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Charged-particle emission has been studied in ten heavy-ion reactions spanning composite systems of
16 ~ Z ~ 64. By means of reversed kinematics, high-quality energy spectra were obtained for proton and
alpha evaporation from compound nuclei with temperatures —1.5—3.5 MeV and spins up to -7(Hi. In
some cases, deuteron and triton spectra were recorded as well. Statistical model calculations for spheri-
cal nuclei require systematically low emission barriers to reproduce the data. For the lighter systems,
the eff'ective spins (or moments of inertia) must be modified as well, whereas for the heavier systems this
effect is of less importance. The roles of multistep particle emission and competition in the model calcu-
lations are assessed and found to be inadequate to explain the observed discrepancies. Calculations that
model statically deformed nuclear emitters suggest that large deformations may be present, but they do
not give a satisfactory overall picture. The very low proton energies in particular seem to indicate an ex-
tended density profile. Such an effect, together with the requirements for cluster preformation, may ex-
plain the observed low barriers for 'H/ He and the increasing mean energies found for the series 'H, H,
H, respectively.

I. INTRODUCTION

There is currently considerable interest in the evolution
of nuclear properties and behavior as increasingly larger
amounts of energy and angular momentum are intro-
duced, and in determining the limits, of excitation energy
and angular momentum that a nucleus can contain.
Studies probing such phenomena are presently being pur-
sued in three energy domains: (a) the region of tempera-
ture T ( 5 —7 MeV, where composite nuclei are held to-
gether by their mean field; (b) the intermediate-energy re-
gion of 7 ~ T ~ 20 MeV, where unbound nucleonic clus-
ters may briefly exchange energy before shattering; and
(c) the relativistic-energy region, where subnucleonic par-
ticles may be instantaneously deconfined. Although the
lower-energy domain has been studied for many years, a
clear picture has not yet emerged for the variation of nu-
clear size and shape with temperature and spin.
Gamma-ray spectroscopy has provided a wealth of infor-
mation about cold nuclei near the yrast line, but it is in
the continuum spectra of particles, fragments, and pho-
tons that one must search out the properties of nuclei
with T) 1 MeV.

A variety of heavy-ion experiments in the low-energy
regime have demonstrated that the composite nuclear
systems produced often exhibit a high degree of thermal
equilibration [1—30]. For reactions which proceed with
such energy thermalization, the deexcitation properties of
the hot, rotating nuclei may be elucidated with guidance
from the well-developed framework of statistical model

theory [31—33]. Measured energy spectra and angular
distributions of evaporative light charged particles can be
especially informative since they reAect properties of the
nuclear system at the scission point. The low-energy
parts of these spectra are dominated by effective emission
barriers which arise, in turn, from the nuclear shape and
size. The spectra slopes at high energies are determined
primarily by the nuclear temperatures, with some
inhuence from spin. The particle angular distributions
are driven by the ratio of rotational energy to tempera-
ture, as represented [33,34] by the parameter P2..

iit'J pR
l+p, R

where J is the spin of the emitter, and 2 and T denote the
moment of inertia and temperature, respectively, of the
daughter nucleus. Hence it is apparent that both the en-
ergy spectra and the angular distributions are needed in
the search for a consistent interpretation of the roles of
shape, temperature, and spin.

Particle evaporation spectra and angular distributions
of especially good quality can be obtained for reactions
carried out in reversed kinematics [35]. For incident en-
ergies of E / A —8.5 MeV or lower, full momentum
transfer and energy equilibration generally provide the
dominant path to composite-nucleus formation. This sit-
uation leads to a straightforward characterization of the
initial charge, energy, and spin of the emitting nuclei. In
this paper we report the results of measurements for ten
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heavy-ion reactions, all but one in reversed kinematics.
Composite nuclei with Z between 16 and 64 have been
produced with temperatures T-1.5 —3.5 MeV and spins
up to J-70k.

In the following sections, we first give a general
description of the experiments, emphasizing those aspects
which are particularly important for obtaining high-
quaLity energy spectra of emitted charged particles. We
then present the evidence which guides us in attributing
the observed 'H/ He particles to evaporation from
reasonably well-characterized and equilibrated emitters.
This is followed by detailed comparisons between the
measured alpha and proton data and statistical model
predictions for their evaporative energy spectra and an-

gular distributions. The calculations were carried out
several times using different assumptions regarding the
characteristics of the excited composite nuclei. Finally,
we discuss the significance of the agreements and
disagreements between experiment and theory, and draw
conclusions which seem to apply generally to the broad
range of systems investigated.

As the data and results presented here are derived from
our own experiments, we are confident that the methods
of analysis, constraints, and comparisons with theoretical
calculations have been applied in a consistent manner for
all the reactions. At a future time we may present the re-
sults of a similar systematic analysis of alpha- and
proton-evaporation spectra, using a much larger, but less
controlled, experimental database from the published
literature [36].

II. EXPERIMENTAL PROCEDURES

As the major objectives of this study involve detailed
comparisons of observed charged-particle emission with
theoretical calculations, it was of utmost importance that
the measurements include the low-energy parts of the
spectra as well as the high-energy tails. Operationally,
this required that the effective detector thresholds be sub-
stantially lower than the most probable particle energies.
Using very heavy-ion beams in reversed kinematics [35],
the large center-of-mass velocities served as a booster
which greatly increased the particle energies in the for-
ward hemisphere. This feature, together with the use of

relatively-low-threshold detector systems, often permitted
recording the particle spectra down to very low c.m.
emission energies.

In addition to the enhancement of particle energies, re-
versed kinematics produces an interchange of forward
and backward c.m. hemispheres, as observed in the labo-
ratory [35]. Hence the purely evaporative emission from
the composite system, which is most readily observed in
the backward hemisphere under normal kinematics
[37,38], is projected into the forward hemisphere (under
reversed kinematics) where the low-energy-detection
capabilities are also maximized. Correspondingly, direct
or prethermalization particle emission tends to appear in
the backward hemisphere, i.e., the c.m. direction of the
lighter reaction partner.

The experiments were carried out at the Lawrence
Berkeley Laboratory, where the SuperHILAC accelera-
tor provided intense beams of Ne, 4 Ar, Fe, Kr,

Ag, and ' 'Sb ions. These projectiles were used to
bombard self-supporting targets of C (150—200 pg/cm )

and Al (400 or 1900 pg/cm ). We summarize in Table I
the characteristics of the various reactions studied. For
convenience in later discussions, we have numbered the
reactions as indicated in the first column of the table.
Column 2 shows the reaction system, which produces the
composite nucleus listed in column 3. Columns 4 and 5
give the initial atomic number (Zc~) and the initial total
excitation energy (E, + Q) of the composite nucleus.

The light charged particles 'H and He (and sometimes
H and H as well) were measured either in three-element

Si telescopes (50 pm, 500 pm, 5000 pm) or in gas-
ionization (Wedge) telescopes as described elsewhere
[39,40]. The detectors were protected from low-energy
electrons and photons by thin Pb or Au covers foils. En-
ergy calibrations were made with alpha-emitting sources
of ' Gd (3.18 MeV), 'Am (5.45 MeV), and ' Pb (6.05
and 8.78 MeV), and solid angles were determined by
counting the alpha emissions from ' Gd and 'Am
sources of known disintegration rate at the target posi-
tion. The particle spectra were generally recorded at a
number of laboratory angles, in order to characterize the
c.m. angular distributions and allow extraction of the Pz
parameters [see Eq. (1)] from the data. If we assume (for
illustrative purposes) that Pz has a unique value for a

TABLE I. Characteristics of the reactions studied in the present work.

No.

1

2
3
4
5
6
7
8
9

10

System

167-MeV 2oNe+' C
167-MeV 2oNe+ Al
340-MeV Ar+ ' C
190-MeV Ar+ Al
476-MeV ' Fe+' C
730-MeV Kr+ ' C
956-Mev ' Ag+' C
1030-MeV ' 'Sb+' C
956-MeV ' Ag+ Al
1030-MeV ' 'Sb+ Al

Composite
nucleus

32S

47V

s2C

67Ga
68Ge

MQ
121I

133L

6Nd
148Gd

ZcN

16
23
24
31
32
42
53
57
60
64

(E, +Q)
(MeV)

81
114
99
91
91
92
92
89

163
157
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given emission, then the angular distribution is given by
the relationship [34]

W(8) ~ exp( —
—,'P2sin 8)Io( —,'P2sin 8),

where 8'(8) is the inclusive particle intensity at c.m. an-
gle 8 with respect to the beam direction, and Io(x) is a
zero-order Bessel function of argument x. In practice, a
more complete calculation was used that includes a dis-
tribution of spin values. Most of the results presented
below are derived from inclusive data. However, for

several reactions we also measured the heavy reaction
fragments in coincidence with light charged particles, us-
ing for this purpose either gas-ionization telescopes [41]
or a large position-sensitive avalanche detector backed by
an ionization chamber. The heavy-fragment coincidence
data served as a useful tool in identifying and comparing
several possible sources of charged-particle emission. As
discussed below, evaporation from the composite nucleus
is the dominant source of the observed particles for the
reactions studied here.
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FIG. l. Contour maps of the invariant cross section (d o/dQdE)p '(." ' in units of mb/sr MeV for three representative lighter-
mass systems as indicated. For each reaction, the He data are on the left, and the 'H data are on the right. The axes V~~ and V&

denote laboratory velocity components parallel and perpendicular to the beam, respectively. The circular arcs are centered on V,
(see arrows), the velocity of the center of mass. Straight lines are drawn along the laboratory angles and terminated at the detector
thresholds. The invariant cross section magnitudes are: 3 X 10 ', o: 1X10 '; 6: 5 X 10;C'. 4X10 ~; '7: 3X10;~: 2X10
~: 1X10 '; &: 5X10 ', $: 4X10 ', : 1X10 '; X: 1X10;:1X10 ', +: 1X10
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III. RESULTS AND DISCUSSION

A. Evidence for the dominance of 'H/ He evaporation
from the composite systems

Our objective is the interpretation of particle evapora-
tion spectra and angular distributions in terms of the
characteristics of the emitters. This is accomplished by
comparisons of the data with the predictions of statistical
model theory. Therefore, it is important to identify the
dominant emission sources.

Velocity-contour maps of the invariant (particle) cross
section, [(d 0 /d0 d E)p 'c ']&,b, provide a picture of
the overall reaction pattern. We have constructed such
maps from the 'H and He data for each of the reactions
listed in Table I, a total of 20 maps. We show in Fig. 1

several sets of these maps. These are representative of
the lighter-mass systems. (Others have been published
elsewhere [35].) The left side of Fig. l gives the He data,
with the corresponding 'H data on the right. The first re-
action shown (reaction 2, Ne+ Al) is in normal kine-
matics, and the other reactions are in reversed kinemat-
ics. The circular arcs are centered on the velocity of the
center of mass (as indicated in Fig. l), and represent the
emission patterns to be expected from isotropic evapora-
tive sources moving with this velocity. As shown in Fig.
1, the circles describe the bulk of the data rather well.
Particles from direct reactions or prethermalization emis-
sion would manifest themselves as strong deviations from
the circles in the direction of the light reaction partner,
i.e., forward for normal kinematics and backward for re-
versed kinematics. Such deviations are clearly seen in the
forward-angle data for the Ne+ Al reaction, and in
the backward-angle data for the two Ar-induced reac-
tions in Fig. 1. Much smaller deviations from the circles
are also detected in the direction of the heavy reaction
partner; these are attributable to spin-driven angular an-
isotropies in evaporative decay (see, for example, Ref.
[22]).

Figure 2 gives the measured angular distributions,
transformed to the c.m. systems, for the three reactions
described in Fig. 1. We show in Fig. 2 the angular re-
gions which Fig. 1 indicates are dominated by essentially
pure evaporative emission, typically the (c.m. ) hemi-
sphere in the direction of the heavy reactant. The curves
in Fig. 2 are the results of statistical model calculations
and will be described in Sec. III B, below.

In Fig. 3, we present several invariant cross-section
maps for He and 'H from reactions 6, 8, and 10,
representative of the heavier-mass systems in Table I.
We see here the same general features noted in Fig. 1,
namely, very good agreement in the forward directions
(reversed kinematics) with the circular arcs centered on
the c.m. velocity, and rather large deviations from the
circles in the more backward (light partner) directions.
The corresponding cross-section maps for the ' Ag-
induced reactions, 7 and 9 in Table I, are very similar to
the corresponding ' 'Sb-induced reactions, 8 and 10. Be-
cause of the stronger reversed kinematics, and the result-
ing larger center-of-mass velocities, the data in Fig. 3 are
shifted forward along the beam direction, compared to
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FIG. 2. Angular distributions of He and 'H in the c.m. sys-
tem, for the three reactions in Fig. 1. The points are experimen-
tal data and the curves are statistical model calculations for
spherical nuclei using constrained parameters ( ———) and
fitted parameters { ). See text and Table II. The calculated
curves have been normalized to the data at 90 to illustrate the
differences in anisotropies.

Fig. 1. For the ' 'Sb+' C system, the most strongly
reversed-kinematics reaction in Table I, the deviations
from the circular arcs are apparent at sideways angles
(50', 60', 80 for He, and 80 for 'H); however, these lab-
oratory angles are, in fact, backward angles in the c.m.
system of the reaction.

The c.m. angular distributions for the three reactions
in Fig. 3 are displayed in Fig. 4. As was the case for the
ligher-mass systems in Fig. 2, we find that the c.m. angu-
lar distributions of 'H and He, in the regions of evapora-
tive emission, are gently increasing functions of angle in
the direction of the heavy reaction partner, as expected.
The statistical model calculations, shown as curves in
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Fig. 4, will be discussed in the next section.
%'e have seen from the discussions of Figs. 1 —4 that

each of the reactions in Table I exhibits an angular region
where the 'H/ He emission appears to be dominated by
evaporation from the composite nuclei. Let us now con-
sider the possibilities for interfering emissions from other
sources, and what information we can bring to bear on
estimating the relative magnitudes involved. In the
relevant angular regions, the angular distributions of 'H
and He, as well as their energy distributions (from the
maps in Figs. 1 and 3, and the energy spectra themselves,
to be presented later) have shapes which are characteris-
tic of evaporation from thermally equilibrated composite
nuclear systems. For those reactions which lead to
binary decay of the composite system (e.g. , fission, or
deeply inelastic processes), evaporation from reaction

fragments is a likely source of 'H/ He particle emissions,
which could be mixed with that from the composite-
system evaporation (CE).

The first six reactions in Table I yield composite sys-
tems for which fission is essentially negligible. For these
reactions, only evaporation from projectile-like fragments
(or target-like, in the case of reaction 2) could seriously
affect our analysis of the 'H/ He data. In the case of
190-MeV Ar+ Al (reaction 4), we used a position-
sensitive avalanche detector backed by an ionization
chamber in order to measure evaporation residues and
projectile-like fragments in coincidence with light
charged particles. This was done to estimate the
charged-particle multiplicities associated with each pro-
cess. At this energy, less than 1% of the 'H/ He arises
from reactions with projectile-like survivors, and hence
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the forward-angle inclusive 'H/ He data presented here
are not biased by emissions from such fragments. In a
similar manner, Ikezoe et al. [42] have studied the reac-
tions of 160-MeV ' 0+ Al, and determined that essen-
tially all of the evaporative 'H/ He is associated with
evaporation-residue formation from fusion reactions. As
this ' 0-induced reaction is quite close in energy and type
to our reaction 2 (167-MeV Ne+ Al), we feel that a
corresponding conclusion is valid for the Ne-induced
reaction also. The heavy fragment coincidence data just
described are consistent with our observations that the
'H/ He data in Fig. 1 show no deviations from CE ori-
gins in the relevant angular regions. The inclusive
evaporation-residue (ER) measurements of Morgenstern
et al. [43], for the Ne+ Al reaction, also indicate the
dominance of ER particle evaporation at the energy con-
sidered here. As projectile velocities are significantly
greater than the c.m. velocities, the emission patterns

would be appreciably perturbed if 'H/ He evaporation
from projectile-like fragments were substantial. As such
e6'ects are not visible in any of the invariant cross-section
maps, it is reasonable to assume that evaporation from
projectile-like fragments must be quite small in compar-
ison to the dominant CE processes. (This point shall be
discussed further in Sec. III B.)

For the last four reactions in Table I, one might imag-
ine that evaporation after binary fission is a plausible de-
cay mode, along with that from evaporation residues and
projectile-like survivors. We do have experimental data
on this point. In the experiment involving reaction 10,
1030-MeV &2&Sb+ Al, fission fragments and projectile-
like fragments were measured in coincidence with
'H/ He particles. Also, particle-particle coincidences
were measured in addition to the singles 'H/ He data.
From the magnitudes of the various coincidence cross
sections, compared to the particle inclusive cross sec-
tions, we infer that most of the particle-particle coin-
cidences are associated with evaporation residues and
only about 20% of the He and 27% of the 'H total
(angle-integrated) cross sections can be attributed [44] to
other evaporative sources (i.e., fission and projectile-like
fragments). These emissions have distinctive energy spec-
tra and kinematic energy shifts with angle, and their con-
tributions to the observed spectra can be accounted for
by means of a reaction simulation code [45].

A detailed study of the "Ar+""Ag system [22,23],
which is quite similar to reactions 9 and 10 in Table I,
provides further confidence that the dominant source of
evaporative 'H/ He is the composite nucleus in these re-
actions. Although no direct measurements of fragment-
particle coincidences have been made for reactions 7 and
8, we expect from systematics that the contributions re-
sulting from fission and projectile-like fragments would
be substantially smaller than in reactions 9 and 10.

The comparisons of 'H/ He data with statistical model
calculations, to be described in the next section, are con-
sistent with the arguments presented in this section,
above, for all 10 reactions in Table I.
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statistical model calculations for spherical nuclei
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FIG. 4. Center-of-mass angular distributions of He and 'H
as in Fig. 2, but for the three reactions in Fig. 3. The notation
and symbols are as in Fig. 2.

Representative 'H and He energy spectra for the 10
reactions studied are shown in Figs. 5 and 6, along with
some calculated curves to be discussed below. For each
reaction, the spectra were selected from the laboratory
angular regions where the velocity-contour (invariant
cross-section) maps indicate dominance by essentially
pure evaporative emission from the composite systems.
Figure 5 gives spectra from reactions 1 —5 (Table I), and
those from reactions 6—10 are in Fig. 6. In each figure,
the He spectra are on the left, and the corresponding 'H
spectra (from the same reaction) are on the right. The
laboratory angles where each spectrum was measured are
indicated on the figures, and the corresponding c.m. an-
gular distributions for these reactions are represented in
Figs. 2 and 4, discussed above. As can be seen from Figs.



780 WINIFRED E. PARKER et al.

5 and 6, the laboratory energy spectra have characteristi-
cally evaporative shapes, modified by the kinematic shifts
associated with the large center-of-mass motions in
reversed-kinematic reactions. Note also that most of the
spectra have been obtained with good statistical accuracy
over a range well below the most probable energies, as
well as on the high-energy slopes. These measured
features provide important constraints in comparing the

data with model calculations involving parameter
choices.

We have carried out statistical model calculations
[31—33] with diff'erent assumptions concerning the
transition-state nuclei. In this section we consider spheri-
cal transition-state systems characterized by three quanti-
ties: (1) an eff'ective emission barrier, (2) a spin distribu-
tion from zero to J„,and (3) a mean excitation energy
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FIG. 5. Laboratory energy spectra of He (left) and 'H (right) for reactions 1 —5 of Table I, as indicated. The points are experimen-
tal and the curves are results from statistical model calculations for spherical nuclei using constrained parameters ( ———) and fitted
parameters ( ). See text and Table II for details.
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E*. We shall later describe results for deformed nuclear
systems. The calculations were performed using the
well-documented evaporation-simulation code CRANES

[45]. This code evaluates the relative probability of emit-
ting a particle of given mass, charge, energy, and orbital
angular momentum from a nucleus with known mass,
charge, excitation energy, and spin, into an angle whose
direction is specified with respect to the emitter spin.
Recoil effects and Jacobians associated with system trans-
formations are taken into account on an event-by-event

basis. Particle spectra and angular distributions are built
by repeated Monte Carlo sampling of the relevant quanti-
ties, until the desired level of statistical significance is
achieved.

For the first series of calculations, we have used tri-
angular spin distributions in the entrance channels, with
values of J„estimated for each reaction from appropri-
ate fusion cross-section data [46]. The exit-channel emis-
sion barriers for 'H and He were taken from fusion bar-
rier systematics [47] for the corresponding inverse reac-
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TABLE II. Properties of the 'H/ He evaporative emitters.

Emitted
particle

Anisotropy
parameter'

Pz

Constrained parameters
(E, +Q) J„;, Bp„,

(MeV) (&) (MeV) Zeff

~ ofc

(Mev)

Spherical fits

J„
(4)

B
(MeV)

167-MeV Ne+ ' C—+ S*

4He
0.4
1.4

81
81

22
22

3.4
4.6

15
15

56.7
56.7

10
10

0.7
4.5

167-MeV Ne+ Al~ V*

4He
0.7
2.3

114
114

30
30

4. 1

6.6
68.4
68.4

20
20

1.0
5.3

340-MeV Ar+ ' C~ Cr

4He
0.7
3.1

99
99

35
35

4.2
6.8

49.S
59.4

24
24

1.5
5.2

4He
0.8
3.1

190 MeV 4oAr+»Al

46
46

4.9
8.4

45.5
54.6

30
30

2.0
7.3

476-MeV ' Fe+' C~ Ge

4He
0.7
2.2

91
91

39
39

5.0
8.7

30
30

45.5
54.6

27
27

2.5
7.3

730-MeV Kr+ ' C~ Mo*
'H
4He

0.3
1.4

92
92

48
48

6.3
11.5

42
42

78.2
87.4

37
37

4.5
11.2

'He
0.3
1.3

92
92

956-MeV ' Ag+' C~'2'I*
39 7.4
39 13.9

S5.2
55.2

39
39

5.4
13.0

1030-MeV ' 'Sb+' C~' La*

4He
0.4
1.0

89
89

40
40

7.8
14.7

56
56

53.4
53.4

38
38

6.2
13.5

4He
0.4
1.5

163
163

956-MeV ' Ag+' Al~" Nd*

67 8.1

67 15.5
59
59

97.8
97.8

5.0
12.0

1030-MeV ' 'Sb+ Al~' Gd*

'He
0.5
1.5

157
157

65
65

8.6
16.3

63
63

94.2
94.2

65
65

5.5
13.0

Anisotropy parameter [Eq. (l)] which characterizes the experimental angular distribution. The uncertainty in P2 is +0.2.
Parameter sets used to calculate energy spectra and angular distributions with an evaporation model for spherical nuclei ~ These pa-

rameters were not varied, and resulted in the dashed curves in Figs. 2, 4, 5, and 6. The quantity (E, +Q) is the initial total excita-
tion energy of the composite system, obtained from the relevant masses and the incident beam energy. J„;,is the maximum angular
momentum in a triangular entrance-channel distribution, derived from the appropriate reaction cross section for evaporation-residue
formation. 8,„, is the fusion barrier for the inverse reaction, obtained from systematics [47]. These fusion barriers correspond to the
emitter nucleus specified by Z,z in column 6.
'Effective atomic number of the average nuclear emitter. These values were lowered from the Z of the composite system by small
corrections of 0—2 Z units, based upon the observed effective excitation energies and average charged-particle multiplicities. For
simplicity, we assumed here that 'H and He are each emitted in the average evaporation chain, and therefore arise from the same
Z ff The effective mass numbers were scaled accordingly. These corrections have only small efFects on the calculated results (see Fig.
12).
Parameters derived by fitting the experimental energy spectra and angular distributions with an evaporation model for spherical nu-

clei. These parameters resulted in the solid curves in Figs. 2, 4, 5, and 6. E is the efFective emitter excitation energy, J„is the max-
irnum spin from a triangular distribution in the entrance channel, and B is the effective s-wave emission barrier. The estimated uncer-
tainties are E*, +10%', J„,+2k for the He data, except for reaction 9, where the uncertainty is +4k; for 'H evaporation, the sensi-
tivity to spin is relatively weak and the values of J„were chosen for consistency with the He data; B, +0.5 MeV, except for 'H from
the Ne-induced reactions (1 and 2), where the uncertainty is +0.8 MeV.
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tions. With spherical moments of inertia and spins fixed
by cross-section data, only the effective temperatures
(corresponding to the mean excitation energies) can be
adjusted in attempting to reproduce the experimental
data. If we assume first-step emission, we obtain the re-
sults shown as dashed curves in Figs. 2 and 4 for the an-
gular distributions and in Figs. 5 and 6 for the particle
energy spectra. In comparison with the experimental
data, the calculated energy spectra are much too energet-
ic and the c.m. angular distributions are too anisotropic.
If we relax the assumption of first-step emission by reduc-
ing the effective temperatures, the calculated angular dis-
tributions become even more anisotropic [see Eqs. (1) and
(2)]. Clearly this takes us in the wrong direction.

In order to obtain satisfactory fits to the energy spectra
and angular distributions, we repeated the Monte Carlo

calculations, this time allowing three parameters to be
varied: the effective J„,the mean initial excitation ener-
gy, and the effective particle evaporation barrier. The
effects of modifying each of these parameters are as fol-
lows. Decreasing J„produces lower spinoff energies,
thereby softening the high-energy tails of the energy spec-
tra, and simultaneously decreasing the angular anisotro-
pies. Lowering the mean initial excitation energies leads
to lower spectral temperatures, and increases the anisot-
ropy [see Eq. (1)]. Changing the emission barriers shifts
the spectra in energy. The resulting fits to the experimen-
tal data are shown as the solid curves in Figs. 2, 4, 5, and
6. As can be seen, we are now able to achieve rather
good fits to the energy spectra and angular distributions
for both He and 'H in all of the reactions.

The results from our model calculations are given in

1050-MeV Sb + Al = He/" H or He/'H +(4He)TR
~l

I I I I I I I I I I I I I I I I I I I I I I I — I M I

"He
I I

I

IO
CD

IO' =
XX
0

lo' —:o

I 0 I

OJ

lo' =
O

IO' =

CA

IO „.—

X~~
0 00~00

0 CG

&& = Exp. Singles x Factor N

& = Exp. Coinc. with "He
alc. Coinc. with +He

IO' =

Xd d

IO ~ —~ N =0. 19

LLJ~ IO' = IO

IO'=
N= 0.29 IO

N =0.2Q

IQ a— IO

I I I I I I I I I I I I I I I I I I I I I I I

20 40 60 80 I 00
E „(MeV}

I 20 0
I

IO
I

20 30
E „(MeV)

FIG. 7. Comparisons of He (left) or 'H (right) singles (inclusive) data with corresponding spectra gated (or triggered) by a coin-
cident He particle. The data shown are for reaction 10 (see Table I) at three laboratory angles as indicated. The solid curves are the
results of statistical model calculations for the particle-particle coincidences, using the same set of parameters (see Table II) derived
from the inclusive data.
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tion energy of the emitter, J„ is the maximum value of
the spin from a triangular entrance-channel spin distribu-
tion, and B is the effective s-wave emission barrier. Com-
paring column 7 with column 3, we see that the derived
values of E* are lower in each case than the correspond-
ing value for the initial compound nucleus. Since 'H or
He emission can occur at any step of the evaporation

cascade, it is reasonable to expect such excitation energy
loss before the average emission step. Typically, the fits
require -40% of initial excitation energy loss, except for
the Kr+' C reaction where the loss is —10%. In-
terestingly, the Kr-induced reaction also has a much
lower 'H/ He evaporative multiplicity [35], compared to
the other reactions [35,48].

Table II often indicates reductions in emitter spins (or
J„)when compared to J„;„ane6'ect which is demanded
by the "He spectra and angular anisotropies. (One should
note, however, that increasing the moment of inertia
would produce the same effect as decreasing the emitter
spin. ) This is particularly important for He emission in
the lighter systems, where the moment of inertia of a
small sphere accentuates the role of spin [49]. [See Eq.
(1) and the experimental P2 values in Table II.] For all
systems, both 'H and He spectra require substantial
lowering of the effective emission barriers, compared to
the fusion barriers [47] shown in Table II. The con-
straints are quite severe for fitting spectral shapes and an-
gular distributions simultaneously, and hence we can as-
sign relatively small uncertainties to the derived (model-
dependent) parameters (see footnotes to Table II). Sys-
tematically, the spherical alpha-evaporation barriers
which reproduce the data are significantly low, as has
been suggested previously [6,17,19,21 —23,50—60], but the
proton-evaporation barriers require even more drastic de-
creases to match the experimental energy spectra
[51,61,62].

Let us reconsider (see Sec. III A) the contributions to
the observed inclusive particle spectra resulting from
'H/ He evaporation from reaction fragments (e.g.,
fission, projectile-like). Clearly, such contributions would
be most prominent for the heavier systems studied. As
indicated earlier, for reaction 10 (' 'Sb+ Al) we have
made extensive coincidence measurements involving frag-
ments and particles as well as particle-particle correla-
tions [44]. The fragment-particle data demonstrate that
the inclusive 'H/"He energy spectra are dominated by
emissions from evaporation residues. Furthermore,
fragment-particle-particle triple coincidences indicate
that the particle-particle coincidences arise mainly from
the evaporation residues [23,44], and hence provide a
filter for selecting out such emissions (or of eliminating
fragment-associated emissions). We show in Fig. 7 a
comparison of representative 'H and He inclusive spec-
tra with the corresponding spectra gated by a coincident
He particle. Although these data are from reaction 10,

we expect the other heavy systems to behave similarly.
At each angle shown, we have normalized the inclusive
measurements to the coincidence data and indicated the
normalization factors (N). The slow variation of the nor-
malization factor with angle results from slightly different
angular distributions for the two data sets. The impor-

tant point is that the coincidence spectra have nearly
identical shapes with the inclusive spectra over the angu-
lar range shown, and the differences between the two
occur primarily in spectral energy regions which are of
little consequence in fitting the data. The solid curves in
Fig. 7 were obtained from statistical model calculations
using GANES to simulate the expected 'H and "He spectra
in coincidence with a He trigger particle. These calcula-
tions employed the same basic parameter set which was
extracted from fitting the inclusive energy spectra and an-
gular distributions for this reaction, as indicated in Table
II. The excellent agreement between these fits for the
particle-particle coincidence data and the inclusive data
strongly implies that fragment emission is not a serious
problem here and gives confidence in the results summa-
rized in Table II.

To what, then, can we attribute the observed systemat-
ic discrepancies between the experimental 'H and He
data and the predictions from the standard statistical
model calculations for spherical nuclei? This question is
addressed in Secs. IIID and IIIE, where we consider
some of the approximations made in carrying out the sta-
tistical model calculations and the appropriateness of the
model itself. First, however, we present in the next sec-
tion some additional experimental data which must also
be understood in the context of an adequate evaporation
model.

C. Relationships among evaporative
protons, deuterons, and tritons

In addition to protons and alpha particles, other light
charged particles are often evaporated from hot compos-
ite nuclei in substantially lower yield. For several of the
experiments reported here, deuterons and tritons were
measured with sufhcient statistical accuracy to provide
reliable energy spectra. We display in Fig. 8 a comparison
of representative proton, deuteron, and triton spectra for
two of the reactions studied, 167-MeV Ne+ Al and
190-MeV Ar+ Al. Qualitatively, the data for H and
H appear very similar to the corresponding 'H data in

Fig. 8, exhibiting the characteristic features associated
with evaporation from thermally equilibrated nuclear sys-
tems. The solid curves in Fig. 8 were calculated with the
statistical model code GANES using the constrained pa-
rameter sets given for each reaction in Table II. In par-
ticular, the fusion cross sections [46] in the entrance
channel were used to limit the maximum angular momen-
ta, J„;„in the composite systems, and the exit-channel
evaporation barriers for protons were derived from fusion
barrier systematics [47] for the corresponding inverse re-
actions. The barriers for H and H were taken as equal
to that for 'H in the same system. As demonstrated ear-
lier in Fig. 5, this prescription predicts H spectra which
are significantly higher in energy than the 'H data. We
can see this shift again for the H results in Fig. 8. How-
ever, the statistical model calculations for H and H bear
a much closer relationship to the data for each of the two
reactions. There is only a small shift between the mea-
sured and calculated H spectra, and for H there is ex-
cellent agreement of the predictions with the data. Such
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results are indeed surprising, as has been noted recently
for heavier systems [23,52]. The behavior summarized in
Fig. 8 could contain an important clue to the discrepan-
cies between measured 'H and He evaporation barriers
and their predicted counterparts based upon constrained
statistical model calculations. Certainly, whatever ex-
planations are put forth must encompass the full comple-
ment of observations, including H and H data as well as
'H and He.

D. The roles of multistep particle emission
and competition in the model calculations

In the present study we have used the statistical model
code GANES [45] to calculate the expected properties of
evaporative 'H/ He under the assumption of statistical
equilibrium. This code offers considerable versatility in
the selection and modification of the constraining equilib-
rium parameters, and allows the calculation of energy
spectra for particles correlated with specific characteris-
tics of heavy reaction fragments or other light charged
particles. Because it employs the weighted Monte Carlo
technique, it is able to provide good statistical precision
with only modest demands on computer time. The code
does, however, treat the evaporation process as an
equivalent one- (or two-) step particle emission, rather
than following the entire evaporation cascade over many
steps. Thus the user must specify the properties (Z, 3,
E*, and J) to be associated with the average emitter.
This approximation should be valid if the particle emis-
sion probability is roughly constant along the evapora-
tion chain, but could lead to inaccuracies if the particular
type of particle were preferentially emitted late in the cas-
cade.

It is worthwhile exploring the differences which result
from equivalent one-step versus multistep particle emis-
sion in the statistical evaporation calculations. To do this
we have performed a series of tests using a Monte Carlo
code LILITA N90 [63,64], which models statistical eva-
poration by following the particle emission from a com-
pound nucleus through each step of the entire cascade.
Both the multistep and equivalent one-step calculations
were carried out using the same code. Our test results
are summarized in Fig. 9. In this figure we show several
sets of calculated spectra, He on the left and 'H on the
right, for two of the reactions in Table I. We specifically
selected light systems for the present tests, because
differences between multistep and one-step calculations
are likely to be greater than for heavy systems. In each
case, the points represent multistep LILITA N90 calcula-
tions and the solid curve corresponds to the equivalent
one-step LILITA N90 result. As the curves are quite
close to the corresponding sets of points for both He and
'H emissions, we believe that Fig. 9 demonstrates that
the equivalent one-step approximation is valid for these
systems. For comparison, the experimental spectra are
given in Fig. 9 as histograms. It is clear that the
differences between experiment and calculations are
much larger than any deviations between the equivalent
one-step and multistep calculations.

In a recent study, La Rana et al. [54,65] have made

103
I I I I I I I

—
I I

—
I I I I

167 MeV 2ONe+ '2C—'H/4He (BL= 40 )

102

190 MeV Ar+ A) 'H/ He ()IL—- 30')

(0

LLI
C3

102
CU

o LIIIta N90 MultIstep
Lilita N90 Equiv. One-Step~ Experiment

I

20 40 60 80 0
I I I

20 40

E) b (MeV)

FIG. 9. Comparisons of statistical model calculations of He
spectra (left) and 'H spectra (right) for Ne+ ' C reactions (top)
and Ar+ Al reactions (bottom). The points come from a
multistep evaporation calculation, including particle competi-
tion, using the code LILITA N90 [63,64]. The solid curves re-
sult from an equivalent one-step calculation (without competi-
tion) using the same LILITA N90 code. The experimental en-
ergy spectra are shown as histograms.

comparisons between LILITA [64] and CiANES for the reac-
tion 120-MeV Si+ Si. They verified that the two
codes yielded nearly identical He spectra when both
codes were run for first-step emission, and the values of
the relevant physical parameters (barriers, radius param-
eters, level density parameters, etc.) were made the same.
Furthermore, they have compared LILITA multistep cal-
culations with equivalent one-step calculations, also per-
formed with LILITA, and have shown the He energy
spectra to be very similar for their system.

Thus it appears that the use (in the code CRANES) of an
average emitter in lieu of the summation over successive
emissions does not lead to spectral energy shifts of the
magnitude required to explain the discrepancies illustrat-
ed in Figs. 5 and 6. This is not surprising when one real-
izes (as will be shown in Sec. III F) that the shift in
effective emission barrier of a compound nucleus is only
about 0.1 MeV per Z unit for 'H evaporation and about
0.22 MeV per Z for He evaporation. Hence even long
chains of particle emissions should be reasonably
represented by an average effective emission, provided
the near-yrast emission is not extreme. Yrast-line effects
exert a greater influence on He emission, compared to
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'H evaporation, because of the presence in the multistep
codes of enhanced near-yrast alpha-particle emission [66].
The detailed treatment of gamma-ray competition and
near-yrast emission will certainly modify the particle
emission near the end of the evaporation chain, and
therefore can affect the overall emission pattern. Howev-
er, in the present context our sole purpose in using the
LILITA N90 code is to demonstrate that the apparent
barrier shifts required by the experimental data are not
an artifact of using an equivalent-one-step code. There-
fore, for the comparison tests whose results are shown in
Fig. 9, the gamma-ray competition had been turned off
and the particle emission was terminated when the
transmission coefficients were less than 10

In a related manner, the recent report of Govil et al.
[67] shows a decrease in the average calculated He ener-

gy which results from suppression of early step He emis-
sion by the use of a spin-dependent moment of inertia.
These authors do not comment on the corresponding 'H
emission energies. Since 'H, H„or H emissions are not
particularly favored by proximity to the yrast line, energy
shifts arising from this source are not anticipated for
these particles. Hence the apparent low barriers re-
quired for matching the He and 'H data (see Figs. 5, 6,
and 8) cannot be attributed solely to yrast effects or to
competition along the evaporation chain. The fact that
the observed shifts in the 'H spectra are even larger than
those for He strongly suggests that one must seek a com-
mon, or related, origin to explain the effects observed for
both particles.

E. The eft'ects of nuclear deformation

We have seen from the results presented in Figs. 5 and
6 and Table II that the statistical model calculations re-
quire substantial reductions in emitter barriers and spins
in order to fit the experimental 'H/ He data. This sys-
tematic behavior, observed for all the reactions in Table
I, demonstrates over a broad Z range that evaporation
from excited compound nuclei is substantially different
from the inverse process of fusion between cold ground-
state nuclei. A natural expectation is that these
differences arise from deformation of the hot, high-spin,
composite systems. The qualitative effects of such defor-
mations would be to dampen the spin contributions by
enlarged moments of inertia [see Eq. (1)], and emission
barriers would be lowered in regions of large radial ex-
tent. Therefore it is worthwhile to estimate quantitative-
ly the inhuence of these effects on the experimental ob-
servables.

To carry out such a test of nuclear deformation, we
have attempted to fit the measured particle spectra with
statistical model evaporation calculations that explicitly
treat the deformation in a self-consistent manner. A Cas-
sini shape representation has been used within the frame-
work of the CrANES code, as described in detail in Ref.
[49]. Briefiy, the nuclear shape is characterized by a sin-
gle parameter c., whose value determines both the mo-
ments of inertia and the nuclear charge distribution at
each point of the nuclear surface. (The value 7.=0 yields
a spherical nucleus, and v=1 corresponds to two equal-

mass nuclei touching at a single point. ) Thus the effective
emission barriers and the yrast line (or moments of iner-
tia) are derived simultaneously and consistently. In these
calculations, the values of J were fixed to
J„,=(J„;,/2)'~ from fusion cross-section data, and the
particle emission barriers were calculated from the
Coulomb-nuclear potential (of the deformed nucleus) us-
ing a 50-point grid around the nuclear surface. The nu-
clear potential was of a Woods-Saxon form whose
diffuseness was adjusted to reproduce empirical fusion
barriers between cold (spherical) nuclei. The calculations
were carried out systematically allowing only two quanti-
ties to vary, the nuclear shape c., and the mean excitation
energy E*,until the best fit to the data was obtained.

The results from the deformed-nucleus calculations are
presented in Figs. 10 and 11. The experimental data are
the same as in Figs. 5 and 6, respectively, and the solid
curves here represent the fits achieved with the
deformed-nucleus model. As before, the He spectra are
on the left and the 'H spectra are on the right for each re-
action indicated. The He calculations are able to repro-
duce the experimental data reasonably well, the quality of
the fits being comparable to, but not quite as good as, the
unconstrained fits in Figs. 5 and 6 (solid curves). (Gen-
erally, the He energy spectra calculated with the de-
formed model fall off somewhat more steeply on the low-
energy sides of the spectra, compared to the calculations
from the unconstrained spherical model. ) However, the
overall agreement between calculation and experiment
for the He spectra in Figs. 10 and 11 suggests that nu-
clear deformation may be important in the evaporative
deexcitation of the hot composite nuclei.

From the He fits in Figs. 10 and 11, we have derived
the effective excitation energies and shape parameters
yielded by the deformed nuclear model. These are listed
in Table III for each of the ten reactions. The first
column gives the reacting system, followed in column 2
by the excitation energy required to fit the He spectrum.
These energies are all substantially lower than the initial
excitation energies for the same reasons discussed in Sec.
III B, and are rather similar to the effective excitation en-
ergies derived from the fits with the unconstrained spher-
ical model (see column 7 in Table II). Column 3 shows
the root-mean-square values of the entrance-channel spin
distributions, corresponding to the values of J„;,derived
from fusion cross sections and listed in Table II. As indi-
cated above, these spin values were not allowed to vary in
the deformed model calculations. Column 4 gives the
Cassini deformation parameter [68] s which best fits the
data, and column 5 is the ratio of major-to-minor axes for
the near-prolate shapes resulting from the specified values
of c. Examination of this last column leads to the strik-
ing conclusion that very large deformations are required
to account for the observed He spectra. Large deforma-
tions have been inferred before from several studies of
particle evaporation prior to fission [10,22,53,69—72].
But for the nuclear systems in Table III, most of which
do not undergo fission, it seems unlikely that evaporation
would occur from forms stretched even beyond the equi-
librium saddle-point shapes [73—75]. It is interesting to
note that recent neutron emission studies [76] also sug-
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gest evaporation from configurations which appear to be
very highly stretched.

Let us now examine the 'H data in Figs. 10 and 11.
Here the deformed model calculations were carried out
using the same parameter sets (shape Z, excitation E*,
and spin J, ,) which produced the good fits for the corre-
sponding He spectra. However, the calculated 'H spec-
tra (solid curves) fall far short of representing the experi-

mental spectra, being always shifted to higher energies
than the data. In fact, the observed 'H spectra have such
low energies (and effective spherical barriers —see Table
II) that it is impossible to fit them with any reasonable
shape within the framework of our deformed-nucleus
model. It is quite clear from the comparisons in Figs. 10
and 11 that while (unreasonably) large deformations
could be responsible for the observed low energies of the

)p0

I I I I I I I I

H

10 2

q 10~—
20Ne+12

0
20Ne+27

)
O-I

)O 2

IO' = Q%

:101
40' f+ 12(

0: I

—10

)OO

)0

)O I p CP—Io — mo
(

)00

I I

20
I I I

40 60
E Iob(Me~ ~

—IO 0

Fe + 12(
I I I ~ a

80 100 0 10 20
E Iob ( MeV)

I

30

FICx. 10. Comparison of experimental He/'H energy spectra for reactions 1 —5 {see Table I) with statistical model calculations for
deformed nuclei {solid curves). The data (points) are the same as in Fig. 5, and the calculations employed the parameters given in
Table III.



CHARGED-PARTICLE EVAPORATION FROM HOT COMPOSITE. . . 789

He spectra, there is no way that nuclear deformation
alone can account for the measured very low 'H energies.
The remaining differences are substantial over the whole
Z range represented by the systems in Figs. 10 and 11.

What can we infer from these discrepancies? It seems
quite likely that a major physical effect has yet to be in-
cluded in the evaporation model. Nuclear deformation
seems to be insufticient to adequately explain the low
emission barriers. There must be some other property of

the transition states that gives an increase in the radial
distance between the emerging charged particles and the
residual nucleus. Normal thermal expansion of a Fermi
gas has been studied theoretically [77,78), and this effect
is already included in our Monte Carlo calculations.
Furthermore, we must account for the observed trends in
effective emission barriers for 'H, H, and H (see Sec.
III C and Fig. 8).

We speculate [23,51—53] that the surface density
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profiles of the hot nuclei have much longer tails than usu-
ally expected. Furthermore, this phenomenon is indicat-
ed over the broad range of hot nuclear systems con-
sidered here. Perhaps in the early stages of reaction the
collision excites primarily those nucleons near the surface
of the nucleus. The Pauli principle would tend to favor
the excitations in these outer orbitals. Hence the tran-
sient nuclear matter distribution may be far from uni-
form, and evaporation-like particle emission may occur
before complete relaxation of the nuclear density. In the
outer fringes of the reacting system, the emission barriers
would be lower than in the central region, resulting in
unexpectedly low average particle energies, as we observe
for protons. If we consider the probability for cluster for-
mation to be a strong function of the nucleonic density,
then we can infer that H and H are preferentially emit-
ted from regions of higher density, and hence more nor-
mal emission energies are encountered. For He, the ex-
ceptionally high binding energy may lead to an inter-
mediate situation, where the preformation is enhanced
enough to allow emission from lower density regions, but
not as remote from the nuclear interior as projected for
proton emission.

Is it reasonable to propose such extreme variations in
the nuclear surface? Recent theoretical studies [79] sug-
gest there may be a physical basis for the idea. Hartree-
Fock calculations [80,81] show that self-consistent nu-
clear density distributions for hot nuclei evolve into a

contracted volume region and into an elongated surface
tail, the latter corresponding to the formation of a nu-
clear stratosphere by the occupation of high-lying single-
particle orbits.

The scenario just described involves dynamical features
not ordinarily included in models of statistical evapora-
tion. We refer to these as "dynamical" because they are
not phase-space related and evolve as the reaction
proceeds. As qualitatively proposed, these new features
can oFer a way of understanding why proton evaporation
exhibits large apparent barrier reductions, while this ten-
dency is much less for deuterons and virtually absent for
tritons (see Fig. 8). If the intermediate behavior of He is
a consequence of its special binding energy, then one
might expect clusters like Li, Be, and B to exhibit eva-
poration barriers which are not significantly lowered rela-
tive to the corresponding (inverse) fusion barriers. It will
be of considerable interest to make such comparisons in
the future, as the appropriate experimental data become
available [29,82—85].

F. Empirica systematics of
charged-particle evaporation barriers

We have demonstrated, above, that widespread
discrepancies exist between experimental evaporative
H/ He energies and the predictions of statistical model

TABLE III. Calculated results for He evaporation from deformed emitters. Parameters derived by
fitting the experimental He energy spectra and angular distributions with an evaporation model for de-
forrned nuclei. In these calculations, the effective spins of the emitters were derived from cross-section
data [46] and were not free parameters. For the corresponding proton data, adequate fits were not ob-
tained with the deformation model (see Figs. 10 and 11).

System

167-MeV Ne+ ' C
167-MeV Ne+ 7A1

340-MeV ~ Ar+' C
190-MeV Ar +"Al
476-MeV s6Fe+ "C
730 MeV Kr+ C
956-MeV ' Ag+' C
1030-MeV '"Sb+ "C
956-MeV ' Ag+ Al
1030-MeV ' 'Sb+ Al

E iita

(MeV)

48.6
79.8
59.4
63.7
54.6
87.4
64.4
53.4

106.0
94.2

b
Jrms

16
21
25
32
28
34
28
28
47
46

0.70
0.70
0.72
0.70
0.70
0.10
0.50
0.60
0.70
0.80

(d] /dp)

2.4
2.4
2.5'
2.4
2.4'
1.1'
1.7
2.0
2.4
3.0

'Effective excitation energy of the emitter. The uncertainty in E* is +10%.
Root-mean-square spin of the composite system, obtained from J„,= (J„;,/2) '

'Cassini deformation parameter [68] c
t derived from fitting the experimental data with the deformed-

nucleus model. The uncertainty in c is approximately +0.05. For orientation, v=0 is a sphere and
c.=1.0 corresponds to two elongated objects toucning at a single point at the center of symmetry (Ber-
noulli lemniscate).
Ratio of major-to-minor axes of the deformed emitter. These values are derived from the correspond-

ing c, value in column 4. An uncertainty of +0.05 in c yields an uncertainty of approximately 0.2 —0.3 in
the ratio (d& /d&).
'Calculations for these three systems have been reported earlier [35]. The parameters given here (and in
Table II) differ slightly from the previous values due to small changes in the computer code and im-
provements in the fitting procedure. The earlier axis ratios [35] involved an error which has now been
corrected.
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calculations for spherical nuclei, using a priori parame-
ters (i.e., emission barriers derived from fusion barriers
and spins derived from cross-section data). We have also
shown that nuclear deformation could possibly play a
significant role, but by itself cannot explain the range of
experimental observables in a reasonable way. In partic-
ular, the proton energies are much too low to be account-
ed for by deformation, the deuteron and triton energies
are much less shifted, compared to spherical model ex-
pectations, and the He energies, if explainable by defor-
mation, would require nuclear elongations which are un-
reasonably large (see Table III) for hot composite nuclei
that survive fission. Although we have suggested a
dynamical mechanism which, when superimposed on sta-
tistical evaporation, might account for the observed
charged-particle characteristics, our current knowledge
of the transient states of nuclear matter is too immature
to offer much confidence in quantitative detail. Rather,
we must continue the search for new experiments and
theoretical models which will provide critical tests
and/or predictions, in order to build a secure framework
for understanding the behavior of highly excited complex
nuclei.

On the other hand, our results in Figs. 5 and 6 (solid
curves), and Table II (last three columns), indicate that
excellent fits to both the experimental 'H and He spectra
can be obtained by employing effective evaporation bar-
riers (and spins) which are systematically lowered from
the a priori values. The development of such empirical
barrier systematics, over a broad range of hot composite
nuclei, can serve several useful purposes without detract-
ing from the long-range goal of understanding the origins
of the lowered barriers. For example, the study of empir-
ical charged-particle evaporation barriers can help to elu-
cidate the properties of highly excited nuclei, in distinc-
tion to the corresponding properties already known for
their cold ground-state counterparts. This idea has been
emphasized earlier in the work of Alexander et al. [50],
who considered the available He evaporation data for a
number of systems and parametrized the effective s-wave
barriers in terms of the average channel energies derived
from the spectra. Similarly, empirical prescriptions
which relate the s-wave emissions barriers for He and 'H
to the observed properties of the emitters as a function of
Z and 2 can assist in the calibration of evaporation cal-
culations based upon statistical theory. This latter appli-
cation is of importance in many practical situations,
where the objective is to quantitatively fit experimental
spectra with model calculations in order to extract parti-
cle multiplicities or to discriminate one reaction mecha-
nism from another.

As described in Sec. IIIB, we have used the Monte
Carlo code GANEs [45] to calculate the 'H/ He evapora-
tion spectra at the relevant angles for comparison with
the experimental data. The empirical fits obtained for 'H
and He emission from the ten reactions studied here
have been represented by the solid curves in Figs. 5 and
6, and the extracted "best-fit" parameters have been tabu-
lated in the last three columns of Table II. These empiri-
cal results are more firmly grounded, compared to the
earlier approach [50), since the full shapes of the evapora-

tion spectra have been considered, rather than the aver-
age energies, and the data have been compared in a self-
consistent manner with the spectra calculated from sta-
tistical evaporation theory. In addition, the systematics
of 'H evaporation barriers are presented here for the first
time [86].

The empirical barrier systematics derived from our
work are summarized in Fig. 12, where we have plotted
the s-wave evaporation barrier, B, as a function of emitter
Z. The upper half of Fig. 12 gives 'H results, and the
lower half is for "He. The data plotted as circles are the
spherical-fit barriers from column 9 in Table II, vs the
effective atomic number in column 6. We have also in-
cluded the squares from Ref. [23] and the triangles from
Ref. [53], as these results were obtained using the same
procedures as in the present study. The solid curves in
each half of the figure result from attempts to describe
the empirical evaporation barriers over the full Z range
by smooth analytical functions. For the He data, the
function used retains the form of a simple Coulomb po-
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FIG. 12. Empirical evaporation barriers for 'H (top) and He
(bottom). The circles are the fitted s-wave barriers from the
spherical nucleus model (see Table II). The squares are from
Ref. [23] and the triangles are from Ref. [53]. The solid lines
are prescriptions which represent the empirical barriers as a
function of the emitter atomic number, Z, . For comparison,
the dashed lines give the corresponding fusion barriers from re-
action systematics [47]. The analytical representations of the
solid and dashed lines are indicated.
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tential, and is given by the equation

2.88(Z, —2)
B( He)=

1.470( 3,—4)'i +4.642
(3)

mental 'H/ He energy spectra or predict the shapes of
such spectra for unmeasured or unknown emitters.

where Z, and A, are the e6'ective atomic and mass num-
bers of the average emitting system. The 'H results are
adequately described by a linear relation, which we have
given as

g ('H) =0.106Z, —0.90, (4)

over the Z range 15—105. For comparison, the dashed
curves in Fig. 12 represent functional descriptions of the
systematics [47] for fusion barriers, Bf„„derived from ex-
perimental 'H and He reaction cross-section data. As
can be easily seen, the empirical He evaporation barriers
fall systematically below the corresponding fusion bar-
riers, as has already been noted in the previous discussion
in Sec. IIIB. The 'H evaporation barriers are clearly
much lower (-2 MeV) than the fusion barriers over the
full Z range investigated. Two additional comments
should be made concerning the solid lines in Fig. 12, and
the corresponding Eqs. (3) and (4). First, Eqs. (3) and (4)
have no significance beyond their representation of the
empirical barriers, and there may be other relationships
which would serve as well. In other words, no theoretical
basis is necessarily implied for their origin. Second, in ar-
riving at the values of the numerical constants in these
equations, we considered a larger data set than shown in

Fig. 12. Our stated purpose in the present paper is to an-
alyze and interpret only our own experimental measure-
ments, to avoid the greater uncertainties and possible am-
biguities associated with treating data from diverse ori-
gins. In a future paper [36], we plan to discuss the sys-
tematics of empirical evaporation barriers using the re-
sults of the larger data set obtained from the published
literature. In anticipation of that work, we have selected
the constants in Eqs. (3) and (4) using all of the data, not
just our own experimental results. However, this formu-
lation does a respectable job in describing the data in Fig.
12, as well.

It is clear that the systematics of evaporation barriers
represented by Eqs. (3) and (4) and Fig. 12 are an
oversimplification in that only the composition of the nu-
clear emitters is explicitly considered. We have already
indicated (see Table II and Sec. III B) that the eff'ective
spins (or moments of inertia) must be modified, particu-
larly for the lighter nuclei, in addition to the Coulomb
barriers, in order to fit the experimental data using a
spherical nucleus model. Similarly, there is growing ex-
perimental evidence [6,19,87—94] that the effective level
densities of excited nuclei may depend on entrance-
channel spin, presumably as a consequence of possible
changes in nuclear shape (hence moments of inertia) with
spin. In eff'ect, Eqs. (3) and (4) (and Fig. 12) implicitly
average over spin for the emitters considered, and this
approximation may account in part for individual devia-
tions from the smooth trends.

We are currently using Eqs. (3) and (4) as default
empirical evaporation barriers in the code GANES8, in the
option invoking a spherical nuclear model to fit experi-

IV. SUMMARY AND CONCLUSIONS

We have studied ten reactions (nine in reversed kine-
matics) leading to composite nuclei over the broad Z
range from 16 to 64. Light charged-particle spectra and
angular distributions were measured under conditions of
low eff'ective energy thresholds, permitting detailed com-
parisons with statistical model predictions. By means of
invariant cross-section maps and coincidence measure-
ments for typical systems, we have been able to focus for
each reaction on specific angular regions where the dom-
inant source of evaporative charged-particle emission is
the composite system. Statistical model calculations for
spherical nuclei yield particle energies which are substan-
tially higher than observed, when the calculations are
carried out using emission barriers from fusion systemat-
ics, spin distributions from cross-section data, and spheri-
cal moments of inertia. Comparisons of proton, deute-
ron, and triton spectra for several of the reactions reveal
significant trends which also are not reproduced by the
model calculations. Using the multistep evaporation
code LILITA N90, we show that the discrepancies be-
tween the experimental spectra and theory do not result
from the equivalent one-step approximation employed in
the code CRANES. Rather, the imposed constraints on bar-
riers, spins, and moments of inertia lead to the observed
spectral shifts. Statistical model calculations of evapora-
tion from deformed nuclear emitters suggest that large
deformations may be present, but in addition, other
e6'ects not included in the model must play an important
role. This is because the deformed model calculations
(with very large nuclear elongations) can adequately
reproduce the He energy spectra, but are unable to pre-
dict the corresponding very low proton energies which
are observed. We propose a dynamical transition-state
model in which energy sharing among the various de-
grees of freedom has been achieved, but in which the nu-
clear matter density distribution has not yet attained its
ground-state properties. This implies a long tail in the
radial distribution of nucleonic matter, the existence of
which seems to be supported by recent theoretical stud-
ies. Such a model, together with the additional require-
ments of preformation for nucleonic clusters, can at least
qualitatively explain the observed low emission barriers
for 'H/ He and the energetic trends found for
'H/ H/ H evaporation.

By removing the emission barrier and spin constraints
in the model calculations, we obtain excellent fits to all of
the experimental spectra and angular distributions using
systematically lowered barriers and spin distributions
within a spherical model framework. This provides the
basis for developing empirical systematics of charged-
particle evaporation barriers, and we present results for
the ten systems studied here. Simple analytical expres-
sions are given which represent the empirical barriers for
'H and He, and these may be useful in other applications
involving model calculations.
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