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Abstract: Single- and two-particle inclusive cross sections for light nuclei (p, d, t, 3*4He, 6-9Li, 7~*~‘oBe) 

were measured for 14N induced reactions on 19’Au at E JA = 35 MeV. At forward angles, 0 = 20”, 

quasi-elastic peripheral reactions and more violent fusion-like collisions were discriminated by 

measuring the folding angle between two coincident fission fragments resulting from the decay of 

the heavy reaction residue. More pronounced correlation functions, but very similar emission 

temperatures are observed for fusion-like collisions as compared to peripheral collisions. 

NUCLEAR REACTIONS “‘Au(‘~N, X), (14N, F), E = 35 MeVJnucleon; measured 

E (particle)(particle) correlations, fission (fragment)(fragment)-coin, inclusive (T for 

X = p, d, t, 3*4He, 6*7.8*9Li, 7~8~‘0Be; deduced source dimensions, emission temperatures. 

1. introduction 

For intermediate energy nucleus-nucleus collisions, particle emission during the 
equilibration stages of the reaction is impo~ant, rendering a description of the 
reaction in terms of the classical concept of compound nucleus formation and decay 
inappropriate. In the absence of detailed dynamical treatments of the spatial and 
temporal evolution of the collision process, recourse is often taken in models based 
on the assumption of statistical particle emission from nuclear subsets characterized 
by their average velocity, space-time extent, and excitation energy or “tem- 
perature ” ‘-‘). Experimental information about the temperatures and the space-time 
evolution of such subsystems is clearly needed. While inclusive measurements can 
provide insights about the average properties of the emitting system, more detailed 
information must be obtained from measurements in which specific classes of 
reactions can be suppressed or enhanced. 

The extraction of nuclear temperatures from the kinetic energy spectra of the 
emitted particles “) can be complicated by the effects of collective motion 9), the 
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temporal evolution of the emitting system 6,‘o*“), the sequential decay of highly 

excited primary fragments lo), and fluctuations of the Coulomb barrier 12). Alterna- 
tively, if the emitting (sub)system is close to chemical equilibrium, information 
about its excitation energy density or temperature can be extracted from the relative 
populations of states ‘3-20). The relative populations of particle unbound states can 
be determined by measuring two-particle correlations at small relative momenta. In 
addition, such measurements provide information about the space-time character- 
istics of the emitting system 2’-36). 

In order to obtain more detailed experimental information about emission tem- 
peratures and source dimensions for different classes of reactions we measured 
single- and two-particle distributions in coincidence with two fission fragments 
resulting from the decay of heavy reaction residues. In addition, we measured single- 
and two-particle inclusive distributions over the angular range of elab= lo”-70”. 
Quasi-elastic and more violent, fusion-like projectile-target interactions were dis- 
criminated by the linear momentum transfer to the heavy reaction residue by 
measuring the folding angle between two coincident fission fragments. Some of the 
results of this series of experiments have already been published ‘9*35-37). Experi- 
mental details are given in the following section. Single-panicle inclusive distribu- 
tions are presented in sect. 3. Sect. 4 gives a simpli~ed discussion of the information 
content of two-particle correlations. Two-particle inclusive correlation measure- 
ments will be discussed in sect. 5. Single- and two-particle distributions measured 
in coincidence with two fission fragments will be discussed in sects. 6 and 7. Summary 
and conclusions will be given in sect. 8. 

2. Experimental details 

The experiment was performed at the National Superconducting Cyclotron 
Laboratory at Michigan State University. Gold targets of 1.1, 10, and 19 mg/cm2 
area1 density were irradiated with 14N ions of E/A = 35 MeV incident energy. Light 
particles (2 G 3) were detected by a close packed hexagonal array of 13 AE -E 

telescopes, each consisting of a 400 pm thick Si detector and a 10 cm thick NaI 
detector. Each telescope subtended a solid angle of 0.94 msr; the angular separation 
between adjacent detectors was 6.1”. 

Single and two-particle inclusive measurements were performed with the center 
of the hodoscope positioned at the angles of oav = 20”, 35” and 50” with respect to 
the beam axis; for these measurements a thick (19 mg/cm2) gold target was used. 
Measurements in coincidence with fission fragments were performed with the center 
of the hodoscope positioned at 6,” = 20”; for these measurements a thin (1.1 mg/cm*) 
gold target was used. 

Coincident fission fragments were detected with two xy-position sensitive parallel 
plate detectors with individual active areas of 11 x 11 cm2. The centers of these 
detectors were mounted in the plane defined by the center of the light particle 
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hodoscope and the beam axis. They were positioned at the distances of d, = 13.6 cm 
and dZ= 17.3 cm from the target and at the polar angles with respect to the beam 
axis of 8i = 95” and e2 = -55”, respectively. 

Single-particle inclusive cross sections for Li and Be fragments were measured 
in a separate run using two AE - AE - E silicon detector telescopes consisting of 
detectors of 75 brn, 400 pm, and 5 mm thickness. The solid angles of these telescopes 
were 2.1 and 4.1 msr; the target thickness was 10 mg/cm’. 

The energy calibrations of the silicon detectors were performed by injecting known 
amounts of charge into the preamplifier inputs. The energy calibrations of the NaI 
detectors were established by scattering alpha particles of 60 and 100 MeV energy 
from a polyethylene target and detecting the scattered (Y-particles and recoil protons 
at various scattering angles. The calibrations are accurate to within 3% for E/As 

25 MeV and within 2% for E/A =J 25-50 MeV. Gain stabilization procedures similar 
to those described by ref. ‘*) were employed. 

Coincidences and downscaled singles events were written on magnetic tape and 
analyzed off-line. In the off-line analysis, energy thresholds of 12, 15, 18, 35, and 
40 MeV were used for protons, deuterons, tritons, 3He nuclei, and a-particles, 
respectively. The coincidence cross sections were corrected for random coincidences. 
Absolute cross sections were determined from the known target thicknesses, solid 
angles, and integrated beam currents. They are believed to be accurate to within 15%. 

3. Single-particle inclusive cross sections 

Single-particle inclusive cross sections for light particles (p, d, t, o) are shown in 
fig. 1. These cross sections exhibit the characteristic features established for a large 
number of heavy-ion induced reactions at intermediate energies [see ref. 38) for a 
recent review]. At forward angles, the energy spectra exhibit a broad maximum 
which is located close to the beam velocity. This peak could be attributed to 
peripheral break-up reactions. At larger angles, the energy spectra exhibit rather 
structureless, nearly exponential slopes which are considerably less steep than 
expected from compound nucleus evaporation. Qualitatively similar energy spectra 
are observed for the emission of Li and Be fragments, see figs. 2 and 3. 

In order to bring these data into context with previous measurements and to 
provide extrapolations to unmeasured scattering angles and particle energies, 
the data were fitted by a parametrization employing the superposition of three 
maxwellian distributions (“moving sources”): 

&=.g Ni~exp(-[E-U,+Ei-2JE~(E-U,)cos8]/1;). (1) 
I 1 

Here, U, is the kinetic energy gained by the Coulomb repulsion from the heavy 
reaction residue assumed to be stationary in the laboratory system; Ni is a normaliz- 
ation constant and Ti is the “temperature” parameter of the ith sources; Et = tmvf, 
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Fig. 1. Differential cross sections for p, d, t, and cu-particles. The solid curves show fits with eq. (1). The 

fit parameters are listed in table 1. 

where m is the mass of the emitted particle and ui is the velocity of the ith source 

in the laboratory system. 

In order to reduce the number of free parameters, the parameters of one source 

were kept fixed at v, = 0.0185~ and T1 = 5 MeV. These parameters are consistent 

with evaporation from fully equilibrated heavy reaction residues formed in incom- 

plete fusion reactions. The remaining parameters were fit to the data. The resulting 

fits are shown by the solid lines in figs. l-3; the parameters are listed in table 1. In 

addition to the slow, “target-like”, and fast, “projectile-like”, sources, an intermedi- 

ate rapidity source is required to fit the cross sections at large transverse momenta. 

For light particles (p, d, t, (Y), the temperature parameters for this source agree with 

the systematic trends established previously 4S8738739). It should, however, be kept in 

mind that the exact values of these parameters depend on the specific choice of 

parametrization 40), 

4. Two-particle correlations at small relative momenta 

The two-particle correlation function, R(q), is defined in terms of the coincidence 

yield, Yi2(p1, pJ, and the single-particle yields, Y,(pi) and YJpJ: 

c YdP19 Pd = Cd1 + R(q)) c Y,(Pl) Y*(PJ - (2) 
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Fig. 2. Differential cross sections for lithium isotopes. The solid curves show fits with eq. (1). The fit 
parameters are listed in table 1. 

Here p, and p2 are the laboratory momenta of particles 1 and 2; q is the momentum 
of relative motion (non-relativistically, q = CL ( pz/ m2 -pJ ml)); C,, is a normalization 
constant which is determined by the requirement that R(q) = 0 for large relative 
momenta. For each gating condition, the sums on both sides of eq. (2) were extended 
over all energy and detector combinations corresponding to the given bins of q; in 
most cases the correlation functions were determined as a function of q = IqI only. 

Two-particle correlations are sensitive to the space-time extent of the emitting 
system. This can be understood most easily in the thermal model 30). If one assumes 
that two particles only interact with each other and not with the rest of the system, 
one may approximate the two-particle density of states as: 

P(E 9) = PO(P) * (dq)+&(q)), (3) 

where p,(P) = VP2/27r2 and p&q) = (2s, + 1)(2s,f 1) Vq*,/2v* denote the plane wave 
densities for the motion of the center-of-mass of the two particles and for their 
relative motion, respectively; s, and s2 denote the spins of the two particles; V 
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Fig. 3. Differential cross sections for beryllium isotopes. The solid curves show fits with eq. (1). The fit 
parameters are listed in table 1. 

denotes the volume of the system. The neglect of higher order interactions is expected 
to be reasonable for the final, low-density disintegration stages of the collision. At 
higher densities, this approximation may be inadequate. For non-identical particles 
the interaction term, Ap(q), can be written as: 

Here, S,,, is the scattering phase shift for channel cx and total anguiar momentum 
3. Unlike the plane-wave densities, the interaction term does not depend on the size 
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Parameters used to fit the single-particle inclusive cross sections shown in figs. 1-3 

N, T2 
(a.u.) (MeV) v2l c 

7”~ 7-3 

(a.u.) (MeV) QIC 
N3 

(a.u.) 

P 
d 
t 
a 

6Li 

7Li 

sLi 

9Li 

7Be 

‘Be 

‘%e 

9.9 5 0.0185 4581 10.0 0.118 5275 5.5 0.248 4990 
9.6 5 0.0185 1764 10.5 0.122 2131 6.3 0.227 2046 
9.3 5 0.0185 2794 11.5 0.125 1216 6.4 0.223 901 

18.1 5 0.0185 24 040 11.9 0.123 2514 4.7 0.234 8491 
26.1 5 0.0185 83.7 14.5 0.099 49.5 12.0 0.210 59.9 

25.8 5 0.0185 169 13.6 0.086 115 12.7 0.197 86.6 

25.5 5 0.0185 38.0 14.8 0.084 19.6 12.8 0.190 14.9 
25.4 5 0.0185 14.6 13.2 0.087 5.72 13.3 0.174 2.67 

34.1 5 0.0185 8.95 15.7 0.111 9.35 10.2 0.210 25.7 

33.4 5 0.0185 29.3 13.5 0.077 27.6 12.7 0.188 16.4 

33.2 5 0.0185 32.3 12.8 0.069 27.1 15.6 0.166 7.70 

of the system, Eq+ (3) can be cast into the form: 

PfP, ~~~~~(~~~~(q~ + (l+R(q))=Po(P*)Po(P*) -(l-f-R(q)) * (5) 

Here, po(pi) = (2Si + 1) ’ Vp~/29r2 denotes the plane wave density of states for particle 
i, and R(q) is given by: 

R(q) = 
27T as,, 

(2s,+*)(2sz+l)Vq2~(2J+1) aq ’ 
(6) 

If one assumes, that the singles and coincidence yields are given by thermal 
equilibrium distributions characterized by a temperature T, 

~(~~)~~~~(~~) e-EriT> (i = I, 2) ) (71 

Y&P,, PJ=P(P, 4) e-tEgtE2tiT, 03 

one can see immediately that R(q) agrees with the definition of eq. (2). Within the 
thermal model, the two-particle correlation function depends only on the volume 
of the emitting system. It is independent of the temperature of the system. 

Information about the temperature of the system can be obtained by investigating 
the relative populations of states. As a function of the excitation energy, E, the 
population of states can be written as 

(9) 

Here, N is a notarization constant and A&E) denotes the density of states 
corresponding to the interaction term, eq. (4). The right-hand side is a good 
approximation if the energy dependence of the phase shifts is dominated by a series 
of resonances. Expressions similar to eq. (9) can also be derived from alternative 
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statistical formulations such as appropriate generalizations of evaporative models. 

The population of states decaying into channel c can be written as 

= N emEIT C 
(2Ji + l)ri/27T r,i 

; (E-E,)'+$; r; ' 
(10) 

where r,,i/ri denotes the branching ratio for the decay into channel c. Equations 

(9) and (10) describe the primary populations of states. In the present approximation, 

the relative populations of states depend only on the emission temperature of the 

system. However, the primary distributions can differ from the final populations of 

states which are detected experimentally due to feeding from higher-lying particle 

unstable states 16,18741,42). 

Historically, the sensitivity of two-particle correlation functions to the space-time 

extent of the emitting system was derived from the modifications of the wave 

functions of relative motion due to final-state interactions 27-30) or quantum 

statistics 21-26 ). [For broad states decaying into particles of different charge to mass 

ratios or for nonresonant final state interactions between particles of different charge 

to mass ratios, Coulomb interactions with the heavy target residue lead to additional 

modifications of the correlation functions 37,43). For the case of narrow resonances, 

Coulomb interactions with the heavy target residue should be negligible.] If the 

time dependence of the emission process is neglected, one can express the two- 

particle correlation function in terms of the single-particle source function, p(r), 

and the two-body wave function !P(r, , r2): 

R(q) = d3rl d3r2{lW(rl, rdl’- 1b(rlMr2) x (I d3rpCr))e2. (11) 

By replacing the two-body wave function by its asymptotic form, assuming a 

uniform source function, and neglecting edge effects arising from the finite size of 

the reaction volume, one can recast 30) eq. (11) into the form of eq. (6). In this 

approximation, the thermal model is equivalent to the final state interaction model. 

For our calculations of the correlation functions, we have adopted the original 

formulation of Koonin, eq. (1 l), and assumed a source of gaussian spatial density, 

p(r) a exp (-r*/ r$), and negligible lifetime. 

5. Two-particle inclusive measurements 

5.1. CORRELATION FUNCTIONS 

Inclusive two-particle correlation functions measured for the r4N + 19’Au reaction 

at E/A = 35 MeV have already been published elsewhere 19,35,37). We will, therefore, 

only summarize the results. 

Correlation functions measured at 8,” = 35” and 50” are very similar in magnitude. 

This is illustrated in fig. 4 which shows the pp, pcu, and da correlation functions 
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measured at these angles. Apart from the energy thresholds no other constraints 
were applied. The pp correlation function “) exhibits a maximum near q = 20 MeV/ c 
which is caused by the attractive singlet S-wave interaction between the detected 
protons. The pa correlation function43) is dominated by the pa resonance corre- 
sponding to the ground state of ‘Li (J” =$-, I’= 1.5 MeV, r,/r = 1.00); its line 
shape is distorted by the Coulomb interaction with the heavy target residue 43). The 
rise of the correlation function towards small relative momenta, q G 25 MeV/ c, is 
caused 43) by contributions from the decay ‘B+ 2~y +p. The da correlation 
function ‘6,‘9,29) exhibits two maxima which correspond to the T = 0 states in “Li at 
2.186 MeV (J” = 3+, r = 24 keV, r,/r,,,, = l.OO), 4.31 MeV (J” = 2+, r = 1.3 MeV, 
I’JI’,,, = 0.97), and 5.65 MeV (J” = I+, r = 1.9 MeV, r,/r,, = 0.74). 

The curves in fig. 4 represent two-particle correlation functions predicted in terms 
of the final state interaction model 19Z27,29*43), eq. (11). Because of the narrow width 
of the 2.186 MeV state in 6Li, the theoretical cud correlation function was corrected 
for the finite resolution of the hodoscope by folding the original calculation with a 
gaussian of appropriate width. Such corrections are of minor importance for the 
pp and pa correlation functions. (Since the height of the md correlation function 
depends on the instrumental line shape, we have extracted source radii from the 
integral trd correlation, ReR = j dq * R(q), with the integration performed over the 
range of q - 30-60 MeV/c. Source radii extracted in terms of this quantity are less 
dependent on the experimental resolution.) The inclusion of the temporal evolution 
of the emitting system is expected to reduce the magnitude of the calculated 
two-particle correlation functions 27*29,44). Therefore, the indicated source 
dimensions represent upper limits for the spatial extent of the emitting system. The 
extracted upper limits of the source dimensions are comparable to, or slightly smaller 
than the size of the target nucleus [r,(Au) =Jf rrms(Au) = 4.3 fm]. Source radii 
extracted from the broad peak of the ad correlation function at q = 85 MeV/c are 
larger by about 0.8 fm than those extracted from the sharp peak at q = 40 MeV/ c; 
the reason for this discrepancy is not understood. 

Inclusive two-particle correlation functions have been shown to depend on the 
total kinetic energy of the two coincident light particles ‘8*19*32*35), possibly indicating 
emission from expanding or cooling (sub)systems. Fig. 5 summarizes the source 
parameters, r,, extracted 35) from the inclusive two-particle correlation functions at 
8,” = 35”. For orientation, the dashed horizontal lines mark the corresponding source 
dimensions of projectile and target nuclei. The extracted source parameters depend 
on the particle combination as well as on the total kinetic energy, E, + E2, 

of the two coincident particles 35). These dependences are not yet understood 
quantitatively. 

5.2. YIELDS OF PARTICLE UNSTABLE 6Li NUCLEI 

The cud correlation functions shown in fig. 4 are dominated by T = 0 states in 
6Li. Following ref. 16), we assume that the coincidence yield, Y,, resulting from the 
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Fig. 4. Inclusive pp. p(~, and da correlation functions measured at 0,,=35” and 50”. Apart from the 

energy thresholds, no constraints were applied to generate the experimental correlation functions. The 

theoretical correlation functions were calculated with the final-state interaction model 27V29), eq. (11). 
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Fig. 5. Source parameters extracted”) from inclusive two-particle correlation functions measured at 

B,, = 35”. The dashed lines indicate the corresponding dimensions of projectile and target; E, + E, denotes 

the total kinetic energy of the detected particles. 

decay of particle unstable states is given by: 

Y,(Pr,P*)= Y~*(P,,P2)-C12Y,(PI)Y*(p*)(l+R,(q)), (12) 

where R,(q) denotes the background correlation function and C,* is the normaliz- 

ation constant defined in eq. (2). We have used the same background correlation 

function as in refs. 16,19) to extract the ad coincidence yields resulting from the 

decay of particle unstable 6Li nuclei. Fig. 6 shows the extracted yields as a function 

of the relative kinetic energy, T,.,., in the 6Li rest frame; only statistical errors are 

shown. 

The experimental yield, Y,, is related to the excitation energy spectrum decaying 

into channel c, (dn(E)/dE),, by the relation 

(13) 

Here, E,(E’, E), is the efficiency function of the hodoscope; E and E’ are the actual 

and measured excitation energies, respectively. (The excitation energy, E, and the 

relative kinetic energy, T,.,. , are related to the separation energy, QS, via: E = T,.,. + 

Q,.) The efficiency functions for our hodoscope were determined by Monte Carlo 

calculations which take into account the geometry of the hodoscope, the detector 

energy resolutions, and the constraints on the particle energies. The decays of the 
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faboratory energy spectra and anguiar distributions of the ‘Li parent nuctei were 
described in terms of eq. (1) with the parameters given in table 1; these distributions 
are shown by the solid lines in fig. 2. 

The dot-dashed, dashed, solid, and dotted curves in fig+ 6 show the coincidence 
yields predicted in terms of eq. (13) assuming thermal distributions, eq. (IO), with 
T = 1, 2.5, 5, and 20 MeV, respectively. The curves are normalized to reproduce the 
experimental yield integrated over the energy range of T,., = 0.3-1.2 MeV. By 
integrating the decay yields over the energy ranges of T,,,. = 0.25-1.45 and KS- 
6.25 MeV and comparing the ratio of these yields to the ~rres~onding ratio calcu- 
lated from eqs. (10) and (131, an average emission temperature of T- 4 MeV is 
extracted IQ). This vaIue is believed to be accurate to within about 25% due to 
uncertainties in the ad background correlation function and due to the saturation 
of the coincidence yields at higher temperatures; statistical uncertainties are negli- 
gible i9), However, additionat uncertainties result from the unknown magnitude of 
feeding from hig~er-Iyi~~ states 41,42)S 

Fig, 6. Energy spectrum resulting from the decay of particte-unstable states in *Li. The curves correspond 

to thermal distributions with T= I, X5,5, and fO Me-V, taking the response ofthe hodoscope into account. 
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Fig. 7. Measured crd coincidence yield resulting from the decay 6Li$,s6+ (Y + d as a function of the total 

kinetic energy, I?, + Ed. The histogram is the result of the Monte Carlo calculations described in the text. 

To test the assumptions of our Monte Carlo calculations, we examined the decay 

of 6Li* 2.186 + cx + d. Fig. 7 shows the total kinetic energy distribution, d Y,/d( E, i- Ed), 

integrated over the first peak in the 6Li excitation energy spectrum, T,,,. = 

0.3-1.2 MeV. The yields predicted by the Monte Carlo calculations are shown by 

the solid histograms. The data are consistent with our assumptions about the parent 

energy distribution. 

Angular distributions, dY,/d& and d Yc/QR, of the decay yields from the 

2.186 MeV state in 6Li are shown in fig. 8. Here, OR is defined by: cos (6,) = 

(P. q)l(PI * Id, w h ere P =pl +p2 is the total momentum; QR is defined by: 

cos(~iR)=((~bxp).q)/(l TV,, x PI . lq[), where q, is a unit vector parallel to the beam 

direction. The histogram shows the result of our Monte Carlo calculations. (The 

asymmetry of d Y,/dQR with respect to QR = 90” is caused by the binning during 

the analysis of the experimental and simulated data.) It was verified that details of 

the 13~ distribution are sensitive to uncertainties in the absolute energy calibration. 

Within these uncertainties, the data are consistent with the assumption of isotropic 

decay. 

6. Filtered single-particle distributions 

Folding angle distributions between two fission fragments measured in coincidence 

with protons, deuterons, tritons, cY-particles and Li nuclei, detected at eav = 20”, are 

shown in fig. 9. For orientation, the upper scale gives an approximate scale for the 
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Fig. 8. Angular distributions of the decay yields from the decay 6Li&, + o + d. The angles OR and OR 

are defined in the text and depicted in the insert. The histograms are the results of Monte Carlo calculations 

in which the 6Li nuclei are assumed to decay isotropically in their respective rest frames. 

fraction, Ap/p, of the projectile momentum which is transferred to the heavy reaction 

residue. This scale gives the relation between the linear momentum of the fissioning 

system and the most probable folding angle between two fission fragments resulting 

from the symmetric fission of the composite nucleus. With increasing mass of the 

detected light particle, the maximum of the coincident folding angle distribution is 

shifted towards larger angles. To a large extent, this effect is due to momentum 

conservation: Heavier particles emitted at forward angles carry away a larger fraction 

of the projectile momentum. 

Even for the ideal case of fission of a composite nucleus with unique spin, 

excitation energy, and recoil momentum, rather broad folding angle distributions 

will be measured because of the finite widths of the mass and kinetic energy 
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Fig. 9. Folding angle distributions between two coincident fission fragments detected in coincidence with 

p, d, t, a, and Li nuclei emitted at Ba,, = 20”. The dashed lines depict the boundaries of the folding angle 

gates (l), (2), and (3). 

distributions of the fission fragments and because of additional broadening by 

light-particle evaporation. For this reason, gates on folding angle distributions do 

not select a sharply defined range of recoil momenta. Instead, they correspond to 

a filter of moderate resolution which, nevertheless, can serve to enhance or suppress 

reactions associated with small or large linear momentum transfers. 

In order to discriminate between reactions associated with small or large linear 

momentum transfers to the heavy reaction residue, we define three different gates 

on folding angle. The boundaries of these gates are indicated by the dashed vertical 

lines in fig. 9. More specifically, these gates are defined by: 8,~ 145” (gate l), 

145”~ 8,~ 160” (gate 2), and f3,> 160” (gate 3). Because of the low fissility of nuclei 

with 2 = 80, target residues with excitation energies of less than a few tens of MeV 

will not fission; the study of such gentle collisions necessitates the use of more 

fissile, heavier target nuclei such as uranium, see e.g. refs. 45*46). Nevertheless, we 



Z. Chen et al. / Light particle emission 579 

will use the term “peripheral, quasi-elastic collisions” for reactions filtered by large 

folding angles (13,> 160”, gate 3). It should then be clear, that this operational 

definition excludes the most gentle of these collisions. 

The effects of filtering light-particle energy spectra by the three folding angle 

gates are illustrated in figs. 10-12. The spectra were obtained by summing the 

corresponding yields over all detectors of the hodoscope with the center of the 

hodoscope placed at 8,” = 20”. The absolute normalization of the vertical scale is 

in arbitrary units; relative normalizations are proportional to the ratio Nk/N,, 

where N”, corresponds to the number of triple coincidences (light particle+ two 

fission fragments) and Nfl corresponds to the number of two-fold coincidences (two 

fission fragments) for a given constraint on folding angle. Figs. 10 and 11 show the 

spectra of hydrogen and helium isotopes, respectively. The right-hand part of fig. 

12 shows the spectrum of particle stable Li nuclei. The left-hand part of the figure 

shows the dependence of the measured ad coincidence yield on the total kinetic 

energy, E, + Ed, for ad pairs which can be attributed to the 2.186 MeV state in 6Li. 

(This yield was obtained by placing a gate on the relative kinetic energy of the two 

coincident particles, &, = q2/2p = 0.3-1.2 MeV, and subtracting the “background” 

coincidence yield, see also eq. (12).) The yields shown in the center part of the 

figure were corrected for the energy dependence of the hodoscope efficiency. Energy 

spectra gated by large folding angles, i.e. by small linear momentum transfers (gate 

3, I??,> 160’7, exhibit pronounced quasi-elastic components centered close to the 

lg7Au(14N, X ff), E/A=35MeV, 0,,=20” 
100 I”‘,II(l ““,““,“‘J ““,““,“‘i,i” 

x=p X=d x=t 
7 

1 L.J 
0 50 0 50 100 0 50 100 150 200 

E (MeV) 

Fig. 10. Yields of protons, deuterons and tritons summed over all elements of the hodoscope with the 

center of the hodoscope positioned at 0,” = 20”. The distributions are shown for the three gates on folding 

angle defined in fig. 9. 
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1s7A~(1%, X ff), E/A=35MeV, 8,,=20” 
100 s”T,““,“‘*/“‘* *“‘j”(‘j~“/\~~‘~ 

X=3He X=a 

1 
0 50 100 150 0 50 100 150 200 

E (MeV) 

Fig. 11. Yields of 3He and 4He nuclei summed over all elements of the hodoscope with the center of 
the hodoscope positioned at 8,, = 20”. The distributions are shown for the three gates on folding angle 

defined in fig. 9. 

projectile velocity. These components are strongly suppressed by gating on small 
folding angles, i.e. large linear momentum transfers (gate 1, 8,~ 145”). 

These observations support the intuitive picture which associates large folding 
angles with collisions at large impact parameters for which break-up reactions or 
sequential decays of excited projectile residues are important. Smaller folding angles, 
on the other hand, are associated with less peripheral and more violent collisions 
in which a major part of the projectile momentum is absorbed by the heavy target 
nucleus. In general, gate 1 serves as an effective filter condition to suppress the 
quasi-elastic, beam velocity components in the energy spectra. Since beam velocity 
particles can also be emitted in absorptive breakup or massive transfer reactions 
characterized by large momentum transfers to the heavy reaction residue, the 
suppression of the beam velocity component is not perfect. In fact, small residual 
beam velocity components can be discerned in most of the gated energy spectra. It 
is remarkable that the 3He energy spectra are dominated by the beam velocity 
component irrespective of the gating condition, see fig. 11. Possibly, 3He nuclei are 
preferentially produced in more direct reactions and only to a lesser extent in 
statistical emission processes. 

Fig. 13 shows the differential yields, d* Y(E, 8)/dE d0, of cY-particles and lithium 
nuclei emitted at forward angles and gated by the three constraints on folding angle. 
In order to be able to make reasonable assumptions about the distributions of 
particle unstable ‘Li and 6Li nuclei (see sects. 7.2 and 7.3) we have fit these yields 
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Fig. 12. Left-hand part: Dependence of the ad coincidence yield on the total kinetic energy, E, + E,, 

for ad pairs which can be attributed to the decay of the 2.816 MeV state in 6Li. Center part: Same as 

left-hand part, but corrected for the variation of the hodoscope efficiency with I?, + Ed. Right-hand part: 

Yields of lithium nuclei summed over all elements of the hodoscope. The distributions are shown for 

the three gates on folding angle defined in fig. 9. The center of the hodoscope was positioned at Ba,, = 20”. 

with the parametrization of eq. (1). The fits are shown by the solid lines in fig. 13; 

the parameters are listed in table 2. 

7. Filtered two-particle distributions 

7.1. cud CORRELATION FUNCTIONS 

Fig. 14 shows ad correlation functions measured in coincidence with two fission 

fragments. For these measurements, the center of the hodoscope was placed at 

8,” = 20”. For each of the three gates on folding angle, the correlation functions are 

shown for two different constraints on the total kinetic energy, Ed + E, , of the two 

coincident light particles. The curves represent theoretical correlation functions 

predicted by the final-state interaction model, eq. (11). 

Fig. 15 summarizes the dependence of ad correlations on the total energy per 

nucleon, (E/A),,, = d( E, + Ed), of the two coincident particles. Inclusive correlations 

and correlations measured in coincidence with fission fragments are shown in the 

right- and left-hand parts of the figure, respectively. The left-hand scale of the figure 

gives the integral correlation, R,, =I dq . R(q), integrated over the range of q = 

30-60 MeV/c; the right-hand scale of the figure gives the extracted source radii, r,,. 



582 2. Chen et al. / Light particle emission 
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Fig. 13. Differential yields, d’Y(E, B)/dE dR, of cY-particles and lithium nuclei emitted at forward 

angles and gated by the three folding angle gates. The solid lines show fits with the parametrization of 

eq. (1). The parameters are listed in table 2. 

TABLE 2 

Parameters used to fit the gated yields shown in fig. 13 

Particle LJ, T, VI/C N, Ta us/c NZ T, %I c Ns 

(gate #) (MeV) (MeV) (au.) (MeV) (a.u.) (MeV) (au.) 

a (1) 16.1 8.0 0.002 346.6 16.7 0.118 43.26 6.1 0.233 8.553 

a (2) 16.1 8.0 0.017 265.0 13.8 0.150 66.06 6.1 0.236 29.99 

ff (3) 16.1 8.0 0.000 146.0 11.8 0.168 23.70 5.0 0.236 14.79 

Li (1) 16.1 9.8 0.040 37.5 13.9 0.149 18.57 3.6 0.220 6.62 

Li (2) 16.1 13.4 0.054 10.8 13.2 0.166 6.16 4.7 0.227 3.87 
Li (3) 16.1 14.9 0.071 62.2 11.2 0.187 33.23 4.2 0.228 27.7 

At low energies, the ad correlations are of comparable magnitude. For small linear 

momentum transfers (gate 3), they are nearly independent of energy. For larger 

linear momentum transfers, on the other hand, the ad correlations vary strongly 

with energy. For the inclusive correlations, right-hand part of fig. 15, a similar energy 

dependence exists 19*3s). It becomes more pronounced at larger angles, Oav, where 

contributions from quasi-elastic processes become less important. 
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lg7Au( 14N,dar ff)X, E/A=35MeV, O,=ZO* 
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Fig. 14. dcx correlation function measured at 6,,,= 20” in coincidence with two fission fragments. The 
constraints placed on 8, and on E, + Ed are indicated in the figure. The theoretical correlation functions 

were calculated with the final state interaction model “), eq. (11). 

The extracted source sizes are generally smaller than the size of the target nucleus 
(r,(Au) = $&,&Au) L- 4.4 fm). A strictly geometric interpretation of the extracted 
radius parameters would imply that peripheral collisions are characterized by sources 
significantly larger than the size of the projectile nucleus (r,(N) = 2.1 fm). For this 
class of reactions emission from the projectile must be important as evidenced by 
the strong quasi-elastic component of the energy spectra. Source radii larger than 
the radius of the projectile are unlikely to reflect the true geometric source 
dimensions. Therefore, temporal effects cannot be neglected when interpreting the 
present correlation functions. 

The time scales characteristic of preequilibrium particle emission in violent 
fusion-like collisions may be shorter than those which characterize particle emission 
in quasi-elastic reactions thus producing stronger correlations and smaller apparent 
source radii. Our observation of reduced correlations for peripheral processes may, 
therefore, reflect longer emission time scales rather than larger source dimensions. 
The sequential decay of excited projectile residues is an example for reactions which 
proceed via longer emission time scafes. For such processes, Koonin’s fo~ulation 
may be less useful for the calculation of two-particle correlation functions and 
alternative statistical formulations, such as appropriate generalizations of the 
Hauser-Feshbach theory, could be explored. For the case of equilibrium decay of 
light compound nuclei, Hauser Feshbach calculations have predicted 47) smaller 
two-proton correlations than expected from the zero-lifetime limit of Koonin’s 
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Fig. 15. Dependence of ad correlations on the total energy per nucleon, (E/A), = &( E, + Ed), of the 
two coincident particles. Correlations measured inclusively and in coincidence with fission fragments 
are shown in the right- and left-hand parts, respectively. The left-hand scale corresponds to R,,= 
1 dq * R(q), with the integration performed over the range of q = 30-60 MeV. The right-hand scale gives 
source radii extracted with the final-state interaction model a9), eq. (11). [Data for S,, = 35” and 50” were 

taken from ref. “).I 

model. Within Koonin’s model, one expects reduced correlations for peripheral 
collisions if contributions from the decay of equilibrated projectile residues are 
important. For fusion-like collisions, on the other hand, such processes are sup- 
pressed when the energy of the detected particles is sufficiently high to exclude 
evaporation from the equilibrated heavy reaction residue. Reduced correlations for 
particles of lower energies, emitted in fusion-like reactions, co&d then be interpreted 
in terms of sequential particle evaporation from the equilibrated heavy reaction 
residue. Indeed, recent numerical simulations for the statistical decay of a highly 
excited, equilibrated nucleus 44) suggest that the observed energy dependence of 
two-particle correlation functions could be caused by the fact that more energetic 
particles are emitted at higher temperatures and at shorter time intervals than 
particles of lower energy which are emitted at larger time intervals. 

The statistics collected in the present experiment were insufficient to explore the 
simultaneous dependence of the pp and p’~ correlation functions on linear momen- 
tum transfer and outgoing particle energy. These correlation functions, too, exhibit 
more pronounced peaks when gated on small folding angles; however, the effect 
appears to be less dramatic than for the ad correlation function [see ref. 36) and 
fig. 18, next section]. 
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7.2. DECAY OF PARTICLE UNSTABLE 6Li NUCLEI 
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Since fission fragments are preferentially emitted in the entrance channel scattering 
plane 48) the assumption of isotropic decay of particle unstable states can be 
addressed more sensitively for the decays measured in coincidence with fission 
fragments. By gating on different ranges of folding angles one may also explore 
whether the assumption of isotropic decay is only violated for specific classes of 
reactions. This info~ation is important for the extraction of the relative populations 
of states. It can be evaluated for the decay of the sharp 2.186 MeV state in 6Li. For 
this state, uncertainties due to the subtraction of the uncorrelated background are 
minimal. 

Fig. 16 shows the dependence of the ad coincidence yield from the decay of 
6Li 2.816-) CY + d as a function of the angles BR and QR already defined in sect. 5.2, 
see also fig. 8. These yields were gated by the three constraints on folding angle 
defined in fig. 9. The histograms show the results of Monte Carlo calculations based 
on the assumption of isotropic decay in the rest frame of the parent nucleus. In 
these calculations, the differential cross sections for the emission of the primary 
6Li 2.186 nuclei were extrapolated in terms of the moving source parameterization, 
eq. (l), using the parameters given in table 2. The calculations are in good agreement 

50 100 150 0 50 100 150 

@R cd%) @R (de&z) 

Fig. 16. Angular d~st~butions of the cud yields resulting from the decay 6Li&86-+ cy +d, gated on the 
three different gates on folding angle defined in fig. 9. The angles t?, and QR were defined in sect. 5.2 
(see also fig. 8). The histograms show the results of Monte Carto calculations in which the 6Li nuclei 

are assumed to decay isotropically in their respective rest frames. 
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with the data; remaining small discrepancies can be attributed to uncertainties of 
the energy calibrations. No evidence can be established for significant violations of 
the assumption of isotropic decay. 

In order to extract emission temperatures, we determined the 6Li* + a! + d co- 
incidence yields, NL and NH, integrated over the energy ranges of TC.,,. = 0.3 - 1.45 
and 1.5 -6.25 MeV, respectively. The shaded horizontal bands in fig. 17 show the 
yield ratios, ArJ NH, extracted for events selected by the three folding angle gates 
defined in fig. 9. The additional constraint, E, + Ed 2 100 MeV, was applied to reduce 
cont~butions from the decay of equilibrated target nuclei. The widths of the shaded 
bands reflect uncertainties of the background subtraction caused by limited co- 
incidence statistics at large relative momenta. The solid lines show the temperature 
dependence of the coincidence yield ratios predicted for thermal distributions, see 
eqs. (10) and (13). (For these calculations, the distributions of particle unstable 6Li 
nuclei were parametrized in terms of eq. (1); the parameters are listed in table 2. 
In fig. 13, these distributions are compared to the measured Li yields.) The shaded 
vertical bands in fig. 17 indicate the range of temperatures consistent with the 

“‘Au( ‘%,%i ff)X, E/A=35HeV, 8,,=20” 

10.0 

2.5 

0.0 
234567 34567 345670 
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Fig. 17. Ratios, NJN,, of measured rud coincidence yields resulting from the decays of particle unstable 

‘Li nuclei. The yields N,_ and NH were integrated over the energy ranges of T, m. =0.3-1.45 and 
1.5-6.25 MeV, respectively. Gates on folding angle are given in the figure. The hatched regions indicate 

the experimental values. The solid curves show the temperature dependences of yields predicted by eqs. 
(10) and (13). 
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experimental yield ratios; typical values are of the order of 4 MeV. These tem- 
peratures have considerable uncertainties due to the small energy separation of the 
states considered. Additional systematic errors could be caused by sequential feeding 
from higher-lying particle unstable states 4’*42). 

7.3. DECAY OF PARTICLE UNSTABLE ‘Li NUCLEI 

More accurate temperature determinations could be made from the relative 
populations of the 5Li ground state, ‘Li,,+ CY +p, and the 16.7 MeV state, ‘Li,,,+ 
d + 3He. Statistical calculations indicate 4’*42 ) negligible feeding of these two states 
from the decay of known particle unstable states if the emission temperatures are 
smaller than about 8 MeV. Since these two states are separated by a large energy 
interval, their relative populations depend strongly on excitation energy. Unfortu- 
nately, our detector geometry had not been optimized for the detection of the decay 
of the 16.7 MeV state in 5Li which lies close to the d+3He threshold. Because of 
the relatively large angular separation between adjacent detectors, A6 = 6.1”, the 
thresholds on the total kinetic energy were lowered to Ed + EHe = E, + E, = 52 MeV. 
The dependence of the extracted emission temperatures on the total kinetic energy 
could not be explored. 

Figs. 18 and 19 show the CXP and d3He correlations functions, respectively, gated 
by the three constraints on folding angles defined in fig. 9. The broad peak in the 
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Fig. 18. pa correlation functions measured in coincidence with two fission fragments. The gates on 

folding angle are given in the figure. The dashed lines indicate the bounds within which the background 

correlation function was assumed to lie. 



588 Z. Chen et al. / Light ~rtjc~e e~is~i5~ 

200 0 100 200 0 100 200 

9 (MeV/c) 

Fig. 19. d3He correlation functions measured in coincidence with two fission fragments. The gates on 
folding angle are given in the figure. The dashed lines indicate the bounds within which the background 

correlation function was assumed to lie. 

CYP correlation function at q = 50 MeV/c corresponds to the decay ‘L&,+ a +p; 
the maximum of the d3He correlation function at small relative momenta is due to 
the decay ‘Li 16.7 + d + 3He. The coincidence yields, Nt and NH, from the decays of 
the low-lying ground state and the high-lying 16.7 MeV state, respectively, were 
extracted according to eq. (12). The extreme limits within which the background 
correlation functions were assumed to vary are shown by the dashed curves in figs. 
18 and 19. The extracted yield ratios, NJ NH, are shown by the shaded horizontal 
bands in fig. 20. 

For measurements close to the grazing angle, the shapes of the energy spectra of 
particle stable nuclei change rapidly with detection angle, see fig. 13. In addition, 
they depend sensitively on the gate on folding angle, see figs. 10-12. Since stable 
5Li nuclei do not exist, the shapes of the energy and angular dist~butions of the 
emitted ‘Li parent nuclei are not known. We have assumed that the ‘Li parent 
distributions could be described in terms of a superposition of three maxwellian 
distributions, the parameters of which were taken from fits to the cr-particle and Li 
cross sections shown in fig. 13. The extrapolated ‘Li distributions are shown by the 
solid and dashed curves in fig. 21. The solid curves represent distributions extra- 
polated by using source parameters extracted from fits to the a-particle yields; the 
dashed curves represent distributions predicted from fits to the Li yields. The 
differences between these two extrapolations illustrate the large uncertainties which 
have to be attributed to the 5Li parent distributions. However, relative detection 
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Fig. 20. Yield ratios NL/ NH for the detection of the decays ‘Li,,+ cr +p and ‘Lit6,r+ d+3He in 
coincidence with two fission fragments. The gates on folding angle are given in the figure. The hatched 
regions indicate the range of values consistent with our assumptions on the background correlation 
functions shown in figs. 18 and 19. The solid and dashed curves show the temperature dependences of 
yields predicted by eqs. (10) and (13) assuming parent distributions given by eq. (1) with parameters 
extracted from fits to the cu-particle and Li distributions shown in fig. 13. The parameters are given in 

table 2. 

efficiencies are rather insensitive to the detailed shape of the parent distributions. 
This is illustrated by the solid and dashed curves in fig. 20 which show the temperature 
dependence of thermal yields ratios (eqs. (lo), (13)) predicted for the two sets of 
parent distributions. The two predicted yield ratios are nearly indistinguishable. It 
is, therefore, possible to extract emission temperatures from the relative populations 
of states in ‘Li in spite of large uncertainties concerning the shape of the parent 
distributions. 

The shaded vertical bands in fig. 20 indicate the ranges of emission temperatures 
which are consistent with our assumptions on the background correlation functions. 
The temperatures extracted for the three gates on folding angles are of the order 
of 4-5 MeV. These values are consistent with those extracted from the decays of 
particle unstable 6Li nuclei. The surprising similarity of emission temperatures 
extracted for peripheral and fusion-like collisions could be related to the fact that 
our fission filter suppresses the most gentle types of collisions. It was already stressed 



Fig. 21. %i parent djst~b~t~~ns assumed for the efficiency calculations shown by the satid and dashed 

lines in fig. 20. 

before that the study of such gentle collisions requires the use of more fissile targets, 
Such measurements would clearly be useful. 

We have investigated single- and two-particle distributions of light nuclei emitted 
in ?4 induced reactions on ~3’ Au at E/A = 35 MeV. The single-particle inclusive 
distributions measured in this experiment can be described as a sum of three 
maxwellian distributions (“moving sources”). At forward angles, the cross sections 
are dominated by a fast source which could be associated with particle emission 
from projectile residues. At intermediate angles, the high energy portions of the 
energy spectra are dominated by an intermediate rapidity source which is generally 
associated with particle emission during the early nonequilibrated stages of the 
reaction. The temperature parameters which characterize the energy spectra of light 
particles emitted at intermediate rapidity follow the systematics established in 
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refs. 8*39). The low energy portions of the energy spectra are dominated by a slow 
source which could be attributed to particle emission from the later more equilibrated 
stages of the reaction, e.g. particle evaporation from equilibrated heavy reaction 
residues. 

Inclusive two-particle correlations at small relative momenta were measured at 
several average emission angles, BaY= 20”, 35”, and 50”. More energetic particles 
were observed to exhibit more pronounced correlations. This energy dependence is 
not limited to particle emission close to the grazing angle as had been surmised 
previously “). It could indicate that particles of different energies originate (on the 
average) from different stages of the reaction characterized by different source 
dimensions or different (average) time intervals between subsequent emission pro- 
cesses. 

Mean emission temperatures of T=4 MeV were extracted from the relative 
populations of particle unbound T ==0 states in 6Li. The relative populations of 
these states were found to depend on the kinetic energy of the emitted 6Li parent 
nuclei I”): Higher emission temperatures were extracted 19) for particles emitted with 
higher kinetic energies. Such an energy dependence was not observed “) for 40Ar 
induced reactions on 19?Au at E/A = 60 MeV. Because of the small energy separation 
of the T = 0 states in 6Li, their relative populations are not very sensitive to emission 
temperatures Tz 5 MeV. Unfo~unately, our detector geometry did not permit the 
exploration of the energy dependence of the populations of states in 5Li which are 
more sensitive to the temperature of the emitting system and less sensitive to 
perturbations of the initial populations (such as sequential decay). 

In order to investigate dependences on specific classes of reactions, single- and 
two-particle distributions were measured in coincidence with two fission fragments 
resulting from the decay of heavy reaction residues. The coincident light particles 
were detected at forward angles, 6,,=20”. Since the folding angle between two 
coincident fission fragments is related to the average linear momentum transfer to 
the heavy reaction residue, one can discriminate quasi-elastic peripheral reactions 
from more violent fusion-like collisions by placing appropriate gates on folding 
angles. The effectiveness of this reaction filter was demonstrated by the rather 
dramatic dependence of the energy spectra on folding angle. When fission fragments 
are emitted with large folding angles, the energy spectra of the coincident light 
particles exhibit a pronounced beam-velocity component. This component is reduced 
significantly when smaller folding angles (i.e. larger linear momentum transfers to 
the heavy reaction residue) are selected. 

Correlation functions for coincident deuterons and a-particles exhibit a pronoun- 
ced dependence on the total kinetic energy, E, + Ed, when they are gated by small 
folding angles (i.e. fusion-like collisions). This energy dependence is not observed 
for ad correlation functions gated on large folding angles (i.e. quasi-elastic 
peripheral coliisions). Furthermore, two-particle correlations gated by small folding 
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angles exhibit larger maxima than those gated by quasi-elastic peripheral collisions. 
Increasing contributions from the decay of excited projectile residues were argued 49) 
to account for the fact that inclusive two-particle correlations become more pronoun- 
ced for higher total kinetic energies of the emitted particles. Our observations show 
the opposite effect. 

Most likely, temporal effects cannot be neglected when interpreting the magnitude 
of the correlation function measured in the present experiment. Particles emitted 
from equilibrated reaction residues can be expected to be emitted at larger average 
time intervals than particles emitted from the early nonequilibrated stages of the 
reaction. Larger emission time scales will dampen the two-particle correlation 
functions. Particle emission from equilibrated heavy reaction residues contributes 
predominantly to the low energy portions of the energy spectra. Particle emission 
from equilibrated projectile residues can be enhanced by selecting quasi-elastic 
peripheral reactions and detecting the emitted particles at forward angles. In both 
cases, reduced correlations are observed. The selection of energetic particles emitted 
at larger angles or in fusion-like reactions should enhance contributions from the 
early nonequilibrated stages of the reaction. For this class of reactions, the measured 
correlations are most pronounced and should reflect more clearly the spatial localiz- 
ation during the early stages of the reaction, 

Mean emission temperatures extracted from the relative populations of particle 
unbound states in ‘Li and 6Li were found to be remarkably similar for quasi-elastic 
peripheral collisions and more violent fusion-like reactions. Perhaps even more 
surprising is the similarity of temperatures extracted for the present reactions to 
those extracted for 40Ar induced reactions on 19’ Au at E/A = 60 MeV. This similarity 
raises the immediate question whether the relative populations of states reach a 
saturation value corresponding to rather low emission temperatures of T = 5 MeV. 
Measurements at higher beam energies are clearly needed. At the same time, a better 
theoretical understanding of the final stages of the nuclear disassembly is needed. 
The assumption of local chemical equilib~um may be too crude an approximation 
for the relative populations of states; pe~urbations by final-state interactions between 
the emitted particles could be significant 50). If the measured populations of states 
differed significantly from the primary ones the extracted temperatures could be 
inaccurate. Up to now, the sequential feeding of particle unbound states in 5Li and 
‘Li from higher-lying states has only been investigated 41*42) under the simplifying 
assumption that only known resonances are populated. These investigations predict 
only minor perturbations for the relative populations of the ‘Li states investigated 
in this experiment. However, the role of high-lying continuum states remains unclear 
and should be investigated in future. 
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