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Abstract

Pre-equilibrium-equilibrium (PEQ-EQ) de—excitation process
for (a, xn y) and (a, xn yp y) reactions induced by 50~ 120 MeV
a-particles were studied. The complex reaction mechanisms were
investigated by measuring rotational y-rays which are character-
istic of the reaction channels (residual nuclei), and decay
protons ‘and neutrons in singles and various coincidence with
protons and discrete y-rays were shown to be very useful for
studying the experimental evidences of the PEQ process. They
were found in the reaction channels with small neutron multi-
plicities x, the average neutron energy <En$, fast aﬁd‘slow
components of the neutron energy spectra, and finite values of

the A, coefficient in the high energy components of the neutron

1
angular distributions. These features much depends on the way
to excite the PEQ phase. Proton energy spectra of each reaction
channel were found to have double peaks, especially in the small
x channels. The high energy narrow peaks correspond to the high
energy pro@on emission at the first doorway state. Medium and
low energy broad peaks correspond to the high energy neutron
emission at the PEQ phase. The present data were analyzed in
terms of an exciton model for multi-particle emission process,
The multiplicity distributions and decay particle spectra were
well reproduced with the initial exciton numbers of (5, 1) and
(6, 2). Comparing between the experiments and the calculations,

the PEQ fractions and the entry lines to the EQ stage were

deduced, and found to be constant for each reaction channel.



I. INTRODUCTION
1-1. Mechanism of (particle, xn yp y) Reaction

Mechanisms of fusion-like (particle, xn yp Y) reactions
induced by medium energy projectiles with several tens of
MeV/nucleon are of current intefest in view of a pre- .
equilibrium (PEQ)- equilibrium (EQ) de-excitation process.l)
The mechanism of fusion like reactionS"inducegrby relatively
low energy projectiles (;510 MeV/nucleon) is considered to be
a statistical process.  Decay particles (mostly neutrohs in -
medium and heavy ‘nuclei) following these low energy reactions
are évaporated from the compound nuclei in the EQ phase. As
the projectile energy increases beyond the nuclear Fermi energy
of 20~ 30 MeV/nucleon, particie emissions at the PEQ stage
become important because of the large widths of particle escape
channels at the first few doorway stages of the de-excitation

process in the PEQ phase.2—4)

With increasing projectile
energy,”thq collision probability of the projectile nucleons
with the target nucleons incieases and the multiple scattering
procéssﬁfor these reactions becomes dominant in the PEQ--stage
of the reaction. As the projectile energy increases beyond --
50 MeV/nucleon, quasi-free scatterings become to take the major
5)

... part of the first stage of the reaction process.v

It is assumed that the incident nucleons interact

_ 2 _



initially with the target nucleus-through the nucleon-nucleon
interaction forming the first doorway of the réaction process.
Then the reaction process may be approximately classified by
the following two types of mechanisms. One is a direct
reaction channel (e. q. stripping, pick up, inelastic,
projectile break up and so on).A This tends to leave the
resiudal nucleus in discrete states at low excitation energies.
Another process is a fusion like reactioh'channel, in which

a highly excited nucleus in a continuous energy region is

. formed. The de-excitation process of the latter nucleus is
interesting from a view point of the PEQ-EQ mechanism.6)- In
the fusion like reaction, a particle-hole pair is created by
the first interaction between the projectile and the target.
These_excited particles and holes are called excitons.7)
A series of exciton-exciton collisions, namely a nuclear
cascades), is initiated. During the cascade, the number of
exciton increases step by step (state spreading). One or

a few high energy particles may escape (PEQ particle emissidn)
through the cascade process. If the number of excitons
increases beyond 20ﬂ430 in the cascade process for the medium
heavy nuclei, no escape is feasible at the PEQ stage and the
residual nuclei is likely to be equilibriated. The equilibrium
(compdund) nucleus cools down Statistically by evaporating

low energy particles (mostly neutrons), finally followed by

the y de-excitation process. A schematical description of



this process is shown in fig. 1-1. The present work is
focused on the PEQ de-excitation process following highly
‘excited nuclei (50~ 120 MeV) produced by a-particle induced

reactions.

1-2. Reaction Models

There are many different approaches to understand these

processes described above. They are the intra-nuclear cascade

9-12) 13, 14)

model (INC) , the quasi-free scattering model (QFS)

7, 14-—16)—- These_ models have been

and the exciton model
described well the various experimental data. The INC model

deals with succeSsiVé two body collisions between the nucleons

- in the excited nucleus. The trajectory of the,dolliding

nucleons is simply treated classically. = The nucleons lose
their energies by escaping from the boundary of the nucleus.

The deformation effects (diffraction and deflection at the

Tuclear boundary) were also taken into account in the several

10) This model predicts energy and angular

calculations.
distributions of the emitted nﬁcleons;' These predictions are
in good agreement with the experimental data for nuclear
reactions induced by high energy projectiles beyond 100 MeV/
nucleon. But an application of this model to the lower

18, 19)

excitation energy region yielded inconsistent results .



with experiments for both energy and angular distributions.zo)

Futhermore, the INC model can hardly treat reaction processes

with complex projectiles and outgoing complex particle

emissions. In order to improve the INC model, the QFS.modells)
has been proposed. This model describes the intra-nuclear
nucleon-nucleon and cluster-nucleon scattering kinematiés.
The decay rates-  of the particles to-continuum states are

13)

calculated from phase space and penetrabiiity considerations .
As well as the iNC-model, the QFS model has not been able to
reproduce the'experimentai data in fhe lower excitation energy
region (;5100 MeV)21). The PEQ exciton model proposed by

J. J. Griffin7) describes the nuclear states in terms of
exciton numbers m=p+h ‘with totéi excitation energy E,'

where p and h are the number of excited particles and holes,
respectively. An excited state with exciton numbef m has

' some unbound particles which‘may escape to cbntinuum states.

Therefore the excited nucleus decays partly by emitting these

particles and partly by spreading to more complicated states.

Cline and Blannzs) combined this model with the master
equation approach of Harp, Miller and Berne (HMB mode1)22).
24, 25)

It has been generalized as a hybrid model by Blann.

-The refinement and improvement of the model has also been

done by E. Gadioli et a1.26). Blann hHas déveloped the model

by taking into account a geometry-dependent hybrid model

24)_

(GDH) Recently, the exciton model has been extended to

-5 —



27-31)

calculate the angular distributions of emitted particles.

Recent reviews on these subjects are given by Blann14’ 32)

and Gadioliss). On the other hand, an approach with the
multi-step direct reaction theory (MSDR) was proposed by

T. Tamura et a1.34). They analyzed (p, p')34) and (p, q)35)
reactions successfully, and recently analyzing powers in -
the continuum region of the (p, p') reaction36)-have'als0'

been ahalyzed using the MSDR method.

1-3. Investigation of (particle, xn yp Y) Process by Decay

Particle-y Coincidence Method

It is important to investigate fast and slow neutrons
following (pafticle, xn yﬁ Y)rfeactions as a function of
V the neutron multiplicity x in order to investigate the dé—
- excitation procéss through the PEQ and EQ phases of the
reaction. - Here the neutrom multiplicity x can be'identified
‘by fequiripg a coincidence with discrete Y—rdyé characteristic
of the final reaction channels. Previously, Ejiri et a1.3)
made a-detailed study of the !83Ho(p, xn Y)Er reaction at
Ep==60 MeV, and found the‘properties of the,neutron; emitted
~at the PEQ stage. Since the projectile used was.60 MeV
protons, the neutron multiplicity x was limited to x=2%6 -

and the angular momentum .involved was small. Sakai et~al.37)
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has extended the previous (p, xn y) reaction induced by 60
MeV protons to the (a, xn y) reaction induced by 120 MeV
a-particles, where the range of the neutron multip%icity Was
much larger and the angular momentum involved was also much
larger. They studied characteristic behavior of emitted
neutrons through the PEQ and EQ stages as a function of

the neutron multiplicity x in a wide range of the neutron
multiplicity x=4 ~ 11.

The (particle, xXn y) reaction mechanism has also been
studied by singles y-ray and coincidence y-y measurements,
Recently y-ray multiplicities for (a, xn y) reactions and
the median spin value of the ground state rotational band
have been found to saturate as the projectile energy

38-41) pis

increases well beyond the threshold energy.
suggeéts that a considerable fraction of input angular
momentum is carried away by the PEQ neutrons. The energy,
angular and multiplicity distributions of decay neutrons were
analyzed in tefms of the effective energy parametef (quasi-
temperature) and active exciton particles (local mass).

The de-excitation properties following the heavy ion
induced reaction also have been investigated by several
authors41_44). The neutron coincidence experiments for
the 185Tm(!“N, xn y) reaction at E(!“N) =130 MeV showed thate

2)

the neutrons came mostly from the EQ stage4 , and y-ray

spectra following the 189Tm(!“N, xn yp Y) reaction at E(1%N)=



210 MeV showed that some fast particles were emitted at
the PEQ stage43). Westenberg et al.44) found some PEQ
neutron in the n-y coincidence measurement for the !58Gd(l2C,

xn y) reaction at E(!2C) =152 MeV.

1-4. Purpose of the Present Work

The present subject is the PEQ process for nucleon
emissions following highly excited nuclei in the 50~ 120 MeV
excitation region produced by a-particle bombardments on
medium heavy nuclei. This energy region is very interesting
because the PEQAand EQ proce;ses co-exist and the phase
fransition from the PEQ to the EQ stage is ekpected. From
the experimental point of view, the complex reaction mechanisms
can be studied by measuring the cascade y~rays which are used
to identify the final reaction channels and by observing
the energy spectra of emitted particles from the dé-exciting
nuélei. The emitted particles are measured by singles and/or
coincidence with the cascade y-rays.

In order to perform these experiments, decay particles
and y-rays following the 162’ 164%py(q, xn y) reaction at
E, =50, 70, 90 and 120 MeV, the 158Ho(a, xn yp y) reaction
at E, =109 and 120 MeV, and the 158Gd(a, xn y) reaction at

Ea:=70 MeV were investigated. As the residual nuclei

- 8 -



following these reactions are well known rotors the neutron
multiplicities (reaction channels) can be easily obtained
from well defined rotational y-rays. The yields of

the residual nuclei can be obtained from the yields of

the rotational transitions of 47 +2% and/or 2"+ 0" whien
accumulate most of the de-excitation flows. Several inves-~

tigators37_44)

carried out the y-ray multiplicity measurements

using the deformed nuclei with same reasGh as mentioned above.

These fesults are available to be compared with the present

measurements.

The present work aims at the following:

(L) 'To study experimental evidences for the PEQ process,
ﬁeutron multiplicity distributioﬁs; mean neutron energy
and angular‘momentum transfer were investigated.

(2) To study dynamic properties’of the PEQ process, thé data-
obtained in the present work were analyzed with a simple
two phase (PEQ-EQ  phase) model and a de—excifﬁtion model
based on the exciton model. The PEQ process'iS'shown
to depend strongly on the projectiles and the reactions
used to excite the PEQ phase. The analyses give
the quasi-temperatures of the.nucleus at the PEQ and
the EQ phases the effective number of the excitons,

‘the effective collision probabilities and the critical

energy of the PEQ de-excitation.



-The experimental instruments and apparatuses are discribed
in chap. II. In chap. II, the experimentai procedures and
the obtained experimental results are presented. The following
gquantities were obtained; the cross sections of each reaction
channel, the neutron multiplicity‘distributions, the mean
neutron energies,fthe quasi-temperatures of the PEQ and the EQ
stages, and the differential and angle integrated decayr
particle cross sections both for singles'énd coincidence
measuiements. In Chap. IV, the experimental results are
analyzed in terms of the exciton model for multi-particle
emission process and the simple two phase approximation.
The results of the present work are discussed and concluded

in chaps. V and VI, respectively.
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I1. EXPERIMENTAL INSTRUMENTS AND APPARATUSES
2-1. Genefal Descriptions

PEQ and EQ processes of the (a,'xn yp Y) reactions on -
deformed nuclei were studied by investigating neutron multi-
plicity distributions, and energy and angﬁlar distributions
of decay néutréns and protons. Incident.ﬁ—particles of
»energies between 50 and 120 MeV were provided By the 230 cm

45) at RCNP (Research Center for Nuclear Physics),

AVF cyclotron
Osaka University. The enriched 182’ 184Dy targets were
prepared by depoSiting of oxide powder onto thin my{ar films
(30 uym in -thickness). Self-supporting metalic foils of
natural holmium and enriched gédriniumvwere obtained by
rolling for 165Ho and 158Gd targets. The thickness and the
enrichment of these targets are tabulated in tablell.‘ |
rNéutron multiplicity distributions for'(a,vxﬁ yP Y)
reactions were obtained from singles y-ray spectra.for the
.reéctions.of 162, 164Dy (e, xn y)1667%» 1687Xgr at E, =50, 70,
90 and 120 MeV, !65Ho(a, p xn Y)!68 *Er at E, = '110 and 120 MeV,
and 158Gd(a, xn y)162 %py at E =70 MeV. The singles y-ray |
spectra were measured at lab._anéle 62==125 deg. with respeét
to the beam axis by a 1.4 cc pufe Ge detector (LEPS) with
énergy resolution AE =1 keV for 511 keV y-rays. Absolute

yields of the reaction residues were estimated from cascade
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rotational y-transitions by refering to the branching ratios
ébserved in previous in-beam works26-60)

The neutron multiplicity distribution for the '®°Ho(a, p xn y)
168~Xpy reaction at E, = 110 MeV for the particular proton
energy was achieved by coincidence measurements of discrete
Y-rays with decay protons. Apngular and energy distributions
of decay protons were measured at lab. angles of 6p= 25, 40
and 125 deg. with respect to the beam axis. A counter telescope
system'was used for the proton detection. "It consists of a
AE counter of silicon surface barrior detector (300 pm in thickness)
and an E counter of NaI(Tl) scintillation counter (31.75 mm
diameter x 31.75 mm thick and/or 25.4 mm diameter x 125 mm thick).
In the coincidence measurements, discrete y-rays were detected
by a large volume (55cc) pure Ge detector (GAMMA-X) at 6£= 13b
deg. with respect to the beam axis.

Angular and energy correlations between decay protons
and neutrons following the reaction mentioned above (!°®%Ho
(a, xn yp v) at Ea = 110 MeV) were measured both in the reaction
plane and the out of this plane. Protons were measured at

the fixed angle of 6,= 30 deg. with respect to the beam axis.

L
The neutrons were detected by an NE213 liquid scintillator
(127 mm diameter x 127 mm thick) which was placed at a
distance of 120 cm from the target. The neutrons were
separated from y-rays with a pulse-shape analysis metod6l),

Moreover, a 2 cm lead absorber was placed in front of the

- 12 -



neutron counter to reduce the y-ray background. The small

- absorption effect due to the lead absorber was corrected for
by measuring the neutron spectra with and without the lead
absorber.

The neutron-y coincidence measurement was carried ouf by
using the !38Gd(a, xn y) reaction at E, =70 MeV. The neutron
spectra were obtained by requirihgrcoincidence with discrete
y—rays_which are characteristic of each iéaction channel (x=
4v6). The neutrons wereldetected by aﬁ NEZ213 1iquid'
_scintillator (127 mm diameter x 76.2 mm thick) with n-vy
discrimination. The neutron detector was placed at 48 cm
'from’the.targét;'*A larger solid angle could be obtained than
that in the p—n coincidence experiment. In order to reduce thé
‘accidentai coincidence owing to a large background of the y-ray
sprectrum, such large éblid angle is essential for thisrwork.i
The neutfon angular distributions were measured at'6£==35, 70,
110 and 145 deg. with respect to the beam axis. The discrete

y-rays were detected at 6, =90 deg. with respect to the beam

L
axis using  GAMMA-X. It was placed at a distance of 9.6 cm
from the target.

The neutron energy spectra were obtained by means of
a TOF-(time of flight);technique: The energy—resolution'(AE;
1 MeV for 5 MeV neutrons) for a typical flight path (2£=120

cm) is sufficient to select high energy neutrons for the

angular distribution measurements and to give rough shapes of

- 13 -



the continuous energy spectra characteristic of the PEQ and EQ
-processes. The absolute efficiency of the NE213 scintillators
presently used was calculated by a Monte Carlo calculation

62)

code provided by K. Shin The calculated detection

efficiency with the lower discrimination for the experiment

was compared with the experimental valuesGS)

, and a reasonable
consistency was obtained{ |

Background neutrons due to lead shiélds and other
surroundings to the neutron Spectra were examined_and found
to be negligibly small in the present coincidence experiments.

The countiné réfes of all the detectors were kept constant
.sd that the dead'time correction was nealy constant over the
runs.

All the experimental informationé wefe accumulated onto
the magnetic fdpes in an event-by-event mode. The raw data
processor64) controlled by PDP 11/40 computer was used for
data takings. After the experiments, offéline analyses were
performed. Data tapes were editted using thé centfal computer
TOSBAC 5600.

A typical experimental arrangement of. the detectors is )
shown in fig. 2-1, and a schematical diagram of the experimental
" flow is illustrated in fig. 2-2.

In the following sections, we describe in details the
‘apparatuses, the detectors and the data taking system used for

these measurements.

- 14 -



2—2.; Beam Course

The F beam course in the RCNP is aimed for inbeam photbn,
electron and particle (PEP) spectroscopy. The profile is
shown in fig. 2-3.

Alpha beams from the RCNP AVF cyclotron are analyzed in
energy by an analyzing magnet and deflected by a switching
magnet. They are focussed on a defining slit after the swiching
magnet. Then, they refocussed on.the first target port (F)
in F beam course by means of two sets of quadrupole magnets. -
The target pgrt F is used for the measurements of y-rays,
charged particles and neutrons. The beams are refocussed by
an another set Qf quadrupole magnets on the second target
port (F'). A steering magnet is used to correét the beam
discrepancy from-thé'center of the second target. 1In this
'tafget port, an electron spectrometer called AGNES is placed.
Finally, the beams are stoped by the beam dumper made of Ta.
In order to decrease the room backgrounds of stray neutrons-
and y-rays, the beam dumper is shielded with paraffin, iron
and lead blocks. This beam dumper is also used as a Faraday
- cup in order to measure the beam’ current.

A typical size of the beam spot for a-particles ié about
1.5 mm¢ at the first target-position (F), when the beam
current is a few nA.

There are no beam defining slits inside the beam duct in

- 15 -



the experimental room in order to avoid background y-rays and.
neutrons from them. There are seven graphite buffers with
apertures of 8" 30 mm diameter are placed inside the beam duct
and the exit of the target chamber. Theyvare uséd to reject‘-
the stray beam and to avoid the activation of the beam duct
and the target chamber.

The begm‘duct and the targét chambers were evacuated
using three turbomolecular pumps and two.-sets of liquid-
nitrogen traps placed up- and down-stream of the target
chambers. The pressure in the first target chamber was

typically 1x10 35 torr.

2-3. Target Chamber and Goniometer

The'target*chamber installed on the F target port is
illustrated in fig. 2-4. This chamber was designed for
measurements of y-rays, neutrons and charged particles outside

the chamber. It has two arms for charged particle counters. -

They can be rotated manually for‘measuring angular distributions

"~ in the reaction plane (6 direction). The chamber with particle

counters can be rotated itself about the beam axis -(¢ direction)

automatically using a stepping moter. Several kinds of angular .

correlation measuréments (n-n, n-y, p-n, p-Yy, and Y-Y

etc.) can be carried out by rotating charged particle counters

- 16 =



in the 6 - ¢ plane, and y-ray and neutronlcounters in the
horizontal plane.

The side wall of the chamber is made of stainless steel
with 3 mm thickness. It has wide opening windows which are
vacuum sealded with a thin mylar film (25 um in thickness) for
measuring angular distributions in a wide angular range of
-150 v 150 deg..

Absorption of y-rays and neutrons due to the mylar
window may be neglected for energetic charged particles of
the present interest. The energy loss of a charged partiqle
through the mylar film is about 300 keV fpr 10 MeV proton.
The cap of the chamber was made of Al (5 mm in thickness) in
order to reduce absorption of neutrons when the chamber was
rotated around the beam axis. The absorption due to the Al
cap was estimated less than 5 per cent for fast neutrons.

The goniometer which is installed at the F target port
has four turn tables. Two of them can be rotated automatically
by using stepping motors. They are used for y-ray detectors
(Ge(Li), LEPS and GAMMA-X). One of the other two turn tables
are used for a NaI(Tl) scintillation éounter, which is used
to measure continuous Yy-rays, and another has an extended
plate on which an NE213 liquid scintillation counter can be
set. The neutron time of flight measurements were '
vcarried out using this extended plate. It can be rotated on

the rail around the target to measure the angular distributions

- 17 -



of neutrons. The length of neutron flight path is adjustable

from 20 cm to 120 cm.

2-4. Detectors
A. Charged -particle counter

Energies of charged pérticles were measured by a counter
telescope consisting of a Si surface barrier SSD and a NalI(Tl)
scintillation counter.

The Si surface barrier SSD with 450 mm2? detection area
and 300 uym thickness was used for the energy loss counter (AE).
The lower limits of energy ranges for any charged particle
are determined by the AE counter. In the ¢ase of this detector,
they were 6.5 MeV for protons and 25.0 MeV for alpha particlesf '
The NaI(Tl) scintillation counters were used for the E couhter.
Two types of Nal(Ti) counters were used. One is 25.4 mm..
diameter x 25.4 mm length with 50 uym Al window (OYO-KOKEN),
and another is 31.75 mm diameter x 31.75 mm length with 25 um
Al window (HARSHOW). Both counters can detect up to 80 MeV
protons. The typical energy resolutions of these NaI(T1l)
counters are 2.0 MeV FWHM (OYO-KOKEN); and 1.0 MeV FWHM
(HARSHOW) for 120 MeV alpha particles. Ordinary, the latter

detector (HARSHOW) was used because of its better resolution,

- 18 -



wider detection area and thinner window than the fprmer

(OYQ—KOKEN). Photo-productions in the NaI(Tl) counters

caused by the present high energy charged particles ( ~ 100

MeV) are much larger than that in the ordinary use, so

a breeder circuit for the photo-multiplier (R580, HAMAMATSU)

was changed to obtain stable out-put gaih. The resistances

of the breeder were converted to about one tenth value of

the drdinary ones. Fig. 2-5 shows the éi?cuit of the breeder.
The pulse hight responses of the NaI(Tl) scintillator

for charged particles deviate from linearity over an enefgy

65). In order to determine the

range of several tens of MeV
énergi dependencé of this non-linearity for the NaI(T1l)
crystal pfésently used, thé pulse height responses of the
elaétic scattered protoné and o-particles were measured.
The energies of these particles were determined with detection
angles and absorbers. Fig. 2-6 shows the pulse height respoﬂce
of the crystal of 31.75 mm diameter x 31.75 mm thiékness to
higher energy protons. | .

- This counter telescope was mounted on a brass case, in
order to reduce noises caused by light etc.. A slit system
~to determine the solid angle of the charged particle defection A
~ was fixed to this brass case. A typical solid angle of this
. counter telescope for coincidence measurements was as large

as 60 msr. The mounting of the counter telescope system is

shown in fig. 2-7. Fig. 2-8 shows a typical particle

- 19 -



identification spectrum obtained by the present counter

telescope system.
B. Liquid scintillation detector

Neutron was detected by an NE213 liquid scintillation
detector. A time of flight (TOF) technique was employed to
deterhine the kinetic energy of neutrons. The NE213 liquid

" scintillator has a good detection efficiency for fast‘neutrons,
and is suitable for pulse shape‘discrimination analysis
between neutrons and Y-rays. The pulse height response and
the detection efficiency of the scintillator for fast neutrons

66-69). ‘The pulse height

have been studied by many authors
response of the NE213 scintillator is an important quantity to
estimate the absolute detection efficiency. It varies with
the size and form of the scintillator.

The liduid scintillator detects fast neutrons through
recoiling protons. The recoiling protons make continuous
1pu1$e height response distributions corresponding to their
kinetic energy. This property depends on the angular
distributions of the recoiling protons with respect to the
momentum direction of the incident neutrons. The amount of
"secondary scatterings of the neutrons affects the pulse height

response function, and depends on the scintillator geometry.

The measurement of the pulse height response function was made
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' with the use of a pulse shape discriminator to reject the
y-ray events. The y-rays are detected in the liquid scintil-
lator thréugh the compton electron scatterings. The decay
time of the fluorescent light output of the NE213 scintillator
consists of two time components7o). One is a fast component
(2-4 ns) due to the low ionization density produced mainly by
yYy-ray events, another is a slow component (10-30 ns) due to-
higher jionization density produced mainly‘by neutron events.
This property is used to distinguish the events.of neutrons
form that of y-rays. We used a pulse shape discriminator
(Model 2160, CAMBERRA) in order to perform this problem.

A pulse shape discrimination spectrum is shown in fig. 2-9-a
and the neutron energy dependence of the pulse shape discrimi-
hation is shown in fig. 2-9-b. Measured response functions
for various energy neutrons are shown in fig. 2-10. The
detection efficiency is’critically dependent on the bias
setting at low light output side because of a sudden steep
character at fhismregion. This character may cause a serious
error to the low energy neutron (~5 MeV) detection efficiency.
At the higher light output region above Ee==2.0 MeV, the
efficiency changes just slowly with the bias setting because
of its relatively flat character. We should take care of
these natures of the used scintillation detectors to calculate
the absolute detection efficiencies of the fast neutrons.

A Monte Calro calculation was used to estimate the neutron
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detection efficiency. We calculated the detection efficiency
for the used scintillator with a Monte Calro calculation code

62)

) providéd by K. Shin The calculated detection efficiency

with a certain threshold is compared with experimental valué64).
Fig. 2-11 shows the results of the calculation for neutron
detection efficiency (lower distribution level Ee==800 keV).
The energy calibration of the time of flight was carried
out with the maximum of the light output. The light output
is proportional to about 3/2 powers of the energy of protons.
This relation between the light output and the proton energy
for the NE213 scintillator was measured by V. V. Verbinski

et al.eg).

The light output calibration of the NE213 scintil-
lator is usually carried out by measuring the compton edge of
Y-rays; 56CO(Ee==3017, 2365 and 1027 keV), 88Y(Ee==1632 keV)
and 22Na(Ee==1062 and 341 keV). The light.output for higher
energy electrons were extraporated. The calibration curve

and experimental points obtained with monoenergitic neutrons
following ’Li(p, n)®Be* reactions are shown in fig. 2-12.

The time and energy calibration for neutrons are shown. in

fig. 2-13. The neutron flight time was measured with time

differences between the neutron signals from the scintillator

and the RF signals from the cyclotron for neutron singles

*) Proton beams were provided by the AVF cyclotron at the Cyclotron

Radio-isotope Center, Tohoku University.
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and neutron-y coincidence experiments. 1In the case of charged
particle-neutron coincidence measurements, the neutron flight
time was measured with the time differences between the
neutron signals and the charged particle signals from the AE
counter (Si surface barrier SSD). Fig. 2-14 shows the time
spectrum of ﬁeutrons for the latter case.

In order to reduce the backgrounds (stray neutrons and
Yy-rays), paraffin blocks, lead plates (30 mm thickness) and
brass plate (5 mm thickness) at the side of the scintillator,
and lead plates (20 mm thickness) and brass plate (5 mm thick-
ness) in front of it were used for shields. The absorption
of the neutrons of the front shield was measured.  Fig. 2-15
shows the effects of the front shield and the total neutron
detection efficiency. The neutron background was estimated
frdm the yields of neutrons with a blank target. A typical
neutron time structure is shown in fig. 2-16.

All the informations; The pulse height spectfa, the
time of flfght spectra and the pulse shape discrimination
spectra, were recorded in an event by event mode by use of
the Raw Data Processor. After the experiment, off line analyses

were performed.
C. Gamma detectors
Highly excited nuclei have many decaying channels.v The
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" y-ray spectra are much complicated because of many decaying
channels. These complicated spectra were precisely measured
by a 1.4 cc high purity Ge detector in a singles mdde. This
detector called LEPS (Low ‘Energy Photon Spectrometer) has the .
higher energy resolution than a ordinary large volume Ge(Li)
detector. The energy resolution is 1 keV for 511 keV y-rays.
In order to aﬁoid the ambiguity of the dead time correcfion,
the counting rate was always kept as>700'bounts/sec. In front
of LEPS, a brass plate (1 mm thickness) was placed to reduce
the x-rays from the target. Photo-peak energies,were
determined within 0.2 keV by using LEPS. AIt_was very powerful
to identify the y-rays from the final nuclei accurately. Ve
could determine precise distributions of the residual nuclei
(neutron multiplicity distributions).

In the times of coincidence experiments (n-7y and p-Y),
a large volume Ge(Li) detector (60 cc) aﬁd a Ge(pure) detector
(55 ce one called GAMMA-X) were used in order to improve the
coincidence efficiency. The energy resolutions of these
detectors were about 2.0 keV for 60CQ 1332 keV YArays; The
counting fate had eleo to be nearly -constant to keeptmercounting
condition to be stable. ! These detectors were shielded by
- lead blocks (50 mm,thickness) to reduce background y-rays.
A copper plate (i mm thickness) was inserted between the lead
shields and an Al cap of the Ge‘detector to absorb the x-rays

from the lead sheild. 1In front of the detector, a copper or
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a brass absorber (3 mm thickness) was set fo reduce the
X-rays And low energy y-rays coming from the target. |

The absolute efficiencies of these Ge(pure) and Ge(Li)
detectors were measured_every time after experiment by an
calibrated RI source set at the target position. The counting
rate and electronics were maintained as the same condition as
the inbeam ekperiments. The tybical examples of absolute
efficiency curves obtained for GAMMA-X and LEPS are shown in

figs. 2-17-a and 2-17-b.

2-4. Data Taking System

The electronic circuit used are mostly NIM module»circuits.
The typical block diagram is shown in fig. 2-18. They .are
composed three parts. One is the coincidence circuit bloék;
Conventional fast-slow coincidence modes were used. The
signals through these circuits were processed by the raw data:
processor . And they were written onto the magnetic tape which
is controlled by the PDP 11/40 computer. The second part is
the circuit for measurements of the singles y-ray spectra.
The signals from LEPS or Ge(Li) ére"accumuiated in the multi-
channel ‘analyzers (CAMBERRA 8100, 8700 or SCORPIO). The third

part is the on-line monitor circuit for the coincidence

measurements,
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After on-line data taking, off line analyses were
performed. Data tapes were sorted by various modes (projection,
digital gate and two dimension etc.) using the central computor

TOSBAC 5600.
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I0D. EXPERIMENTAL PROCEDURES AND RESULTS

Table II summarized types of the reaction studied. It
lists the target nuclei, energies of incident a?particles,
initial fused nuclei and their excitation energies, modes of
experiments, and laboratory angles of observations are

tabulated.

3-1. Neutron Multiplicity

A systematic study of the de-excitation process for the
fusion like (o, xn yp Y) reactions in an energy range of 50"
120 MeV is important from a view point of the PEQ neutron
emission. When a medium heavy nuclei is excited by the o-
particle bombardment, a small number of fast neutrons are
expected to be emitted through the PEQ process. A'part of
these neutrons which is emitted at the first doorway state
take away large excitation energy. After one or two these
neutron emissions, the residual nucleus transits to the EQ
phase at the excitation energy of 25~ 40 MeV. The equilibriated
nucleus cools down by a several- number of neutrons proportional
to the excitation energy. Thus the neutron multiplicity x is
much smaller than the statistical model prediction for the

fast neutron emissions at the first stage of the PEQ process.
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On the other hand, after several state sﬁreadings at the PEQ
stage of the de—excitation.process, relatively low energy
neutrons are also expected to be emitted through the PEQ phase.
The phase transition from the PEQ stage to the EQ stage occurs
at higher excitation energy of 35~ 50 MeV. This process
corresponds to the large neutron multiplicity. Thus the
neutron multiﬁlicity distribution is sensitive to the:first
stage neutron emission at the PEQ phase. The neutron multi-
.plicity in a wide range can be measured experimentally by
observing discrete Y-rays characteristic of the residual
nuclei.

The discrete y-rays were measured in coihcidence with
protons for the (a, p xn v) reaction in order to study
correlations between the neutron‘multiplicity, and energy and
angular distributions of decay protons. Almost fhe decay-
protons without ' low energy part are consideréd to be emitted
from the PEQ stage. - They leave the residual nuclei-at the PEQ
stage. Characteristic properties of -the PEQ,stage'éuch as
the exciton number and the excitation energy of ;he residual
: nucleuSTShould be reflected upon the kinetic energies and
.the‘ahgularwdistributions of first emifted pfotons; 'As mentioned
aboﬁe the neutron multiplicity ‘is sensitivé,to the PEQ
‘properties. Therefore the neutron multiplicity distributions
in coincidence with protons are expected to be sensitive to’

the exciton number and the excitation energy at the proton
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emission,
A. Neutron multiplicities for the (a, xn yp y) reactions
i) Procedure of neutron multiplicity measurement

We measured neutron multiplicity for the .reactions of
162, 164py(q, xn y)166 Er at E, =50, 70, 90 and 120 MeV,
16500(a, p xn v)188 *Er at E, =110 and 120 MeV, and 158Gd(a,
xn v)162 %Dy at E, =70 MeV by means of singles y-ray
measurements. The thicknesg and form of the bombarded targets
are listed in table I. The singles y-ray spectra were
"obtained by use of LEPS (Ge(pure) detector) at 125 deg. with
respect to the beam axis., A typical singles y-ray spectrum
following the !®%Dy(a, xn y) reaction at E, =120 MeV is shown
in fig. 3-1.

Cross sections for each reaction channel with neutron
multiplicity x were obtained from the detailed y-ray spectra.
Total cross sections o0(x) are estimated from the absolute
yields of discrete y-rays characteristic of the xn reaction .. ..
channels. For the even-even isotopes, the o(x) are approxi-
mately given by the yields of the ground band 4+-+2+-*0+
transitions. The cross section of the 2+-+0+ yYy-transition
may be assumed to stand for the cross section of the-reactipn

channel, and the yield of the 4+-+2+ Y-transition for the 80
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per cent of total yield of the reaction channel. The o(X)
for odd-A isotopes were estimated from the intensity ratios
of the y-rays along the yrast, yrare and other possible bands

observed in refs. 41-59. In the case of each odd-A Er isotope,
o1t 17" 13"

the y-ray yields of the yrast + -+ transitions and
+ + + 2 2 2
19 15 11 cos .
yrare —5—>=5—*=5 transitions were used. The total yields

for the feedings of each reaction channel were obtained by
summing up the intensities of the transifions with correction
for the electron conversion. Small corrections ( < 10 per cent)
for the anisotropic distribution of the y-rays have been made
by use of the sfretched E2 transitions. A phenomenological

AiPZ(cose) term68) for the stretched E2 transitions was used.
ii) Results

The total cross sections for the 1627 164py(a, xn v)
reactions at Ea==50, 70, 90 and 120 MeV are plotted in fig.
3-2 as a function of the kinetic energy sum ET of fhe decay

neutrons. -The ET is defined as

_ X ) -
Ep = lo-q Epo (3-1)

where x is the number of neutrons emitted, namely neutron

multiplicity. The sum E, is equivalent to the energy excess

T
above the reaction threshold, and it is simply related to the
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neutron multiplicity x as follows.

(3-2)

= * -
ET E X<Bn> E

v’
where E* is the initial excitation energy, <Bn> is the average
neutron binding energy and EY is the excitation energy removed
by y-rays. We assumed a conétant value- of EY==9.0 MeV for

all residual nuclei. A prominent featuré.is that the cross
sections for small number x of emitted neutrons with large ET
are much.larger than those expected from a simple calculation
within the compound nucleus model. Thus most of the cross
section at large ET (small x) may be.due to the PEQ process.
This feature gets more pronounced with the-increasing projectile
energy. In fig. 3-3, the cross sections for the reactions of
165Ho(a, p xn y) and !®YDy(a, xn y) at E, =120 MeV are

presented as a function of the neutron multiplicity. The

sum of the cross sections for the (a, p xn) reaction is rather

flat as a function of the neutron multiplicity x.

B. Neutron multiplicity in coincidence with protons following

the !65Ho(a, p xn y) reaction at E, =109 MeV

i) Procedure of neutron multiplicity measurement gated by

energy and angle of decay protons
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In order to obtain the neutron multiplicity distributions
in coincidence with protons. We studied the !65Ho(a, p xn Yj
168"%py reaction by means of the proton-y coincidence
measurement. A 5.5 mg/cm? metallic 165Ho target waé irradiated
by 109 MeV a-particles. Two sets of counter telescope were
used to detect charged partiéles. They were observed at lab.
angles of 25, 40 and 129 deg. with respect to beam axis.
Discrete y-ray were detected by GAMMA-X (Ge(pure) detector)

at 130 deg. to the beam .axis. :
' d?o

—_=
dEdep
obtained. from the y-ray spectra gated by five proton energy

Cross sections of each reaction channel were

intervals at each detection angle. As described in the previous --

sectlon, each rotatlonal Y-transition observed in the gated

spectra was used to estlmate the absolute values -of EE—E%_'

‘ii) Result

The obsef%ed neutron multiplicity distributidﬁs are shown
zin fig. 3-4. . The neutronjmultiplicity,distributions gated
:with forward low-energy protons are similar to those for the
(o, xn v) reactions, némely thé Cross sectiohs with small
neutron multiplicity x is“so large das to be expected from the_,
EQ calculation. The residual nucleus is thought to be left
at the high excitation with small number of excitons after. .

forward low energy proton emissions. The forward high energy
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proton emissions give only the reaction channels with small
neutron multiplicity. When these proton emission occur, the
residual nucleus transits rapidly to the EQ phase. The
characteristic properties of the PEQ process can not be observed.
On the other hand, the multiplicity distribution gated by
backward protons is close to what was expected by the
evaporation process indicating large number of excitons after

the proton emission.

3-2. Energy Spectra of Decaying Neutrons and Protons

It is important to investigate fast and slow neutrons
folldwing the de-exciting nucleus at the PEQ and the EQ phases.
Energy and angular distributions of these neutrons give direct

informations about the PEQ de-excitation process, namely the

- PEQ neutrons can be easily distringuished from the EQ neutrons

which indicate a typical evaporative energy distributions as

°=E’exp(-E%—), where kTe is the nuclear temperature of the
e

equilibriated nucleus, and a isotropic angular distribution.

On the other hand, protons following the de-exciting nucleus

~comsidered to be mostly emitted at the PEQ phase since the

evaporation of protons is suppressed by the Coulomb barrier
of the compound system. Although a part of protons and fast

neutrons can be emitted through a single collision with
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protons and neutrons from the PEQ stage are ejected after
multi-collisions (state spreadings) with nucleons in the
compound system. In order to investigate these complicated
process, energy and angular correlations between protons and
neutrons were measured. The PEQ neutrons should give the

informations about the excitons and excitation energy at the

:proton emitted states. Proton energy spectra for each reaction

-channel can be obtained by requiring the-coincidence with the

discrete y-ray wgaéh is characteristic of each reaction channel.
They can be~re1a£éd to the excitation and the excitons of the
residual nucleus’at the proton emission.

Recently very detailed measurements of the y-ray multi-
plicity distributions. for (a, xn y) reactions have been carried
out by using the multiple Nal counter system by M. A. J. de
Voigt et al.40). The measured multiplicities and y-ray
energies were used to locate the y-ray entry lines in the final
nucleus after neutron emission in the excitation-energy versus
spin plane. In that work tests on the conservation of angular
momentum could only.be made by using neutron data obtained
with other reactions.

. We carried but the n -y coincidence measurement tg
correlate the previousAy—ray multiplicity and the present
neutron data for one and ‘the same reaction. This will serve

as a more stringent test on the conservation of energy and

angular momentum in the reaction and to construct a consistent
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picture of the decay in terms of competing equilibrium and

pre-equilibrium processes. For this purpose the !'°8Gd(a, xn v)

1627%py reaction was chosen with x=4, 5 and 6 at bombarding

energy of Ex==70 MeV. The y-ray data taken at the Groningen

cyclotron a Ge(Li) - 16 Nal detectors multiplicity filter

' indicated that the (a, 6n) reaction led to predominently

compound-nucleus formations whereas significant PEQ effects
seemed to be p:esént in the (a, 4n) reactio%, with thg-(d,ISn)—
exit channel adéting as an intermediate phasg. The deduced

40) o v

entry lines ‘are”ased in the present work?to obtain the
_T
average energy"ﬁhddgnghlar momentum release by the quasi-

. .. ‘,".
continuum and discrete y-ray cascades.

A. Neutron energy spectra following the 165Ho(a, xn yp)

reaction at Ea=ri10 MeV
i) Procedure of neﬁ%ron measurements

Both'siﬁgles aﬁﬁ proton gated neutron energy spectra

4

were obtained from the !®3Ho(a, xn yp) reagtion.at E =109 MeV.

: The energy of neutrghs were determined by means of TOF method.

The flight path was 'L =120 cm. Neutrons were detected by
an NE213 liquid scintillation counter which has a good neutron
detection efficiency and character of n -y discrimination.

The energy range of neutrons which was determined with the
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flight path-and the beam cycle of the cyclotron was between
1.2 and 30 MeV.

Angular distributions and correlations with decay protons -
which were detected by a counter telescope system at fixed

angle 6, =30 deg. were measured at © =-69.2, -53.8, -20.3,

h
23.9, 33.6, 53.8, 63.2, 108.6 and 139.1 deg.

ii) Result

Differential neutron spectra at lab. angles eh==20.3 and
139.1 deg. are shown in fig. 3-5. VThe neutron energy spectra
at the forward angles show large high energy tailes, and
thosé at backﬁafd angles show a typical evaporation pattern.

The former and the latter may correspond to the PEQ and the EQ
-6) :

. . 1 .
neutron-emissions , respectively.

d?o
dEdJQ

mass (C. M.) frame were integrated over C. M. angles using

in the center of

The differential cross sections

the following equation;

-

- d2 Ui 2A . ) }
a0 _ .[Efé%dg = 2nj d°0_ inede. (3-3)

[~
B
o}
Lo/

- The integration was -carried out by means of a spline function
which can connect the experimental value smoothly. Fig. 3-6 -
shows the angle integrated neutron spectrum. The errors in

this spectrum were mostly due to the TOF resolution which
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consisted of the time resolutions of the.cyclotron beam bunch
and the detector length relative to the length of the flight-
path. Stray neutrons (room background), which were carefully
surveyeq, were estimated less than 5 per cent of the total
neutron yield. 1In fig. 3-6, there is a large high energy tail
considered as due to the PEQ neutron emission. Deviations

from a statistical estimation for any physical quantity in

the present energy region may be connectéd to-it:—The-PEQ—— -
neutrons account for about ten per cent of total yields of

the neutrons. An energy integration of the angle integrated

neutron cross section can be obtained from the following—— -—=— -

equation;
(3-4)

where <Mn> is thé mean value of the neutron multiplicity and
Oq is the total reaction cross section accompanied;Withén —
neutron emissions. .The mean neutron multiplicity <Mn>= 7.5

is obtained from the observed neutron multiplicity. -Inserting
this value into-eq.--3-4,-we-get -the-total--reaction cross

section o, =*1.63 -b.- -It agress with the cross section obtained

Q
from the singles y-ray spectra.
The neutron momentum distributions deduced from the

angular distributions in coincidence with protons for three

energy bins are shown in fig. 3-7. The relative yields are

- 37 -



plotted as contour lines of each one half value. The shaded
‘portions in the fig. 3-7 represent the coincident proton
momenta, and the lozenges are the momentum of the incident
o-particles. It is approximately seen that there are
conspicuous forward peakings of high momentum tails of . .
neutrons. On the other hand, neutrons with low momentup

( (5 MeV in energy) indicate isotropic angular distributionms.
Angular'qorrelations,between the PEQ protons and neutrons
could not be found in the present experiment, because of the
lack of higher momentum ( > 30 MeV in energy) neutron,detection.
Fig. 3-8 presents mean energies of the neutrons <En> at each
detection angle in three proton energy bins. It is seen that
<En> gated by the protbn energy of > 50 MeV, is nearly constant
at all the detection'angles. However,_<En>'gated by lower
energy protons indicéte_large forward peakings. The ratios

of high (> 5 MeV) and low energy (<5 MeV) neutron cross
sections 'in three proton bins are presented in fig. 3-9.

The angular behavior is very simillgr to that of the mean

-

neutron energy.

B. Exclusive proton spectra for each reaction channel of

the 165Ho(a, p xn y) reaction at E, =109 MeV

i) Procedure of the measurement
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The same procedure as the measurement of neutron multi-
plicity distribution in coincidence with protons described in
sec. 3-1-B were employed. Here the proton energy spectra at
each detecfion angle were gated by the discrete y-rays
characteristic of the reaction channels with neutron mﬁlti—

plicity range x=2"8,
ii) Result

The proton energy spectra obtained from the proton-y

coincidence measurements in the neutron multiplicity range

x=2~8 are presented in fig. 3-10-a for even mass- isotopes

and in fig.'éél—b for odd mass isotopes at lab. angles 6p==
25 and 129 deg. The proton energy specfra consist of high
energyrpart:cnd 1cw‘energy tail. The high energy part
corresponds to the EQ neutron emission. As shown in sec.
3-1-b, the high energy proton emissions leave the-residual
nﬁcleus at the low excitation regioc with a small'éxciton
number. In these nuclei, more particle emissions are not
feasible, so the residual nucleus transit rapidly to the EQ
phase where additional de-excitation proceeds by emitting
the evaporative neutrons;and yY-rays. On.the other hand, the
low energy part corresponds to the PEQ neutron emission.}
These protons are considered to be secondly emitted .after the

more energetic neutron emission at the first doorway state.
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TheAforward proton spectra for the (a, p 2n y) and (a, p 3n ¥v)
reactions seem to have even two peaks, namely the high energy
narrow peak and fhe»medium energy broad peak. The high energy
peaks in these reactions leave the residual nuclei at low
excitation energy ( < 50 MeV) where the EQ process becomes to
be dominant. For the higher excitation energy ( > 50 MeV) of
the residual nucleus after the proton emission, the PEQ
process is important as same as the firsfjdoorway.state, Thus,-
the medium energy broad peak may correspond to the PEQ emission
of neutrons. These double peaking charactor in both (a, p 2n)
and (a, p 3n) reactions indicate the phase transition between:

the PEQ and,thefﬁQ phases.

C. Neutron energy spectra following the 158Gd(a, xn y)162 %Dy

reaction at Ea==70 MeV
i) Procedure of neutron measurement -

The energieé and angular momenta released by the emitted
neutrons were obtained in -the present work for each specified
exit channei from neutron TOF spectra and angular distributions.’
‘The exit channels were specified by observed discrete y-ray
transitions in a Ge(Li) detector. A check on the y-ray multi--
plicities:wasAmade from oneAadditiohal NaI(Tl) detector, which

also enabled us to observe triple coincidences between the
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Ge(Li), NalI(Tl) and NE213 neutron detectors. Because of the
poor statistics in the latter cofrelations the main conclusions
on the physics will be based on the double Ge(Li)-—NEZlB
correlations.

The 70 MeV o-particle beam was obtained from the RCNP
AVF cyclotron. The target was self-supporting and isotopically -
enriched to 99.0 % 158Gd»wifh a thickness of 2.6 mg/cm. A 55
cm Geﬁdetector,was placed at D=59.6 cm ffém the target at 6=
90° with respect to the beam direction. Low-energy y-rays
were attenuated by a 1 mm brass absorber., A 10.4 cm diameter
X10;4 cm long NaI(Tl) detector was positioned at D=25 cm and
8 =145°. A lead bollimetor and a 3 mm brass absorber were = .
used to flatten as ﬁuch as.possible the response fﬁnction with
a 1owfenergy cut-off at 150 keV. The neutrons were detected
by means of a 12.7 cm diameter x 7.6 cm NE213 liquid scintil-
lator. They were séparated from Y-rays by mean$ oi,pulse—shape
discrimination. Their energies were obtained froﬁ;the ﬁime—
of-flight over a distance of 48 cm. Angular distributions
fbr‘those neutrons were measured at angles of 6n==35°, 70°,

110° and 145°,
ii) Result

The y-ray spectra'bbtained,in coincidence with neutrons

at lab. angle of 6n==35 deg. for three energy intervals are
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shown in fig. 3-11. It is clearly seen*that in coincidence

with low energy neutrons enhances the (o, 6n) exit channel and
high energy neutrons the (a, 4n) channel. The peutron energy
spectra for the three exit channels méasured at four angles

are presented in fig. 3-12. As shown in the fig. 3-12, the.

shape  of the neutron spectra dépends much on'bbth the exit
channel with neutron multiplicity x and the aﬁgleS‘of obser-
vation. The low energy neutron may be dﬁé to the EQ process
which shows on the neutron spectrum a characteristic evapora-—
tion pattern. - Such shape is dominantly seen in the reaction
channel with large neutron multiplicity. On the other hand .

the high energy ones may be due to the PEQ process, being: . .-
- -dominant in'fhe'reaction channel with small neutron multiplicity..
These results indicate that the fast neutron emissions at the

PEQ stage.  of the de-excitation process also gets important»in Cem

the 70 MeV a-particle induced reaction.
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IV. ANALYSES
4-1. A De-excitation Model
A. A general consideration

Present calculations were designed fd describe multi-

particle emission processes of highly excited nuclei («:1oov

MeV). Based on the exciton mode119 71_73),.we employ the

decay rates for particle emission and exciton-exciton interac-

74-76)

tionbreported in previous works The Monte Carlo method,

which ﬁas developed for the calculation of-the nuclear - -

77), was used to

- ‘evaporation process by Dostrovéky et al.
evaluate cémpléx reaction processes. Gadioli et al; applied
the Monte -Carlo method for the exciton model calculation of
the PEQ - EQ de-excitation process.?s)

In the frame work of the exciton model, the de—excitation
process can be describéd by the Pauli master—equafion which is

given byls)

é%Pn(t) = JIP_(O)W_, -W__ P (t)], . | (4-1)

“where the Pm(t) is the occupation probability of the m-exciton

state (m is the sum of the excited particles and holes) at

time t, the Wm+n==wn+m is a mean value of the squa?e of -the
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transition matrix element. The master equation (4-1) describes
a gain and a loss of occupation probabilities. -It can be
solved by a diagonalization of the kernel with following

initial condition as

Pp(0) = & - - ' (4-2)

We require the condition that the solutions of eq. (4-1) has

to approach finally to the equilibrium Values;

. p :

i = o = _—m__. -
lim B (t) = B (=) S - (4-3)
Lo )

pm
m=mg

Am=2
where level density P is'given in Appendix. The mean number
of the exciton is given as ﬁ£=/2gE§15), where g is the single
particle level density. The differential cross section of

the particle b for the reaction is given by

'——d°b‘='a 2)25 wP(e) Teq P (t')dt' + (—d‘.’b) (4-4)
de A m*& - Tm de ‘evaporation” :
; m—mo 0
Am=2

Here, a is proportiohal o the square of the mean transition
matrix element of the residual interaction |M|2, while Wg is
the average decay rate - -from the m-exciton state to a channel

where the particle b has kinetic energy €, -and Teq is the
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equilibration time. - The time integration of Pm(t) is

;ihterpreted with a physical assumption as a sum of the emission

15, 27)

probabilities at the m-exciton state between the time

0 and TeQ' Therefore,. the integration can be rewritten as

%?JTeq %? r2 %?
P (t)dt = = ¥ T _ (4-5)
m ) m | o rm+rm m m’

Am=2 © S Am=2

where”rg and P: are the escépe and the spreading widths at

m-exciton state, respectively. Eq. (4-4) becomes

b - 2n b
do~ _ = - Wb do _
de '__Ub(g)mggonwm(s)+( de)evaporation’ (4-6)

Am=2

where Eb'is the inverse reaction -cross section, and is obtained .

from the cohtinuum theory79) as
= 2 % ' : . 7
on(en) = AR Cn(1-+3/en)A , | ~ (4-7-2)
Where
: _1 : .
"Cn = 0.76+2.2 A" 3, : (4-7-b)
-and
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2 .
B = (2.12473 - 0.05)C_, (4-7-c)

for neutrons. And for charged particle j, as well

- - _ 2 o
cj(aj) (1+Cm)(1 ancj/sj)AR , (4-7-d)
where
i z .7 ’ : )
V.= —3 : (4-7-e)

cj R+1.2°

Here, R=1.3A% is the nuclear radius andecj the height of
the Coulomb barrier,_while cn, B, cj and kj are the parameters
determined by an empirical table listed in table II.

‘The escape width F2 for m-exciton state is defined as

E-B o _ E
™ =ﬁzf P wPieyae, | (4-8)

c & m .

T .
where Bb is the binding energy and Wz(s)de is the'brobability

per unit time for the emission of particle b with kinetic

energy between £ and e +de, It is given as
Wo(e)de = v25, e[p(i)/p(£)]de - (4-9)
m m b ' :

Here, Yz-is'the function of the spin of the particle b,

reduced mass and the exciton number, and Eb is the mean
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inverse cross section, and p(i) and p(f) are initial and final
state densities, respectively. .The spreading width TZ is

73)

defined as

2
m
Tg = 2nle|an| Pron ? (4-10)
where an is the transition matrix element from n- to m-exciton
state The matrix element M vanishes ﬁhless m=n * 2 because
of the assumptlon of a two body 1nteract10n, and the | mn'
can be assumed as»lenl '-Ian| IM[ ..The pm+n_ls the
 effective level density of the n-exciton state which can be
reached from a m-exciton state.
In the case of multi-particle emissions at the PEQ phase,

eqs. (4-4) and (4 6) should be added term of a secondary,

~thirdly- part and so-on. - The secondary part is given as

b" 2n m T
9 =a ) W ] wﬁ,f ®dp r(t')dt’
Am=2 m'=mg 0
, Am'=
N .
' 2n m ' '
=5%e) ] W ] wr_,. - (4-11)
Am=2 m'=mg ' ~ ‘
' Am'=2

The cascading properties of the PEQ - EQ de-excitation was
followed by the Monte Carlo method using random numbers

instead of the summations in egs. (4-6) and (4-11). At the
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beginning of the calculations, for each particle considered
and each set of (p, h) values, the decay rates into the
continuum have been numerically evaluated. The values of the
maxima and of the integral over the emitted particle energy
are calculated and that of integral over the exciton-exciton
interaction decay rates are calculated and tabulated.

The extraction of a sequence of random numbers allows
to choose one particular next reaction cﬂannel,'whéfe
a possible kinetic energy is determined by the reaction
Q—valﬁe and the Coulomb'barrier for a particle emission, and
next state is defined>for both the escape and the spreading
channel. -The calculation end of the PEQ cascade is determined
as the exciton number mgl/ﬁézﬁi. Then the ﬁEQ cascaderfransitions
to the EQ cascade. When the nucleus de-excite to the neutron
threshold energy, the calculation is stopped,and the ‘next
cascade is started.

, The detailed formulations of the present multi-step:

"calculation are described by deviding the de-excitation

process into the PEQ and the EQ stages.
B. Numerical results
In order to carry out the calculations, quanfities like
_ S . _ , , .2
the level density Bpo average two body matrix elements ]Ml -

and so on, must be given numerically. For this porpose,
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expressions of the exciton model was employed.?S)' In the
followings, the expressions are briefly described.

The state density for the m(=p+h)-exciton state is

written in terms of the equi-distance Fermi gas mode174) as
follows.
= -— . m—l -— 1 | -

P(E, p, h) = g,(g,E Aph) /pthi(m-1)!, (4 12)_
where Aph is a correction factor due to the first order Pauli -
.exclusion princip1e73), and is given as

= (p2+h?2+p- ' : 4-1
Ap = (P?+h%+p-3n)/ag, (4-13)

The level density Ep in eq. (4-12) is given by the single

nuclear value,

S 3a | ’
gA = ) (4-14)
] 4."2 .

the gAin eq. .(4-13) is given by'g£=6a/n2, where a-is-an -

ordinary level density parameter given as a=A/ag (ap=8~n15).

The effective level densities p. used for calculating

mm+2
. .the spreading width are

€a

- = e - 2 -
Prom+2 — Z(m+i) C(BAF ~ Cpi1n+1) (4-15)
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p

mem—2 - 8aPh(m-2), : : (4-16)

where C_, = (p2+ h?)/2 is the correction due to the Pauli

ph
.2

exclusion principle. 'The matrix element [M| is assumed to be -

independent of m. It is

I'Ml2 —B _ am, | - (4-17)

2
ga(8,E)

where A(E) is the effective nuclear collision probability in

80)

-the nucleus. - Kikuchi- and Kawai were obtained by using

a simple Fermi gas model,
A(E) = (1.6 x1021 — 6,0 x 10}8E)E [sec™!]. , (4-18)

Some authors®1—83) have used reduced probabilities A(E)/C,
were C=3v 5., Reduction factor C reproduce experimental data
for the PEQ process. Alternatively, one may use a factor X
— 2 :
for |M|  as
=12 _ K 1-0.375x10 2E

(4-17")

23) corresponds to the value

The reduction factor C=4.8
K = 1450 Mev3.27) -
. . . m m m . . P
First the ratios rc/(rc+-rs) are plotted in fig.. 4-1.as

a function of the excitation energy -and the exciton numbers
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in the case of 188Er* system. It is seen in the figure ?hét there
-isAa critical energy Ec for the PEQ pafticle emission around

the excitation energy'E*1:40 MeV. As the initial excitation
energy exceeds Ec==40 MeV, features of the PEQ process get
vapparent. Therefore a highly excited nucleus with excitation
energy of about 100 MeV firSt1y~decay by emitting one or two

high energy particles down to about 40 MeV and then the residual
cascading nucleus quickly transit from tﬂe PEQ phase to the EQ
phase. In fig. 4-2, éﬁtry lines of each reaction channel to

the EQ stage is shown as a function of.the excitation energy for the
166Er* system. Where the initial exciton number (pg, hg) =

(5, 1) was used.- The energies of the phase transition seems

 to be independent of.fhe‘initial excitation energy.

Fig. 4-3 gives the ratiosrfp==np/(np-+ne) and fe==n (n_+

e p
ne), where np and n_ represent the numbers of neutron emitted

e
at the PEQ and the EQ phases, respectively, as a function of
the order of the cascades for the !®8Er* system with the
- initial excitation energy E* =120 MeV and the inifial exciton
huﬁbér (po, hg)=(5, 1). The -maximum of the PEQ fraction"
lyes at"the initial cascade, and then"khe PEQ fraction decays
exponentially as successive cascades. After several cascades,
the EQ fraction increéses rapidly and the de;excitatibn
© process feaches the statistical equilibrium.

The calculated neutron speétra following the l84Dy(a;

xn yp)l68 ®Er reaction with initial excitation energy E* = 90

- 51 -



MeV are presented in figs. 4-4 and 4-5. In fig. 4-4, the
total neutron spectrum is decomposed to each reaction channel
with neutron multiplicity x (x=3~8). The neutron spectra
with low multiplicity x seem to have three componehts which
are the evaporative low enefgy part, medium energy broad part
and high energy .confined peak.  It is difficult to reproduce
these: shapes with simple Maxwellian distributions E-exp(-g%),
where KT is a quasi-temperature of the nucleus. On the other
hand; in fig. 4-5, the total neutron spectrum is decomposed

to the neutron emitted firstly, secondly and so on. We are

-able to fit the individual spectrum with the Maxwellian

distributions with two quasi-temperatures, namely, the PEQ and

the EQ temperatures.
C. Comparison with experiments

Using the procedure just mentioned, the neutron multi-

plicity distributions and the eﬁergy spectra of decay particles

were calculated. In order to reproduce the experiments, the
initial exciton number (pgy, hgy) and the~reducfion factor C
for the average two body matrix element’lﬁ[2 (see egs. (4-17)
and (4-17')) were treated as free parameters. The initial
exciton number is an important parameter to determine the
spectrum shapes. With low energy a-péfticle'iﬁcidence (3;50

MeV) either a(440) or a(5-1) configuration has been used. TYor
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above 50 MeV a-particle induced reactions (5, 1) or (6,'2)
configurations give over all fits to the experiments. Note
that for proton'and deuteron induced reactions give the best
fits with (2-1) and (3-1) configurations, respectively.84)
Tﬁe reduction factor for the average two body transition
matrix element determines the relative rates between the
particle decéys and the state spreadings which determine- the
PEQ decay fraction. A value of 1.5 gives good fits for the
preseht data. | .

| Ih figs. 4-6-a v 4-6-c, comparisons between the experi-
mgntaiﬂand calculated neutron multiplicity"distributions for
the reactions of’a—partidlé incidence upon 1622 16ipy, 165Ho
and 158Gd are shown, where dotted lines represent the present

calculations. Full lines are the results of Sakai et alys)

using the two phase analysis. Used initial exciton numbers.

n

were (pg, hg) =(5, 1) at E_ =50, 70 and 90 MeV, an@i (po, ho)
(6, 2) at Ea==120-MeV. In all cases, the reductién factor
C=1.5 for two body matrix element waS'used;”fOn,the whole;
the calculations reproduced_the'experiments.zﬁ0n1y~inrthe—case -
of 120"MeV a-incidence, the cross sectibns'with smali X are
, somewhat:under;estimated. This is presumably the same

treatments as lower excitation energy region (;590 MeV) are -

~~*not suitable for these high excitation region. :-.We should

consider carefully the cohtributions from outside of the

statistical process as the direct reaction process.:
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The cross section with neutron emission for each reaction

channel is written as follows;
o%(x) = [0(x)+0l(x)], © (4-19)

where qg(x)'andWOE(x) are angle and energy integrated neutfon
cross sections of the xn feaction channel through the PEQ and
- the .EQ processes, respectively.. The respective numbers of

the PEQ and the EQ neutrons are given as

: n . -20
n,(x) = 0, (x)/o(x), (4-20)

and

n (x) = o%(x)/o(x),
where

ﬁp(x)u-pe(X) = X.

A PEQ fraction fp(x) for each reaction channel is defined as

| n
n,(x) _ o5, (x)

X on(x)’

£ (x) = (4-21)

and the total PEQ fraction fp is
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: - gn,(x)
P Zln (x)+n (x)]”

(4-21")

where on==x°(x) and og==og(x). Estimations for the fp(x) and
fp were carried out comparing the experiments and the calcula-
tions. In fig. 4-7, the fp(x) is plotted as a function of
neutron multiplicity x, and fig. 4-8 the fp as a function of
the initial excitation energy.

Only the experimental angle-integrated energy spectra
were compared with the calculation, because the exciton model
which does not contain the angular momentum informations has
been developed and is reasonably successful in predicting
angle-integrated particle energy spectra. Figs. 3-6 and 4-9

show the comparisons between the exciton model and Maxwellian

distributions, and the angle integrated neutron and proton spectrum

following the 185Ho(a, xn yp) reaction at E, =109 MeV. Full
lines represent -the exciton model. The experimenfél neutron
spectrum does not reflecf the first stage contribution because
of the lack of higher energy component. ( > 30 MeV). However
the PEQ contributions which are not able to be represented
with Maxwellian distributions (dotted lines) of the neutron
spectrum are reasonably reprdduced. The calculated proton
spectrum which is consisted of almost the PEQ fraction because
of the Coulomb barrier suppression is slightly over-estimated

in the medium energy region (~ 30 MeV). The first and the
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second stage contributions may be small in the calculation.
The larger reduction factor C=2.0 gives better result.

Angle integrated neutron spect;a following the !58Gd(a, xn)
at Ea==70 MéV for each reaction channel (x=4~6) are shown
in fig. 4710. The same parameters used in the calculation of
the neutron‘multiplicity distribution presented in fig. 4-6-b
were employed. Thevcalculationsrgive good fité for neutron
spectra of the (a, 6n) and the (a, 4n) réaction channels. In
the (d, 5n) channel the calculation slightly over-estimate for
the PEQ emission. - However, in oréer to check the prediction,
higher energy neutrons (3;15 MeV) should be observed. In this
case, the Maxﬁellian distributidns with quasi—témperatures of
the PEQ and the EQ stage, kT,=1.0 MeV and KT, = 6.0 MeV, KT_=
1.0 MeV and kTp'=4.Q MeV, and kTefO.Q MeV and kTé-ﬁz.Z MeV

for 6n, 5n and 4n reaction channel, respectively.

4-2. Two Phase Anélysis'

In ordef to obtain an essenée of the PEQ - EQ de-excitation
process, a simple two phase model accoring to ref. 3-is
employed for an analysis of the average neutron energies;

, angulgr'mdmenta emitted and neutron multiplicity distributions.
An analytical formula is used to represent the.enefgy spectra

of the i - th emitted nucleon;

- 56 -



£;(E;) = CE;exp( - E, /KT,). O (4-22)

This reproduces well the observed data and is also in accord

85) and the model

with calculations based on the exciton model
described in sec. 4-1.

The observed spectrum is decomposed into two components,

- thus a fit is ‘performed in which two parameters Ti’ are CT
6btained, one for neutrons emitted at eqﬁilibrium state with
\E§==2kTp and another for thoée emitted at an.equilibriﬁm stage
E§==2kTe. Here the.kTé~is the nuclear‘temperaﬁure at the
equilibrium phase, -and kTp may be called the quasi-temperature -
for convenience at the PEQ phase, -although the temperature

can not be defined at the PEQ stage.

The résults of such fittings for the neutron spectra with
the correspdndingitemperature kTi for the two éomponentsmare
indicated in fig. 3-5 following the !55Ho + 110 MeV .a-particle. ..
~reactionbat 6n==20.3 and 140 deg. |

The neutron spectra for the 138Gd(a, xn) reaéfions at
'Ea¥=70 MeV at the four angles (25, 40, 110 and 140 deg.) were
fitted to correct. for angular distribution. effects. The | |
. average numberéfbfﬁnéufrOns <n> emitted in the PEQ and the EQ
mstagesware»preSEﬁfEﬁan“fﬁblé“VI;: The average quasi-temperatures -
of the two stages are expressed in terms of the average
kinetic energies <En> which are élsolgiven in table Vi. These

data allow us to check the energy conservation in the reaction:
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which is expressed in the values for the ‘incoming and out-

going energies Ein and Eout’ respectively. For this we

" obtained the total y-ray energy release EY from the average

excitation energy of the entry state given in ref. 40. The
reported average yY-ray multiplicities agreed within the
experimental errors with those obtained from Ge-Nal coincidences.
They vary between 10 and 12.forla11 exit channels including:
the discrete transitions. |

The angular distributions, which should contain informa-
tion on the-angularﬂqqmenta:'released-by the neutrons, are
given in fig. 4-11. - The EQ process gives the neutroﬁs
distributed symmetric with respect to 90 deg. in the Center

of Mass system. -Since the asymmetry through the ‘transformation

- to the lab. system is only a couple of per cent, one would

expect almost symmetric distribution in the laboratory system
for equilibrium—néutrons. However, all exit channels‘show
pronounced forward peaking which is a clear indication of the
occurance of PEQ neutroh emission even in the (a, 6n) channel.
The asymmetry of the angular distribution can be experssed by
the,Ai,coefficient of the Légéndre polynomial expansions

ZiAiPi(cosen). The results of such expansions are alsa given

~in fig. 4-11, and yield for (a, 4n), (o, 5n) and (o, 6n) exit -

' channels the asymmetry coefficients Ai;=0.34i:0.08,-0.17i:0.07'

and 0.09 + 0.04, respectively. . The angular momentum removed

by the PEQ emitted neutrons can be estimateds) as;
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zg = 2/9nP Ali’ﬁR/h, | ' (4~-23)

where R is the nuclear radius (calculated with ry=1.35 fm).

p is the average moméntum and A? the expansion éoefficienf for
- the PEQ neutrons.' This coefficient is related to the observéd
‘one by Ai==npA?/X”With x being the total number -of -the emitted
neutrons. Here, we assumed only the PEQ neutron contribution
to be asymmetry. p is obtained form <E§> givep in table VI.
The angular momentum released.bj neutrons emitted in the EQ
phase is esﬁimated on the basis of a spin dependent level
density calculatipn;z) The final results and angular momentum

-balance are presented in table V.
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V. DISCUSSIONS
5-1. Energy and Angular Momentum Balance of the PEQ-EQ Proceés

The energy balance of the fusion like (particle, xn ¥Y)
reactions is discussed by using the average neutron energies <En>.
“They are obtained from the neutron multiplicity distributions

using following egs.

<B,(x)> = (E*-_EY)/X - <B> | (5-1)

and 5 o(x){(E" |

. ) o(x){(E - E )/x - <B_>

~ox, - e tL — - (5-2)
' § og(x) :

where E* is the excitation energy, f<Bn> is the. average

. value of the neutron binding energy, EY is the energy removed
by y-rays, and the o(x) is the cross section of the xn reaction
channel.-rThe—values of <En>'which,were‘deduced from the-
present (o, xn y) reactions at EY = 50, 70, 90 and 120 MeV
as a function of (E* - EY ) are shown in,fig. 5-1-a, where L'
open circles represent the (a, xn-y) reactions. An'éxample

of the quaﬁtitativeAenergy balance decomposed to the Eg, Ei
and EY for !38Gd(a, xn y) reaction at E, = 70 MeV is shown- ...

in fig. 5-2. The Eg and Ei were obtained from the present-

<En> , <En(x)> and fp values as

| <En(x)>.= Ei(x).fp(x) + Ei(x).fe(x), : (5-3)
where
ES (x)3 % JE" - E )/a |
= 2KkT_ R , (5-4)
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where kTe is the nuclear temperature of the EQ phase and
a is the ordinary level density parameter. The EY' which
is the energy removed by y-rays, was estimated by several

investigators 3,37-40)

. As shown in figs. 4-1 and 4-2,
there are critical energy EC of the PEQ de-excitation process
for each reaction channel. The Ec values of small x channels are
lower than those-of large X channels. A high energy neutron
emission at the first doorway state leaves a lower excited
- nucleus with a small number of excltons.v The re31dua1
excited nucleus - rapidly reaches to the PEQ 11m1t (m>2/——ﬁ;)
after emiséion of a few fast neutrons.
( 210 MeV). neutron emissidn occurs at the first ‘doorway, a
relatively highly excited nucleus may be left with a small
exciton nuﬁber as well as initial exciton number. Until the
nucleus reaches to the PEQ .limit, several heutron emissions
can be alldwed._The lﬁtter process should need more complex
decay process and larger time than the:former.

The angular momentum of these reactions can»also be -
décpmposed to three parts as & = 2£+'2§+ zY, wheré lg and
li are thérangularVmomentavremoved by the PEQ and EQ ¢

neutrons, respectively, and 2Ylby the y-rays. Previously— -

40)

M. J. A. de Voigt et al obtained the,.?,Y of each reaction

from a y-y coincidence measurement for the !'%%Gd(a, xn v)
162 Dy Teaction at-” E = ”70 MeV. They have deduced energy-

spin entry 11nes for quasi- contlnuum Y-ray cascade of the

(o, 4n) and (a, 6n) reaction channels. In the present n-y
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coincidence work, angular momenta carried away by the PEQ

and the EQ neutrons were evaluated for the same reaction.

These values, listed in table V, does show quantitatively

an important role of the PEQ neutrons for the angular momentum
changes. The obtained values lg/neutron increase with decreasing the
neutron multiplicity. They are 1.2, 1.0 and 0.6 h. As these
values are propotional to/ﬁﬁﬁ- « 5§ , where Ei and Bﬁ are
mean values of decay the neutron energy and momentum for each

T exit channel, respectively, the PEQ neuffbnsAmay be emitted

at a rocated region of the nucleus, namely nuclear surface.
- Angular momenta zi/neutron are 0.4700.5 h for all exit channels.
The neutrons from the equilibriated nucleus are

mostly s and pbwaves. Thus, a schematical angular momentum
balancess;, in consistent with the energy balances.of the PEQ-

EQ process, can be illustrated as fig. 5-2 for each exit
channel.

The comparisons of the <En> between present light

ion results and (H.I., xn y) reactions whose energy/nucleon

are generally smaller (Z15 MeV/nucleon). is quitelinteresting

“The compound nucleus !7°Yb excited by !2C ions to an energy
of 132 MeV (11 MeV/nucleon) was reported.to de-excite first
by 0.6 and 1.8 fast neutrons in the 8n and 10n exit channe1587),
respectively. The average neutron kinetic energies <En>
B for !2C induced .reaction is considerably_higher and the

fraction of fast neutrons emitted at the PEQ phase is

about a factor of two lower than that of proton
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or a-particle induced reactions. However, one has to
realize that in (H.I., xn) reactions with EH.I. <10 MeV/
nucleon angular momentum limitations play:.an important role.
"Particularly for the reactions of angular momenta greater than
than a critical value, imcomplete fusion processes remove

significant amounts of the excitation energy and angular

momentum which has also been observed through the measurements

of emitted charged fragments,87-89)
The average values ‘<En(x)> of neutrons for (p, Xn)8),
(a, xn), ('%C, XD)42’87), (N, xn)42)and (?°Ne, xn)42’87)

reactions are shown in figs. 5-1-a and -b, where the average
neutron energies are plotted aé functions of E* and (E*-BO)/Ai‘/3
The experimental valués, however, increase much more than the
2kTe with increasing the.excitation energy. The <En> is
expressed phenocmenologically as <En>exp Z(1.8 + b.l(E*j 30)/ Ail/3 '
MeV, where Ai is the projectile mass. The number of the

PEQ neutrons.increases with the iﬁcreasing projectile energy

and with the decreasing projectile mass. This is because

the escape width increases.as.thehexcitation.energy~with excitons
introduced at the first stage of the doorway increases, and.
heavy ion iﬁtroduced reactions whose initial exciton number

are much larger than light ion induced reactions should

rapidly reach to the PEQ limit. Note that the dependence

on the projectile mass as well as initial exciton-number-

is really characteristic of the PEQ process.
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5-2. Decay Particle Spectra

Neutrons follwing the (a, p xn) reactions also classified
into the PEQ and the EQ process. Fig. 5-4 shows the angle
integrated neutron spectra following the !®°Ho(a, p xn) reaction
at Ea = 109 MeV. These spectra were obtaind in coincidence
with protons detected af a leb. angle ep= 30 deg. The neutron
spectra gated by three proton energy intervals are well "
reproduced by both the two phase approxiﬁetions and the
exciten model for malti-particle emission process calculations.
As shown in fig. 3-8, the angular dependence of the average
neutron energy <En> in coincidence with high energy protons
(Ep>50 MeV) is nearly constant value (<En>'='2.5m3.0 MeV)
which is expected from the statistical model. Thus, these
profons sheuld be emitted at the first PEQ stage with large
kinetic energies. The residual nuclei. after these emissions
decay to the PEQ limit without more particle emissions at
the PEQ stage. On the other hand, the'<En> with—lewer energy
protons (Epi 50 MeV) indicate foward peakings which are
characteristic feature of the PEQ process. The some neutron

fractions should be emitted at the PEQ stage after the

forward proton emission.
Proton energyvspectra for given neutron multiplicity -

x for the (a, p xn y) reaction are presented in figs.3-10-a

and B-io—b. The pfesent exciton model célculatidns for:

angle integrated proton spectra of each reaction channel are
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shown in fig. 5-5. The conspicuous two peak charactors

of the spectrum shape can be reproduced. According to the
calculation, the protons which compose the high energy peak
are first emitted at the.PEQ stage but the medium énergy
protons are not emitted only at the first stage but also

at the second stage after one or two neutron emissions.

On the other hand, the identification of the reactISB channel
(¢, p 4n y) defines the energy sum Ep + XEn:’7O MeV. Thus
the high energy peak at Ep < 50 MeV corréébonds to the

low energy EQ neutrons and the broad peak at Ep < 30 MeV
corresponds to the PEQ neutrons. The average neutron energy
<En> for given proton energy, namely for given excitation
energy at the high energy proton gate, decreases as proton
angle .increases. Finally they approach to the EQ'value of
2kTe (fig. 3-5). The dependence of the proton angle of the
(a, p xXn) reaction is characteristic of the PEQ process.
This feature can quantitively be explained by the number

of exciton particles at the PEQ stage. The protons emitted
~at larger angles leaves more exciton particles thah>at
smaller angles. The average number of exciton particles
after a proton emission is plotted in fig. 5-6 by reffering

to the relation between <En> and the projectile mass.
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5-3. Calculation of the Exciton Model for Multi-particle

Emission process

The exciton model has been considered the first stage
distributions of the de-exciting particles. This approach
can be applied only to the low initial excitation region
( <40 MeV), where less than one PEQ decay is possible.

In order to apply the exciton ﬁodel-to more,energeticr;eactions,
multi-particle emissions should be considéfed:‘ The multi-
step calculation of the exciton model improved the medium
and IOW-energy parts- of the decay particle spectra.

| The two body matrix element, which is obtained by
analyzing the experiﬁental data by use of the present model,
has a week:energyfdépéndence up -to energies-of mlOO'MeV;'
and is smaller than the value expected on the basis of —
calculations based on the Fermi gas model,and“the.use_of
free nucleon-nuleon cross sections. We used the reduction.
factor C = 1.5. This value means that the real nucleus
may be more transparent than the nuclear matter. It seems
that the PEQ processlproceeds in the father low nucleon
density region, namely nuclear-surface. In the ordinary
~exciton models, C = 3v5 have been used for the reduction
factor. These values correspond to the enhancement of the -
PEQ fraction, which may correct the under-estimation -
because of the single steﬁ calculation at the PEQ stage,

and give an over-estimation in the multi-step calculation..
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The two phase approximétion has reproduced various
experimental data. As shown in fig. 4-9, the |
~i-th emitted (i =1, 2, 3, ----- n) neutron spectra can be
approximated with a Maxwellian distribution. ‘However,
it is seen that the total PEQ neutfons are not able to be
described with one quasi-temperature. These are more lower
energy fractions of the PEQ neutrons than the Maxwellian
fits; ~The neutron"spectraifor“individualgreaction channel
seem to have three energy region in the éxcitonAmodel calculation.
One is a evaporafibn region. It is completely same. pattern
as the Maxwellian shape- .Second paft is medium energy region
which has a rather flat pattérn and third part has a narrow
peaking, especiaily in the reaction channels with small
neutron multiplicities; It is difficult to be deseribed with
a simﬁle Maxwellian shape. In these energy reéiggé the
two phase approximation may be overfsimplification.. Ih'
order to deduce the essence of the PEQ—EQ process, thethO

phase model should be treated carefully.
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VI. SUMMARY

The PEQ-EQ de-excitation process with a-particle induced
reactions in an energy range of‘Ea= 500120 MeV were studied

by measuring the detailed y-rays, and decay protons and neutrons

with singles—and various coincidence modes. The experiméntal

results were compared with the calculations in terms 6f dn
exciton model for.multi—particleiemission,process and a simple
two phase approximafion. Energy and angililar momentum balances
of the PEQ-EQ de-excitation process were discussed. The results
and the concluding remarks are summarized as follows:

1) Measurements of neutrons in coincidence with charged
particles and discrete y-rays are shown to be very useful
for studying the PEQ-EQ de-excitation process in the:
(particle, xn yp y) reactions. |

2) Experimental evidences of the PEQ process_are'found’in
the reaction channel with small neutron multiplicity x,
and the average neutron energy <En> >> 2kTe which is

- the nuclear temperature of the equilibriated nucleus,
‘fast,and slow components of the neutron- energy spectra,
the finite value of~the Alcoefficient of the'Pl(cose)
term in the neutron angular distribution, the large

r’angular momenta removed by the fast neutrons, and-the

good spin alignment of the residual nucleus. These features.

depend much on the way to excite the PEQ phase, namely
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3)

4)

on both the reaction type and the projectile.

The proton energy spectra of each reaction channel were
studied with the '®%Ho(a, p xn yj reaction at E = 109
MeV. We found that the proton spectra With-smail number
of neutron multiplicities (x = 2n5) seem to have double

peaks, namely high energy narrow, and medium.and low energy

‘broad peaks. The high energy peak corresponds to the-.energetic

proton emission at the first stage - of the PEQ process

being fo11owed by evaporation of the several.neutrons. =~

_The medium,and.lbw energy.broad.peak<corresponds;to_the

case where.the fast proton as well.as some fast neutrons

are emitted.at the PEQ stage. Some.neutrons may

that the: first stage emissions.of the PEQ particles
determine the successive cascade process énd the final
exit chhnnel, |

The exciton-model_calculation fof multi-particle emissién
process was applied for the present analysis, Tﬁe
neutron multipiicity distributions and.the energy spectra
of decay particles weré,well reproduced with the initial
exciton numbers Qf‘(5,.1),for,fhe4incident,a—particler

energies of E_= 50, 70, and 90.MeV, and.with (6, :2)

for E = 120.MeV. Comparing.the experimental results

with the calculations)'The'PEQ.fractions.and.the'entry

‘lines to the EQ stage were deduced. The PEQ fractions
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5)

6)

7)

and éntry lines to the EQ stages are roughly constant for
various reaction channels 'in a wide range of the -

initial excitétion energy.

Effective collision probabilities in the excited nuclei
were estimated from the comparisons~bétween‘the various
experimeﬁts and the present exciton model calculations.

They agree with the expection of another model and calculations
for~therfirst doorway state, and smaller than the estimation
for the nuclear mattefi-_ -

The simple two phase approximatioﬁ.is considered to be — -

a good approximétion to describe characteristic features

of the PEQ-EQ de-excitation process. However, it is
difficult to reproduce the whole of the decay particle spectra,
especially high energy part (> 40 MeV) which cbntributes
little to the total cross sections.

Properties of the PEQ prdcess‘can be weil studied by
observing the multiblidities of decay neutrons, the proton
and neutron energy and angular distributions, and y-rays.
The PEQ phase is characterized by the excitation“energy;
and the exciton particles. The number of exciton particles
at tﬁé first doorway étate depends on thé projectile mass
fér the (particle, xn yp y ) reaction, and onwfhe L

detection angles of .the PEQ particles.
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8)

In the present energy resion, it is not nessesary to
seriously consider fhe effect of the angular momentum
transfers in order to estimate the energy balance of the
a-particle induced reactions. In the case of the H. I.
induced reactions the angular momentum transfers are
much larger than the a-particle incidences. It is
considered that the effects of the angular momenta to the
PEQ de-excitation may be clearly investigated with the

H. I. induced reactions.
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APPENDIX.

Multi-step Calculation for De-excitation Process

In brder to carry out the calculation of the de-excitation
process at the PEQ and EQ stages, decay rates for various
competipg processes have to be determined. An exciton model
and a statistical model were employed for the calculation for

' the PEQ and the EQ stages, respectively.
A. Pre-equilibrium decay

In the case of the PEQ decay process, a concrete expfe-»
ssion of an escape probability Wg for a particle b whichAis
- i decaying from erxcitpn,state, has to be required to calculate .
an escape width. Applying the exciton model,‘eq; (4-9) becomes
2s, +1 p(E-€-B, ,p-p, ,h)

- b 5 Hp, ! - (A-L
W ey U, e0R, (P, h)py 5(E, p ) , (A-1)

where subscript b denotes the escaping particle with spin Sy

- reduced mass'pb, and binding energy Bb obtained*ffom*the Mayer -
~ and Swiatesky mass formula,gz) and p(CE; . p, h) and p(E—e—Bb;

g P h) are the initial -and the final level densities with

e the exciton numbers m(=p+h) and m—pb(=(p—pb)+h); respectively, - -

S o in which Py is the number of the out-going particles. The -

“extra two factors‘of”Rb(p, h) and pb!'are empirical adjusthent

parameters being incorporated into the model in order to -

**** - obtain reasonable values of complex particle emission rates.
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The function Rb(p, h) gives a formation probability of a
complex particle which consists of Py nucleons, A right
combination of protons and neutrons to form the out-going
partiéle was taken into account for Rb(p, h). The latter

additional factor P,! is an empirical variable introduced by

71).

C. K. Cline. However, it can not be derived from a micro-.

72,73) This factor causes too many high

71,72)

scopic reversibility.
energy particles, especially for a-particles. We
introduced a factor Gb instead of pb!. The factor of Gb

should describe internal structure éffects of the out-going
particle. In the case of a structureless particle such as
a proton or a neutron, Gb should be unity. 1In the present

calculation, Gb was treated as a free parameter in order to

obtain an analytical expression for the decay probability WE.

So, making use of this approximation, eq. (A-1) becomes

2Sb+1 p(E_E-Bb! p—pb: h)

= ¥e) A-1"
M = s PR (P RIG, 5(E, 5, B) (A-11)

The complex particle formation factor Rb(p, h) was given

1)

~

by C. K. Cline.7 It is expressed as

p-py, (p-p,)! ; o s (m_ +i)?
R (p,h)=I °l—= Gy PPl —2—
.. i=0 i!(p—pa—i)! ﬁb!(na+1—nb)!
(A-2)
(p-p-1)! p!

?

x —_ -] — IJ/ 1 - 1
vy Hp-m -1-v )17 T p 1 (p P!
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where m and v are numbers of protons and neutrons, respectiyely,
and p is the number of nucleons (=nt+v). Subscripts a and b
denote the projectile and the ejectile, respectively. We can

get the expression of Rb(p, h) for protons, neutrons, deuterons
and a-particles:

_N.p-p .Ea p-p, ) .ma+i
_p P-T p-p p-7_-1
R (p,h)=(PPPa —2 + Ef W) —t— (A-4)
_oN.p-p. TalP~T) PP, (m +i)(p-m-1)
Ry(p,h)=2()" "a —myy— §=1 2w, (p,) 5 (p=1)
(A-5)
and
: _ N.p-p._ TalTa=D)(p-7,)(p-7,-1) p-p,
Ro(P, M6 "2 =5 ymeay-s) — * I, [6Yi(Pa)
(M #1) (7 +i=1) (p=7,=1) (p=T,~i-1)
x B5(5-1) (-2 (5-3) — (A-6)
where
(.p_p?)! Z.i.N ; s :
- : p-p_-i

An equi-distance Fermi gas model was employed for the
calculation of state densities. For the m(=p+h) exciton state,
tﬁe state density is given in eq. (4-12). Using these expre-
ssions, concrete forms' of the escape probabilities per unit
time and unit-ehergy can be given for protons, neutrons,

deuterons and o-particles as
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. 2M_R?

wP = p h (A-1.m-1 p(m-1) _
n = o5 Rp(P.B) () e g, < Vep)
_ _. _ _ TR m-2
x.(E Bp vcp Ap_1 p-CE ch)) (A-8)
(E-A )m—l ’ )
ph
n2 m-2
. =.2MnR R (o h)(A;l)m—l'mekl) E‘(_E«an—Ap.__.1 hre)
m a3 n=’ A g m-1 ’
- PA (E-A_.)
) ph
(A-9)
3M ,R? .
d _ d A-1.m-2 p(p-1)(m-1)(m-2) _
i = 5 Rg(@ R o (e-V 4)
A
. m-3
L EBaVeaApo n(EVeq)) (4-10)
(E-A )m—l
ph
and
M R® 3)(m-1)(m-2)(m-3)(m-4)
We = % R (p,n)(Azlym-4 p(p-1)(p-2)(p-3)(m-1)(m-2)(m-3) (m—
m 1Th3 a A gA'
' -5
(E-B -V __-A —(e=v__N"
x (e=V_ ) o ca p-4 h co (A-11)
- ca . (E-A )m—l
ph

In order to simplify the calculation, using normalized escape

1

: _ '
probabilities W; were used, They are defined as W; max = 1.0.

Using this definition, eqs. (A-8)~(A-11) are rewritten as

. m-2
. -1 E-B ~A . .. .~V _—(e-V__

wP'= iﬁzllf_ﬁ (o7 y —op et 7 Vep™(C Cg)) (A-8")

m » m— cp R _ S m- ’
(m-2) (E‘Bp Apvl h ch)
’ m~2

n'_ (m—l)m—l .(EanrAp;l hrC). '

Vo = m-2 °© m—1 ’ (A-91)

(m-2) (E-B ~A_ ;) p)
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- - m-3
wd'_ (m—ZJm 2 (e-V )’(E dFAp 2 h™ cd -(e- Vcd))
m m-3 - cd v m-2 (A-10"')
(m-3) (ErBdrApvzvhf cd)
and
o . m-5
o' (m-g)™? BBy Apa nVeam Ve ) ,
W = —= (e-V,) = (A-11')
(m-5) (E-B vAp_4 h V )
Tespectively.

Following the general definition of the escape width given
by eq. (4-8), integrations of egs. (A-9)~(A-11) gives the total
escape widths for protons, neutrons, deuterons and c-particles,

respectively. The integrations can be carried out analytically

to be
M_R2 E-A . . E-B -V __-A
- h ,A-1 p ¢cp p-1 hym
N = R (p,h) —2(5) & ( ™, (A-12)
p ™ h* Ea A m E- Aph
M_R?2 E-A -A
r =0 R (p,h) — BhA-lym-1p E—KP =L )T (a-13)
P 1 mn? €A m ph
3M ,R? E-B.,-A
ry - d R (p,h) p(p- 1) (A 1ym-2 g Ap—2 hym-2  x 14)
7 *h? Ea : ph
and
=
po MR oy BEE1)(P=2)(p-3) (m-1) (m-2)
% 27 n? By (ErA p)?
E-B -V ~A_ . -
% (. o 'ca p-4 h)m-3 ) (A-15)
E-A
ph

In the exciton model, the de-excitation proceeds through

exciton-exciton scatterings. Only when a change of the exciton
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~

number occurg, the excited state spreads to the next. continuum
state. In this process, each. intermediate state may be formed
by.the creation of a particle’hoie pair (Ap = Ah = +41) or the
annihilation of it (Ap = Ah = +~1)., Transition rates given in
eq. (4-10) of the spreéding process can be estimated, based
75,76)

on a first order time dependent perturbation theory.

The respective spreading widths of P+ (Ap =-Ah-=-—+1) and T_

(Ap = Ah = -1) are written as
; - 2 _°A 2 _
Iy (E,p,h) = m[M]? mopey (€4E-Chyy pey) (4-16)
and
I_(E,p,h) = w|M|* g, ph(p+h-2) , (a-17)

where Cph.F,(p2+h?)/27is-the correction due to the Pauli
exclusién principle and |M| which is given in eq. (4-17') is
the average two,body-trahsition matrix-element. The average
two body matrix element |[M|? was treated as the only free
parameter, We adopted the value of |M|? which reproduce

neutron multiplicity distributions.  ~—
B. Equilibrium Decay

In the present calculation the de-excitation process of
the EQ stage was followed essentially in the same way as the

77)

‘Monte Carlo calculation-developed by Dostrovsky et al. In

their calculation, eq. (4-9) was given as:
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a 25+ p(f)
_ W (e)de = on 3 uaOE 0(i)

de , , (A-18)

where saand My are the spin and the reduced mass of the particle.
a, respectivyely, and o is the cross section for the inverse
reaction, and p(i) and p(f) are the 1evé1 densities of the
initial aqdrfinalrstates with their respéctive excitation

energies. 0 was obtained from egs. (4-7-a)~(4-7-e). The

simplest and most widely used formulation for the level density . -

with the excitation energy E was given by Weisskopffnn for

complete degenerate Fermi gas, and is written as
p(E) = C - exp{2/a(E-9%)} ' (A-19)

In more refined treatments the factor C should be a function
of the excitation energy E. Howevér, in order to get an ana-
lyticai integration of eq. (A-22), the variation of C ﬁith E
was neglected. This simplification may cause a small effect to
the results because of the dominant exponentiallterm.

The level density parameter a has a slight- .dependence on.

the neutfon-excess as follows for light particles,

a = a(1+1.36/A)2, ©C

p .

a, = a(1-1.38/A)%, v

agy = a(1-0.58/A)2

and - o N o o - (a-20)

a_ = a(l-1.58/4)2,
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where 6=(N-Z)/A, and a is the leyel density parameter. In eq.
(A-19), & denotes a correction to the level density for an eyen-
odd effect arising from the ground state energy displacement

3)

caused by a nucleon pairing.g The values of § can be eva-
luated from the pairing energies for neutrons and protons.
Using eqs. (A-18)~(A-24), the following equatibn was

obtained for the neutron emissions.:

.2s 1 .. - )
= 2023 0y o — B
W Ce) o’ p R CAZ exp{~-Ya(E 6)}en (1+2)
x exp{2/an(E-Qn—6n—e} de , (A-21)

where Qn is the neutron binding energy, and it is assumed tbhat
the maximum available energy for the evaporation process is

(en)max=E—Qn—6n. The decay probability of a charged particle

Jj is
2s.+1 22
w. ) = . - - +c. ~-k.V .
JCEJ) ;;i;f-uJRo AY exp{-2/a(E di}en(l cJ)(e 3 cJ)
x exp{2/aj(E-Qj—6j—e)}de . ' (A-22)

The escape widths may be obtained by integration of egs.

(A-19) and (A-20). "The total neutron escape width is

r==n fEQ-96

' A-23
n \ n W (e dde A C )

and the total escape width of a charged particle J is
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E—Qj—dj
. = W.(e.)de. . : A-24)
FJ ﬁ.fkjvcj J(sJ) €y C )

These integrations yield for neutrons as
. 2s_#+1 . . T

2 .
n 2 ¢ ] -
. = e - Jo-
PJ — P, A' = exp{ ZJaQ( du)J

n

x'Iaanjzexp{2Jaan}+1]—(3—2an8)

3 . . * 3
X (ansz'exp{zfzzﬁz}—g(s-zans)[1—exp{2/££Rn}]} , (A-23")

and for charged particles as

2s.+1 . 2 (14C.)

T, = —d— . y2 A5 I exp{-2/a (B85}
J 2Tl'h2 Jd o J a'Z 0 0

J

R. 2va_ R.}+1]- .R.
x {aJRJ[z exp{ /aJRJ} ;] 3/a.J 3

x éXp{ZJEEEE}—%Il-exp{gligﬁg}l} | (A—24')
with |
o B TE-Q -4 - (A-25)
and
Ry =E - Q - KV . - 8, : (A-26)

As Rn andrRj mean the maximum possible values of kinetic
energies of emitted neutrons and charged particles, respectively. -

1
- ~——- In our case, exponential terms are always eXPIZ(aan)2]>>1 and
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1 . )
exp[2(ajRj)2J>>l. Therefore,. eqs.. (A-23') and (A-24'). can be

simpplified as

. .2S.n+1 ) _%’ oo
' = ———— u_. A -2/a (B¢ )
a 27h? Py & expi Fo " 0 }
o . .3 . "
% Eg-eprZJaan}{ZaanvcﬁvanB)Izjaan*ll},H . (A-23")
“and
. 23_.:'_1 2 ........
. = y2 AT n{- -
I“J ——LGhz uJYn - exp{ zJao(_E 60)_}
. 14+C. 3 .
x e 272 .R. “R.-= R.- . (A-24
—la% xp{ (a, J)}{ZaJ 3 2[2»@J J‘ 11} . ( )
J

It is to be noted that the maximum excitation energy has to be
"limited so as not to overflow in the calculation because of the
positive exponential term to be a very large value for a highly
excited nucleus. The schematicai_proéedure Qf the-calculation

is shown in fig. A-1.
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Table 1

Target Isotopic Thickness
Target _ Target Form
Enrichmrnt (%) (mg/cm?)
162 depositing .oxide powder
Dy 95.0 4.0 onto thin mylar(30 ug)
164 depositing oxide powder
Dy 98.4 3.3 onto thin mylar(30 um)
165Ho 100.0 5.48 - metallic foil -
158Gq - 99.0 2.6 " metallic foil
Table III

Parameters in the calculation for charged particle

inverse cross section.

Z kp cp ka Cy
10 0.42 0.50 0.58 0.10
20 0.58 0.28 0.82 0.10
30 0.68 0.20 0.91 0.10
50 0.77 0.15 0.97 0.08

>70 0.80 0.10 0.98 . 0.06

In the:table, p and o mean proton and a-particle,respectively.
It turned out that, at all values of Z, cd=cp/2 and kd=kp+0.06.
Similarly,. it is assumed that cy=c /3 and k,=k +0.12, and that
C3He=4ca/3 and k3He=ka—0.06, where subscripts d and t denote

deutron and triton, respectively.
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Table VI

Energy blance analyzed with two

phase approximation

in the !%8Gd(a, xn) reaction at Ea= 70 MeV.
e e p p b) c)
<n > <En> <nt'> <Ee> En EY EOut Ein
a, 4n 2.3 2.0 1.7 12.0 24.3 12.1 36.4 38.3
@, 50 | 3.7 2.0 1.3 8.0 17.8 10.0 27.8 29.2
a, 6n 5.0 1.8 1.0 . 4.4 10.4 11.1 21.5 22.2
error(%)| *20 +15 +20 +15 20 %10 +25 +1
a) All energies are given in MeV. Far meaning of the simbols, see
Do .y : = 2 p p
text. b) Eout En + EY with En <n ><En> + <n ><En> and EY
is the average energy release of the quasi-continuum and- R
. 86) _
discrete y-ray cascades . c) En— ECM— Eb where ECM stands
for the excitation energy of the compound nucleus and Eb for
the binding energy of the x neutrons in the nucleus,
Table V
Angular momentum balance analyzed with two phase = = _
approximation in the '%%Gd(a, xn) reaction at Ea= 70 MeV
e s} tot e - r
ln 2n 2n zy zout lin
a, 4n | 1.0 2.0 3.0 17.2 20.2
o, Sn 1.7 1.2 2.9 15.8 18.6 21.0
o, 6n 2.4 0.6 3.0 16.2 19.2
“error(%) | *15 15 +15 +15 +15

Estimated average input angular momentum from

the calculation with computer code ALICE.24)
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2-1,

2-9.

Figure Captions.

Schematic picture of the particle-hole door-ways for the
PEQ and EQ processes,

Typical counter arrangement for charged particles, neutrons
and y-rays.
A schematic view of a typical arrangement for the particle-
Y correlations,
F-beam transport system in the M experimental-room at RCNP.
Target chamber for various coincidence measurements for
in- and out of the reaction plane.

Breeder circuit diagram for charged particle measurements
1.

with 1*5

Pulse height response of the NaI(Tl) crystal (31.75 mm ¢

* photomultipliyer (R580).

x 31.75 mm) for various energy protons.

Mounting of the Si + NaI(T1l) counter telescope system.

. Typical particle identification spectrum following the.

165

a) Neutron-ypulse shape discrimination spectrum. b)
Neutron-y pulse shape discrimination spectra for ten
different neutron energies selected by the neutron-TOF.

165

For a) and b) the Ho + 110 MeV a reaction was used.

a) Pulse hight response of NE213 (5"¢ x 3") scintillator
for monoenergetic' neutrons following 7Li(p;n)7Be'
reactions. b) An example of the comparison betwéen

the experiméntél neutron response funétion and a

Monte Carlo calculation (full line)sz).

Neutron detection efficiency of a 125 mm diameter x
125 mm NE213 scintillator. Closed circles are the

results of Monte Carlo calculation.62)7
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2-12. Neutron energy vs. electron energy for an NE213 scinti-
llator. Open circles represent experimental results for
the monenergetic neutrons. Full line is the calibration
taken from ref.63.

2-13. Time and energy calibration of neutrons with the 165Ho
+ 110 MeV a reaction.

2-14. Time spectrum of neutrons and y-rays in the case of
neutron-charged particle coincidence experiments with
the 165Ho + oa-particle reaction. Large and small dots
represent the discriminated spectra for neutrons and
Y-rays, respectively.

2-15. Effects of the front shields with lead(20 mm) and brass
(5 mm). Closed circles represent the attenuation due to
‘the shields. Full and dotted line are the neutron
detection efficiencies with and without the shields,
respectively.

2-16. Background of the time spectrum measured with 165
target and without target.

2-17. Typical example of absolute efficiency curve for
Y-rays. a) GAMMA-X, b) LEPS.

2-18. Block diagram of electronics in the case of neutron-
charged particle coincidence experiment. Simbols mean
NiM modules; PA(Pre-Amp.), SA(Spectroscopic-Amp.),
TFA(Timing-Filter-Amp.), TSCA(Timing-Single-Channel-Analyzer)
CFD(Constant—Fraction—Disc.), GDG(Gate & Delay—Generater),
LGS(Linear-Gate & Streacher), DA(Delay—Amp.); PI(Particle-

Identifier), PSA(Pulse-Shape-Analyzer).
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Typical singles y-ray spectrum following 164Dy + 120

MeV a-particle reaction.

Total reaction cross section for each reaction channel

162,164

of the reaction Dy + a-particle at Ea = 50, 70,

90 and 120 MeV. Open circles are experimental results
deduced from singles y-ray spectra, and plotted as 2
function of the energy sum ET (see text).

Total reaction cross sections for each reaction channel

16 165

following the 4Dy and Ho + 120 MeV a-particle

reactions.

Neutron multiplicity distributions of 165Ho + 110 MeV

‘a-particle reaction, which gated with. five energy bins

of the protons at lab. angles ep = 25, 40 and 129 deg..

165

Differential neutron spectra following Ho + 110 MeV

& reaction at lab. angles en = 20.3 and 140 deg..
Angle integrated neutron spectra following 165Ho + 110
MeV a reaction.

Neutron momentum distributions in coincidence with

165H0 + 110

protons for three energy bins following
MeV o reaction. Solid lines describe each half yéld.
Cross section ratios of high-(>5 MeV) and low-energy
(<5 MeV) neutrons in three proton energy bins.

Mean energies of neutrons at egch detection angle

in three proton energy bins. |

a) Proton spectra following the 165Ho(a, Xn yp Y)

reaction at Ea = 109 MeV in a neutron multiplicity

range x = 2-~-8 at ep = 25 deg.. Db) at ep = 129 deg..
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3-11. Four y-ray spectra obtained from the lssGd(a, Xn v)

reaction at Ea = 70 MeV in coincidence with neutrons
in the energy intervals (from top to bottom) of 1.2 -
3.1 MeV, 3.1 - 9.5 MeV and 9.5 - 30 MeV. The peaks

‘ 156,157,158

corresponding to the main transitions in Dy.

3-12. Neutron energy spectra for the three exit channels
-measured at four angles for.the %SBGd(&, xn) reaction
at Ea = 70 MeV.

4-1. Ratio T_ /I‘tot vs, excrtation energy and exciton
number for 166Er* system, where I'. and rtot represent
particle and total decay width.

4-2. Entry lines of each reaction channel to the EQ stage

as a function of the excitation energy for the 1685 %

system. Dotted line denotes the mean value of the
entry energy.

4-3. Ratios fp and fe as a function of the order of the
cascades, where fp and fe are the PEQ and the EQ
fractions, respectively, defined in text.

+ 4-4. Neutron spectra following 164Dy(a, p xXxn) reaction at

Ea 90 MeV decomposed to each reaction channel
(x = 3-8).
: . 164 .
4-5. Neutron spectra following Dy(a, p xn) reaction at

Ea = 90 MeV de composed to order of emissions.
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4-11°

a) Comparisons between experimental and calculated
neutron multiplicity distributions for the 162’164Dy
(a, xn) reactions at Ea = 50, 70, 90 and 120 MeV.
Closed and open circles represent 162Dy and 164Dy
target, respectively. The calculations are dotted

. 165
line. b) Ho(a, p xn) reaction at E = 120 MeV. c)

158

. Gd(a, xn) reaction at Eu = 70 MeV.

PEQ fraction fp(x) for each reaction channel defined

in eq. (4-21) vs. neutron multiplicity x in the

162,164 .
Dy(a, xn) reactions at Ed = 50, 70, 90 and

120 MeV. Each point is deduced from the comparison between

the experiments and calculations.

Total PEQ fraction fp vs, initial excitation energy

162,164

for the Dy(x, xn) reaction at E =.50, 70, 90

and 120 MeV,

Angle integrated proton spectrum following the 165Ho
(a, xn yp). reaction, where solid line‘represent the
calculation.

Angle integrated neutron spectra following the 158Gd
(a, xn) reaction at Ea = 70 MeV gated by characteristic
Y:fays of the reaction channel (x = 4~6), where:

closed circles represent experiments, and solid and
dotted lines are the exciton model calculation and -
Maxwellian distributions kT-exp(-E/kT).

"Angular distributions of the PEQ and the EQ neutrons
in coincidence with characteristic y-rays of the (a, 6n),

o, Sn) an a, 4n) reaction channel for the a, Xn
(a, 5n) and (o, 4n) ti for the 3G )

reaction at Ea = 70 MeV. Closed and open circles denote the .

neutron cross sections of the EQ and PEQ processes,

respectively,

- 97 =<



a) Average neutron energy for (p, xn), (a, xn),
(12 44 ,87) (20 87)

vs. initial excitation energies. b) vs. (E*—BO)/Ail/B,

C, xn) Ne, xn) and (40Ar, Xxn) reactions

" _
where E is the initial excitation energy and Ai is

the projectile mass number.

Schematic de-excitation energy balance of the ao-
particle induced reaction at Ea =70 MeV.

Schematic angular momentum balance of the a-particle
induced reaction at Eu = 70 MeV. )

Angle integrated neutron spectra following the 165Ho
(a, xn yp) reaétion at Ea = 109 MeV. Neutrons were
measured in coincidence with protons detected at Ol =
30 deg.. Full and dotted lines are the exciton model
calculations and fittings with two approximation,

respectively.

Exciton model calculations for the angle integrated

.proton spectra of each reaction channel following the

165Ho(_a, P Xn) reaction at Ea = 109 MeV,

Average neutron energies and exciton particle number

16

of the PEQ phase for the 5Ho(a, p Xn) reaction at

Ea = 109 MeV.

Flow diagram of the exciton model calculation for

multi-particle emissions.

"Program List; Computer Code for thé exciton model calculation

for multi-particle emissions.
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