHOILIeHH~IM, 130- 
JlyqeHHblX Ha H3MepeHH~ peaKim¡ THHa (n, 2n). ~ ~ ~  3TOFO HCYIOJ3b3yeTc~I MeTO~, 0CHOBaHHbI~ Ha 
llpe�91 Fm~3eHrH-BaH~eH6oma. 

f~o cnx nop TaK0~ nepecMoTp 6bI21 npoBe�91 TO~bK0 B c3iyqae 3KClIepHMeHTaJIbHMX aHa- 
qeHH~ 0TH0meHH~l naoMepHbIX ceqeH~~ (n, 2n), 0THOC~mHxcg K aApaM N < 50 npH aHeprHH 
14 MeV. PaCCMaTpblBaeTe~I 3aBHCHMOeTb H3BJleqeHHhlX CHHHOBMX K03~C~HIXHeHTOB o‰ 
OT HCH0dlbSOBaHHblX HapaMeTp0B H HapaMeTpbI CIIHHOBOF0 0‰ epaBHHBamTC~I CO aHaqe- 
HH~tMH, Hpe~cKa3aHHblMH MoAe2110 r oKa3bIBaeTcYl, qTO HX OTHOILIeHHYl IIpH~JIH3H- 
TeJIbHO paBHbl 0,5. 
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