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W e discuss the effect o f s ta tis tica l fluctuations o n  the  first an d  second  m om ents o f b o th  
th e  in trinsic  ro ta tio n a l energy and  th e  sum  of sp in  m agn itudes in  deep-inelastic  frag- 
m ents, as ex tractad  from  m easurem ents o f the to ta l y-ray energy an d  the y-ray m u lti­
plicity, respectively. T he ca lcu la tions w ere d one  in  the fram ew ork  of a  m odel th a t 
considers the th e rm al exc ita tion  o f ro ta tio n a l m odes in  the in te rm ed ía te  d inuclear 
com plex, accoun ting  exactly  for the co rre la tions betw een  th e  an g u la r m o m en ta  generat- 
ed in  b o th  nuclei.

1. Introduction

T he sim ple re la tio n  betw een th e  sp in  an d  the energy 
is a well know n  p ro p erty  of th e  ro ta tio n a l sta tes in 
nuclei. F ro m  an  experim ental s tan d p o in t, th is fact 
provides the  ra tio n a le  for the  use o f to ta l y-ray en­
ergy detec to rs (“ sum  sp ec tro m e te rs”) to  investígate 
h igh-sp in  sta tes o f ev ap o ra tio n  residues follow ing 
co m pound-nuc leus an d  deep-inelastic reactions [1 -  
3]. I t has been  show n th a t by gating  on different 
reg ions o f the  sum -energy spectrum  one can  select 
subsets o f th e  to ta l p o p u la tio n  hav ing  different val­
úes o f  the  average sp in  [2], an d  in  th is regard  the 
techn ique  has p roven  very useful in  the  study of 
ro ta tio n a l struc tu res [3].
W hereas sum  spectrom eters can  be used effectively 
as sp in-selecting  devices, th e  ex trac tio n  of m ore 
q u an tita tiv e  in fo rm ation  based  o n  the  m easured  to ­
ta l energy is h indered  by several uncerta in ties  of 
experim en tal an d  theo re tica l natu re . In  the  case of 
deep-inelastic  reactions a fu n d am en ta l source o f un-
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certa in ties is associa ted  w ith  fluctuations, sta tistica l 
o r o therw ise, in tro d u ced  by the  reac tio n  m echanism . 
T he m ost significant p rob lem  in th is regard  is the 
d is trib u tio n  in  b o th  m agn itude an d  o rien ta tio n  of 
the spins o f  the em itting  p o p u la tio n  [4 -10 ].
T he purpose o f th e  p resen t p ap e r is to  evalúa te  the 
co n trib u tio n  o f sp in  fluctuations to  the d is trib u tio n s 
of sum  energy an d  y-ray m ultip licities. O ur analysis 
will be restric ted  to  the case o f b ina ry  reactions 
betw een  heavy ions in w hich the  detec tion  o f one of 
the tw o fragm ents determ ines a reaction  p lañe w ith 
the  o rb ita l an g u la r m om en tum  perp en d icu la r to  it. 
W e shall base o u r ca lcu la tion  on  a s ta tistica l m odel 
[9, 11]. T he effects o f the  sp in  fluctuations on  the 
first an d  second  m om ents of the  to ta l-energy  d is tri­
b u tio n  will be ca lcu la ted  as a  function  o f the  tem - 
pera tu re , to ta l an g u la r m om en tum , and  m ass asym - 
m etry  o f the  system  assum ing  th a t the  collective 
m odes o f the d inuc lea r compleJc are in  therm al 
equ ilib rium  w ith  the in fernal degrees o f freedom .

2. Theory and Calculations

T he equ ilib rium  sta tistica l m odel u tilized  in  th is ca l­
cu la tio n  has been described  in  detail in  [9 ] an d  
[1 1 ]; thus only  a b rie f sketch  will be given here.
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T he in te rm ed ía te  d in u c lea r system  form ed during  
th e  reac tio n  is described  by m eans o f tw o touch ing  
rig id  spheres w ith  all the associa ted  degrees o f free- 
dom . R em ov ing  the  m o tio n  o f th e  cen te r o f m ass 
an d  ta k in g  in to  acco u n t the conserva tion  of the 
to ta l an g u la r m o m en tu m  I, the  m ost general con- 
figu ra tion  o f the  system  is defm ed by six no rm al 
m odes (one tilting , one tw isting, tw o wriggling, and  
tw o bending). T he an g u la r m o m en ta  associa ted  w ith  
these  m odes are given by:

~  ~  ̂ l)x{zP
 ̂ =  (Sy — r =  — (s¿ — r )̂j„

ÍT ,  = l)y, (1)

w here s ^ ( s j  is the  spin o f the  heavy (light) fragm ent, 
r „ ( r j  is the sp in  o f  the  heavy (light) fragm ent aris- 
ing from  rig id  ro ta tio n , an d  the  ca rtesian  d irections 
(x, y, z) are chosen  so th a t the  y  axis coincides w ith 
th e  line betw een  cen ters o f the  com plex. All the 
variab les can  independen tly  tak e  any  valué from  
— 00 to  00 (from  - | I |  to  |I| in  the case of c .̂^) 
w ith o u t v io la ting  the  con serv a tio n  o f the to ta l 
a n g u la r m o m en tu m  in the  system . In  term s o f these 
n o rm al co o rd in a tes  the  to ta l ro ta tio n a l energy o f the 
system  reads

E  = - + j (2)

T he coefficients Wu, B¡¡, an d  as well as the 
stiffness coefficients A¡ m ay be expressed as a func- 
tio n  o f tw o variab les, the to ta l m ass an d  the  m ass 
asym m etry  o f the  com plex [11]. A t sym m etry, these 
coefficients ta k e  the  follow ing valúes:

. r r (3)

H ere, is the  m o m en t o f in e rtia  o f a sphere
having h a lf  th e  m ass o f the  com plex.
If one considers a system  w ith  te m p era tu re  T  =  0, 
the average in trinsic  ro ta tio n a l energy is given by 
the sim ple expression

< £ „  +  £ l> = (4)

w here a n d  are  the m om en ts o f in e rtia  o f the 
tw o spheres, + •^± =  -^\\+  an d  d is
the  d istance betw een  centers. If T  +  0, the follow ing

in tegral m ust be eva lua ted :

<£H + £J=jC£„({¿}) + £J{^})]P({<^})d«C, (5)

w here P{{^})  is the no rm alized  p ro b ab ility  d istribu - 
tio n  function

pm)= V^W

{ 2 n T f c d { \ l \ '■TI
2 T

- exp
2 T

(6)

N o te  th a t by w ork ing  w ith  the set o f no rm al v ari­
ables {(̂ } one au to m atica lly  acco u n ts  for the  con­
se rva tion  o f the  vec to r I, an d  therefo re  all th e  cor- 
re la tions betw een  the  spins induced  in  b o th  nuclei 
are p roperly  included.
It is conven ien t to  express th e  ana ly tica l resu lt of 
the in teg ral (5) in  un its  o f th e  in trin sic  ro ta tio n a l 
energy a t T  =  0 (4),

( ^ ^ y \ E „  + E ^ }  = l + a Z \  (7)

T he variab le  Z  depends on  the to ta l m ass, tem pera- 
tu re, an d  to ta l an g u la r m o m en tu m  o f the  system :

(8)

T he co n s tan t a  is a function  o f the  m ass asym m etry  
only

(9)
sym

w here

[ B l  B l \  ÍW ¿ W ¿ \

Í A V  , -^1 / 1  M

^  i , w ith  t =  —
/ ñ  erf(í) Z

(10)

W ith  th e  aid  o f (3) an d  (10), an d  recalling  th a t at 
sym m etry
the  sim plified expression

an d  =  one ob ta in s

[^y<E„+E,y = i + i40z\ ( 11)

valid  for m ass-sym m etric  reac tions an d  sm all valúes 
o f  Z  (F-^-1). T he exact expression  is p lo tted  as a 
function  of Z  in  Fig. 1 (dark  solid  line). As an  exam - 
ple, let US consider the  system  ^®^Ho-l-*'’^H o a t 
8.5 M eV /u. W e estím ate a to ta l an g u la r m om entum  
|I| =  350^ an d  assum e a te m p era tu re  T  =  2.5 M eV,
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sym.

Fig. 1. Reduced average intrinsic rotational energy (dark solid 
curve) and average sum of the spin magnitudes (light solid curve) 
as a function of the parameter Z, for a mass-symmetric reaction. 
The three lowest curves illustrate the contribution to the ro­
tational energy from the individual modes

(mH-mi_)/(mH+mi_)
Fig. 2. Reduced average intrinsic rotational energy as a function 
of mass asymmetry for a fixed valué o f the parameter Z. If the 
thermal fluctuations were not included a constant valué equal to 
1 would be obtained

div idual co n trib u tio n s  from  the  n o rm al m odes 
(dash-dot, long-dash , an d  sh o rt-d ash  curves). T he de- 
pendence o f the average reduced  ro ta tio n a l energy 
on  m ass asym m etry , at co n s tan t Z , is show n in 
Fig. 2. As la rger asym m etries are considered , the 
effect o f the  fluctuations decreases due to  the  P ro ­
gressive suppression  o f som e o f the  m odes.
So far we have exam ined  the  re la tio n  betw een  the 
average in te rn a l ro ta tio n a l energy an d  the zero-tem - 
p era tu re  lim it. Let us now  tu rn  to  the  connection  
betw een the ro ta tio n a l energy an d  the sum  o f the 
sp in  m agnitudes. T he q u es tio n  is relevant to  any 
experim ent in which, for exam ple, the  to ta l y-ray 
energy an d  th e  y-ray m ultip lic ity  are m easured  in 
co incidence w ith  deep-inelastic  fragm ents. T he ro ­
ta tio n a l energy (ex tracted  from  the  sum  energy) and  
the sum  o f the  sp in  m agn itudes (ex tracted  from  the 
m ultip licity) are n o t re la ted  by (7) as m igh t a t first 
appear. This is so because the average spins are also 
affected by the  fluctuations. As show n in [11] the 
follow ing re la tio n  ho lds:

, -1

(5 < M  +  M >  =  i +
/ - Iŝym +-

2  LÁ j-j A

(12)

w hich is also p lo tted  in  Fig. 1 (light solid curve). 
U n like  th e  exact expression  for the  ro ta tio n a l en-

ergy, (12) is v ahd  only for a lthough

th is is n o t a severe restric tio n  in  general. Let us 
again  consider the previous exam ple of a  m ass-sym - 
m etric  system  w ith  Z  =  0.038. If  we estím ate the av ­
erage ro ta tio n a l energy from  the average sum  of

. <1shI +  |sJ > "  , , spm s usm g the expression ------ ——-------, the tru e
2Ĵ 1I

valué (as given by (7)) w ould  be und erp red ic ted  by 
app rox im ate ly  5 %.
F inally , it is also in te resting  to  consider th e  va- 
riances o f the  d is trib u tio n s o f b o th  ro ta tio n a l en- 
ergies an d  sum  o f sp in  m agnitudes. T he reduced  
variance o f the  in trinsic  ro ta tio n a l energy can  be 
eva lua ted  exactly.

UEh + El)_  P i i  V 
I (13)

In  th is eq u a tio n

therefore, Z ~  0.038. F ro m  the  figure we see th a t the 
sta tistica l f luctuations in tro d u ce  a 20%  increase of 
the average in te rn a l ro ta tio n a l energy, over the rigid 
ro ta t io n  pred ic tion . F igu re  1 also  illu stra tes the in-

f 2
sym

2a^

fíP a — i2 Aw
2a„i

Aal
XI + 2 a

F  —
W'^Ti

iTW
(14)
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Fig. 3. W idth-to-average ratios as a function of the parameter Z  
for a mass-symmetric reaction

w here

2Ĵ
■̂11

(15)

F igu re  3 (solid curve) show s the  ra tio  
+  |£¿ |>  as a  function  o f Z  for a m ass-sym m etric 
system . F o r  com parison , the  dashed  line in  th e  sam e 
figure rep resen ts the  ra tio  o'(|s„| +
T he variance associa ted  w ith  the  sum  o f sp in  m agn i­
tudes, o'(|s„i + isi.|) has been ca lcu la ted  using the ex- 
p ression  derived  in  [1 1 ]:

(16)

w hich aga in  is valid  for Z It is re-

m ark ab le  th a t y-ray m ultip lic ity  m easurem ents in 
severa! system s have yielded anom alously  large 
w id ths o f th e  d is trib u tio n , w hich c a n n o t be explained 
from  a tr ia n g u la r  d is trib u tio n  o f the incom ing  /- 
waves [12, 13], F o r  exam ple, the  rela tive w id th  pre- 
d ic ted  by th e  s ta tis tica l ca lcu la tio n  for the *®Kr 
-l-''^‘’'Sm using th e  valúes / ^ ax— 190^ an d  a tem per- 
a tu re  co rresp o n d in g  to  an  average to ta l exc ita tion

energy o f  - lO O M e V , is ^ í l ? e i ± ^  =  o.22. W hen
< | s h I +  M >

ad d ed  in q u a d ra tu re  to  the v ariance  arising  from  the 
tr ia n g u la r  /-wave d is trib u tio n  (~ 0 .3 5 )  on e  o b ta in s  a 
to ta l ra tio  o f 0.41, w hich com pares rea so n ab ly  w ith 
an  experim en tal valué o f  ap p ro x im ate ly  0.5 [12],

3. Summary and Conclusions

T he existence of f luctuations in  the  spins im parted  
to  the  nuclei in  a deep-inelastic  reac tio n  rep resen ts a 
su b stan tia l co n trib u tio n  to  the  observed  average val­
úes of physical q u an titie s  having  a n  an g u lar-m o m en - 
tu m  dependence. W e have focused o u r  a t te n tio n  on 
th e  in trinsic  ro ta tio n a l energy an d  on  th e  sum  of 
spin m agnitudes, w hich, in  princip ie , m ay be experi- 
m entally  o b ta in ed  from  m easu rem en ts o f the  to ta l y- 
ray  energy a n d  y-ray m ultip lic ity . T he ca lcu la tions 
have been perfo rm ed  in  th e  fram ew ork  o f an  
equ ilib rium  sta tis tica l m odel th a t considers the  ther- 
m al exc ita tion  o f an g u la r-m o m en tu m -b earin g  m odes 
o f the d inuclear com plex. U n d e r these assum ptions, 
it has been  show n th a t th e  average ro ta tio n a l energy 
m ay be, typically , 2 0 %  o r 3 0 %  h igher th a n  the 
rig id -ro ta tio n  p red ic tio n  for a  system  w ith  zero  tem - 
pera tu re . T he m agn itude  o f the  effect decreases w ith 
increasing m ass asym m etry  as a consequence o f the 
increasing  stiffness o f som e o f th e  ro ta tio n a l m odes. 
A sim ilar, a lth o u g h  n o t so strong , effect is p red ic ted  
for the average sum  o f the  m agn itudes o f the spins. 
Second m om ents o f the  d is trib u tio n s have also  been 
calcu lated , an d  the resu lts ind íca te  th a t the  th e rm al 
ex c ita tio n  o f th e  ro ta tio n a l m odes o f th e  com plex 
m ay c o n trib u te  significantly  to  th e  observed  w idths. 
F inally , it is im p o rta n t to  no tice  th a t in  th e  calcu­
la tions p resen ted  here, th e  correlations between the 
spins in both fragm ents have been fu l ly  taken into 
account, in  such a way th a t th e  co n serv a tio n  o f  the 
to ta l an g u la r m om en tum  is gu aran teed .
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