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Summary .  - -  A new stat is t ical  approach is adopted which, through a 
suitable analysis of light clusters emit ted in heavy-ion collisions, allows 
us to evaluate temperature  and free-nucleon densities of the emission 
source. All known da ta  concerning the emission of 2H, 3H, SHe, "He 
measured hi a common experiment are used. These da ta  refer to 19 
heavy-ion reactions studied at  projectile energies between 26 and 2100 MeV 
per nucleon. Analysed eveuts are only those a t t r ibutable  to the equilib- 
rium component through carefully adopted selections. Among the results, 
a correlation is observed between temperature  T and to ta l  flee-nucleon 
density qtF of the emission source. A nuclear-matter  model is formulated 
in order to compare its quant i ta t ive  predictions with the observed (T, q~F) 
correlation. A good agreement is found by  this comparison. 

PACS. 25.70. - Heavy-par t ic le- induced reactions and scattering. 

1 .  - I n t r o d u c t i o n .  

T h e  c o m p o s i t e - p ~ r t i e l e  emis s ion ,  o b s e r v e d  in i n t e r m e d i a t e -  a n d  h i g h - e n e r g y  

h e a v y - i o n  i n t e r a c t i o n s ,  is u s u a l l y  a s s u m e d  to  be  t h e  r e s u l t  of n u c l e a r - m a t t e r  

e x p l o s i o n  o w i n g  to  n e a r  c e n t r a l  co l l i s ions  of t h e  two  i n t e r a c t i n g  nucle i .  

( ')  To speed up publication,  the authors of this  paper  have agree4 to not  receive the 
proofs for correction. 
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Several  theore t ica l  approaches  to  nea r  cen t ra l  collisions of h e a v y  ions have  
been m a d e  and  a review of these  models  can be  found  in ref.  (~-~). l~Iost of 
these  theories  have  been concen t ra ted  on inclusive p ro ton  data .  

The ma jo r i t y  of adop ted  models  assumes t h a t  a local equi l ibr ium is reached 
e i ther  in the  whole considered spaces, such as the  phase  space (s) and  the  inter-  
act ion volume (~.x~), or wi th in  par t i cu la r  subsys tems.  I n  these  last  cases, where 
few nucleons are involved,  the  local equi l ibr ium is assumed wi th in  some pe- 
r iphera l  nuclear  regions in the  ~ hot  spot  ~ model  (~s,~), or wi th in  the  several  
tubes  in to  which nuclei are d iv ided in the  ~ f i res t reak ,~ model  (~,~). I n  the  
r  mode l  (~-~) equi l ibr ium b e t w e e n  fo rmat ion  and  b reak -up  of 
composi te  f r agmen t s  is assumed for nucleons located wi th in  the  same coalescence 
Po radius  cen t red  a t  I~ in the  m o m e n t u m  space. 

Aim of th is  pape r  is to  eva lua te  the  t e m p e r a t u r e  and  the  f lee-nucleon 
densit ies of equi l ibra ted  nuclear  regions f rom which l ight  f r agmen t s  are emi t t ed ;  
more  precisely,  we eva lua te  the  t e m p e r a t u r e  and  the  free-nucleon densit ies of 
a piece of nuclear  m a t t e r  a t  the  m o m e n t  of its d isassembly  with  a l igh t - f ragment  

emission, a t  large angles,  no t  negligible wi th  respect  to  f lee-nucleon emission. 
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To such ~ purpose, s statistical approach is ~dopted which m~kes use of 
all known d~t~ ~bout the 2H, 3H, 8tie, 4He cluster emission in heavy-ion 
collisions (m~,21,~5 29). 

Among the seversl statistical models, only the coalescence (~7.~4) ~nd the 
thermodynamic (~-~) models consider composite-p~rticle emission. We adopt 
the thermodynamic picture since the information about the physical qusntities 
we wsnt here to evaluate m~y be g~ined by this model, which involves directly 
just the freeze-out temperature and nucleon density of the emitting source. 

Thermal models, b~sed on the assumption that  the avsil~ble energy is sh~red 
among iuterscting nucleons, m~y be justified when nuc]eon-nucleon J~-JY' 
collisions sre dominant. More generally, the study of collective phenomena-- 
such ss compression, thermalization, hydrodyn~mic~l flow, equation of stste, 
etc.--makes sense only if local equilibrium is re~ched through multiple J~-J~ 
collisions. Now, the emission of light clusters in ~ wide ~ngular r~nge just 
indicates multiple J~-J~ collisions. On this ground we ~dopt a statistical ~p- 
preach whose starting ~ssumptions sre the bssic ones of the thermal model (s ~). 

Since this model considers only ~ p~rtial aspect of the complex reaction 
mechanism, it is important to restrict the ~n~lysis to those specific obserwbles 
for which thermodynamics is likely to yield sdequ~te results. Consequently, ex- 
perimental d~t~ h~vc been carefully ~nalysed to select, ~mong the components 
of the reaction mechanism, events ~ttribut~ble to the equilibrium component. 

Among the results, ~ correlation is found between tempersture snd free- 
nucleon density. In order to give sn interpretation of such an empirical 
result, s dilute-nucle~r-m~tter model is proposed. Quantitative predictions of 
the model explain the observed correlation. 

2 .  - R e m a r k s .  

2"1. Uniqueness of vvaporated composite particles to give in/ormation about 
thv/reeze-out stage. - As first stage of resctions induced by heavy-ion collisions, 
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and H. WIE~AN: GSI-85-4 Preprint (January 1985). 
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a hot interaction region may be created. This created hot region can reach, 
depending on the available energy in the c.m. frame: 

a) Temperatures T not exceeding some tens of MeV, so that  composite 
particles can be formed as a result of competitive processes. 

b) Temperatures T much higher than the mean binding energy per nu- 
cleon. In this ease the composite-particle production is strongly suppressed 
within the very hot region which may explode either bl) through a complete 
disintegration in which free nucleons and pions are essentially emitted, or b2) 

through two or several steps in which in the first stage only the hotter  fraction 
of the nuclear region explodes with "L dominating enfission of free nucleons. 
Subsequently, within the remaining of the nuclear interaction system, cooled 
to lower temperatures, composite particles can be produced. 

In both cases a) and b2) the still hot nuclear system cools and expands. 
During this stage interactions are going on between the constituent particles 
until density and temperature become small enough so that  the constituents 
are no longer interacting. From this time the particle composition remains 
unchanged (chemical freeze-out). As the system expands beyond tha t  point, 
the frozen particles escape freely, by excluding only mutual  Coulomb repulsion, 
until they are ult imately detected. 

On these grounds, the evaporated composite particles, if suitably analysed, 
are unique in order to give information about the freeze-out stage which is the 
last stage in several heavy-ion interactions. 

Instead, in order to deduce information about the initial stage of the reac- 
tion, well-defined assumptions must be made for the whole unknown and likely 
complex expansion phase. 

2"2. 2~uclear-temperature evaluat ions .  - Before describing the procedure 
adopted in the present paper to evaluate temperature and free-nucleon densities 
of the considered piece of nuclear mat ter  at the moment of its disassembly, 
let us shortly review and comment what is usually made to deduce the nuclear 
temperature.  

The concept of temperature requires the existence of a local statistical 
ec~uilibrium. Most of the authors consider, may be rightly, of dubious validity 
the assumption of such an equilibrium at  densities close to or above the nor- 
mal nuclear-matter density ~0~ 0.15 fm -3. 

However, in spite of such a disputable assumptioD,temperatures are usually 
evaluated by fitting exponential slopes of measured particle spectra with 
statistical treatments,  which are, in principle, standard thermodynamic pro- 
cedures. On the other hand, the experimental features of emitted-particle 
spectra resemble ordinary evaporation at large emission angles. This seems 
to give support to the assumption that  the emission source may be approx- 
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ima ted  as a piece of uuclear  m a t t e r  r a the r  close to a the rmal -equ i l ib r ium dis- 
t r ibu t ion .  

To e s t ima te  the  t e m p e r s t u r e  T, the  energy  spect ra  :Ar(Eo.~.) in the  c.m. 
res t  f r ame  of the  emi t t ing  source are usual ly  pa ramet r i zed  as 

(1) :4+'(E .... ) oc E .... . exp  [--  Eo.m./T], 

when ~t surface emission is assumed (8o,3~); 

(1') W(E .... )oc E~.=.-exp [ -  E~ 

within  the  assumpt ion  of a vo lume emission (so,3,); 

W) ~ ( E  .~.) oc exp  [--  Er 

when only the  high-energy tails of the  spec t ra  are  t a k e n  into a~count.  
The values of T obta ined  b y  eqs. (1), (1'), (1") can reach  re la t ive  m u t u a l  

devia t ions  up to (10 - -20 )%.  Uncer ta in t ies  of the  order  of 10% would be 
r a t h e r  acceptable ,  bu t  expe r imen ta l  data. have  to  be t r a n s f o r m e d  f rom the  
l abo ra to ry  to the  rest  f r ame  of the  par t icu la r  hypothes ized  emi t t i ng  source. 
This  t rans format ion ,  which requires  the  use of several  ad jus tab le  pa rame te r s ,  
can give rise to large uncer ta in t ies  in the  T evaluat ions  a t  in te rmedia te  energies. 
Actual ly,  a t  in te rmedia te  energies, one can obta in  v e r y  different T values b y  
employing  different combinat ions  of the  adop ted  pa ramete r s .  For  values of T 
comparab le  to  the  Coulomb barr ier ,  re lat ive deviat ions  can reach values of 
abou t  100 %. At  higher  energies, effects of the  ad jus tab le  p a r a m e t e r s  become 
less and less cri t ical  a t  the  increase of T. As, for  instance,  for values of 
T > 5 0  ~[eV, the  re la t ive  deviat ions m a y  reach m a x i m u m  values of the  order  
of 10 %. On these  grounds,  extens ive  studies of t e m p e r a t u r e  have  been pro-  
v ided (7,..1,32), a t  high energy,  by  f i t t ing only the  exponent ia l  tails  of pro tons  
and ~:- spect ra  for different ta rget -projec t i le  combinat ions .  These high eva lua ted  
t empe ra tu r e s  seem to sa tura te ,  up  to b e a m  energies of abou t  4 GeV/J~', a t  ap- 
p rox ima te ly  T _~ m,~c 2, whose value is quite near  to the  l imi t ing  t e m p e r a t u r e  
predic ted  b y  HAG~,DORN (~3) and  so far  not  defini t ively es tabl ished (s,.s,). 

(30) A .S .  GOLDHAB~ER: Phys. Rffo. C, 17, 2243 (1978). 
(31) T.C. AWES, G. POGGI, C.K. CTELBK]~, ]~. B. BACK, B.G. CvLAGOLA, H. BREUER 
and V. E. VIOLA jr.: Phys. /~ev. C, 24, 89 (1981). 
(a2) S. NAGAMIYA, ]~.-C. LEMAIR:E, E. MOELLER, S. SCHN:ETZER, G. $~APXRO, H. ST:EINER 
and I. TANnIATA: Phys..Eev. C, 24, 971 (1981). 
(an) R. HAGFDORN: ~qCeppl. ~rUOVO Cimento, 3, 147 (1965). 
(at) A.T.  LAASANEN, C. EZ~LL, L. J. GUTA'r, W. N. SCHREIN);R, P. SCHUB'ELIN, L. YON 
L1NDERN and F. TURKOT: Phys. Rev. Lett., 38, 1 (1977). 
(35) N . K .  GLENDENNING aRd Y. KARANT: Phys. ~ev. Lett., 40, 374 (1978). 
(36) I-I. STOCKER, G. BUCHWALD, R.Y. CUSSON, G. GRAEBNER,  W. GREINER, J. HOF- 
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3.  - A n a l y s i s .  

3"1. Starting assumptions. - We start with the ~ssumption that  a thermal 
equilibrium may be established between free nucleons and composite frag- 
ments contained within a certain interaction volume V at a temperature T. 
In  the thermodynamic picture, ~he density ~(A, Z) of a particle (A, Z) com- 
posed of Z bound protons and A - -  Z bound neutrons may be expressed as 
follows: 

(2) ~(A, Z ) ~  .JZ(A, Z )V  _ A~.w(A,Z)~x "Errs [ I X ( ~ ]  

where 

~f(A, Z) is the number of particles (A, Z) within the volume V; 

]t%v -~ h/(2~moT)~ is the thermal nucleon wave-length, where mo is the 
mass of a nucleon W; 

T is the temperature expressed in MeV; 

ix(A, Z) is the chemical potential of the particle (A, Z); 

(3) co(A, Z) = ~ {[2s~(A, Z) + 1].exp [-- E~(A, Z)/T]} 

is the internal p~rtition function of the particle (A, Z), where s~(A, Z) are 
ground- and excited-state spins and E~(A, Z) are energies of these states; 

E~B[#(A , Z)/T] = exp [g(A, Z)/T] since we use the Maxwell-Boltzmann 
statistics. This because, for T larger than some !VIeV, provided tha t  Q < ~o/2, 
quantum statistics and boson condensation effects can be neglected for the light- 
cluster emission in heavy-ion collisions (s~). 

Now we impose to the considered thermodynamic system also the con- 
dition of chemical equilibrium, expressed by 

(4) v(A, Z ) . = Z # ~ + ( A - - Z ) ~ . ~ + B ( A ,  Z) ,  

where B(A, Z) is the binding energy of the cluster (A, Z). #~F and #~F are the 
chemical potentials of free protons p~ and of free neutrons nF, respectively. 

ft. THEI8, D. VASAK, H. CT. BAUMGARDT and E. SCHOPPER : P~'oceed~g8 o] the Iq~tatio~tal 
Con]erenee on ~ Extreme States in Nuclear Systems ~), Dresden, ~ebruary 4-9, 1980, Vol. 2 
(1980), p. 23. 
(87) p.R. S~BRA~A~IA~, L.P. Csx~AI, H. ST6C~R, J.A. MA~VH~, W. GR~IN~ 
~nd H. K~s~ :  J. Phys. G, 7, L241 (1981). 
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From eqs. (2) and (4) it follows that  

W(A, Z) ~ ~8~-~)~(A, Z) 
(+) p(A, Z) - -  V (ms,+ + i )+(2, . ,  + 1)+-+ ~+ ~nF exp 

Q(A, Z), 9p+ and ~nF being the densities of the composite (A, Z), of free protons 
and of free neutrons, respectively, contained in the same interaction volume V 
at the temperature T. 

On the basis of such a thermodynamic picture the ratio Y(A, Z)/:Y(A', Z') 
between the experimental yields of two different emitted fragments is ex- 
pected to be 

]~(A, g) e(A, Z) 
(6) ]~(a', z ' )  - q(~t,, z ' )  

T " 

3"2. Procedure to evaluate temperature and ]ree-nueleon densities. - Inspec- 
tion of eq. (6) shows that  the free-proton density of the emitting source at the 
moment of freeze-out can be easily obtained from the ratio between the ex- 
perimental yields of two fragments differing only ~or a proton, such as (A, Z) 
and ( A + I , Z + I ) :  

)' 
(7) eo+= X % - i  

1 0  36 2s(A, Z) + 1 
TJ.  

2.1 2s(A + I, Z + I) + I 

"exp [ B(A' Z) - B(AT + I , Z  +1) ]}  Y(A :Y(A,+ I' Zz)+ I) 

Analogously, the yield ratio of two fragments differing only for one neutron 
such as (A, Z) and (A + 1, Z) returns the free-neutron density: 

{( A )~10 a6 2 s ( A , Z ) + I  izt. 
(8) q~ 2 ~  2.1 2 s ( A + l , Z ) + l  

"exp[ B ( A ' Z ) - B ( A  T + 1, Z)]} :Y(A Y(A,+I'Z) Z) 

In eqs. (7) and (8), ~8 has been replaced by its value 4.2.10-86T -3 em 3 TA+ 
with T expressed in lX~eV. The sum of co(A, Z) (see eq. (3))is limited to the 
ground state. This because the excitation energies H~(A, Z) of the here con- 
sidered exploded isotopes of H and He are not significantly lower than tem- 
peratures expected to allow the composite-particle production (subseet. 2"1). 
Then o~(A, Z) has been replaced by 2s(A, Z) + 1, where s(A, Z) is the ground- 
state spin. 
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So far,  the  m a j o r i t y  of measured  yields for composi te -par t ic le  emission in 
heavy- ion  collisions refers to l ight  clusters. Then  the  present  analysis  is l imi ted  
to the  avai lable  expe r imen ta l  da ta  on H and H e  isotope emission. The yield 
rat ios be tween l ight  clusters differing only for e i ther  a p ro ton  or a neu t ron  
we can use to deduce ~, ,  and  ~.~ are,  in pract ice ,  

J ( ( ~ ) '  ](C~H) ' %(3H) ' rC3H) ' ~C~He) " 

In  our analysis  we exclude the  ra t io  Y(2tt)/Y(1H) for the  following reasons.  
Bo th  in in te rmedia te -  and  high-energy heavy- ion  collisions, the  energy  spect ra  
measured  a t  large angles show exponent ia l ly  decaying slopes as a funct ion of 
the  emi t ted-par t ic le  energy.  These slopes are s imilar  for the  2H, ~H, SHe, 4He 
energy spectra  observed  a t  the  same angle and  b y  using the  same projecti le-  
t a rge t  combina t ion  a t  the  same b e a m  energy.  This migh t  indicate  t h a t  these  
l ight  Composites have  a com m on  origin inside a source hav ing  a r a the r  well- 
defined t empera tu re .  I n s t ead  the  p ro ton  energy  spec t ra  m a y  show quite dif- 
ferent  decreasing slopes. As, for instance,  a t  lower energies,  up to  N 2 0  MeV/oV 
beams  (38), the  p ro t on  spectra  Slopes are less flat t h a n  the  ones observed for 
l ight  clusters. On the  cont ra ry ,  a t  higher energies,  be tween 250 and  2100 MeV/Jq' 
of the  project i les  (7), the  slopes of the  p ro ton  spec t ra  are f la t te r  t h a n  those 
of the  l ight-composi te  spectra .  This  seems to  indicate  t h a t  mos t  of t he  pro-  
tons are or ig inated also wi th in  sources different f rom the  common  source of 
the  emi t t ed  l ight clusters. Besides 9 the  yields of l ight  clusters  ~.re of the  same 
order of magn i tude  a t  t he  same angle. In s t ead ,  the  l ight  cluster  to p ro ton  
rat ios  can va ry ,  also b y  some orders of magni tude ,  as a funct ion  of the  angle 
~nd of the  energy  per  nucleon of the  emi t t ed  part icles  (a~). Consequently,  ve ry  
different evaluat ions  of the  ra t io  be tween  l ight  clusters and  pro tons  m a y  be 
deduced b y  using da t a  ob ta ined  wi th in  different angular  ranges.  

For  these f u n d a m e n t a l  reasons we do not  use the  ra t io  Y(d)/Y(p) for our  
evaluat ions.  We use only the  yie ld  rat ios  be tween the  l ight  clusters ~H, 3H, 
SHe, 4He which, as a homogeneous group,  seem to be  good messengers  of pieces 
of exploding nuclear  m a t t e r  a t  abou t  the  same t empera tu re .  

To use eqs. (7) and  (8) we need to know the  t e m p e r a t u r e  T of the  exploding 
.piece of nuclear  ma t t e r .  To deduce this  t e m p e r a t u r e  we hypotes ize  a common 
origin for the  exploded l ight  nuclei which in our case range f rom deuterons  
to 4tie. 

(ss) T.C. AwEs, S. SAI~I, G. PoGGI, C.K. GELB~E, D. CHA, R. LEGRAI~r and G.D. 
W~.STFALT.: Phys. R~v. C, 25, 2361 (1982). 
"(89) A. SA~DOVAL, H.H.  GUTBROD, W. J. MEYER, 1~. STOCK, CH. LUKNER, A. M. POS- 
KANZER, J. GOSSET, C. JOURDAIN, C.H. KING, N. VAN SEN, G.D. WESTFALL and 
K.L .  WOLF: Phys. Rev. C, 21, 1321 (1980). 



TEMP:ERATUI~ll A N D  FRE.E-NUCLEON D~ENSITLE~ OF NUCL:EAR ~IATTEI:t .ETC. 

This assumption implies that~ for a given temperature T of the emitting 
source, the same free-proton density must be evaluated by eq. (7), independently 
of the different used yield ratio. By using the quoted ratios, we obtain from 
eq. (7 )  

(9) ~)~, ---- [0.39-103. / ' t  exp [-- 5.5//']] Y(SHe) - -  
Y ( ~ H )  

= [0.62" 103. T! exp [-- 19.8/T]] Y('tte) :Y(~H) 

Analogously, from eq. (8) concerning the free-neutron density, we obtain 

(10) 
Y(3-1~) __ 

~ J o r  = [0.39.10" T! exp [-- 6.3/T]] Y(~H) 

= [-0.62.103' T -~ exp [--20.6/T]] Y(q~e) 
Y ( ~ H e )  " 

Equation (9), as well as eq. (10)~ yields 

14.3 
(11) T = 

Y(~tt)" :Y('t~e).l.6] ' 

which requires only the knowledge of the complex yield ratio 17(2H)- :Y('tte)/ 
/Y(3H). :Y(3He) to evaluate the temperature T. 

At this point we can deduce the wanted quantities T, ~pF and ~., by the 
following sequential procedure: first, we deduce the temperature T by means 
of eq. (11); then, this evaluated T value is used into eqs. (9) and (10) to obtain 
the densities of free protons Qp, and of free neutrons ~n,. 

If now we introduce the quantity 

y(2g). PC'Be) 
x , , ,  = : ~ f f ~ ) .  E ( 3 g e )  ' 

the maximum a priori relative uncertainty for the temperature T, easily de- 
ducible from eq. (11), can be expressed as 

(12) I dZ Ida T ~ 7"10-2T x l , , , "  

Since IdT/TI increases linearly as a functioz~ of T, the more accurate estimates 
are obtained at lower temperatures, just where the usual T estimates, deduced by 
fitting the energy spectra, are affected by the largest uncertainties (subsect. 2"2). 
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On these grounds, the  present  me thod  can be par t icular ly  appropr ia te  to  
evaluate t empera tu res  not  exceeding some tens  of ~r as is just  t he  case of 
nuclear regions which explode wi th  emission of composite f ragments  too. 

3"3. Available energies per  nueleon in  the c.m. ]rame. - The energy per  nucleon 
of projectiles used in the  exper iments  here  considered ranges, in order  of mag- 
nitude,  f rom 10 to 10 3 ~r in the  labora tory  system. The por t ion  of energy 
which can induce inelastic react ions is only t h a t  available in the  c.m. frame. 

In  order  to  es t imate ,  for  each considered react ion,  the  mean  energy per  
(( part ic ipat ing ~) nucleon in the  c.m. f rame,  we consider as (, pa r t i c ipa t ing ,  
the  nucleons among which the  largest  amount  of the  available energy is actual ly  
distr ibuted.  

Le t  

Ap and A T be the  to ta l  number  of project i le  and t a rge t  nucleons, respec- 
t ively;  

A* and A* be the (~ par t ic ipat ing ~) nucleons of the  project i le  and of 

the ta rge t ;  

(E/A~)~ b be  the  energy per nucleon of the  project i le  in the  l abora tory  

system. 

We can express the  mean  energy per  (( par t ic ipa t ing  )~ nucleon in the  c.m. 
f rame (E / (A*  -k A~)) .... : (E/A*)  .... , as follows: 

[ _~ mo e2 [[ + 2 ( A ~ / A * ~ ) ' ( E / A , ) I ~  ~ __ 11 (13) \X~] .... L~ 1 ~1 ~ ~--~*/A~-~.~oe ~ 2  J ' 

where rope ~ is the  nucleon rest  energy. 
A ve ry  large number  of different energies per  nucleon can be achieved, 

depending on the  projecti le and t a rge t  nucleons actual ly  in teract ing in the  
collision. To such a purpose we es t imate  t h e  values of (E/A*)  .... under  the  
following assumptions which encompass almost all the  reasonable energy 
distr ibutions among the  colliding nucleons: 

a) The available energy is shared among all t a rge t  and project i le  nucleons. 
In  this case A T / A  p ---- A T / A  ~ and within  our  assumptions the  min imum value 
for (E/A*)  .... is obtained.  

b) The projectile nucleons A~ in terac t  essentially with about  an equal  
number  of ta rge t  nucleons A * ~  A .  In  this  case A ~ / A ~ _  1 and,  within the  
assumptions made,  the  max imum value of (E/A*)  .... is es t imated.  

For  collisions between nuclei  having near ly  the  same mass number  A~ ~ A r  
we have * * A T / A  p ~ 1, independent ly  of the  impact  paramete r .  
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3"4. (~ Equilibrium ~ and (~ nonequilibrium ~ components. - Since eqs. (9), 
(19) and  (11) are based on the  described equil ibrium assumptions,  we must  
consider only yields a t t r ibu tab le  to  the  equil ibr ium component  of the  whole 
react ion mechanism.  

The spectral  slopes are character ized b y  an exponent ia l  decrease vs. E ,  
strongly suggesting evapora t ion  processes, only at  large t ransverse  momenta  
(0 > (30--40)~ But ,  at  small emission angles, when the  measured energy per 
nucleon E / A  of the  emi t t ed  part icle  A extends  over  a range which includes 
the  projecti le energy per  nucleon E/Ap,  the  energy spectra  of A can exhib i t  
b road  peaks at  energies sl ightly less t h a n  E / A .  This fac t  suggested a pro- 
jeetilc f ragmenta t ion  resul t ing f rom per ipheral  nucleus-nucleus collisions. The 
first in terpre ta t ions  of the  f ragmenta t ion  have been given b y  FES~BACR and  
HUANG (4o-42) and b y  GOLDHABER (4s), by  relat ing the  widths of the  m o m e n t u m  
distr ibutions observed in the  f ragmenta t ion  peaks to  the  intrinsic nucleon 
Fermi  mot ion  inside the  projecti le.  Their  models, developed for the  projecti le 
f ragmenta t ion  at  relat ivist ic  energies (44,45), are to day  applied to  explain 
also the  ve ry  similar projecti le f ragmenta t ion  observed s t  lower energies down 
to some tens of i~eV/J~ (2~,a,,de,4~). 

At  in te rmedia te  energies E/A~%2001~eV/J~ and at  forward ~ngles, the  
energy spectra of emi t ted  particles A, usually measured up to E / A  ~_ 200 i~IeV/J~, 
include bo th  the  evapora t ion  and the  f ragmenta t ion  contributions.  At  small 
angles and in the  rest  f rame of the  projecti le f ragment ,  the  Gausslan m o m e n t u m  
dis t r ibut ion is given by  (45.48) 

2 2 (14) ~ ' ( p ~ )  o: exp  [ -  p~/Pan] ---- exp [-  (p~ -  (p,,))'/2a~], 

where 

A and A~ are the  mass number  of f ragment  and projecti le,  respect ively;  

(pj~) is the  displacement  f rom the  project i le  m o m en tu m ;  

(~0) H. F~SHBACH and K. HUANO: Phys. I~ett. B, 47, 300 (1973). 
(41) K. HUANG: Phys. l~ev., 146, 1075 (1966). 
(42) K. HVAIVG: Phys. Rev., 156, 1555 (1967). 
(43) A.S. GOLDHABER: Phys. Lett. B, 53, 306 (1974). 
(ad) H .H.  HECKMANN: Proceedings o] the V International Con/erenee on High Energy 
Physics and Nuclear Structure, Upssala, J~ne 1973, LBL-2052 (1973). 
(45) D.E.  GREINS~R, P. J. LINDSTROM, H.H.  HECKMANN, B. CORK and F. S. BIESER: 
Phys. Rev. I~ett., 35, 152 (1975). 
(46) C.K. GELBKE, D.K. SCOTT, M. BINI, D.L. HENDRIE, J.L. LAu J. MAHO- 
HEY, ~.  C. MERMAZ and C. 0LMER: Phys. Zett. JB, 70, 415 (1977). 
(47) j . B .  NATOWITZ, M.N. NAMBOODIRI, L. ADLER, 1~. 1 :), SCHMITT, 1~. L. WATSON, 
S. SIMON, M. BERLANGER and R. CHOUDHURY: Phys. l~ev. Lett., 47, 1114 (1981). 
(as) G.D. WESTFALL, 1~. G. SEXTRO, A. M. POSKANZER, A. M. ZEBELMAN, G. W. BUTLER 
and E .K .  HYDE: Phys. l~ev. C, 17, 1368 (1978). 
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the width ao~ , independent of the observed fragment, is connected to 
the standard deviation ~j, to the temperature T and to the nucleon :Fermi 
momentum PF inside the projectile by (43,45-47) 

(15) 
Ao- -1  Ao- -1  _ p $  

a~,,:  a[ A(A _ A  ) _ m o T  A~ - - 5  ' 

where m0 is the nucleon mass. 
The corresponding kinetic-energy spectrum becomes just a Maxwellian 

distribution of the form 

(16) ~ ( G )  < V ~  exp [ -  GIT]. 

Then, the energy spectra of the projectile fragments simulate an evaporation 
emission from a compound nucleus. 

Consequently, the measured energy spectra of particles emitted at forward 
angles in intermediate-energy heavy-ion collisions are to be assumed as the 
sum of, at least, two different Maxwell-Boltzmann distributions. 

In order to separate the equilibrium component from the nonequilibrium 
components, we roughly divide the several reaction contributions into two 
categories : 

a) Equilibrium component, essentially concerning central collisions, and 
more generally fusionlike reactions, characterized by ,~ source having a ve- 
locity not higher than about half that  of the projectile. The particle emis- 
sion due to this component covers the whole angular range and the energy 
spectra exhibit exponential slopes decreasing vs. E. 

b) Nonequilibrium vomponent, predominantly arising from peripheral 
projectile fragmentation associated to break-up, and more generally to trans- 
ferlike reactions, with emitted particles having about the projectile velocity. 
The light-fragment A emission due to this component is essentially localized 
at small forward angles and at energies per nucleon E/A close to the energy 
per nucleon E / A  of the projectile. 

3"5. Treatment ol experimental data. - In order to use the eva.luation method 
described in subsect. 3"2, we need 

the experimental complex yield ratio IZ(~l:I). ~(~He)/:Y(3H). :Y(3He) to 
evaluate T by means of eq. (11); 

the measured single yield ratios, either Y(4tte)/:Y(3H) or :Y(3tte)/Y(2tt), 
to eva]uate GF according to eq. (9); 

the measured single yield ratios, either Y(4He)/:Y(3tte) or Y(3H)/Y(2It), 
to evaluate G, according to eq. (10). 
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The emission of the  four f ragments  2It, sit, 3He, 4Ite, measured  in a common 
exper iment ,  has been studied for the  heavy- ion reactions (7.16,21.25.29) repor ted  
in table  I. The  first 5 columns of the  table  summarize  some exper imenta l  
da ta  for these reactions.  

To evaluate  T, ~ and Qnr, corrections to some of the  measured  yields 
are necessary, because 

a) the  exper imenta l  yields of ref. (25,26) include the  cont r ibut ion  due to  
projecti le f ragmenta t ion ,  

b) the  min imum detected  energies in ref. (m6.~) are so large t h a t  remark-  
able fractions of the  evapora ted  par t ic les  are lost. 

Fo r  these cases we describe in detai l  the  applied corrections. 

Re/erence (26). Da t a  used in our  analysis are deduced b y  subt rac t ing  
f rom exper imenta l  spectra at  0,~b = 15 ~ and 20 ~ the  elastic plus inelastic t ransfer  
contr ibut ions according to  evaluat ions made  in the  same ref. (~6). 

Re]erenee (~5). The measured  spectra  include, a t  small angles, a remark-  
able contr ibut ion f rom the  transferl ike per ipheral  reactions.  A two-component  
model  is adop ted  (,5) and the  cross-sections in te rms of the  m o m e n t u m  distri- 
but ions  are expressed as ~ sum of two independent  contr ibut ions  classified 
as a c for (, central  collisions )) and a~ for <~ per ipheral  f ragmenta t ions  ,). 

The valses  of ac and a~ are deduced (25) b y  f i t t ing the  inclusive exper imenta l  
spectra in the  following cases: 

2It and 4He for all t he  s tudied react ions,  

she  for the  ~60-~Ni react ions only,  

for  nit ar and ~f are not  deduced. 

The procedure adopted  in the  present  paper  in order  to  evaluate  T, Q,~ 
and ~ needs the  knowledge of the  emission yields of all the  four  evapora ted  
f ragments  ~H, a]~, SHe, 4tie. Then,  we cannot  d i rect ly  use the  obta ined (~) 
~o values into our  eqs. (9)-(11) because of the  lack of these  values for the  8H 
emission and because of t he  par t i a l  avai labi l i ty  of ~o for the  SHe emission. 
However ,  in spite of this par t ia l  luck of da ta  about  ~o, we t h in k  i t  possible 
to es t imate  indirect ly  this quant i ty .  Such a possibil i ty is based on the  follow- 
ing two grounds:  

a) the  to t a l  yields of the  four  f ragments  2It, 3It, atte, Cite are measured 
for all the  seven s tudied reactions and the i r  values are summarized  in table  I I I  
of ref. (~5); 

b) the  ra t io  ~r -~- ~)~ which represents  the  f ract ion of the  to t a l  cross- 
section a t t r ibu ted  to  the  (~ centra l  collisions ~), is l imited (25) to  within 0.73-t-0.05 
for ~tt and within 0.46q-0.05 for all, independent ly  of the  projecti le energy 
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(51.8, 100 and 147 ~eV/J~) .  Instead, for *tie, the ratio ~o/(~ + ~f) decreases 
vs. the projectile energy and the found (35) values are l imited to within 0.20-F 
~ 0 . 0 2  a t  147 MeV/0N',  0.31=J=0.06 a t  100 lV[eV/J~ a n d  ~ 0.5 a t  51.8  1V[eV/0V. 

In order to deduce the emission yields attributable to the equilibrium com- 
ponent,  we multiply the total  measured yields (~5) by the corresponding ratio 
~ / ( a r  at) for e~eh of the four considered fragments, l~or the 3He emission we 
assume a ratio ~j(~r + ~)  equal to that found for the 3H emission. 

References (7,1e,~z). The maximum measured (m6,~) energy per nucleon of 
emitted light clusters does not exceed --400 MeV/A ~ Thus the observed energy 
spectra do not include the fragmentation peak and t h e y  exhibit ,  ~lso ~t small 
angles, only the decreasing exponential shape, characteristic of evaporation 
processes. But, since the minimum detected energies (7,16,2~) ure ~ 2 5 A  for 
:H and ~tI and ~ 30 A for ~He and ~tte, a large fraction of evaporation yields 
is lost. Besides,  such a lost fraction is different for the different clusters. For 
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Fig.  1. - Example  of the energy spectra extrapolation (dashed part of the lines) here 
adopted in the low-energy region for data of ref. (7,2~). Shown data are those meas- 
ured at 01= b = 90 ~ in the reaction ~0Ne+U at (E/A~)I~ b = 250 MeV/J~  and refer to the 
2H (.),  aH (,) ,  3He (o), 4He (=) emission. In the abscissa axis, the energy per 
nucleon reported by the authors (7,21) has been transformed into the total measured 
energy of emitted ligh~ clusters. 
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these  reasons we ex t rapo la te  the  spectra  measured  a t  0,~ = 60 ~ and  90 ~ in 
the  low-energy region. An example  of such an ex t rapo la t ion  is shown in fig. 1. 

We evalua te  the  yield rat ios  by  ex t rapo la t ing  the  spectra  down to  m i n i m u m  
values E ~  = 20, 30 and  40 MeV. M u t u a l r e l a t i v e  deviat ions  of the  t empera tu re s  
calculated by  using into eq. (11) the  yields deduced b y  spectra  ex t rapo la ted  
in these three  different ways  are lower t h a n  ,~ 6 ~ 

Re/erence (29). E x p e r i m e n t a l  da ta  of ref. (~) exclude the  contr ibut ions  
f rom the t a rge t  and  project i le  spectators .  Rat ios  of the  emi t t ed  part icles  to 
protons  are given (~9) as funct ions of the  charge mul t ip l ic i ty  N ,  wi th  N~ ranging 
up to ,-~ 40 for ~Ca~-Ca and up  to ~ 80 for g3~b~-~3Nb. Yields used by  us 
are those measured  (~9) a t  N~ = 20, 25, 30, 35 for ' ~  and  N ~ 30, 40, 
50, 60, 70 for 93Nb~-~3Nb. The several  values  of T deduced for each react ion  
a t  the  several  values of N agree wi th  each o t h e r  wi thin  abou t  ~5 %. 

4 .  - R e s u l t s .  

By using the  procedure  descr ibed in sect. 3 we eva lua te  the  t e m p e r a t u r e  T, 
the  free-nucleon densit ies ~ and  qn~, the  m i n i m u m  and  the  m a x i m u m  values  
of the  avai lable  energy  per  nucleon (E/A*) .... in t he  c.m. f rame.  

Resul ts  of these  eva lua ted  quant i t i es  are summar ized  in the  last  4 columns 
of tab le  I .  Some fea tures  of these  resul ts  are discussed in the  following sub- 
sections. 

4"1. Free-nucleon densities. - To date  eva lua t ions  made  abou t  the  nucleon 
densit ies essential ly concern the  following two aspects :  

a) According to  the  a p p r o x i m a t e  re la t ionship  

(17) Qn___~ N :Y(SH) 
e ~  - -  : Y ( 3 t t e )  ' 

es t imates  have  been  made  of the  ra t io  be tween  these  two densi t ies  by  the  
knowledge of t he  expe r imen ta l  ra t io  Y(stt)/Y(3tte) (see, for ins tance,  ref. (82)). 

By  such an analysis no es t imates  can be deduced abou t  the  absolute  values  of 
the  nucleon densities. F r o m  our  results ,  which give the  absolute  values  of ~ ,  
:~nd r we can deduce as secondary p roduc t  the  rat ios  ~-r/~,," Values of these  
rat ios here  ob ta ined  exhibi t ,  in ag reement  wi th  known da ta  (32), a general  
t r end  increasing vs. the  ra t io  N / Z ,  where N and Z are neu t ron  and  p ro ton  
nnmbers  of the  t a rge t  plus project i le  sys tem.  

b) Due  to its connect ion wi th  the  en t ropy  per  nucleon according to  the 
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usually adopted relationship (2,,s~,~2.,0.51) 

Y(d) 
(18) S,----3.95-- In [ y - - ~ ] ,  

the rat io Y(d) /Y (p )  has been extensively studied. The knowledge of the ratio 
Y(d) /Y (p )  could allow, in principle, the es t imat ion of Qffi, through,  for instance, 
eq. (8) if the temperature  T is known. But  on this subject we have to recall, 
as pointed out in subsect. 3"2, tha t ,  among the Ir(A ~-1) /Y(A)ra t ios ,  the  
Y(d)/:Y(p) one should be the  less suitable ratio to be used for such a purpose. 

Usually the measured yie ld  ratios Y(d)/Ir(p) are used directly into eq. (18) 
to evaluate the entropy. In  order to explain discrepancies between theory  
and experiments concerning 81, it  is sometimes suggested tha t  the  nucleon 
densi ty  should be very small (see, for instance, ref. (s~.a~)). 

As a ma t t e r  of fact ,  a lack of data  is found about  the evaluated values of 
free-nucleon densities, especially for dilute nuclear mat ter .  In  this s~tuation 
we cannot  compare our evaluated absolute values of the free-nucleon densities 
with other  evaluations. 

4"2. T~mperat~re. - The here evaluated temperatures  are always lower 
than  the maximum energy per nucleon available in the c.m. frame. This remark 
seems to be ra ther  obvious, bu t  the condition T ~ [(E/A*)~.j~z is sometimes 
not  satisfied for temperatures  evaluated by  fi t t ing the energy spectra of emi t ted  
particles at  in termediate  projectile energies. This might  be due to  the fact 
t h a t  the  unavoidable use of several adjustable parameters  can strongly in- 
fluence such T evaluations at  intermediate  energies, as pointed out in sub- 
sect. 2"2. 

Now we consider the 7 reactions studied in the common experiment de- 
scribed in ref. (25). Temperatures evaluated by  selecting yields a t t r ibutable  to 
the , equilibrium component  'I given in table I ,  are reported in fig. 2a! as a 
function of the projectile laboratory energy per nucleon. Besides we evaluate,  
for these 7 cases, the  yields a t t r ibutable  to the , nonequilibrium component ~. 
Following the  t r ea tmen t  of data  described in subsect. 3"5 we mult iply,  this 
t ime,  the to ta l  measured yields by the ratio ~f/(~o ~- ~t). Yields so selected 
are used in eq. (11) to evaluate the  temperatures  T D associated to the  hypo- 
thet ical  projectile decays. In fig. 2b) these TD evaluations,  reported vs. (E/Ao)~,b, 
are compared with the clashed s t ra ight  line which corresponds to a constant  
tempera ture  T ~ 7.3 MeV. 

(,e) p . j .  SIEM~.~S and J . I .  KAPUSTA: Phys. Rev..~ett., 43, 1486 (1979). 
(so) H. ST~CKER, G. BUCHWALD, G. GRA~BN~.R, P. SUBRAMANIAN, J . A .  MARUHN, 
W. GRF.INr, R, B . V .  JACAX aJld G.D.  WESTFAI,L: ~rt/~l. Phys. A, 400, 63c (1983). 
(61) j .  KAPU,~TA: Phys. Rev. C, 29, 1735 (1984) .  

2 - I I  N u o v o  C i m ~ d o  A .  
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Fig. 2. - Temperatures vs. the projectile laboratory energy per nucleon here evaluated 
for the seven reactions studied in ref. (25) by selecting events attributable a) to the 
equilibrium component, b) to the projectile fragmentation. 

B y  analysing the  m o m e n t u m  (~aussian dis tr ibut ions of the  f ragmenta t ion  
component ,  the  authors  of ref.  (26) deduce for A -~ 2 §  a value ~0~t ~ (80-}- 
=]=5) MeV]e for all the  7 s tudied reactions.  This result ,  according to eq. (15), 
corresponds to  T -~ 17.3=J:1) Meu Then,  T D values deduced b y  means  of the  
present  approach,  which makes  a suitable use of selected yield ratios,  are  in 
excellent  agreement  ~ i t h  the  t empera tu res  evaluated  (~) b y  the  m o m e n t u m  
distr ibutions of the  f ragmenta t ion  component .  

We underl ine t ha t  t he  value T ---- 7.3 MeV, which corresponds in the  frag- 
menta t ion  picture  to  an equivalent  exci ta t ion tempera ture ,  is remarkab ly  
close to  the  mean  nucleon binding energy,  as expected.  In  fact ,  the  T~ are 
re la ted to  the  projectile intrinsic nucleon Fermi  m o m e n t u m  PF th rough  eq. (15) 
and the i r  values are also expec ted  to  be independent  of the  project i le  energies 
.E/A,. 

On the  cont rary ,  the  t empera tu res  T concerning the  <c equil ibrium com- 
ponen t  ~> exhibi t  an increasing t r e ad  vs..E/AD, as shown b y  the  dashed s t ra ight  
line of fig. 2a). 

4"3. Correlation beSween total ]rve-nuvleon density and temperature. - In  

fig. 3 we repor t  t he  to ta l  free-nucleon densi ty  9t~ ~ eD~ + en~ as a funct ion 
of the  t empera tu re  T. The behaviour  of the  points  which represent  the  (T, eta) 
pairs seems to suggest t ha t  0t~ can be approx imated  as propor t ional  to T~, 
a t  least within the  whole range covered b:~ the  found T values (T  ~ (4--20) Meu 
Under  this empirical  assumption,  points of fig. 3 are f i t ted by  the  fu]l s t ra ight  
line drawn in the  figure, which represents  the  equat ion 

(19) Qtr---- 5.3,10~1 R3 (cm-3). 
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Fig. 3 . -  Open circles represent evaluated total free-nucleon density ~r ~pr-b Q=p 
as a function of the temperature T. The full straight line shows the T-dePendence 
of Qtp according to eq. (19). 

We shall fo rmula te  a model  of di lute nuclear  m a t t e r  in order  to deduce an 
app rox ima te  bu t  quan t i t a t i ve  in te rpre ta t ion  of this correlation.  

5.  - I n t e r p r e t a t i o n  o f  t h e  (T, Ot~) c o r r e l a t i o n .  

5"1. Di lu t e -nuv l ear -ma t t e r  model.  - The cons t i tuents  of the  di lute-nuclear-  
m a t t e r  sys t em are f ree  nucleons and  composi te  part icles.  :Exper imenta l  da ta  
indicate  t h a t  the  n u m b e r  of free nucleons wi th  respect  to  the  n u m b e r  of com- 
posi te  par t ic les  is in eve ry  case large enough to  allow the  assumpt ion  t h a t  the  
dens i ty  of free nucleons ~tT is comparab le  to the  dens i ty  of all  cons t i tuents  q~. 

A t  values of T < 2 0  MeV, the  composi te  par t ic les  are much  more  i m m u n e  
f rom m u t u a l  inelastic interact ions,  wi th  respec t  to  free nucleons which can 

still  suffer inelast ic  collisions. This means  t ha t ,  a t  mode ra t e  values  of T ,  the  
ma jo r i ty  of interact ions which can modi fy  the  cons t i tuent  composi t ion are 
those  induced b y  free nucleons. This p ic ture  is consis tent  wi th  the  ~act t h a t  
the  rat io  be tween  bound  and free nucleons increases a t  the  decrease of T. 

On this  basis we consider only inelast ic  interact ions induced b y  free nu- 
cleons within the  d i lu te -nuc lea r -mat te r  sys t em;  besides, we assume t h a t  inter-  
actions be tween u free nucleon and  ano t he r  nucleon, e i ther  free or bound in 
l ight  clusters, m a y  be descr ibed b y  adop t ing  the  same in terac t ion  po ten t i a l  

for  free as well as for  bound  nucleons. 
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Recent ly ,  some authors  (5~.55) have pointed  out t h a t  the  po ten t ia l  binding 
energy U(r), as a funct ion of the  interpar t ic le  separat ion distance r, obeys a 
r universal  ~ relat ion for several considered part icles such as atoms, molecules 
and nucleons. Different  physical  phenomena,  concerning different sy s t em s - -  
atomic (5~), molecular (5~), metallic (52.~) and nuclear  (55) sy s t em s - -h av e  been 
described in terms of the  same binding-energy-dis tance  relat ion:  

(20) U(r) --~ AU.  U*(r*), 

where 

r* = ( r -  rD/l; 

U*(r*) is a ~universal  funct ion ~> (~2.55) which for nuclear  systems is 
expressed in the  approx imate  form (su) U*(r*) = --  (1 -~ r*) exp [-- r*]; 

A U is a scaling paramete r  which represents  the equil ibr ium binding energy ; 

ro is the  equil ibrium spacing; 

r is the  separat ion distance of nucleons;  

l is a length scale, defined by  l ~- [AU](d ~ U/dr~)~~ t. 

Among several  invest igat ions about  U(r), a very  recent  s tudy  of the  radial  
and energy dependence of U(r, E) has been extens ively  made  (55) to  describe 
interact ions between nucleons and even-even nuclei  with A ~ 2Z ~ 2-~. 

The poten t ia l  energy U(r) for nuclear  m a t t e r  is current ly  expressed also 
in the  form of a power series of the  densi ty  ~/Qo ~ (to/r) a. eo ~ 0.15 nucleons/fm 3 
is the  sa tura t ion density.  A representa t ive  example  of this  form is t h a t  re- 
cent ly  proposed by  KAPUS~A (5~): 

6 
(21) U(q) = ~ a,(#leo) 'Is . 

|--2 

The  comparison between t rends  of U(r) according to  eqs. (20) and (21), 
made in ref. (65), shows ve ry  similar t rends  of these two adopted  forms. 

In  the  following we will use for U(r) eq. (20) which, in t e rms  of only two 
parameters ,  describes the  zero- tempera ture  binding energy as a funct ion of 
the  separation between nucleons. 

(65) j .  ~h~R~A~T~, J .R .  SMITH and J .H .  Ros~: Phys. Re'v. LetS., 50, 1385 (1983). 
(55) j . H .  Ros~, J. R. SMITH and J. F~RRA~.:  -Phys. Rev. B,  28, 1835 (1983). 
(54) j . H .  ROS~., J .R .  SMITH, F. GUINEA and J. F~R~A~T~.: Phys. Rev. B,  29, 2963 
(1984). 
(55) j . H .  Ro8~., J .P.  VARY and J .R.  SMITh: Phys. Rev. LetS., 53, 344 (1984). 
(se) A. PASCOLINI and C. VILLI: ~UOVO Cimento A,  85, 89 (1985). 
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The to t a l  energy-dis tance re la t ion  for monoenerget ic  nucleons wi th  kinet ic  
energy  E would be 

(2~) E~(r) = ~;(r) + ~ .  

5"2. N u c l e o n  capture  interact ions.  - We consider now cap tu re  in te rac t ions  
be tween  nucleons. A colliding nucleon remuins  unbound  for 

(23) U(r) + E > 0 ,  

while i t  is c ap t u r ed  in a bound  s ta te  for  

~7(r) + ~v < o.  (23') 

The condit ion 

(28") ~7(r) + E = 0 

establishes,  for each value of E <  AU, the  corresponding radia l  dis tance 

[rNo(E)]A~ below which the  colliding nucleon is captured .  
The  nucleon cap ture  cross-section for monoenerget ic  nucleons can be 

es t ima ted ,  as a funct ion  of t he  cap tu re  radius  [r~z(/~)]A~ , b y  

(24) 

Now we have  to  t ake  into  account  t ha t ,  according to  She model  assump-  
t ions,  t he rma lyzed  nucleons have  a l~[axwell-Boltzmann energy  distribuSion. 
Thus we define a cap tu re  radius  [rNo(T)]ar , depending this  t i m e  on T, as the  
weighted average  of the  cap ture  radius  [r~o(E)]au over  the  Maxwel l -Bol tzmann  
d i s t r ibu t ion  P(E) ,  t h a t  is, 

(25) 

where 

(26) 

A l l  

[r.o(T)]a. = f [r~o(~)]a.P(E) d/V, 
N0 

P(E) - ~  2Jr -�89 T - t E  �89 exp [--  E / T ]  . 

I n  th is  way, the  nucleon cap ture  cross-section as a funct ion of T can be eval-  
ua t ed  as 

(27) 

We consider (subsect.  5"1) only inelast ic  in terac t ions  induced b y  free nu- 
cleons b y  assuming (subsect.  5"1) t h a t  in teract ions  of a free nucleon wi th  e i ther  
free or bound  nucleons can be described b y  the  same potent ia l .  Then values 
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used for the  po ten t ia l  parameters  re and AU to calculate [r~o(T)]a~ are inde- 
pendent  of the  fact  t h a t  the  free nucleon in teracts  with e i ther  a free or a bound 
nucleon. 

For  the  equil ibr ium spacing re we use the  fixed reasonable value,  often 
adopted,  re ~ 1.1 fm (ss) since only small deviat ions from this value are allowed. 

Current ly adopted  values for the  equil ibr ium binding energy AU range 
f rom 16MeV (55), concerning infinite nuclear ma t t e r ,  to  8MeV (5~), when 
surface effects in finite nuclei are t a k e n  into account.  This range is large enough 
to encompass also interact ions between free nucleons and bound nucleons. 
Then,  also in account  of the  fac t  t h a t  the  dens i ty  of composi te  part icles is 
negligible with respect  to  the  densi ty  of free nucleons (subsect. 5"1), we th ink  
t h a t  the  use of a common value for A U cannot  significantly a l ter  the  evaluat ion 
of the quant i t ies  we will deduce in the  nex t  subsection. 

5"3. Oomparison el the (T, ~,,) correlation with predictions o] the model - 
lgow we define within the  expanding system, which represents  also the  emis- 
sion source, the  following quant i t ies :  

A*, t o t a l  number  of free nucleons;  

r and V, l inear dimensions and  volume,  respect ively ,  of the  source 
whose expansion is assumed to  be near ly  isotropie so t h a t  r 2V; 

/r = Ot/~tT, ra t io  be tween the  densi ty  of all const i tuents  and the  densi ty  
of free nucleons;  

L~~ 1/Qt[aNc(T)]A~ , nucleon mean free pa th  against  nucleon captures 
as a funct ion of t empera tu re ;  

a = L~~162  pa rame te r  re la ted to  the  probabi l i ty  PNF th a t  a nucleon 
does not  suffer capture  collisions by  P ~  = exp [ ~  1/a]. The freeze-out  con- 
ditions depend on this probabi l i ty .  

A correlat ion between these quant i t ies  yields 

(28) LNc = a~b = a(2V) ~ , 

and hence 

[ ~ o C T ) ] ~ e t , -  a 2 o , , /  ' 

By taking into account  t h a t  [aNc(T)]a~ c 'm be expressed b y  eq. (27), eq. (29) 
becomes 

1 1 1 
(ao) ~tr 

2 t ~ l A  *t k! at [r~o(T)]~" 
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1~ow we assume t h a t  A* m a y  range  be tween  25 and  100 and  t h a t  k=~t~tr= 
---- 1 .2•  These assumpt ions ,  ample  enough to  encompass  wha teve r  re]iable 
values  for AF* and  k, imp ly  t h a t  

(31) A*ik t '~ 10.5 •  

The unce r t a in ty  given in eq. (31) is cer ta in ly  ove res t ima ted  since A* increases 
as a funct ion  of T, while k decreases vs. T. 

The dependence of [ r~o(T)]~ on T according to eq. (25) is shown b y  the  
dashed lines drawn in fig. 4a) for A U = 8 MeV and  in fig. 4b) for  A U = 16 MeV. 
These curves ~re compared  wi th  the  s t r a igh t  full lines which represent  the  T 8 
dependences:  

(32)  

in fig. 43) and  

(33)  

in fig. 4b). 

[r~o(T)]-a = 6 .4 -108e  T a 

[ rNo(T) ] -3  = 8" 1035 7 a 

101 

~10 
5- 

/ a) 

f 
/ 

/ 
/ 

b) 

10 3e 103~ 1040 

Fig. 4. - Dashed lines show the correlation between [r~o(T)]X ~ and T which, according 
to eq. (25), is deduced for AU ~-- 8 MeV (a)) and for AU ---= 16 MeV (b)). Full straight 
lines represent the equations [r~e(T)]  - s  = 6.4- l0 se T s (a) ) ,  [rNc(T)] - s  ~- 8.1036 T 3 (b)).  
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Figure  4b) shows t h a t  [rsc(T)]~le~,~ m a y  be a p p r o x i m a t e d  b y  a T ~ de- 
pendence only in the  t e m p e r a t u r e  range  T ~ (10--30)MeV. Since several  
points  (T, ~t,) are located a t  T < 10 MeV (see fig. 3), the  use of [r~o(T)]]~_~sMe v 
could no t  explain  the  whole observed  dependence  of Qt, on T. 

Ins t ead ,  the  compar ison  made  in fig. 4a) shows t h a t  [rNc(T)]~_8~,v can be 
well app rox ima ted  by  a T 3 dependence in the  whole t e m p e r a t u r e  range  
T ~ (4--20)Y[eV, wi th in  which all eva lua ted  points  are  located.  

Also ~t,, according to  eq. (19), exhibi ts  an empir ica l  dependence  on T 3. 
This allows us to assume t h a t  the  p a r a m e t e r  a of eq. (30) can be considered 

cons tan t  for A U ~ 8 Meu 

101 

IO~ 
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I ! ! i i I i I i ! I I I I i I' I I 

a )  

* I , , J i m m ]  I I I I J I i l l  I 
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/ b )  

10 0 i , * , , , l , I  , ~ i , , , , , I  
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Fig. 5. - a) Comparison between the (T, qty) points evaluated by the present statistical 
approach (open circles) and expectations of the formulated model according to eq. (34) 
which adopts the value AU = 8 MeV (full line), b) Two examples of comparisons, 
analogous to the one made in a), by using this time the value AU ~ 16 Meu (dashed 
lines). These comparisons show that the a~sumption AU = 16 MeV in eq. (30) can- 
not  well explain the whole observed correlation between etF and T. 
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Final ly,  we have  to ascer ta in  whe the r  eq. (30) yields also r ight  quan t i t a t i ve  
values.  To such a purpose  we de te rmine  the  p a r a m e t e r  a in order  to  ver i fy  if 
i t  implies a P~F value t h a t  satisfies the freeze-out  conditions.  To do it, we ob- 
serve t ha t  the  p ropor t iona l i ty  be tween  ~t~ and  [ r~c(T)]~ expressed b y  eq. (30) 
allows us to t rans la te  along the  abscissa axis the  curves of fig. 4 which represent  
[rNo(T)]~ unt i l  these  curves fit in the  bes t  possible way  the  (T, ~t~) points.  
Such a t rans la t ion  is equ iva len t  to de t e rmin ing  the  fac tor  1 / 2 i ~ t A * t k ~ a  g of 
of eq. (30) and  hence,  in account  of the  value (31), the  p a r a m e t e r  a. 

The points  (T, ~ , )  eva lua ted  b y  using the  s ta t is t ical  approach  described 
in subsect.  3"2 and  3"5, shown in fig. 3, are also repor ted  as circles in fig. 53) 
and  b). Two examples  of [r~o(T)J~_~,M. v t rans la t ions  paral le l  to  the  abscissa 
axis are  considered in fig. 5b). As expected,  according to our comment s  abou t  
fig. 4b), the  inadequacy  is ev ident  of [r~c(T)]~_~6M~ v to yield the  whole ob- 
served behav iour  of Qt~ as a funct ion of T. 

Ins tead ,  and  coherent ly  with wha t  is observed in fig. 4a), fig. 53) shows the  
r e m a r k a b l e  ag reement  be tween  eq. (30) and  the  (T, ~tF) point  ob ta ined  th rough  

T -3 a sui table t rans la t ion  along the  abscissa axis of [r~c( )]a~=sM~ The t rans-  
la t ion fac tor  is deducible f rom eq. (30), b y  t ak ing  into account  t h a t  
[r~o(T)]~_BM.v and  ~t, are b o t h  well a p p r o x i m a t e d  as a T a dependence  b y  
means  of eqs. (32) and  (19), respect ively .  Then  

(34) a t (21 :~ jA , t k t )  ~ [r~o(T)]7,~=sM.v 6.4"1036T s 
Q ~  - -  5 . 3 "  1083 T 8 - -  1 . 2 "  1 0 3  . 

F r o m  eq. (34) we can finally deduce the  p a r a m e t e r  a. By  using the  value (31) 
into eq. (34), we ob ta in  t h a t  a ] m a y  range  be tween 9.6 and  24. Consequent ly,  
as sho~-a in fig. 6, P ~  ranges  be tween  ~ 0.80 and ~-0.89. 

1.0 

~_~ 0.s 
O- 

. . . .  I . . . .  I ! ! 

. . . .  I , , . I , , , 

0 10 a3/2 20 30 

Fig. 6 . -  Probability P ~ =  exp[ - - l / a J  that nucleons do not suffer capture colli- 
sions, vs. at. Vertical arrows delimit the range of aJ deduced by eq. (34) taking into 
account the value (31). Horizontal arrows and dashed area show the consequently 
deduced range of PNF. 
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Remarkably, the range covered by P~F satisfies, in practice, the real con- 
ditions required in order that  the freeze-out stage take place. This result seems 
to give a good support to the reliability of the adopted model. 

6 .  - C o n c l u s i o n s .  

A new statistical approach is here adopted to evaluate temperature and 
free-mlcleon densities of dilnto, nuclear matter  (subseet. 3"1 and 3"2). Its ap- 
plication requires only the knowledge of suitably chosen yield ratios (sub- 
sect. 3'2 and 3"5) between different light composites emitted by a nuclea.r 
source hypothesized in the freeze-out stage. 

Light clusters emitted in heavy-ion collisions can be considered unique 
in order to give information on the freeze-out stage (subsect. 2"1) and good 
messengers of a common piece of exploding nuclear matter  (subsect. 3"2). 
These properties are not attributable to the nucleon emission. 

The freeze-out stage, when it is reached, either directly or through dif- 
ferent sequential steps, constitutes the last stage of the whole reaction mech- 
anism involved in heavy-ion collisions (subsect. 2"1). The physical conditions 
which characterize this last stage are independent of the evolution of the 
excited nuclear matter  (subsect. 5"3). 

We evaluate temperature and free-nucleon densities of nuclear mat ter  in 
the freeze-out stage under the assumption that  both thermal and chemica.1 
equilibrium are reached (subsect. 3"1). Coherently with this assumption a careful 
selection of experimental data is made, when necessary (subsect. 3'5), in order 
to separate events attributable to the (~ equilibrium component ,  (subsect. 3"4). 

Experimental data n6eded to apply the here proposed evaluation method 
are yield ratios between emitted composites differing either for a proton or 
for a neutron (subsect. 3"2). We use all known data about the ~H, 8H, 3He, 
4He cluster emission since most of the available data concerningcomposite-par- 
ticle emission in heavy-ion collisions are limited to the hydrogen and helium 
isotopes (subsect. 3"2). We exclude from our analysis the proton emission 
data for the reasons given in subsect. 3"2. 

The more accurate estimates of T deduced by our analysis are obtained at  
lower temperatures (subsect. 3"2) just where the usual T estimates, deduced 
by fitting the energy spectra, may be affected by the largest uncertainties 
(subsect. 2"2). Then, the here adopted evaluation procedure can be considered 
particularly appropriate to evaluating temperatures T of equilibrated nuclear 
sources which decay with nounegligible emission of light composites. In fact, 
the temperatures iuvolved in such decays should not exceed some tens of MeV, 
since at higher temperatures the composite-particle production is strongly 
suppressed. 

The here found values of temperature are limited between about 4 and 



T:EMFERAT~Ir AN]) FR]~:E-N~UCL~ON D:ENSITI:ES OF NUCL:EAtr MATT:ER :ETC. 27 

20 ~eV,  al though the  project i le  energy per  nucleon of the  19 invest igated 
reactions covers about  two orders of magni tude  (table I). This resul t  seems 
to confirm tha t  the  evaluat ion procedure  and the  t r e a t m e n t  of da ta  here  
adopted  are actual ly  appropr ia te  to  invest igate the  hypothes ized  nuclear 
systems. The high values of t empera tures  ranging up to the  l imit ing tem- 
pera ture  T,~x~_m~c 2 (subsect. 2"2) concern to  the  free-nucleon and pion 
emission (7,~1,32). 

Another  aspect  we like to  underl ine is the  fact  t ha t  the  absolute values of 
the  free-nucleon densities ~ ,  ~ and hence ~tF = Q~F-[-Qn~ are deduced by  the 
present  analysis. The found values of ~ ,  ranging within two orders of magni- 
tude  (table I, fig. 3), show a dependence on T which can be well approx imated  
by  ~F--~ 5"3"1033Ta cm-3 (subsect. 4"3). 

We formula te  a di lute-nuclear-mat ter  model  in order  to deduce an approx- 
imate  bu t  quant i ta t ive  in terpre ta t ion  of this empirical  correlation. The 
basic points of the  model  (sect. 5) m a y  be summarized as follows: 

a) Assumptions made  about  the  const i tuents  of the  considered nuclear 
sys tem are ample enough to  encompass as much as possible its composit ion 
(subsect. 5"1). 

b) Nuclear-capture interact ions are described by  using a po ten t ia l -energy-  
distance relat ion recent ly  adopted  to describe successfully different atomic, 
molecular,  metall ic and nuclear  systems (subsect. 5"1). This re la t ion is based 
only on the  two parameters  r0 and AU, which represent  the  equil ibrium spacing 
and the  equil ibrium binding energy, respect ively  (subsect. 5"1). 

o) A capture  radius [r~c(T)]a~ weighted over  the  thermal -energy  dis- 
t r ibu t ion  of const i tuents  is defined (eq. (25)). For  radia l  distance below 
this radius, which is a funct ion of bo th  T and A U, the  colliding nucleons are 
assumed to  be cap tured  in a bound s ta te  (subsect. 5"2). 

d) The freeze-out  stage is de termined  by  the  probabi l i ty  P ~  t h a t  nu- 
cleons do not  suffer capture  collisions (snbsect. 5"3). 

A remarkable  quant i ta t ive  agreement  be tween expectat ions of the  model  
(eq. (30)) and the  empirical  (T, ~ )  correlat ion is obta ined for AU ~ 8 l~IeV. 
This agreement  implies /)~s ~ 0.8--0.9, which in our opinion satisfies in 
the  best  possible way the  actual  freeze-out  conditions. The deduced value 
A U = 8 l~eV can be considered as a ve ry  rel iable resul t  since i t  is the  most  
appropr ia te  value to  be expected when surface effects in finite nuclei are t aken  
into account.  

According to the  model  predict ions (eq. (30)), the  dependence of ~tF on T, 
for  AU = 8 lVIeV, can be approx imated  by  ~ F ~  5.3.1038T 3 only for the  tem-  
pe ra tu re  range, be tween T ~ 4 McV and T_~ 20 MeV, which encompasses all 
the  found (T, ~t~) pairs. For  o ther  values of T the  expected  behuvionr  of ~tF 
vs. T tends to deviate  f rom the T 3 dependence (fig. 4). Tempera tures  higher 
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t h a u  ~ 20 N[eV a re  e x p e c t e d  to  b e  c o n c e r n e d  w i t h  n u c l e a r  r e g ions  e x p l o d i n g  

e s s e n t i a l l y  i n t o  f ree  nuc l eons  a n d  a lso  p i o u s  a t  t h e  h i g h e r  t e m p e r a t u r e s .  L o w e r  

t ,~mpera tu re s  m i g h t  be  c o n c e r n e d  w i t h  n u c l e a r  s y s t e m s  d e c a y i n g  w i t h  n o n n e g -  

l i g ib l e  e m i s s i o n  of c o m p o s i t e s  h e a v i e r  t h a n  t h e  l i g h t  c lu s t e r s  h e r e  cons ide red .  

T h e  g o o d  q u a u t i t a t i v e  a g r e e m e n t  b e t w e e n  t h e  f o u n d  (T, ~)  c o r r e l a t i o n  a n d  

p r e d i c t i o n s  of t h e  a d o p t e d  n u c l e a r  m o d e l  seems  to  i n d i c a t e  t h a t  t h e  a d o p t e d  

s imp l i f i ed  a s s u m p t i o n s  m a y  h a v e  r e a l  p h y s i c a l  s ign i f icance .  W e  t h i n k  t h a t  

b o t h  new e x p e r i m e n t s  a n d  m o r e  s o p h i s t i c a t e d  t h e o r e t i c a l  a p p r o a c h e s  a r e  n e e d e d  

be fo re  d e f i n i t i v e l y  e s t a b l i s h i n g  t h e  h e r e  f o u n d  a n d  i n t e r p r e t e d  c o r r e l a t i o n  

b e t w e e n  T a n d  ~t~- 

�9 R I A S S U N T O  

Si adot ta  un nuovo approccio s~atistico che, mediante un 'oppor tuna analisi delle part i -  
celle leggere emesse nelle reazioni t ra  ioni pesanti,  permet te  di caleolare le densits dei 
nuclconi liberi c la tempera tura  della sorgente di emissione. Si usauo t u t t i  i dat i  not i  
r iguardaut i  l 'emissione di 2H, all ,  8He, 4He misurat i  in un unico csperimento. Questi 
dat i  si riferiseono a 19 reazioni t ra  ioni pcsant i  s tudiatc a energie comprese i r a  26 e 
2100 MeV per nucleonc. Gli eventi  analizzati  sono soltanto quelli ehe, mediante accu- 
rate  selezioni, possono essere a t t r ibui t i  alla componente di equilibrio. Tra  i risultati ,  
si osserva una correlazione t ra  la densitA totale  dei nucleoni liberi 0tr e la tempera tura  T 
della sorgentc. Si formula un modcllo della mater ia  nuelearc per confrontare le previ- 
sioni quant i ta t ive  di tale modello con la correlazione osservata t r a  T e 0tr" Questo 
confronto d~ un accordo soddisfacente. 

PoSIOMe He I'IOII~ICHO. 


