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Neutron deexcitation mechanism through pre-equilibrium and equilibrium phases of the '"Dy(a, xn y)
reaction at E(a) = 120 MeV was studied as a function of the neutron multiplicity x. The deexciting
neutrons with a wide range of the multiplicity x showed energy and angular distributions characteristic of the
pre-equilibrium process followed by equilibrium evaporation, The pre-equilibrium neutrons were found to
carry away considerable amounts of angular momenta. The energy and angular distributions of the emitted
neutrons were analyzed in terms of a simple two phase deexcitation mod'el of the pre-equilibrium phase and
the equilibrium phase. It gives the mean number of pre-equilibrium neutrons (-1.7), pre-equilibrium
quasitemperature (-6 MeV), the average exciton particles number around 20, and the equilibrium
temperature (1.6 MeV),

NUCLEAR REACTIONS Dy(n, xn p) ~Er, x= 6—11, E(e) =120 MeV; mea-
sured o (x), o- (E„,0„);deduced angular momentum removal by neutrons, pre-
equilibrium effects, properties of pre-equilibrium phase. Two phase deexci-

tation model analysis. Enriched target.

I. INTRODUCTION

Nuclear reactions induced by medium energy
projectiles (-80 MeV/nucleon) are interesting in
view of pre-equilibrium and equilibrium deexcita-
tion processes. The highly excited (-100 MeV)
nuclear system produced by the projectile bom-
bardment decays first by emitting a number of
fast nucleons at the pre-equilibrium stage and later
by evaporating low-energy nucleons at the equili-
brium stage. Recently high-energy tails of charged
particle spectra and excitation functions well
above the reaction threshold have been investigated
to study the pre-equilibrium deexcitation pro-
cess. '

Major reaction channels for medium-energy
(-100 MeV) light particles interacting with heavy
nuclei are (particle, xny) reactions with a large
variety of neutron multiplicities (x =2 —12). Here
one may expect some fast neutrons at the pre-
equilibrium stage followed by much low-energy
neutron evaporation. There have, however, not
been many neutron measurements. Some studies
of singles spectra of neutrons following equili-
brium ' and pre-equilibrium' ' reactions have
been reported. A simple schematic diagram of
the (n, xny) deexcitation process is shown in Fig
1. The quantity Er is an energy sum of the emitted
neutrons. Tbe pre-equilibrium process may be
manifest in reactions with a small number of mul-
tiplicity x where a small number of fast neutrons
are emitted, while the equilibrium process is

relatively important in reactions with a large mul-
tiplicity x of the evaporating neutrons.

It is important to investigate fast and slow neu-
trons following (particle, xny) reactions as a func-
tion of the neutron multiplicity x in order to study
deexcitation processes through the pre-equilibrium
to equilibrium phases of the reaction. Here the
neutron multiplicity x can be identified by requir-
ing a coincidence with discrete y rays (y„) charac-
teristic of the (particle, xny„) reaction residues.
This type of n ycoincidence stu-dy was first car-
ried out by Ejiri et al. ' They studied in detail
'8'Ho(p, xny) Er reaction at F~ = 60 MeV, and found
properties of the neutrons emitted at the pre-
equilibrium stage. Since the projectile used was
60 MeV protons, the neutron multiplicity x was
limited to x=4-6, and the angular momentum in-
volved was rather small.

The (particle, xny) reaction mechanism has also
been studied by singles y ray and coincidence y-y
measurements. Recently y-ray multiplicities for
(n, xny) reactions and the median spin value of
the ground state rotational band have been found
to saturate as the projectile energy increases well
beyond the threshold energy. "" This suggests
that a considerable fraction of the input angular
momentum is carried away by the pre-equilibrium
neutrons.

The purpose of the present work is to extend the
previous (p, xn y) reaction induced by 60 MeV pro-
tons to the (a, xn y) reaction induced by 120 MeV
n particles. Here the range of the neutron mul-
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cidence experiments for the "'Tm('~N, xny) reac-
tions at E("N) = 130 MeV (-9 MeV/nucleon) showed
that the neutrons came mostly from the equilibrium
stage, "and y-ray spectra following the "'Tm("N,
xnyPy) reaction at E('4N = 210 MeV (15 MeV/
nucleon) showed an important role in particle
emission at the pre-equilibrium stage. " Quite
recently Westerberg et a/- have carried out an ex-
tensive n-y coincidence measurement for the

Gd(' C, xny) reaction at E("C)= 152 MeV (Hef.
16) (13 MeV/nucleon). They found some pre-equil-
ibrium neutrons there.

We describe our experimental procedures in
Sec. II, and the results in. Sec. III. The observed
features are analyzed in terms of the pre-equili-
brium process, followed by the equilibrium evap-
oration in Sec. IV. In the last section we summarize
our results.

II. EXPERIMENTAL PROCEDURES

Incident o. particles of 120 MeV energy were
provided by the 230 cm AVF cyclotron at the
RCNP (Research Center for Nuclear Physics)
Osaka University. The "~Dy target with 3.3 mg/
cm in thickness was prepared by depositing en-
riched "Dy oxide powder onto a 0.003 mm Mylar
film. The isotopic enrichment of the target was
98.4~o

First we measured an accurate singles y-ray
spectrum at 125' in order to get cross sections
u(x) of the various (n, xny) reactions with a wide
range of the neutron multiplicity x. The detector
used was a pure Ge detector with AE = 1 keV for
511 keV y rays. The (n, xny) reaction cross sec-
tions leading to even Er isotopes were obtained
from the yields of the ground band 2+- 0' yrays,
and those for odd Er from the y-ray yields along
the yrast, yrare, and other possible bands by
referring to y-ray branching ratios observed in
previous in-beam works. ' The internal con-
version electrons were corrected for. The count-
ing ra, te was always kept below 700 counts/s, so
that no dead time correction was necessary.

Angular and energy distributions for the decay
neutrons were measured at 35', 62.5', 90', and
145 in coincidence with rotational rays charac-
teristic of the reaction residues. A 12.7& 12.7
cm NE213 liquid scintillator was set at 24 cm from
the target to detect neutrons which were separated
from y rays by a pulse shape analysis method. "
A 2 cm lead absorber was used in front of the
NE213 to reduce y rays. The lead absorber af-
fected slightly the neutron spectrum. The effect
of the absorber was corrected for by measuring
the neutron TOF (time of flight) spectra with and
without the lead absorber. The light output of the

scintillator was calibrated by measuring the Comp-
ton edge of y rays following ~Co, "Y, and "Na
isotopes and by using the Verbindki table. ~ The
accuracy of neutron energy was obtained to 10/~
by converting the light output for electrons to that
for neutrons (namely for recoiling protons). The
neutron energy spectrum was obtained by unfolding
the measured neutron, (recoil proton) pulse height
spectrum as in Ref. 27. The energy resolution was
around 1-2 MeV for 4-15 MeV neutrons. Owing to
the large solid angle of the NE213 neutron detec-
tor, the pileup effect in the detector was estimated
to be at most a few percent.

Background contribution due to lead shields and
other surroundings to the neutron detector was
examined and found to be negligible in the present
coincidence experiment. The y rays for the n-y
coincidence measurement were detected at 90'
by a 55 cm' Ge(Li) detector at a distance of 16
cm from the target. The singles counting rate
of the liquid scintillator and the Ge(Li) detector
at a typical run were 6.0x 10' and 2.2 x 10' counts/s,
respectively. The accidental coincidence rate
was less than 1'$. Correction for the n-y angular
correlation were not applied. The energy and tim-
ing signals of the neutrons and y rays were re-
corded in an event-by-event mode on a magnetic
tape via an on-line data acquisition system (Raw
Data Processor + PDP11/40). "

The present method having a large solid angle
(0.3 sr) is suitable for the n-y coincidence mea-
surement to obtain rough shapes of the neutron
energy spectra characteristic of the pre-equili-
brium and equilibrium processes. The extracted
neutron energy spectrum was checked to be con-
sistent with that obtained by a time of flight meth-
od."

III. RESULTS AND ANALYSIS

A. Cross sections for the ~~ Dy (n,xn y) reactions

The observed absolute cross sections are shown
as a function of the neutron multiplicity x and/or
the ground state Q values in Fig. 2. The dotted
and dashed lines in Fig. 2 were evaluated for an
equilibrium process alone in a framework of a
simple statistical model. The nuclear temperature
used is T = (U/a)' ', where U is the excitation en-
ergy of the residual nucleus and a is given by
A/10 MeV '.""As the excitation energy de-
creases through the neutron evaporation, the tem-
perature decreases. Thus the average tempera-
ture T, all through the neutron evaporation is
roughly given by T, = —,To, where To is the initial
temperature after the first neutron evaporation.
It is estimated from the excitation energy U=E'™
+ Q(e, n) —2T„where E"™isthe projectile en'ergy
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FIG. 2. Absolute cross sections for the Dy(n, xn y)
6+ "Er reactions as a function of the neutron multiplic-

ity x aud/or the ground state Q values. The solid line
is the present calculation (see text). The dotted and
dashed lines are evaluated for the equilibrium process
alone with the nuclear temperatures T~ =1.7 and 2.2
MeV, respectively.

B. Neutrons following the ~64 Dy (O.,xn y) ~ 8 "Er reaction

Typical y-ray spectra observed in coincidence
with neutrons detected at 35 (lab) are shown in
Fig. 3. The labels A-II in the figure stand for the
y-ray spectra gated by the eight recoilprotonener-
gy windows in the liquid scintillator. The energy

in the center-of-mass system, Q(n, n) is the (o., n)
reaction Q value, and 2TO is the mean kinetic ener-
gy of the neutron. We obtained T,= 2.5 MeV Bnd

T, =1.7 MeV for initial and average equilibrium
temperature, respectively. The cross sections
for various (c.,xn y) reaction channels (neutron
multiplicity x) for the equilibrium evaporation
model were calculated as shown in Ref. 9 by using
for simplicity the average temperature T, . For
comparison we show also a curve calculated by
using the T, =2.2 MeV corresponding to the extreme
case of the Fermi gas.

The observed o (x) (the neutron multiplicity dis-
tribution) is shifted much towards smaller x from
the expectation for the equilibrium evaporation
process. This indicates an important role of the
fast neutron emission at the pre-equilibrium stage
in the region of the small x (x ~ 8).

intervals for A, B, andII are 2.5-3.5, 3.5-5.1,
5.1-6.8, 6.8-9.8, 9.8-12.4, 12.4-15.0, 15.0-17.6,
and 17.6-20.1, all in MeV units, respectively. The
neutron pulse-height spectra for various neutron
multiplicities x were obtained from yields of the
neutron pulses in coincidence with the yrast band
y„rays following the (n, xn y) reactions. -The neu-
tron energy spectrum was extracted by unfolding
the observed neutron pulse-height spectrum.
Here use was made of the calculated response
functions which were found to be adequate by mea-
suring them for monoenergetic neutrons selected
by a time of flight method. " The absolute neutron
cross sections for the (c.,xn) reactions leaving
even-even Er isotopes are easily obtained from
the neutron spectra gated by the ground band 4'- 2+ y rays, since the 4' 2+ y-ray yields stand
almost for the total reaction yields (see the singles
y-ray spectra). The extracted neutron energy
spectra for the (n, 10n), (n, 8n), and (n, 6n) reac-
tions are plotted in Fig. 4. The arrows in Fig. 4
indicate the mean neutron energy

E' +q'"(x)
x x

where Q'" is the effective Q value for the (a, xn y)
reaction. Q" is given as Q'" = Q'- E, where Q'
is the ground state Q value and E is the mean ex-
citation energy of the residual nucleus. We use
the value E =10.7 MeV by correcting for the ro-
tational energy of the yrast level in the present
spin region.

The obtained neutron energy spectra (Fig. 4) con-
sists of a high-energy tail around 10-15 MeV char-
acteristic of the pre-equilibrium process and a low
energy evaporation pattern. The former is en-
hanced at forward angles in the (o, ,xn) reactions
with small x as shown in Fig. 4, Forward peaking
angular distributions for the individual reaction
channels are well illustrated in Fig. 5. The for-
ward peaking angular distributions are mainly due
to the high-energy tails as shown in Fig. 5. The
observed neutron spectra for the (o. ,xn) reactions
of small neutron multiplicities x differ obviously
from just singles neutron spectrum for all neu-
trons following much slower (heavy-ion) projec-
tiles. ' ' Note that the mean neutron energies 8„
(Fig. 4) given from the reaction Q values [Eq. (1)]
for the (n, 8n) and (a, 6n) reactions are as large
as 6 and 10 MeV, respectively. The low-energy
parts are consistent with the o(E) acE„exp(-E„/
T,) with T, =1.5-2 MeV as expected for the neu-
tron evaporation from the 50-80 MeV excitation
region. The high-energy tail for the pre-equili-
brium (n, 6n) reaction extends beyond the present
upper limit (20 MeV) at forward angles. These
neutron spectra suggest that the present reaction
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FIG. 3. p-ray spectra in coincidence with the neutrons. The labels A-H stand for the eight recoil proton energy
(pulse height) windows in the liquid scintillator (see text).

may be described in terms of a hvo phase deexcita-
tion process: One is the pre-equilibrium process
which is respondible for the high-energy compon-
ent, and the other is the equilibrium process
(evaporation) which is responsible for the low-
energy component in neutron spectra.

Finite contributions of the pre-equilibrium neu-

trons to most of the (n, xn) reactions are clearly
illustrated by a large asymmetry of the neutron
angular distribution arith respect to 90'. The asym-
metry coefficients A„ for the A,P, (cosII) term in
the Legendre expansion ZA; P, (cose) are 0.74
+ 0.26, 0.64+ 0.15, 0.55+ 0.05, 0.63+ 0.15, 0.56
+ 0.10, and 0.3+0.2 for x=6, V, 8, 9, 10, and 11,
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statistical errors are indicated.

respectively. They are plotted in Fig. 6. A
dashed line in Fig. 6 was evaluated by using a
relationA. ,=2(V'/V, ) as was given in Hef. 9. The
V' is the velocity of the center-of-total mass
and V, is the velocity of the emitted neutron in the
center-of-mass frame. The V, was obtained from
the mean neutron energy E„given by Eq. (1).

It is interesting to note that the values A. ,x are
almost constant in a wide range of the neutron
multiplicity as shown in Fig. V.

Correcting for the contribution of the finite velo-
city of the center of mass to the A,P,(cos8) term
in the present neutron energy, we get an asym-

metry coefficientA, x =4.0. A pure equilibrium
(compound) process would give always a sym-
metric angular distribution with respect to 90'.
Therefore the finite values of the A,P,(cos8) do
indicate quantitatively neutron asymmetry in the
center-of-mass system due to the pre-equilibrium
process. According to a simple pre-equilibrium
deexcitation model used in the previous work, '
one gets

A, (pe)x =4n~[E, /E„(pe)]'~'/A',

where n~, A', E„(pe), and E„are the number of
pre-equilibrium neutrons, the mean number of ex-
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citon particles at the pre-equilibrium stage, their
mean energy in this local A' system (high-energy
components in neutron spectra), and the incident
energy, respectively. Assuming the observed F.„
values (see Fig. 4) and inserting the observed
A, (pe) x values, we get the n~/A' values given in
Table I. The n~/A' increases 1/4. 0 for the (a, 10n)
reaction to 1/2. 4 for the (n, 6n) reaction and this

is due to the increase of the pre-equilibrium neu-
tron number n~ and the decrease of active exciton
particle number A. ' at the pre-equilibrium phase
as the neutron multiplicity decreases. These val-
ues are roughly in accord. with the exciton model
evaluations of n~=2 and A. ' = 6-10.32 33

It is interesting to note that in Figs. 4 or 5 low-
energy parts of the neutron spectra do not show
a strong angular dependence. It implies that the
y-ray spectra gated by high-energy neutrons at
the forward angles may be dominated by the pre-
equilibrium process, while the y rays gated by
the low-energy neutrons at the backward angles
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net asymmetric term and x is the neutron multiplicity,
as a functio'n of the neutron multiplicity x and/or the
total kinetic energy E z. The solid line is drawn to
guide the eyes (see text).
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TABLE I. Ratios of the number of pre-equilibrium neutrons to active exciton particles
(local mass). A&(exp), A&(c.m. ), and +(pe) are the asymmetry coefficients for the experi-
mental result, the contribution due to center-of-total mass velocity, and the net pre-equi-
librium process, respectively.

Reaction At (exp) A&(c.m.)' At(pe) At(pe} x E„(pe) (Mev)b

(n, 10n)
(~, 8n}
(~, Gn)

0.54~ 0.11
0.55 + 0.06
0.74+ 0.25

0.16
0.10
0.04

0.38
0.45
0.70

3.8
3.6
4.2

8
14
18

1/4. 0
1/3.2
1/2.4

~ From the evaluation according to Ref. 9 (see text).
"Assumed by using the high-energy components in Fig. 4.

may be dominated by a compound process with
large neutron multiplicity. This feature can be
demonstrated in Fig. 8. Here the y-ray spectra
gated by fast neutrons above 6.8 MeV at 35'and
all neutrons above 2.5 MeV at 145'are shown. A
drastic enhancement of the (o., 6n) y-ray lines in
comparison with those of the (o., 10n) reaction is
obtained. Thus the y rays for the small number
of the neutron multiplicity are prominent in the
spectrum gated by the high-energy neutrons at
forward angles. Qn the other hand, if we detect
y rays in coincidence with backward neutrons,
the y-ray spectrum is dominated by reaction chan-
nels with a large neutron multiplicity. Thus the
y-ray spectrum gated by the backward neutrons
may be useful to study properties of nuclei far
from the region of P stability.

Inamura et al."studied yrast y rays following
the '"Tb("N, nxn)"' "Yb reaction in coincidence
with direct and compound n particles. They found
that the high-energy 0. particles emitted at forward
angIes populate a narrow range of spin values in
the residual nuclei, mhile low-energy 0. particles
emitted at backward angles populate a wide range
of spin values. The yrast band y-ray intensities
for the (n, 10n), (n, Sn), and (o., 6n) reactions are
plotted against the yrast level spin values in Fig.
9. The y-ray intensities were corrected for the
detection efficiencies of the Ge(Li) detector and
conversion electron. The intensities for the (n, Sn)
reaction obtained from the singles y-ray spectrum
are also shown in Fig. 9 as solid lines in each
reaction channel for comparison. No appreciable
difference was found in all reaction channels be-
tween the y-ray transition intensities gated by the
forward high-energy neutrons, backward neutrons,
and the intensities obtained from the singles spec-
trum, although the (n, 10n) reaction is considered
to involve less contributions from the pre-equili-
brium process than the (n, 6n) reaction. The yrast
band transition intensities for the (o, , 10n) reac-
tion, however, are siniilar to those for the (o., 6n)
reaction. Thus the spin populations do not depend
much on whether neutrons are emitted at forward

angles or backward angles and whether the neu-
tron energies are high or low. They are all. broad
and about the same. It is clearly different from
the results of HI reaction data. It indicates that
the (n, xn) reaction may occur at the whole body
of the nucleus. This interesting point will be dis-
cussed in the following section.

C. Angular momentum removed by the pre-equilibrium
neutrons and angular momentum balance

Angular momentum transfers through the
(o., xn y) reactions are evaluated by following the
same procedures as used in Ref. 9 and in the analy-
sis of ~' Dy(a, xn y) reactions with E(n) = 90
MeV &0,34

Angular momenta carried away by the pre-equili-
brium neutrons are t.valuated as l~ =4RP„A.,n~,
where P„, n~, and A, ~ are the mean momentum,
mean multiplicity, and the coefficient of the

P,(coso) term for the angular distribution of the
pre-equilibrium neutrons, respectively, and R
is the nuclear radius. ' Since only the n~ neutrons
out of the x neutrons contribute to the A,P,(cose)
term, the value A~n~ may be obtained from the ob-
served A. ,(pe) value by using a relation A, (pe)
=~~A~/x. P„was estimated from the observed
average energy of the neutron emitted at the pre-
equilibrium stage. R is obtained from R =r,(A', '
+As'~') with r, = 1.2 fm. Inserting the observed
A, (pe) x and E„v laeu, sone gets the values l~
as listed in the second columen of Table II. They
are about one quarter of the average angular mo-
mentum (last column) introduced by the projectile.
This does show quantitatively an important role
of the pre-equilibrium neutrons for the angular
momentum change as suggested by the fact that
y-ray multiplicity does not increase with increas-
ing projectile energy far beyond the reaction
threshold. "" l~ values increase with decreasing
the neutron multiplicity.

Angular momenta l'„carried away by the equili-
brium (evaporating) neutrons were estimated by
using a spin dependent level density
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p (U, I) = p (U) (2I + 1) expI -I(I+ 1)/2o ]

and the mean energy of the equilibrium neutrons.
Here the spin cutoff parameters g for the each
reaction channel were evaluated by a relation p'

=LT/5', where l is the rigid-body moment of iner-
tia and T is the nuclear temperature. "

Angular momenta I carried away by the y rays
were obtained from the y-ray multiplicity data. '0

Thus the total angular momenta carried away
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FIG. 9. 7-ray transition intensities relative to the 4+ 2+ transition following the 64oy(&, SN) j 8 &Er reactions at
E(o,) 120 MeV. The upper, middle, and lower drawings are the data for the (o, , 10n), (0., 8n), and (0., 6n) reactions,
respectively. The open and full circles indicate the results gated by the high-energy neutrons alone (E„~6.8 MeV) in
the liquid scintillator at the forward aug&e (35 ) and the total neutrons (8„2.5 MeV) at the backerard angle (145').
The smoothed curves are drawn to show the relative transition intensities for the (n, Sn) reaction (see text).

through the (n, xn y) rea;ction are given by

I= l ~+ I;„+Iy. (2)

The estimated values are listed in Table II. Aver-
age angular momenta I introduced by the 120 MeV
o projectile (last column) were obtained from
I =fP(I)IdI, where the penetration coefficient P(I)
for the n projectile were estimated by using an
optical potential. The value I carried away by the

decaying neutrons and y rays are nearly same for
all reactions with x = 6-10, and are close to the
value I. Therefore all the (a, xn y) reactions with
6n to 3.0n have aim. oat same impact parameters
around the mean nuclear radius 3B.

It should be remarked that most previous
works" ' on the angular momentum balance
following the (particle, xn y) reaction were dis-
cussed on the basis of the y-ray multiplicity mea-



SAKAI, E JIRI, SHIBATA, NAGAI, AND OKADA 20

TABLE II. Angular momentum balance in {n,xn y)
reactions. l~, l„, and I~ are angular momenta carried
away by the neutrons emitted at the pre-equilibrium
stage, neutrons emitted at the equilibrium stage, and
deexciting y rays. The I is the sum l~+ l'„+I~. All are
given in units I. The I is the average angular momenta
introduced by the 120 MeV & projectile {see text).

Reaction Ia
y

{e, 10n) 4.6+ 1.2 3.2 + 0.3 16+ 1.5 23.8+ 1.9 24.0
{Q, 8n) 5.8 + 0.9 2.2 + 0.3 15 + 1.5 23.0 + 1.8 24.0
{n, 6n) 7.6 + 2.3 1.6 + 0.3 13 + 1.5 22.2 + 3.0 24.0

~ From the results in Ref. 10.

surements alone. Angular momentum transfers
in "'Ho(p, xn y) reactions at E~ = 60 MeV have been
obtained as I= 11.6*1.5 and I= 9.8~ 1.5 for the
(p, 4x) and (p, 6n) reactions, respectively, which
are close to the average input angular momentum
estimated from the reaction cross section. A sim-
ilar conclusion was also drawn for "4Dy(n, xn y)
reactions at E(n) = 90 MeV. '~

IV. THE TWO PHASE DEEXCITATION MODEL AND

NUMBER OF PRE-EQUILIBRIUM NEUTRONS

The present results may be analyzed as in Ref.
9 in terms of a simple two phase deexcitation pro-
cess; one is the pre-equilibrium phase and the
other the equilibrium phase. The n~ neutrons are
assumed to be emitted isotropically with the Max-
well-Boltzmann distribution E„exp(-E„/T~) in the
center-of-mass system of the A' active exciton
particles (local mass in an exeiton number space)
at the pre-equilibrium phase. T~ is the effective
energy parameter. [Although the system is not
equilibrated, one may call T~ the pre-equilibrium
(quasi) temperature, for convenience. ] TheA'
nucleons, corresponding to the local mass (hot
active exciton particles at the pre-equilibrium
stage), carry the linear momentum introduced by
the n projectile. The energies and angles of the
emitted neutrons in the center-of-local mass (4')
frame were transformed into the energies and
angles of the laboratory frame. Since the velocity
of the local mass is rather large compared to the
center-of-total mass (4) frame (A'«A), the ener-
gies and angles of the emitted neutrons at the pre-
equilibrium phase were on the average shifted to
higher energies and to forward angles in the lab-
oratory frame. This is really responsible for the
forward peaking angular distribution in the labora-
tory system. These three parameters (n~, T~,A')
were first derived from the calculations based on
the exciton model. """The x -n, neutrons evap-
orated later on at the equilibrium phase were as-

sumed to have a spectrum E„exp(-E„/T,) in the
center-of-total mass frame, where T, is the nu-
clear temperature at the equilibrium phase. The
neutron deexcitation processes throughout the

(n, xn) reaction were simulated by a Monte Carlo
method. This method was essential for feasible
calculation of the complicated transformations
from the center-of-local mass frame to laboratory
frame through the neutron emissions. Overall
fits to the observed data were obtained for a set
of parameters n&

= 1.7, A ' = 12, T& = 6 Me V and 7,
=1.6 MeV (see Figs. 2 and 4). These values were
consistent with the exciton model estimation. ""
Here the calculated total (n, xn) reaction cross
section O.„was normalized so as to give 0„
=Z„o'(n, xn), where a (n, xn) is the observed (n, xn)
cross section (Fig. 2). The energy spectra and an
angular distributions were significantly affected
by the change of these parameters.

Jt should be noted that this simple model with
only three parameters for the pre-equilibrium
process reproduces not only the cross sections
of the individual reaction channel but also the
energy spectra and angular distributions of neu-
trons in every reaction channel. Although this fact
does not provide a definitive test of this simple
two phase deexcitation model, it describes the de-
excitation process very nicely.

Finally some remarks should be made on the
comparison with other phenomenological models,
a nuclear fireball model" and a hot spot model. "
The nuclear fireball model" was proposed to help
us understand the spectra for products from rela-
tivistic heavy-ion collisions of hundreds of MeV/
nucleon. The nucleons which are mutually swept
out from both the target nucleus and the projectile
form a hot quasiequilibrated fireball and decay as
an ideal gas. The model reproduces well the over-
all features of the inclusive spectra from relativ-
istic heavy-ion collisions. Our simple two phase
deexcitation model is essentially similar to the
idea of the fireball model except for the following
two points: First, the impact parameter is im-
portant in the fireball model, while our model has
no such parameter. Second, the ME is used as the
pre-exponential factor in the Maxwell-Boltzmann
distribution, while we have used a conventional
factor E." The former corresponds to a volume
Maxwellian [ E ~ exp(-E/T)] and the latter to a.

evaporating MaaaveUian [E ~ exp( —E/T)].
Another phenomenological model" called a hot

spot has been formulated in a completely different
way to analyze the pre-equilibrium behavior in deep

.inelastic collisions of heavy ions of about 10 MeV/
nucleon. The excitation energy created by the pro-
jectile at the nuclear surface is localized in both
space and time, and it subsequently decays via
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diffusion of heat in the nuclear matter. In this
model, rather elaborate calculations would be
needed to obtain the numerical results. The pre-
dicted temperatures for neutron energy spectra
from the reaction of 96 MeV '6Q on "Ni were 8-9
MeV (Ref. 40) and they are slightly higher than
ours, -6 MeV. The difference may be due to the
mass difference. It is interesting to apply more
sophisticated analysis such as the multistep direct-
reaction (MSDR) method developed by Tamura
et al."

The number n~ of the pre-equilibrium neutrons
for the individual reaction channel is calculated
by using the simple two phase deexcitation model.
The number n~ is plotted as a function of the neu-
tron multiplicity x and/or the total kinetic energy
Er in Fig. 10. Even in the (n, 10n) reaction 1.5
neutrons are emitted at the pre-equilibrium phase
and the n~ increases as the neutron multiplicity
decreases from 10 to 4. In the (n, 6n) channel al-
most 2 neutrons are emitted at the pre-equilibrium
phase.

The number n~ of the pre-equilibrium neutrons
for the "'Ho(p, xn y) reactions at E~=60 MeV var-
ies drastically from 0.6 for the (P, 6n) reaction to
1.9 for the (p, 2n) reaction. ' The difference is

I I I I

20 40 60 80(MeV)

ET=Ea ~p&&(x)
FIG. 10. Number of the pre-equilibrium neutrons as

a function of the energy sum E z of the emitted neutrons
and/or the neutron multiplicity. These values are cal-
culated on the basis of a simple bvo phase deexcitation
model (see text).

considered to be due to the different number of ex-
citons at the initial stage and the large projectile
energy per nucleon. The number of the pre-equili-
brium nucleons or o. particle is also obtained by
several investigators. "" '~ For the high-energy
projectile the n~ value was obtained by Sadler
et a/. 4' from the systematics of variation of pro-
duction cross section by observing singles y-rays
spectra following bombardment of several medium
mass nuclei with intermediate-energy protons
[E(p) = 80-160 MeV]. They conclude that one or
two nucleons are emitted in the pre-equilibrium
phase. Sarantites et al."obtained the n~ value
by comparing their y-ray multiplicity data follow-
ing the "'Er(o, , xn y) rea.ctions E(n) = 95.3 MeV
with the geometry-dependent hybrid model calcula-
tions. They obtained more than one pre-equili-
brium neutron emission event. By observing the
energy and angular distributions of the decaying
particles, the n~ values have also been obtained.
Assuming that the neutron yield at backward angles
is mostly due to the compound process, and the
high-energy parts of the neutron spectra at the
forward angles are mostly due to the pre-equili-
brium process (in Sec. III), the n~ values were de-
duced phenomenologically from the forward-back-
ward difference of differential cross sections as
shown in Hefs. 16 and 42. The results of Wester-
berg et a/. "indicate a substantial decrease of the
n~ in going from the 8n to the 10n channel follow-
ing the '"Gd+ "C MeV reactions at E('~C) = 152
MeV. They also obtained the n~ values for the
'"Gd("C, oxn y) reaction channels. It is worthwhile
to point out that one should bq careful to deduce
the number of the pre-equilibrium particles n~

from the forward-backward differences, since the
energy spectrum even at backward angkes contains
the significant contributions from the pre-equili-
brium process as displayed in Fig. 4. Yet these
results are generally consistent with our data.

V. SUMMARY AND CONCLUDING REMARKS

Cross sections and neutron energy and angular
distributions for the "~Dy(o, , xn y) reactions were
carefully measured as a function of neutron mul-
tiplicity x in a wide range of x = 4-12, and char-
acteristic behaviors of the pre-equilibrium pro-
cess were clearly found. The following results
were obtained from the detailed analysis of the
y-ray spectrum and from the n-y coincidence work:

(i) The (a, xn) reaction cross section deviate
much from the expectation for the equilibrium
evaporation process, and a tail for the small x
due to the deviation corresponds to the pre-equili-
brium process.

(ii) A high-energy (10-15 MeV) component and a
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low-energy (-2 MeV) evaporation pattern were
found in the neutron energy spectra. The former
is enhanced at forward angles and in the reaction
with the small x of emitted neutrons.

(iii) All (n, xn) reaction channels (x=6-11) have
pre-equilibrium neutrons with forward peaking
angular distributions. The asymmetric coefficient
A, for the individual reaction channel increases
gradually with the decreasing number x of emitted

These pronounced effects due to the pre-
equilibrium process are obtained by using the
higher bombarding energy 30 MeV/nucleon and
selecting reaction channels with large E „values
(small neutron multiplicity x). Note that for the
(n, 6n) reaction E „=10MeV. These features are
naturally different from the other neutron experi-
ments following (HI, xn) reactions as follows: For
the '"Gd(' C, xn y) reaction" at E("C)= 152 MeV
the bombarding energy is 12.7 MeV/nucleon, and
the E „values for the ("C, 8m) and ("C, 10n) reac-
tion channel are 6 and 3.1 MeV, respectively. It
is interesting to note that even at this low bom-
barding energy the pre-equilibrium process was
found in the neutron spectra.

We have demonstrated that the asymmetry coef-
ficientA. , gives an angular momentum removed by
the pre-equilibrium neutrons. Combined with the
data of the y-ray multiplicity we obtained import-
ant information on the angular momentum balance
in the (n, xn y) reactions. The angular momentum
transfers for the 6n to 10n reactions obtained by
using the A. , and the y-ray multiplicity show almost
the same values and are close to the mean angular
momentum introduced by the 120 MeV e particles.
It may indicate that the (n, xn) reactions proceed
through the whole nucleus. In other words, the
mean impact parameter is approximately given by
the mean radius —3B.

Simple calculations were carried out in terms
of the two phase deexcitation model, the pre-
equilibrium process followed by the equilibrium
process. Neutron energy spectra as well as an-
gular distributions were reproduced as a function
of neutron multiplicity. Here we have assumed
for the pre-equilibrium process n~ neutrons emitted
isotropically in the center of mass of the local

exciton particles (local mass A') with a energy
spectrum of a Maxwell-Boltzmann distribution
E„exp(-E„/T~), where T~ is the energy param-
eter (pre-equilibrium temperature). At the be-
ginning these three parameters (n~, T~,A') were
estimated by using the exciton model calculations.
This pre-equilibrium phase is followed by neutron
evaporation with a nuclear temperature T, at the
equilibrium phase. The following values were used
for the present calculation: n~=1.7, T~=6 MeV,
A' = 12, and T, = 1.6 MeV. The number of the pre-
equilibrium neutrons for the individual reaction
channel was also obtained by using this simple
model.

In short, the nucleus excited by the 120 MeV n
projectile deexcites down to 90-60 MeV by emit-
ting 1.5-2 fast neutrons with T~= 6 MeV and the
average exciton particle number 12 at the pre-
equilibrium phase, and then cools down by evap-
orating 8-4 neutrons at the equilibrium phase.
The angular momentum removed by the neutrons
emitted at the pre-equilibrium phase was found
to be roughly /~=6-8h.

Finally it should be remarked that the cross
sections for the (n, pxn y) and (O. , n'xn y) reac-
tions~ at present energy amount to 35% and 15/o
of the total reaction cross section, respectively.
Itis interesting to study the charged particle energy
spectra and angular distributions in coincidence
with residual y rays, since charged particles are
considered to be emitted mainly at the pre-equili-
brium stage, and it may be useful for clarifying
the reaction mechanism. It is also interesting to
extend systematically this work to higher pro-
jectile energies and to weakly bound projectiles
(d, 'He) or heavy ion, where the projectile break-
up process ' or high angular momentum introduced
by the projectile play an important role.
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