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Neutron emission and a-particle emission in the ' 'Ho + ' Fe reaction have been measured for the damped-
collision and fusion-fission components of this reaction at a bombarding energy of 8.5 MeV/u. The c.m.
neutron energy spectra for damped collisions indicate equal temperatures for the light and heavy fragments, a
result consistent with the equilibration of the excitation energy during the interaction time. Pre-equilibrium
neutron emission is found to contribute less than 5%. An out-of-plane neutron anisotropy A, = 0.2+0.1 is
found. The measured ratios of the neutron multiplicities for the light and heavy fragments suggest a rapid
approach of the fragment N/Z ratios during the collision to that corresponding to minimum potential energy
of the composite system.

NUCLEAR REACTIONS Ho( Fe, HI xn)E»„= 476 MeV; measured o„(&„,6„,P„);
deduced nuclear temperatures, neutron multiplicities, neutron-to-proton ratio

N/Z, neutron out-of-p]. ane anisotropy A 2.

I. INTRODUCTION

The extensive study of heavy-ion reactions at a
few MeV/u above the CouLomb barrier has led to
important advances in understanding these reac-
tions. ' The experimental results suggest that a
large fraction of the kinetic energy available in
the entrance channel is converted within the short
interaction time of 10 "to 10 " s into intrins ic
excitation and collective rotational and deforma-
tion energy of the fragments. After the breakup
of the intermediate complex into two final frag-
ments the communication between the ions is ter-
minated, and the excitation energy acquired by the
two fragments leads to the evaporation of light
particles such as neutrons, protons, and ~ parti-
cles, as well as y-ray emission during the final
stages of the de-excitation cascade.

Although emitted only in a secondary process,
de-excitation particles from the final fragments
carry important information on the damped-re-
action mechani. sm, in particular on the energy-
dissipation processes involved. Of considerable
interest in this respect is the key question of the
present investigation: whether or not statistical
equilibration of the excitation-energy degree of
freedom is achieved during the short interaction
time encountered in a damped collision. Only if
such an equilibration has occurred does one ex-
pect the final fragments to acquire the same nu-
clear temperature. Since the particle-evaporation

f =tt~ P ~ df ~ T

(E,„+B,„)Mi„, . .

where M,.„, E&„, and B,.„are the multiplicity, kin-
etic energy, and binding energy of particle z from
fragment v. A complete experiment would require
a measurement of- all light particles including the

spectra reflect the fragment nuclear temperature,
it is possible to investigate the energy-equilibra-
tion processes pertaining to damped collisions by
measuring the secondary particles. The study of
neutron emission is advantageous because of the
absence of Coulomb effects which complicate the
interpretation of charged-particle spectra in
terms of a uniform nuclear temperature. A test
of the degree of excitation-energy equilibration
achieved in a damped collision is expected to be
more conclusive for a system where the projec-
tile (A~) and target (Ar) masses are significantly
different, since the reaction fragments from a
symmetric system are more likely to exhibit sim-
ilar excitation energies and temperatures in the
exit channel. As a compromise between large pro-
jectile-target asymmetry and low fissility of the
targetlike fragment, the system '"Ho+ "Fe with
Ar/A~= 2.95 was chosen in this work.

In addition to the particle spectra reflecting the
nuclear temperature, the particle multiplicities
provide an independent measure of the excitation
energy E„* of fragment v.'
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20 NEUTRON EMISSION IN THE REACTION Ho+ 56Fe AT. . .

y rays for both fragments, separately. However,
since neutron emission is the dominant de-exci-
tation channel, the neutron multiplicity repre-
sents an independent measure of the excitation en-
ergy requiring only approximate estimates for the
corrections due to charged-particle and y-ray
emission.

Depending on the time scale on which light par-
ticles ar e emitted, there are thr ee possible
sources of these particles and thus three differ-
ent frames of reference to consider. These
sources are the intermediate double-nucleus com-
plex and the two final fragments, fully accelerated
by their mutual Coulomb field. It is the goal and
also the main complication of the data analysis to
identify the contributions from these sources.
This is possible, in principle, by the use of the
distinct features 'of particle emission in different
processes. De-excitation particles from the final,
fully accelerated fragments are likely to exhibit
evaporationlike energy spectra and angular corre-
lations determined by the velocities and emission
angles of the fragments. Pre-equilibrium parti-
cles, on the other hand, are emitted on a short
time scale and will reflect the kinematics of the
double-nucleus complex. Depending on the physi-
cal processes producing these pre-equilibrium
neutrons, different angular correlations and en-
ergy spectra will result. Fermi-jet or PEP'
(promptly emitted particles) neutrons will be
highly energetic with a maximum energy of = 20
MeV for the reaction under invests. gation and will
have a maximum intensity around the beam direc-
tion. However, highly energetic neutrons origi-
nating from a reaction mechanism described by
the piston model' will preferentially be emitted in
the direction of the linear-momentum transfer.
For the strongly damped part of the reaction, this
corresponds approximately to the recoil-direction
of the heavy fragment, whereas it is close to the
beam direction for fusion-fission events.

There exists already some experimental evi-
dence'~ that the neutron-to-proton ratio (N/Z) of
the final fragments from damped collisions equi-
librates towards the N/Z of the composite system
(1.38 in the present case). These observations
are in accord with theoretical attempts' to de-
scribe the relaxation of the N/Z degree of free-
dom which suggest a very short time constant
(=10 "s) for this process. A study of neutron
emission adds to the information on this relaxa-
tion mechanism because the neutron, multiplicities
depend on the binding energies of the neutron and
competing other light particles, and thus on the
N/Z ratio of the emitting fragment. This depen-
dence is particularly strong for the asymmetric
system '"Ho+ "Fe studied in this work. The N/Z

ratios are very different for the nuclei in the en-
trance channel: 1.15 for "Fe and 1.46 for ' 'Ho.
In addition, the binding energies in the Fe region
of the atomic mass table' are very sensitive to
the N/Z ratio. Hence, one expects a quite accu-
rate determination of the pre-evaporation N/Z
value from the measured neutron mul. tiplicities
to be possible for the Fe-like fragments produced
at various stages of the reaction.

II. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

A. Experimental setup

The experiments were performed at the Law-
rence Berkeley Laboratory SuperHILAC accel-
erator. Neutron and charged-particle. emission
was studied in the reaction '"Ho+ "Fe at 8.5
MeV/u bombarding energy, corresponding to 4
MeV/u of relative motion above the Coulomb bar-
rier. Self-supporting '"Ho targets were used with
thicknesses of 435 pg/cm' and 244 pg/cm', in an
initial overview experiment. A schematic setup
of the experiment is shown in Fig. 1. The beam
was dumped 4 m downstream from the target into
a well-shielded graphite Faraday cup. Even
though the beam was carefully kept off the col-
limator slits ahead of the scattering chamber,
these slits were also shielded by a combination of
iron bricks and water.

Six liquid-scintillator (NE213) detectors of di-
mensions 2.5 cm x12.7 cm, 5.1 cm x12.7 cm,
and 3.8 cm x10.2 cm (thickness x diameter) were
used to detect the neutrons. In connection with
these detectors highly efficient y-n pulse-shape
discrimination circuits' were employed. In order
to suppress low-energy y rays and atomic x rays
[K (Ho) = 4'f keV], all scintillators were covered
with 2-mm-thick Pb caps. A EE-E solid-state
detector telescope subtending a solid angle of 22
msr was employed to measure the ~ particles.
Another b,E-E solid-state detector telescope sub-
tending a solid angle of 4 msr was placed at se-
lected angles to detect the projectilelike frag-

"Fe"

OH„

ev/U

Ho .2 MeV/u

165HQ + 56Fe

FIG. 1. Schematic diagram of the experimental setup.
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ments in coincidence with neutrons and ~ particles.
For the final experiment the heavy-ion telescope

was positioned at laboratory angles 8~= 25', 20',
and 16'. These angles are all forward of the
grazing angle, 8„=32.5 .' The neutron detector
angles 8„were the same for all settings of 8~ and
chosen as 25', 10', -10', -45', -70' in the reaction
plane (y„= 0). One single neutron detector was
placed out of the reaction plane at 8„=0' and p„
= 85'. The angle q„ is defined as the angle between
the reaction plane, determined by the heavy-ion
telescope and the beam direction, and the neutron
detector. Hence, the angle $„=0 corresponds to
any direction in the reaction plane (see Fig. 1).
The ~ telescope w'as positioned at 8~I= 53' and
-57.5'.

The angles 8„=25', 10' and 8„=-45 and -70'
were used as ma, ster detector angles (cf. Sec. IIC)
for the detected light and the correlated heavy
fragments, respectively. The neutron detectors
at 8„=10'and -10' were located as close as pos-
sible to the beam direction in order to detect pos-
sible Fermi-jet neutrons. Although the fragment
rest frames assumed in the lab-to-c. m. transfor-
mation (cf. Sec. IIC) do not apply to neutrons
emitted from the composite complex, those should
show up as highly energetic neutrons. However,
the c.m. energies of Fermi-jet neutrons calcu-
lated by this procedure are somewhat over- or
underestimated in the rest frame of the heavy or
light fragment, respectively.

The neutron energy was determined with a time-
of-flight method whereby the time difference be-
tween an event in the ion telescope and one in a
neutron detector was measured. This time was
corrected, event by event, for the fragment time
of flight from the target to the ion telescope as
deduced from the measured fragment Z and ener-
gy. The overall time resolution achieved for y
rays was typically 1 to 1.5 ns resulting in an en-
ergy resolution of 0.5 to 2 MeV for neutron ener-
gies between 5 and 10 MeV, for the flight path of
70 cm used in the experiment.

A typical time-of-flight spectrum of events
identified as neutrons by the pulse-shape dis-
crimination circuitry is shown in Fig. 2. The
spectrum was recorded with a neutron detector
placed at an angle of 8„=10 in coincidence with
the heavy-ion telescope at 8~= 20'. The small
peak on the left of the broad neutron time distri-
bution is due to y-ray events not rejected by the
pulse -shape discrimination system. Favorable
background conditions are demonstrated by the
small number of events in the random-time range
below 90 and above 170 ns.

For each event, 12 parameters were written on
magnetic, tape including the energy loss hE and

IOOO .—
l65H0 + 56Fe

ELob= 476 MeV

OHn —lO'

OHT = pO'

100—

IOO

I I

150

t(nsec)

(II. I

200

FIG. 2. Neutron time-of-flight spectrum. The small
narrow peak at t = 100 ns corresponds to y rays not re-
jected by the pulse-shape discrimination system.

the residual energy E of both the heavy-ion and
the ~-particle telescopes, the time difference be-
tween an event in the neutron detector or in. the
heavy-ion telescope, the proton recoil energy sig-
nal from each neutron detector, and an analog
route signal which distinguished between the vari-
ous neutron detectors and between neutrons and y
rays. This made it possible to mix the output sig-
nals of several neutron detectors into one param-
eter. An event was recorded only if the heavy-ion
telescope E detector had fired.

The neutron detection efficiency was calculated
with a computer code developed by Textor and
Verbinski' and checked against measured values
of Drosg. " Calculated and experimental" effi-
ciencies agreed with each other within 5/p for neu-
tron energies between 2 and 10 MeV. The detec-
tion efficiency depends strongly on the threshold
set on the proton-recoil energy. This threshold
was, therefore, carefully adjusted to 1.08 or 0.5
MeV equivalent neutron energies"" using radio-
active y sources. This calibration was checked
continuously during the experiment by comparing
the neutron energies as determined by the time of
flight and the proton recoil energy spectrum. In
addition, tests were performed before and after
the exper iment in which neutrons from Cf fis-
sion fragments were measured in a geometry sim-
ilar to that of the data-taking runs. Including the
uncertainty of the neutron threshold, the accuracy
of the absolute neutron efficiency was estimated
to be approximately 10%.

Calculations, as well as test measurements with
"'Cf fission neutron. s" indicated that neutrons
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produced in the target and scattered off the walls-

of the scattering chamber in the initial setup posed
serious background problems, and very large cor-
rections were necessary due to neutron in and out
scattering. In order to reduce this background,

'

a thin (3.2 mm) stainless-steel shell was designed
for the scattering chamber (76 cm diameter). The
resulting attenuation of the neutron flux was cal-
culated to amount to 8% and 4% for neutron ener-
gies of 4 and 14 MeV, respectively. Further-
more, all mounts of the solid-state detector tele-
scopes were made as light as possible. The mas-
sive base of the chamber gave ri'se to delayed y
rays from (n, y) processes in aluminum, which
could be clearly identified in the y-time distribu-
tion, emphasizing the importance of an efficient
y-z pulse-shape discrimination in such experi-
ments. These events, if not identified as y rays,
would have been mistaken as highly energetic neu-
trons.

(En) [MeVj
IOP, l65Hp + 56F'e

E Lab
= 476 MeV - IO
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FIG. 4. Angular distribution of the mean neutron en-
ergy [Eq. (A6)] in the lab system for strongly damped
collisions (SDC). The dashed, dashed-dotted, and

solid curves are the results for the light fragment,
heavy fragment, and the weighted average of both, re-
spectively.
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FIG. 3. Angular distributions of the neutron intensity
in the laboratory system for strongly damped collisions
(SDC) where Z of the detected fragment is between 10
and 29. The heavy-ion telescope was located at an angle
of 23' (vertical arrow). The dashed and dashed-dotted
curves are the results of an evaporation calculation
[Eq. (A4)l for the light and heavy fragment, respectively,
averaged over all values of Ey~s. The solid line is the
sum of the calculated intensities of the two fragments.
The insert shows the out-of-plane distribution mea-
sured at 9„=25 .

B. Complete angular distributions .
In order to identify the major neutron emitters,

complete in-plane and out-of-plane angular dis-
tributions were measured for neutrons in coinci-
dence with the reaction fragments detected at a
laboratory angle 8~= 23'. The detection threshold
was set at 0.5 MeV neutron energy in this case.
Figures 3 and 4 show the angular dependence of
the neutron cross section and of the mean neutron
energy (E„), respectively, for damped reaction

fragments with 10 & Z & 29, integrated over total
kinetic-energy loss. As can be seen from Fig. 3,
there is a clear concentration of the neutron in-
tensity at the scattering angle of the projectile-
like fragment indicated by the vertical arrow (8r
= 23'). At this angle the neutrons have also the

highest mean kinetic energies as shown in Fig. 4.
However, tails of the neutron angular distribution
corresponding to significantly lower neutron en-
ergies (i.e. , Fig. 4) extend to large angles on both
sides of the recoil direction. They are due to neu-
trons from the corresponding heavy fragment mov-
ing with considerably smaller velocities (0.2 MeV/
u) than the Fe-like fragment (5-7 MeV/u). The
dashed and dashed-dotted curves shown in Figs.
3 and 4 are the results of an evaporation calcula-
tion using Egs. (A4) and (A6) of the Appendix, re-
spectively. The assumption made in this calcula-
tion implies an essentially isotropic emission of
neutrons from the fully accelerated fragments in

the fragments' rest frames. Obviously the data
are in reasonable agreement with the solid curve
accounting for the contributions from both the
heavy and light fragments. The inserts in Figs.
3 and 4 show the variation of the respective quan-
tities with the out-of-plane angle p which was de-
fined previously. In Fig. 5, the respective angular
distributions are shown for the fusion-fission part
of the reaction, i.e. , 30 & Z & 55.

From these results one concludes that the neu-
trons are, indeed, predominantly emitted from the
fully accelerated fragments. Supported by this ob-
servation, laboratory neutron energies and inten-
sities were transformed into the rest frames of
the fully accelerated light and heavy fragments.
Any deviation from this assumption is then detect-
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See also figure caption of Fig. 3.

able in a comparison of the center-of-mass neu-
ron intensities and energies at different neutron

detection angles, each of these angles having a
different sensisitivity to neutrons from either of the
two separated fragments or f throm e composite
complex.

C. Data ana1ysis

In the l.ower part of Fig. 6, the double-differ-
ential neutron cross sections for the detected
ight (solid lines) and the correlated h fa e cavy frag-
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FIG. 6. In theIn the lower part of the figure, the double-
differential cross section (d2o/6 EdQ' '0. ) in the lab system

a contour diagram versus neutronEq. (A3)1 is plotted in a con

hea fra
etection angle and energy. The l' ht ( 1 dig so i line) and

400
cavy fragments (dashed line) are scatt d tca ere o 20 and

s ective
, respectively. In the upper part of th fo e figure, re-

pec ave cross sections integrated over theover e neutron en-
gy are epicted. A large Eio~ value of 200 MeV has

been used to generate the distribut
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t'(d"h d l" ) - h. .f-. t.t.l k;„,t.
energy loss E of 200 ~~eV in a contour diagram

sus the neutron detection angle and theplotted ver u

y, e respective scat-neutron laboratory energ, Th
tering angles of the two fragments are indicated
by the vertical arrarrows. This two-dimensional plot

rR ion in energydemonstrates very clearly the sepa t
and emission angle of neutrons emitted from the
two sources. In fact, for total kinetic energy
losses smaller than 200 MeV corre d' t
ia y amped events, the separation is consider-

ig. . Because ofably better than indicated in F' 6 B
e o use not onlyis good separation it is possibl t

e emission angle but also the neutron lab
RS in

' dications of the origin of the detected neu-
a energy

rons. In the following, the neutron detector an-
g es in the direction of the light- d h- an cavy-frag-

an l
ment scattering angles are denoted as theRS e rnaSter

an cavy frag-ang es for neutrons from the light and h

ments, respectively. At these angl. es, the inten-
sity of neutrons from one fragment is the
~art of thep o e measured spectrum, whereas the con-
ribution from its reaction pa t

Fig. 6).
r '

par ner ss small (see

For each neutron event in any of the neutron de-
ectors located at angles 8 and the

„,E„, „,m, ) applying to the transformation
from the lab to theto the c.m. system were calculated

+ 5m„ is thefor both fragments. Here m. = (A/Z)Z+ 5

pre-evaporation mass of fragment Th
tt Ei ies 0 and 5

v. e quan-

v& v~ m, are the measured energy,
angle, and calculated evaporated masmass, respec-
tively, of the light fragment (1/=I. ) or the corre-

mine the mass of the detected fragment, it was
assumed that its A/Z ratio was that of ths a o e valley

the
s a s sty. With these transformation f tn Rc ols)

sec ion or neutronse double differentiRl cross se
from fragment p becomes

dov dg
dQdE ' " dQdE (2)

1 ab

where C is a ccorrection factor accounting for the
contribution frfrom the respective correlated frag-
ment. For events with total k' t
of 200 Me

ine ic energy losses

to 30 an
V and 50 MeV this correct, ion tRmoun s

0 /p and 7%, respectively, at the li ht-fra
er ang e, and 5% to 1%, respectively, at the

heavy-fragment master angle. Hence, at these

the a
angles the final results are largely ind din epen ent of

e assumption used to calculate C„.
The correction factors C„were calculated as-

suming evaporative neutron spectra and
'

a given angle, this results in a ratio 8 for the
yields of neutrons of energy E„from the heavy and
light fragments given by
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R=(M„/M, )(E", /E,' )'~'

x exp [(-E" /Tz) + (E~ /T~) ], (3)

20 &Z & 30 and fusion-fission corresponds to 35
&Z &55.

where M„, E,",and T„are the neutron multi-
plicity, neutron c.m. energy, and nuclear tem-
perature of fragment p, respectively. The value
of E," is calculated using the laboratory neutron
energy E„and the respective fragment velocity.
With this ratio R one obtains C~= 1/(1+ R) and Cs
=R/(1+R). Relation (3) results in (R) «I or (R)
»1 for the master angle of the light or heavy frag-
ment, respectively, yielding (C„)=1 in both cases.
This indicates again that the results obtained for
the master angles are largely independent of the
details used to calculate R.

Values of the ratio M„/M~ and of the tempera-
tures T~ and T~ have to be specified as starting
parameters for an iterative analysis of the data.
In the procedure applied here, MH/M~ was in-
itially set equal to the fragment mass ratio m„/m~
calculated event by event as described above, and
the total excitation energy was distributed in pro-
portion to the fragment masses. This implies that
T„=T~~(E„„)'~'was assumed as an initial con-
dition in the iterative procedure. One can then use
the results of the first event tape replay for M~/
M~ and TH/T~ as input parameters for the second
iteration. However, the final results were largely
independent of these assumptions and very close to
the situation described above. It was, therefore,
not necessary in most of the analyses to make a
second iteration.

In order to test quantitatively the event analysis
described above with respect to the sensitivity of
the final result to the nuclear temperatures and
neutron multiplicities, a test program was used
to generate synthetic neutron spectra. For in-
stance, various spectra were analyzed correspond-
ing to ratios Tz/T~ and (Mz/M~)(m~/m„) ranging
from —,

' to 3. In each case the analysis gave re-
sults within a few percent of the correct tempera-
tures and multiplicities of the test spectrum.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A considerable amount (= 25%%uo) of the total re-
action cross section of the reaction '"Ho+ "Fe at
the bombarding energy of 476 MeV is associated
with fusion-fission leading to an average fragment
Z of about 46 corresponding to symmetric fission
of the composite system. In comparison, the
strongly damped part of the reaction cross section
is concentrated around Z= 26 (Fe) with respect to
the detected light fragment. No contribution from
sequential fission of the targetlike nucleus was
observed. In the following, the strongly damped
part of the reaction is defined by the requirement

A. Nuclear temperatures of the strongly damped
reaction fragments

In Fig. 7 the c.m. neutron energy spectra in the
rest frames of the light (open circles) and heavy
(filled squares) fragments are shown for all six
neutron detector angles. The data are weighted
averages over all three telescope angles 8~=+16',
20', and 25' and total kinetic energy losses larger
than 36 MeV. The error bars depicted include
only statistical errors and do not account for the
uncertainty of the neutron detection efficiency and
background subtraction which become appreciable
at high neutron energies. This makes the results
above E, =10-15 MeV considerably more un-
certain than indicated by the error bars. The in-
terpretation of high-energy parts of the neutron
spectra is further complicated by the deterioration
of the neutron energy resolution at high energies
(=4 MeV at E„=20 MeV). The solid curves are
calculated evaporation spectra with a, temperature
of 2 MeV [see Eq. (A1) with ~= 0.5] normalized to
the spectra at the master angles for the light
fragment at 25' and 10 and for the heavy fragment
at -45' and -70' (heavy solid lines).

In addition to the neutron energy cutoff due to the
detection threshold (1.08 MeV), there is also a
kinematical cutoff, if a neutron detector is not
aligned with the recoil direction of the respective
fragment, due to the strong focussing of low-en-
ergy neutrons into the recoil direction. This ef-
fect causes the low-energy falloff of the 8„=-45
neutron spectrum for E, & 5 MeV in the case of
neutrons associated with light fragments (see Fig.
7).

As has been discussed previously (cf. Sec. IIC),
the results obtained for the master angles are
largely independent of the specific assumptions
made in performing the analysis. Inspecting these
energy spectra closely, one observes that, with
the exception of very high E, the spectra cor-
responding to light and heavy fragments have ap-
proximately the same exponential decrease. Since
the slope of the neutron spectrum reflects the nu-
clear temperature of the emitting fragment, one
arrives at the important conclusion that the tem-
peratures of the light and heavy fragment must be
similar. Furthermore, the contribution of high-
energy pre-equilibrium neutrons appears to be
small, as can be inferred from the high-energy
parts of these spectra. Integrating the neutron in-
tensity in excess of the evaporation spectrum re-
sults in an upper limit of 5%%uo of a possible contri-
bution of pre-equilibrium neutrons. Assuming,
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FIG. 7. Neutron energy spectra in the rest frames of the light (open circles) and the heavy (filled squares) fragments
for all neutron detector angles. The spectra were averaged over Z between 20 and 30, E&, values larger than 36 MeV,
and all three settings of the telescope angle Bz =16', 20, and 25'. The solid lines represent evaporation spectra
dN/dE = WEe ~ and are normalized to the experimental points at 25 and 10' for the light fragment (open circles) and
at -45' and -70' for the heavy fragment (filled squares).

furthermore, that a pre-equilibrium contribution
is associated only with the first neutron of each
cascade, one has to multiply the above result with
the average neutron multiplicity. This re'suits in
an upper limit of 25% for the probability for the
first neutron to be emitted by the heavy fragment
in a pre-equilibrium process. However, including
a reasonable estimate for the systematic errors
mentioned above, the high-energy points are al-
most consistent with the evaporation spectra given
in Fig. 7. This assigns a low confidence level to
the value deduced for the upper limit of the pre-
equilibrium neutron emission probability.

The most forward neutron detectors at 8„=+10'
should be specifically sensitive to highly energetic
neutrons from the Fermi-jet mechanism. How-
ever, the spectra show almost no contribution
from highly energetic neutrons at these angles,
thus providing no support for this emission mech-
anism.

The energy spectra of Fig. 7 have been averaged

over all'values of E„„larger than 36 MeV and
hence yield information only about the average de-
gree of energy equilibrium. However, most sig-
nificant for an understanding of the equilibrium
mechanism appears to be its evolution as the inter-
action time proceeds. Adopting the assumption'
that the interaction time depends monotonically on
the E„„,it, is possible to infer the progress of
energy equilibration with time by measuring the
fragment temperatures as a function of E„„.The
experimental dependence of the temperature on
energy loss is shown in Fig. 8. According to the
evolution of interaction times mentioned above,
an Ey of 100 MeV corresponds"' to an interaction
time of either = 4 or =8 x10 "s assuming the non-
sticking or sticking situation, respectively. One
observes that the temperatures deduced from the
c.m. neutron energy spectra of the master angles
are, w ithin the exper imenta t. uncertainty, the
same for both fragments already for interaction
times as short as = 5 x10 "s. Furthermore, the
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l65HO + 56F'e

EL,b= 476 MeV
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trons are emitted isotropically in the rest frames
of the fully accelerated fragments. However, so
far this has only been established for neutrons
emitted in the reaction plane. In fact, the assump-
tion of isotropic emission leads to disagreement
with the out-of-plane data as shown in Fig. 7 for
e„=0' and p„= 85", corresponding to an emission
angle of approximately 90 in the rest frame of
the heavy fragment. The experimental points lie
systematically below the evaporation spectra
(curves) deduced from the spectra measured at
the master angles. From this one obtains an out-
of -plane anisotropy

I I

IOO 200
ELoss(MeV)

FIG. 8. Nuclear temperature as a function of the Eio~
for the light (open circles) and heavy (filled squares)
fragments. The solid curve represents the calculated
nuclear temperature T'=

&& (E, ,/a&N)' with

~~y- [(Ag+A&)/8j MeV ~ being the level. density param-

eter of the composite system.

points follow closely the theoretical curve repre-
senting the Fermi-gas relation between tempera-
ture and excitation energy assuming that the en-
tire loss is converted into intrinsic excitation and
the level density parameter to be given by a=(A/
8) MeV '. LeCouteur and Lang" have derived an
effective temperature T= —,", (E~/aP ' for a neutron
cascade, where E* is the initial excitation energy.
This relation is shown by the curve in Fig. 8. Al-
though the limited accuracy of the data does not
allow firm conclusions in this respect, the re-
sults are consistent with the assumption that the
intrinsic-excitation. energy E* is given by the
measured E„„ofthe asymptotic fragment kinetic
energies, a quantity that may, conceptually, be
different from the amount of kinetic energy that
is irreversibly dissipated into intrinsic degrees
of freedom.

In concluding this section, it is emphasized
again that the observation of equal temperatures
for light and heavy fragments suggests strongly
that nearly complete equilibration of the excitation
energy is reached in a damped heavy-ion collision
already for interaction times as short as 5 x10 "
s.

B. In-plane and out-of-plane correlation

The fact that the experimental neutron spectra
obtained for both fragments at various angles in
the reaction plane agree so we' ll in shape and mag-
nitude with the spectra measured at the master
angles is consistent with a process where neu-

—(y = O') —(y = OO ) -1do' do'

dQ dA

of 0.2 +0.1 for neutrons from the heavy fragment.
The intensity of neutrons from the light fragment
measured at this angle cannot be used to extract
an independent value of A2 for the light fragment
because it is strongly dependent on the specific
assumptions made in the analysis.

According to the theory of Ericson and Strutin-
sky,"the out-of-plane angular correlation W of
particles evaporated from a nucleus with tempera-
ture T and moment of inertia j is a function of the
spin I of the nucleus and the angular momentum
l carried away by a particle:

@2 2

W(y)=1+- 2.T (f')(f')cos'y,
2 2jT (4)

where (I') and (l') are the mean-squared values
corresponding to the normal of the scattering
plane. Assuming a rolling or sticking situation in
the collision, typical values of the asymmetry are
estimated to amount to 4% or 12%, respectively,
in qualitative agreement with the experiment.
However, since the angular momentum l carried
away by a nucleon evaporated from a spherical
nucleus is small (lk to 25 in the present case),
the measurement of the out-of-plane angular cor-
relation does not provide as sensitive a test of the
fragment alignment as would be possible with
heavier particles.

C. Neutron multiplicities

As has been pointed out in Sec. I [cf. Eq. (1)],
the neutron multiplicity also measures the excita-
tion energy, although somewhat indirectly. The
experimental neutron multiplicities for the light
(open circles) and heavy (filled squares) fragments
are plotted in the lower part of Fig. 9 versus the
measured atomic number Z~ of the detected frag-
ment and that of the correlated heavy fragment
assumed to be given by Z~= Z~+ Z„-Z~. The
measured fragment Z values have not been cor-
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FIG. 9. Neutron multiplicities Ml (open circles) and MH (filled squares) are shown as functions of ZL and Z~
=Zp+Zz —Zi„, respectively (see text). The filled triangles and crosses are the results of evaporation. calculations
(Ref. 17) for neutron and charged-particle (p +n) emission, respectively. In the upper part of this figure the ratio
Mz/M~ is plotted and compared to the mass ratio mz/m~ (solid line).

rected for possible charged-particle evaporation
since no accurate experimental data are available.
As shown in Fig. 9 the multiplicities increase ap-
proximately linearly with increasing atomic num-
ber or mass of the fragment. At Z=46 (dashed
vertical arrow) a discontinuity appears between
the multiplicities deduced for the detected (open
circles) and the correlated (filled squares) frag-
ments, although they should be equal for the sym-
metric-fission fragments. This discrepancy can
be understood in terms of charged-particle emis-
sion from these fragments. Using the evapora-
tion code of Beckerman and Blann, "one obtains
a charged-particle (protons and o particles) multi-
plicity of = 0.75 (indicated by the crosses in Fig.
9) or an average evaporated charge of 1.25 per
fragment, for fragments with Z=46. This is in
qualitative agreement with approximate ~ -particle

measurements performed in this work yielding an
estimate for I =0.5 —1.0 for fusion-fission frag-
ments. U then a correction is applied accounting
for charged-particle emission, the circles and
squares have to be moved to the right and left on
the Z axis, respectively, by 1.25 units each, re-
sulting in a smooth transition between the two sets
of data. The mean neutron multiplicity obtained
for the fusion-fission fragments is M„= 5.7 +0.7
(see Table I).

Also shown in Fig. 9 are the results of an exten-
sive evaporation calculation using the code MBII"
(filled triangles and crosses). The dashed and
dashed-dotted curves are drawn through the cal-
culated points. The basic assumption for the pa-
rameters used in the calculation were (1) the ex-
citation energy was taken to be apportioned ac-
cording to the mass ratio, (2) the binding energy
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TABLE I. Mean neutron multiplicities and neutron energies.

(E*) (MI) " (Eg) (M/) " (Eg) (Mtot ) (Eg )
(MeV) +10% {MeV) + 10% (MeV) + 10% (MeV) + 15% Reaction'

16'
20'
25'

113
100
83

1.93
2.02
1.56

3.1
3.0
2.4

5.77
5.59
4.01

3.1
3.1
2.5

7.69
7.65
5.57

27.5
15.2
20.7

SDC
SDC
SDC

(16,20, 25) 224 3.6 5.7 11.4 88

(E*)= (E~,».)+ (Q~z) weighted mean with E~0» & 26 Mev.
Weighted-mean neutron multiplicity with E» 36 MeV.

'Weighted-mean first moment of c.m. neutron energy spectrum.
Residual excitation energy that is not carried away by neutron emission.
SDC: 20~~ Z&~ 30. FF: 35~ ZL, & 55.

of the first evaporated particle was assumed cor-
responding to a completely equilibrated ratio N/Z
(= 1.38), and (3) the angular momentum used was
estimated from the sticking limit for two touching
spherical nuclei. The excitation energy wa, s cal-
culated from the average value of E„„and the
ground-state Q value Q . Within the experimental
errors and the uncertainty of the evaporation cal-
culation (estimated to be 10-20fp), one obtains
very good agreement with the measurements, ex-
cept around Z= 26 and Z = 67 (solid vertical ar
rows) corresponding to the projectile hand target Z,
respectively. Here, however, the assumption of
the sticking limit is not very realistic. By de-
creasing the angular momentum of the light frag-
ment from 1Vh to lib, more thermal energy (=5
MeV) is available for neutron evaporation and less
for y-ray emission. This results in an increased
multiplicity represented by the upper triangle for
Z= 26, as is shown'in Fig. 9. Although there are
no y-ray multiplicity measurements available for
the system '"Ho+ "Fe, a similar effect has been
observed by Aleonard et al."for the dependence
of the y-ray multiplicity on the fragment atomic
number in the reaction '"Ho+ "Kr at 618 MeV,
which has a pronounced minimum at the projectile

'

Z. Physically, this implies a close relation be-
tween the number of transferred particles which
deposit their relative linear momentum and the
transferred angular momentum.

In Fig. 9, the crosses connected by a dashed-
dotted line represent the results of the calculation
for the charged-particle multiplicities M, . The
fact that charged-particle emission from frag-
ments around Z= 26 is quite improbable is di-
rectly tied to the binding-energy assumption (2)
listed above. This assumption is di.scussed in
more detail below.

In the upper part of Fig. 9, the ratio MH/M~ of
the neutron multiplicities for the li.ght detected
fragment (M~) and the heavy correlated fragment

H L E4 (@+~)
[(r,/r„) + (r./r„) + 1],
[(r,/r„)+ (r./r„)+ 1]„' (5)

where E„*, E„, B„, and I', stand for the excitation
energy of fragment v, the mean kinetic energy
carried away per neutron [E„=1.5T, see Eq. (A2),
z= 0.5], the neutron binding energy and the evap-
oration width for particle ~, respectively. Since
(r~/1 „) and (r /1"„) are sensitive to the difference
of binding energies (J3&

& &

—B„)and thus the N/Z
ratio, the third term also depends sensitively on
the pre-evaporation N/Z ratio. The use of as-
sumption (2) given above, results in a very small
amount of charged-particle emission from either
fragment and approximately equal binding energies
B„~and B~ for the system under investigation.
%ith the above statement and the equal-tempera-
ture relation, Eq. (5) can be written as

M„/M = &„*/&*= a„T„'/a T ' = m „/m, (6)

where a„ is the level density pa, rameter a„=A/8.
Consequently, observing a relation M„/M~= m„/
jn~ is consistent with a full equilibration of the
excitation energy degree of freedom during the
interaction time.

The neutron multiplicities shown in Fig. 9 are
averages over all values of E„„above 86 MeV
with an average E, , of = 160 MeV corresponding
to an average interaction time of (8 or 17) x 10 "s
assuming a nonsticking or sticking situation, re-

(M„) are plotted as a function of Z~. The solid
curve represents the mass ratio mH/m~ deduced
from the measured Zz assuming N/Z=1. 38, i.e. ,
N/Z of the composite system. Within the experi-
mental error bars, good agreement with the rela-
tion M„/M~= m„/m~ is obtained.

Neglecting y -ray emission this ratio is given to
first approximation by
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spectively. It is again possible to obtain informa-
tion about the time scale on which the excitation-
energy degree of freedom equilibrates using the
relation between energy loss and interaction time
discussed previously. ' For this purpose the neu-
tron multiplicities for the light fragment (20 & Zz
~ 30) and the correlated heavy fragment (I3 & Z„
~ 63) are plotted versus E„„in Fig. 10(a). As
shown in this figure, the neutron multiplicities
increase almost linearly with E„„increasing up
to 120 and 180 MeV for the light and heavy frag-
ment, respectively. Furthermore, up to these
energies the experimental results agree very well
with the evaporation calculations (solid triangles)
connected by the dashed line in Fig. 10(a) a,ssum-
ing N/Z equilibration. That is, provided that this
assumption is true, one can conclude from the ob-

M„/ML 0 II ~e ~
~ f., ~;I]~I/o ~If

'

io-
Ia II

II '

II ~

I

i"Ho+ "Fe
Ei,b=476 MeV

a)
200

I

IOO

E L.oss(M«)

ia',o
0oI

FIG. 10. (a) Neutron multiplicities ML (open circles),
Ms (filled squares), and (h) the ratio MzjMz (filled
circles) are plotted versus E&,~ for 20 —Z «30. The
open and filled triangles represent evaporation calcula-
tions (Ref. 17) for M~, Ms, and Ms/Ml, assuming an%/Z
value corresponding to the valley of P stability and a
value equilibrated towards N/Z of the composite system,
respectively. The solid and dashed lines in (a) and (b)
are drawn through the calculated points to guide the eye.

served dependence of neutron multiplicities on

E„„,that the excitation energy is equilibrated
for values of E„„assmall as 60 MeV correspond-
ing to very short interaction times. This is con-
sistent with the results given above for the nuclear
temperatures.

However, there is a considerable discrepancy
between the evaporation calculations and the ex-
perimental results for large energy losses, es-
pecially for the light fragment with values of E„„
above 120 MeV. This may be due to a considerable
transfer of angular momentum in collisions damped
to the Coulomb energy of spherical fragments or
below'. In the calculations it was assumed that the
maximum possible fraction of the angular momen-
tum corresponding to the rolling limit had been
dissipated for an E„„of130 MeV, decreasing
linearly towards an E„„ofzero and remaining
constant for larger values of E„„.Such a depen-
dence has been derived from y-ray multiplicity
measurements by Olmi et pl."although for a dif-
ferent system, and is expected from the angular-
momentum dissipation theory of %olschin and
Norenberg. " Possible larger amounts of angular
momentum transferred would lead to a decreasing
neutron multiplicity, since collective rotational
energy is not available for particle emission.

The discrepancy discussed above may also be
due to an X/Z equilibration process which is re-
tarded or damped at high temperatures, a possi-
bility which will be discussed below. However, in
order to attribute the deviation of the neutron
multiplicities from the results of the evaporation
calculations at high values of E„„uniquely to
either of the above effects, a more complete ex-
periment is necessary in which all emitted par-
ticles, including protons and ~ particles as well
as y rays are measured.

In Table I, the measured average neutron multi-
plicities, neutron energies and E„„values given
for strongly damped collisions (SDC) and the fu-
sion-fission (FF) part of the reaction cross sec-
tion. Column 8 of Table I lists the average re-
sidual energy Ez, which is not carried away by
neutrons but must go into p, ~, and y-ray emis-
sion.

Finally, a quantity of practical interest is the
total neutron production cross section 0„~,~. This
quantity has been derived from the total kinetic
energy loss spectrum' of the reaction '"Ho+ "Fe
and the dependence of the total neutron multiplicity
on the value of E„„.For the reaction '"Ho+ "Fe
at 476 MeV bombarding energy, a value of o„„,
= 26.7 +3 b is obtained. Similarly large neutron
production cross sections have resulted from the
pioneering experiment of Broek who reported
neutron production cross sections of 2.8 and 25 b
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in the reaction of 160-MeV oxygen on targets be-
tween aluminum and gold, respectively. E ioss = 100 MeV

D. N/Z equilibration

Since the largest fraction of the energy carried
away per emitted neutron is given by the neutron
binding energy B„, the total number of emitted
neutrons for a given excitation energy is almost
directly proportional to B„. By increasing the
neutron-to-proton ratio of a given nucleus, the
neutron binding energy decreases whereas the
proton binding energy increases. Hence, the
probability of charged-particle emission is dras-
tically reduced for an increasing N/Z ratio, since

I"QI'&
& &

~exp[(B&
& &

—B„)/T]j,

where B~ & &
is the binding energy of protons and

~ particles including their respective Coulomb
barriers. The t&j-binding energy has a weak N/Z
dependence. Both effects amplify the sensitivity
of the neutron multiplicity as a probe for the N/Z
ratio. Since an increase in the N/Z ratio of the
projectilelike fragment implies a decrease of N/Z
of the targetlike fragment, the sensitivity of the
ratio M„/M~ to the neutron-to-proton ratio is
further enhanced, as can be seen from Eq. (5).
Furthermore, in this ratio the dependence of M„
on the total transferred angular momentum can-
cels, to first approximation.

In Fig. 11 the results of the evaporation calcu-
lation for the ratio M„/M~ are plotted versus the
neutron-to-proton ratio of the projectilelike frag-
ments (20 &Zz &30). The error bars given rep-
resent uncertainties of the calculation. The exci-
tation energy has been assumed to be apportioned
according to the mass ratio, as discussed earlier.
The hatched area represents the experimental
value Mz/M~ at an E„„of100 MeV. Obviously,
the data are consistent with values of N!Z larger
than, 1.26 up to the N/Z equilibration value of the
composite system (N/Z = 1.38).

Until now the equilibrium N/Z ratio has impli-
citly been identified with the N/Z ratio of the com-
posite system. This is a priori a model-indepen-
dent def inition. The equilibrium neutron-to-pro-
ton ratio for a given charge division (Z„Z,) and
an angular momentum l of the interacting system
with a given shape is defined by the minimum po-
tential-energy surface V,(Z» N„Z„N,) with re-
spect to a variation in (N, /N, ). This potential
surface has been approximated using the liquid-
drop model, Coulomb point charges and rota-
tional energies are given by those of two nuclei at
a separation distance equal to the strong-absorp-
tion radius or the sum of the two nuclear radii.
.These calculations accounting for shell corrections

M 4
H

Il

//r 777777/'/i //// ////
~ JZdllllllllll(J ////l

"Fe l65Ho

1.3

N/Z
l.5

FIG. 11. The calculated ratio ~H/Mz of the neutron
multiplicities Jj/IJ and MH of the light and heavy frag-
ments, respectively, is plotted versus N/Z of light frag--
ment with 20 «Zl ~ 30 and and E&,~ = 100 MeV. The
hatched area represents the experimental value of
~g/j/lg. The vertical dashed arrow indicates the N/Z
value of the composite system, whereas the solid arrows
show those of 5~Fe and Ho.

result in an equilibrium N/Z ratio of 1.30 for I
= 0 and 20 & Z~ & 30, in agreemerit with a value of
1.31 obtained using the maximum ground-state Q
values as deduced from the mass tables. ' For a
value of E, , ~100 MeV, the average initial an-
gular momentum' is i=1935. In this case, one
obtains 1.39 or 1.49 for the equilibrium N/Z value,
depending on whether the strong absorption radius
or the sum of the nuclear radii is used for the
separation distance of the ions, respectively.
Hence, for /= 1935 the model predicts the equilib-
rium N/Z value to be slightly larger than that of
the composite system (1.38). Both predictions for
the equilibrium N/Z values are consistent with
the present experimental result at an E, , of 100
MeV.

In Figs. 10(a), 10(b) the neutron multiplicities
MH and M~ and their ratios are compared with the
evaporation calculations, assuming either N/Z
= 1.15 (open triangles) or N/Z= 1.38 (filled tri-
angles) for the projectilelike fragment. Here, too,
it is clear that the data are consistent with N/Z
equilibration towards N/Z of the composite sys-
tem for energy losses between 80 and 120 MeV.
The evaporation calculations become very uncer-
tain for excitation energies close to the binding en-
ergy of one neutron. Hence, it is not feasible to
perform an unambiguous comparison with the data

' at smaller total kinetic energy losses. Thus, with
this method it is not possible to deduce the N/Z
ratio for fragments with values of E,„,smaller
than 80 MeV.

For the light fragment with energy losses above
120 MeV, the experimental multiplicities assume
values in between the predictions based on either
assumption made on the N/Z ratio. This could be
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interpreted as a, different mechanism of N/Z
equilibration at low angular momenta correspond-
ing to large values of E„„orhigh temperatures
resulting in a damping of this equilibration. How-
ever, since the present data are not complete, it
is possible that this deviation is due to a transfer
of amounts of angular momentum larger than as-
sumed to the light fragment, at large values of

loss'
Summarizing the results discussed in this sec-

tion, one may conclude that the neutron-to-proton
ratio is almost equilibrated at interaction times
as short as (4 or 8) x10 "s, depending on a non-
sticking or sticking situation, respectively. Brosa
and Krappe' have predicted N/Z equilibration to be
achieved within times of =2 x10-' s for the sys-
tem '"Ho+ "Fe assuming the mass-to-charge
equilibration mode to be not overdamped. This is
consistent with the present results.

IV. CONCLUSIONS

Summarizing the results of this investigation, it
is found that the excitation-energy degree of free-
dom and the neutron-to-proton ratio are equili-
brated on the very short time scale of (5—10)
x10 "s. Neutrons are emitted from the fully
accelerated fragments, that is, after = 5 x 10 "s.
Very few, if any, events are observed with a sig-
nature of pre-equilibrium processes. The data
provide no evidence for Fermi-jet neutrons.

Very similar results, with respect to equilibra-
tion of the excitation energy, have been obtained
in other investigations" "using a variety of dif-
ferent methods. All those investigations using
neutron emission directly or indirectly as an in-
dication for pre-equilibrium effects are sum-
marized in Table II. Except for the results of
Hillis et al. ,

" it is seen that pre-equilibrium ef-

fects do not become appreciable until the relative
kinetic energy above the Coulomb barrier in the
entrance channel is approximately 6-8 MeV/u.

The results for the '"Ho+ "Fe reaction at 476
MeV can be qualitatively understood by inspecting
the relevant time scales for the evaporation time
v~, nuclear relaxa, tion time v„, and interaction
time T„,applicable to this experiment as given
for different nuclear temperatures in Fig. 12. It
appears that for nuclear temperatures reached at
a bombarding energy of 4 MeV/u above the Cou-
lomb barrier, even if a hot spot (T= 5 MeV) were
formed on contact of the two ions, it would decay
within a typical relaxation time 7~ which is short
compared to the interaction time (r„«v„,). That
is, the system would equilibrate very rapidly to
temperatures around 2 MeV where evaporation
times are =10 "s, whereas the corresponding
interaction time is of the order v„,=10 " s. Add-
ing to this interaction time the time the two frag-
ments are accelerated within their mutual Cou-
lomb field, one obtains (5-6) x 10 " s which is
still smaller than the evaporation time v~. From
this estimate one expects particles to be evap-
orated only from the fully accelerated and com-
pletely equilibrated fragments.

For incident energies 7-8 MeV/u above the
Coulomb barrier, it may be possible to produce
local temperatures of 8 MeV if the energy dissipa-
tion mechanism would allow an almost instantan-
eous loss of the available kinetic energy. In this
case, the relaxation time v „is no longer small
compared to the particle-evaporation time v& and
one could, indeed, expect a considerable contri-
bution of pre-equilibrium particles.

The essential quantity marking the boundary be-
tween the equilibrium and pre-equilibrium regimes
appears to be the kinetic energy per nucleon above
the Coulomb barrier in the entrance channel rather

TABLE II. Emission of pre-equilibrium neutrons.

Reaction
El~

(MeV)
(E —Vc~ )/p

(Me V/u)
Measur ement Pre-equilibrium

b Reference

158Gd

"4sm
Nd

165Ho

166@

'"Sn
19/A

'"Au

C+
16p+

Ne+
"Fe+
"Kr+
4'Ar+

'"Xe+
"Cu+

152
112-169

175
476
602

161-236
990
365

8.3
2.6-6.3

4.6
4.0
2.5

0.5-2.4
2.3
0.8

CF
CF
CF

SDC/FF
SDC
CF
SDC

SDC/FF

—to+

—to+
(+)'

26
27
26

Present work
24
28
29
25

CF: Complete fusion; FF: Fusion fission; SDC: Strongly damped collisions."+: evidence; —:no evidence for pre-equilibrium neutrons.
See also Ref. 24. The results of Broek (Ref. 21) are not included since this was an inclusive measurement. He did

not observe any pre-equilibrium neutrons though the energies were 8.3-11.8 MeV/u above the Coulomb barrier.
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Assuming isotropic emission in the fragment
rest frame, the double-differential cross section
for neutrons from an evaporation cascade in this
frame can be written as"

10 22-

I

0-25- ! I 1 I I 1 1 1 1 I '1 1 1

0 2 4 6 8 10 12

TEMPERATURE T (MeV)

Fto. 12. Relevant time scales in the reaction ~ Ho
+ ere. The curves labeled ~z, 7z, and 7;„, represent
the time required to evaporate a particle {Ref. 30)
from a nucleus of temperature T, that for the decay of
a hot spot in a nucleus of temperature T corresponding
to the nuclear relaxation time {Ref.31), and the nuclear
interaction time {Ref. 8) in a nonsticking situation for
the given reaction at 476 MeV as a function of equilibrium
temperature T, respectively. Only the interaction times
that do not lead to fusion {l)lggjt) are shown. The small-
est interaction time corresonds to the maximum angular
momentum {Lmax) ~

than the total excitation energy. Using, then, the
kinetic energy per nucleon above the Coulomb bar-
rier as a characteristic parameter, one can quali-
tatively put the (LI, ~n) and (HI, xn) reactions on a
comparable footing. For both types of reactions
pre-equilibrium neutrons are observed for inci-
dent energies higher than 5 to 6 MeV/u above the
Coulomb barrier" independent of whether tens or
hundreds of MeV of relative kinetic energy have
finally been dissipated into intrinsic excitation en-
ergy.
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17. We gratefully acknowledge the help and sup-
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do M E"exp(-E/T), (Al)

where I'(11+ 1) is the I' function, T is an effective
nuclear temperature, and M is the neutron multi-
plicity. The first energy moment (E) of this spec-
trum is given by

(E)= (11+ 1)T, (A2)

The energy spectrum in the lab system is deduced
by integrating E11. (AS) over the angles, yielding

do M -(E,+ e) . „2v'cE„
exp

" sinh
2v' g~T T

"
T

Finally, the dependence of the first moment of the
energy spectrum in the lab system on the neutron
laboratory angle 8 relative to the fragment scat-
tering angle is given by

where (E) corresponds to the mean kinetic energy
carried away per neutron.

If on the average only one particle is evaporated,
one has a Maxwellian" spectrum with n= 1[I'(2)
= 1], whereas for a neutron cascade, LeCouteur
and Lang" have shown that pg= 0.45. It has ex-
perimentally been demonstrated that evaporation
spectra of fission neutrons' can be described very
well. by using 11=0.5[I"~= v v/2], which will be used
in the following:

do M
dE„dA 2(p T)' i '

x exp [-(E„—2v' e„Esco8 e+)/T], (A 3)

where E„ is the laboratory neutron energy.
The angular distribution in the lab system is ob-

tained by integrating Eq. (AS) over all neutron en-
ergies, yielding

da M
dA 2'' Tj

x (Wv(c, '+ -,') [1 —erf(c) ] +(2o. + c)e~ ] . (A4)

T( v(3/4+ So.'+ o. ) [1 -erf(c)]+[c'+ (3/2)c+4o!c'+4n+6c. 'c+4a']e ' ]
Ww(n'+ ~) [1 —erf(c) ] + (2c. + c)e ' (A6)
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where

(y = — cos6
~

dN(2( 2N, —H irP2)cos'8 exp (A7)

and E, and & are the neutron energy threshold and
the fragment energy/u, respectively.

Particle evaporation leads to a distribution of
recoil directions 8 of the fragments, which is,
however, rather narrow as has been shown by
Lide":

(A8)

Here A is the fragment mass, k is the number of
evaporated neutrons, m is the neutron mass, and

P,. is the initial fragment momentum. For the re-
action '"Ho+ "Fe, this effect leads to a broaden-
ing of the fragment angular distribution by only a
few degrees.
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