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Abstract 

preequi1ibriumand.equi;Librium processes of (partic1e,xn ypy) 

reactions induced by medium energy projectiles were studied 

by investigating deexciting neutrons and gamma-rays. ~utrons 

following the 164ny (a,xnyp y} reaction at Ea=90 and 120 ~eV 

and the 165Ho (p ,xn yp y) reaction at E =60 Me V were measured . p 

in coincidence with discrete gamma-rays characteristic of the 

reaction channels {residual nuclei}. M~dian spin values lm 

for spin popu1ations of yrast levels populated by the 

(partic1e,xn y}reactions. were obtained for various.projectile 

energies and particles. Cross-sections for the (partic1e,xn y) 

reactions and energy and angular distributions of the emitted 

neutrons were ana1yzed in terms of the preequi1ibrium and 

equilibrium deexcitation processes. Calculations based on an 

exciton model were carried out. Characteristic behaviours of 

the preequi1ibrium process were found in such (partic1e,xn y) 

reactions that the ~=~Ei of the kinetic energies Ei of the 

emitted neutrons was large and the number of emitted neutrons 

was small. The cross-sections for the (a,xn y) reaction at 

E(a)=120 MeVwere expressed by ·a=O~7~cr(3,x-3). ~ O.3~cr(~,x-2), 

where a(n ,n ) stands for emission of n neutrons at pre~ pep . 

equilibrium stage followed by evaporation of n neutrons at 
e 

the equilibrium stage. Other reaction were also well reproduced 

in a similar manner. K-isomer ratios, being defined as 

the ratio of the population of the K-isomer with spin l(I=K) 

to that of the ground state rotational band (gsb) (K=O) levels 
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182 172 174 . with the same spin I, in Os and ' Hf were stud1ed by 

(partic1e,xn y) reactions for various kinds of projectiles in 

a wide range of the projectile energies. The K-isomer ratios 

were found to depend on the. projectile mass. 
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§l. Introduction 

Nuclear reactions induced by medium energy projectiles 

with velocity near the Fermi motion in nuclei are interesting 

in view of preequilibrium and equilibrium deexcitation processes. 

A number of fast nucleons are expected to be emftted at the 

preequilibrium stage, and later on some slow nucleons (mostly 

neutrons in medium and heavy nuclei) are evaporated at the 

equilibrium stage. 

The purpose of the present work is to investigate in 

detail the preequilibrium process of (particle, xn yp y) 

reactions at moderate energy projectiles. We first review the 

mechanism of the (particle, xn yp y) reaction at low energy 

projectiles. This is called as a statistical process or com

pound process. Secondly we review the preequilibrium process 

at higher projectile energies. Main ideas and methods of 

the present work are given in sub-section 1.3. 

1.1 Compound Nucleus Formation and Deexcitation Process 

Nuclear reactions of the type (particle, xn y) with 

low energy projectiles (~ lOMeV per nucleon )on medium mass 

nuclei are mostly of a statistical processl - 3 ). The reaction 

cross section is close to a geometrical value (~nR2). Thus 

the nucleus may be considered to be almost a black body for 
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the incident particles. The excitation function for the reaction 

cross-section is well interpreted in terms of ·an evaporation; 

model, namely the compound nucleus model proposed by N.Bohr 

(1936)~) Inbeam gamma spectroscopy by using the (particle, 

xn) reaction was originated by Morinaga and Gugelot:) It has 

provided a wealth of spectroscopic informations'. An angular 

momentum transferredj to the residual nucleus; has also been 

extensively st~died by the inbeam gamma measurements. The 

angular momentum distribution at the ground state rota-

tional band (gsb) is always anomalously more damped than 

expected on the statistical deexcitation of the compound nucleus. 

A simple view of the deexcitation process for the 

(particle, xn y) reaction (see fig. 1-1) is as follows. 

The compound ' . nucleus has a high excitation energy and a 

large angular momentum. It firstly deexcites by neutron 

emissions (evaporation) down to a region where gamma decays 

become comparative. The energy spectrum of the evaporated 

neutron is known to have a Maxwellian distribution peaking at 

around kT = 1 '" 2 MeV where T is the nuclear temperature. The mean' 

energy is determined from the level density of the residual 

nucleus. The angular distribution of the evaporated: neutrons 

are symmetric with respect to 90° to the incident beam 

direction. These low energy neutrons are mostly of s or p 

wave, and take out little angular momentum. Then gamma decay 

begins statistically to enter rotational bands built on two 
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quasi I-particle states lying close to the yrast line. We 

call this starting point of the statistical decay as the entry 

point. The spin is given as Iy. \Theexcited nucleus loses 

little angular momentum but a large energy through the 

statistical gamma decay, in which 2~3 gamma rays of probably 

dipole-character are involved. The next stage of deexcitation 

proceeds through intra-band transitions along rotational bands 

built on two quasi-particle states according to the K-bandi 

- 6-5) deexcitation process. Each decay takes away two units 

of angular momentum. The angular momentum decreases mainly 

through this process. The rotational transition prefers 

intraband decay to interband decay by virtue of K '(projection 

of the angular momentum on the nuclear symmetry axis) selection 
-

rule. The final decay process is the rotational transitions 

through the yrast band. The K-selection rule plays an im

portant role in the decay process, and is knam as a i K-conservation 

model?-8) We call the median spin for the spin population of 

the yrast levels (gsb) as Im. 7 ) ~us the Im gives information 

on the spin distribution of gamma ray deexcitation process. 

1.2. Review of Preequilibrium Process 

The preequilibrium process has been investigated earlier 

by several authors~-14) Recently high energy tails of 

deexciting particle spectra have extensively been studied by 
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, , 15-23) many ~nvest~gators. They are mostly high energy protons 

following (a, p), and (3He, p) reactions8 - 20 ), inelastic 

scatterings of charged parti~les21,22), and the (p, n) reac

tions~3,24) Excitation functions for equilibrium and pre-
- I 

equilibrium reactions have been studied on (particle, xn yp y) : 
I • - - - -

t ' ' ,25); h " b' b h 'reac ~ons. ~he c aracter~st~c features 0 ta~ned y t ose 

studies are as follows; 

i) The energy distribution of emitted particles deviates 

at high energy region from what one would expect on a 

basi's of the compound (equi1ibrium)~ reaction process. 

ii) The angular distribution of emitted paric1es is not 

isotropic in the'CM frame of the compound nucleus and i 

exhibits a considerable enhancement in a high energy 

region. 

lit) The excitation function of the cross section is much 

different from that expected from pure statistical 

decay. 

iv) The integrated cross-section of the high energy 

component of the spectrum depends on AT V3 where AT 

is the target mass,rather than AT¥3. Thus it is 

mostly due to a peripheraL, process. 

We consider the reaction mechanism of a nucleon-nucleon 

collision in terms of a door way state. It is schematica1ly 

illustrated in fig. 1-2. The reaction starts through a 1-

particle state. For simplicity we assume a nucleon-nucleon 
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collision. (For an alpha particle projectile the starting 

state is a four particle state.) It goes to a 2p-1h states; 

by a nuc1eon-nu~leon\co11ision, and then to 3p-2h states 

and so on. Finally the system gets equilibrium (compound 

nucleus) after many collisions. Some particles created 

through . these nucleon-nucleon :C~llisions are unbo~!ld~1 .Thus 

they may escape before fue\ system gets equilibrium. These 

nuc~~?ns\ contribute to a high energy component of the spectrum. 

If the projectile energy is high, the escape (emission) 

probability of these :part:i.c1~~! before the equilibrium is larger. 

This process is called as a preequi1ibrium process. 

There are mainly two types of approach existing to 

describe the preequi1~brium process. One is an intra nuclear 

cascade model, and another is an exci ton model.'. The cascade 

d 1 26-28) 'd . , b d 11" b mo e cons~ ers success~ve two 0 y co ~s~ons etween 

the nucleons. The paths of the nucleons are followed on 

classical trajectories in the nucleus until the nucleons 

lose. their energies. The model can predict energy and angular 

distributions of emitted nucleons. This model was firstly 

developed to analyse the quasi-free scattering phenomena for 

high energy reactions (> 100 MeV/nuc1eon). The predicted 

energy and angular distributions are not in good agreement 

with experimental data for low and medium energy nuclear 

reactions « 100 MeV/nuc1eon). The model may be used only 

for nucleon induced reactions. 
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Another approach is the exciton model, which was 

.. d b G 'ff' 29) h . d 'b orlglnate y rl In. . T e exclton mo el descrl es the 

nuclear states in terms of the exciton number n = p+h, where 

p and n are respectively number of particles and holes, and 

the total excitation energy E. For each exciton number, some 
. 

fraction of states have unbound particles which may escape 

to a continuum state. It is shown in fig. 1-2. This model 

was combined with the master equation approach of Harp, Miller 

. 30) 31) 
and Berne .by Cline and Blann. _ It has been generalized 

as a hybrid model by Blann.32,33~ The refinements of the 

model has also been done by Gadioli et.al. 34 ,35) Blann has 

developed his hybrid model by taking into accounts a geometry 

dependent mean free path. This is called as a geometry

dependent hybrid model (GDH)~6) Recently, the exciton model 

has been extended to calculate the angular distribution of 

emitted particles. 37 ,38) The exciton model based on the 

master equation approach is described in Chapter 4. The 

model reproduces well the preequi1ibrium cross~section, and 

d 1 d · 'b t' f d 't' t' 1 29-40) energy an angu ar lstrl u 10ns 0 eeXCl lng par lC es. 

Recent reviews on these subjects are given by B1ann,4l) and 

Gadioli and Gadio1i Erba. 42 ) 

1.3. New Points of the Present Work 

The purpose of the present work is to investigete in 
- I 

detail the preequilibrium process of (particle, xn yp y) reactions: 
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by measuring neutrons and gamma rays in coincidence with 

discrete gamma rays characteristic of various reaction 

channels. The main ideas and new points of,the present work 

are as follows. i) Reaction:.channels for medium energy 

projectiles interacting with medium heavy nuclei are mostly 

(i, xn y) reactions. The deexcitation scheme for 120 MeV 

alpha bombardment, the energy sum ET of the deexciting particles 

and the average energy En per nucleon are shown in fig. 1-3-. \ 

The En is very large for small number (x) of emitted nucleons, 

and decreases \ rapidly with increase of the number of evaporated 

neutrons. The former may be characterised as mainly the 

preequilibrium process, and the latter as the equilibrium 

process. These reaction channels (numbers of emitted nucleons 

or final product nuclei) are identified by requiring coi~ci

dence with the characteristic gamma rays. ii) The major 

component of the deexciting particles are in the low energy 

region of 1", 20 MeV, where many reaction channels are mixed 

(x = 4'" 11). Interesting is to investigate \ the deexcitation 

process for the low-energy component of each reaction channel. 

iii) The cross-sections, the energy spectra of the deexciting 

particles, and their angular distributions for various reac

tion channels~' (number',oremitted neutrons) give such an_ informa- : 

tion as number of particles emitted at the preequilibrium 

phase and the exciton numbers of the preequilibrium stage. 

iv) The deexciting particles with a large En/x take out more 
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angular momentum than those with a small En/x. Thus angular 

momenta transferred \ to the residual nuclei depend on the parti

cle decay at the preequilibrium and equilibrium phases and 

this causes a change in gamma ray deexcitation flow (see 

fig. 1-1). These effects can be obtained by the median spin 

values lm. v) Systematic studies using various'projectiles 

and energies will make the preequilibtium process more clearly. 

We studied .also K-isomer ratio following (particle, xn 

y) reactions. Protons may transfer a large angular momentum 

to one nucleon in the target nucleus by the proton-nucleon 

collision, resulting in excitation of high K quasi-particle 

states. Complex projectiles, however, transfer large angular 

momentum to many nucleons in the compound system, and may 

give rise to a rotation of the whole nucleus. The rotation 

of the projectile-target composite system induced by the 

collision of the heavy projectile with the outer region of 

the target may be characterized as low K motion, populating 

the gsb (K = 0). Thus one expects i the large K isomer ratio for 

the proton projectile and the large yrast band (K = 0) popula-

tion for complex projectiles. (Here the K-isomer ratio is defined 

as a ratio of the population of the K-isomer with spin J to 

that of the gsb (K=O) level with the same spin J).S,45) if 

complex projectiles bring so large angular momentum that the 

Coriolis interaction destroys \ the K-selection rule,S,43) gamma 

cascades feed strongly the gsb with K = O. In fact heavy 
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ions do not feed much levels other than yrast levels. 44 ) 

Measurements of the isomer ratios by using various kinds of 

projectiles in wide energy range are essential to clarify 

the projectile dependence. Use of different projectiles with 

similar incident (angular) momenta for populating the same 

isomer is particularly important to study the projectile 

dependence. 

We chose for the present work such (particle, xn yp y) 

reactions that give residual nuclei of Er- and Hf isotopes, 

because the rotational levels and other low lying levels in 

these residual isotopes are well known. The discrete gamma 

rays from the rotational levels, which are characteristic of 

the residual nuclei (reaction channels), are used to give 

the cross-sections of the various reaction channels in the 

single mode, and to identify the reaction channels in the 

coincidence mode. The K-isomers of 1820S J1TK = a-a and 17211 

174 Hf J7rK = 6+6 were studied to investigate the projectile 

dependence of the K-isomer ratio because they are well excited 

by various type of (i, xn y) reactions and they are close in 

the excitation energy and far separated in the K-quantum 

number. 

Experimental instruments and procedures are given in the 

next Chapter. Results are presented in Chapter 3. The 

analyses'. in terms of the preequilibrium and equilibrium process 
- I 

based on an exciton model calculations are given in Chapter 4. 
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Detailed discussions on the reaction mechanism are presented 

in Chapter 5, and summary in Chapter 6. A part of this work 

has been published in refs. 46.47 and 48. 
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§2 Experimental Instruments and Procedures 

2-1 Instruments 

i) Accelerator and the F Beam Line 

The RCNP cyclotro~9,50) is a 230 cm variable energy AVF 

cyclotron with K = 120 MeV. 
.. 2 

The K is defined as E = KQ lA. It 

gives stable and high quality beams of p, d, 3He , a, polarized 

p and d, and various kinds of heavy ions. The beam intensity 

and the beam ~pot of the beam have to be very stable for our 

inbeam gamma measurement with Ge(Li) de.tectors· in order to 

keep constant counting rate arid good energy resolution. 

The F beam line was constructed for the inbeam photon, 

electron and particle (PEP) spectroscopy. A rough sk.etch of 

the F beam line is shown in fig.2-l. The accelerated particles 

from the cyclotron are analyzed in energy by the analyzing 

magnet and deflected by the switching magnet, and focussed on 

to the defining slit (FG). The F beam line has two sets of 

target ports. They are located in cascade, and each has a 

target chamber and a goniometer. The beam is focus sed on a 

first target by means of two sets of quadrupole magnetic lenses 

(Q3, Q4). Light ion (p, d, He) beams passing through the 

first target spread little, but the spread of heavy ions is 

considerable. Then the beam is refocussed by use of another 

set of quadrupole magnetic lenses (Damp Q) onto the second 

target, and stopped by the beam dumper which is located 1.Bm 

.behind the second target. The beam dumper is made of Ta. 

-11-



It is shielded with paraffin, iron and lead bricks as shown in 

fig.2-1. A size of a light ion beam spot is typically 

less than 2mm~ at both the first and the second target ports. 

A spot size of a heavy ion -(for example 130 MeV- 14N) on the 

second target gets larger by a factor two than that on the 

first target when the first target of a few rng/cm2 is used. 

Thus in most cases we take out the first target' to perform 

accurate measurement with heavy ion beams at the second beam 

port. No beam defining slits are set inside the beam duct 

in the target room in order to avoid background gamma rays 

from defining slits. Seven graphaite baffles with apertures 

of 15 ~ 30 mm in diameters are set-inside the beam tubes to 

reject stray (scattered) beam. 

The beam duct is evacuated by means of three turbo

molecular pumps with 2S0~Lsec evacuation speed. Two liquid 

nitrogen traps are set for each target chambers, one before 

and another behind the target chamber. Pressure in 

the target chamber is typically 2 x 10-S Torr without the 

liquid nitrogen traps and 1 x 10-6 Torr with liquid nitrogen 

traps. 

The background gamma rays with blank target above 80keV 

from stray beam and the beam damper with a 5Scc Ge(Li) de

tector are only ~25 counts/sec with 90 MeV 4nA alpha beam in 

the beam line. The neutron background, measured in the 

S" ~ x 5" NE213 liquid scintillator at 22.Scm from the first 

target, is less than 10 counts/sec. These back ground counts 
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for both gamma and neutron counts are typically less than one 

percent of the true counts due to gamma rays and neutrons from 

a target. 

Prompt and delayed gamma ray spectra are measured by 

using naturally bunched beam from the cyclotron. Here the 

"prompt spectrum" is for prompt gamma rays coming within 

20 tU 30 ns after every beam burst, and the "delayed spectrum" 

is for delayed gamma rays observed with a ·certain (typically 

20 '\i 30 ns) delay after every beam burst •. The time spectrum 

was obtained by starting a time to amplitude converter (TAC) 

with gamma ray signal and stopping it by a time signal of 

the bunched beam. The time signal of the beam was picked up 

from the RF oscillator (Dee) of the cyclotron. The circuit 

diagram to pick up the RF signal is shown in fig. 2-2. The 

scale down mode by a factor 1/2 in fig. 2-2 gives two prompt 

peaks in the time spectrum, from which we calculated the 

time scale. By using 70 MeV alpha particles the FWHM of 

the prompt peak is about 13 ns for Ey ~ 150 KeV and 5 ns 

for Ey ~ 1 MeV. The shield against the RF noise is not 

necessary. The time signal of the pulsed beam is obtained 

also by a thin plastic scintillator foil set behind the 

second target port (see fig. 2-1). This method has merit 'of 

being free from time fluctuation due to the phase traveling. 

The width of the prompt peak using this system and Ge(Li) 

detector for 'Ey ~ 150 keV was about 4.5 ns including the time 
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resolution of detection system and beam width. 

ii) Goniometers and Two Target Chambers 

Two goniometers were installed on the F beam line. Each 

goniometer has four turn tables. Two of them in the first 

(upstream) goniometer can be rotated by stepping motors. 

Other two turn tables are rotated manually. All of the turn 

tables in the second (downstream) goniometer can be rotated 

remotely. These turn tables are used for Ge(Li) detectors, 

Ge(HP) [so called LEPS] detectors, liquid-scintillators and NaI 

(Tl) detectors. Angles of the turn tables are read by three 

ways, counting the number of pulses used to move stepping 

motors, the potentiometer reading, and reading directly 

angular scales by means of industrial TV cameras. 

The target chamber, being installed on the first goniometer, 

is made of stainless steel, and has two wide windows at left 

and right hand sides of the beam line. The windows are 

vacuum-sealed with thin Al(O.Srnm) plate or mylar (O.OSrnm) 

film and a Smm thick lucite plate. Absorption due to the 

thin window may be neglected for gamma rays above 100 keV. 

This chamber is usually used for y-y, n-y or n~n coincidence 

measurements. The goniometer and a typical example of the 

counter arrangements is schematically illustrated in fig.2-3. 

The target chamber installed on the second goniometer 

is also made of stainless steel and designed for the charged 

particle gamma-ray correlation measurements. Therefore 
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it has a wide window for gamma ray detection. It is 

vacuum sealed with a thin (20~m) mylar film. Two turn tables 

are set inside the chamber. One of them can 'be rotated by 

means of a stepping motor. 

The target ladders of each chamber can be moved up and 

down and be rotated by means of two 23PM-C004 stepping motors. 

iii) Detectors 

(A) Ge(Li) detectors 

The following coaxial detectqrs were used; 55cc ORTEC-I, 

55cc ORTEC-II, 35cc HORIBA-I, 35cc HORIBA-II, and some other 

home made detectors. The energy resolutions of these detectors 

were typically FWHM = 2.0 'U 2.3 keV for the 60co 1332 keV gamma 

rays. 

The counting rate has to be nearly constant to keep the 

counting condition stable. The counting rate was monitored 

by a counting rate meter for one of the gamma detectors, so 

that the PHAs, scalers, raw data processer (PDP-Il) and beam 

current integrator run when the counting rate is within the 

given range (typically 1.5 'U 3 k counts/sec). 

The beam current integrator was modified slightly for 

this purpose. The dead time was typically less than 10%. 

The Ge(Li) detectors were shielded by lead block of 5cm 

thickness to reduce background gamma rays. 
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A Imm thickness copper plate was inserted between the 

lead shield and aluminum cap of Ge(Li) detector to absorb 

lead x-rays from the lead shield. In front of the Ge(Li) 

detector a 2~3mm thick copper or brass absorber was set to 

reduce the low energy x-rays and gamma rays coming from the 

target. These Ge(Li) detectors were used for measuring 

discrete gamma rays, monitoring reactions, gamma ray multi-

plicity measurements, and identification of reaction channels. 

(B) High Purity Germanium Detector" LEPS" 

Nuclear reactions induced by moderately high energy 

projectiles have many reaction channels. Thus gamma rays 

following these many reaction channels are plenty and the 

gamma ray spectrum is much complicated. These complicated 

spectrum was precisely measured by a 1.4cc high purity 

Ge detector 11 LEPS" with its high resolution. The energy 

resolution is FWHM=565 eV for 57co 122 keV gamma rays and 

1 keV for 511 keV gamma rays. The counting rate was always 

kept below 700 counts/sec by adjusting the distance from 

the target to LEPS. Therefore no dead time correction was 

necessary. No lead shield was employed but a 0.5~1.5mm 

thickness brass absorber was set in front of the LEPS. The 

photo peak energy was determined within 0.2 keV. It was 

made clear that the LEPS was very powerful for resolving 

gamma rays and gave cross sections of various kinds of 
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weak or strong reaction channels. 

The absolute ~fficiencies of these Ge(Li) and LEPS de-

tee tors were measured. every time after the experiment by an RI 

source set (RCC QCR 1) and 226Ra (RCC RAC 2) at the target 

position. 

The typical examples of absolute efficiency curves obtained 

for ORTEC-ll Ge(Li) and LEPS are shown in figs. 2-4-a,b. 
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(C) Liquid Scintillator NE2l3 

Neutron energy was measured by an NE2l3 organic 

scintillator. It has a good detection efficiency and 

gamma rays were discriminated by pulse shape analysis. In 

what follows the details of this method are described. 

The organic scintillator detects neutron through 

recoiling p~otons. The recoil proton makes a continuous 

.energy distribution depending on the pngular distribution 

of the recoil proton \,li th re·spect to the incident neutron. The 

organic scintillator detects gamma rays also through the 

Compton electron scattering. .The decay time 51,52) of 

the fluorescent light output in some scintillator S (NE2l3, 

Stilbene, KL356 etc.) have mainly two components, one is 

a fast (2 'V 4ns) one and another is a slow (10 'V 30ns) one. 

The former is due to low ionization density, and the 

latter due to high ionization density. The recoil proton 

produces higher ionization densities than the compton elec

tron does. This effect is used to distinguish neutrons 

from gamma rays. The organic scintillator NE2l3 is quite 

good for this discrimination. We used these two NE2l3 

liquid scintillators, one 5"<P x 5" and another 3"<P xl" •. 

Hereafter we describe properties of the NE2l3 liquid scin

tillator. 
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The light output is proportional to the energy for 

electrons, while it is proportional to about the 3/2 power 

of the energy for protons. -Fig. 2-5 is the light output 

against energy for the NE213 measured by v.v.verbinski
53

). 

The light output of a scinti11ator is usually calibrated by 

measuring the Compton edge of gamma rays. Following gamma 

rays were used for the light output calibration; 56 Co (Ee= 

3017, 2365, 1027 keV), B By (Ee = 1612 keV), and 2 2Na (Ee = 1062, 

341 keV). Since no gamma ray source with the Compton edge 

greater than 3 MeV was available, light outputs for higher 

energy electrons were extrapolated. The error there was 

about ±5%. 

We, for simplicity, neglect multiple scattering in the 

scinti11ator, escape of protons from the scinti11ator, 

and finite energy resolution for the scinti11ator. We 

assume that the energy distribution f(Ep) of the recoil 

proton is simply given as f (Ep) = constant for Ep < Em' f (Ep) = 0 

for Ep > Em, where Em is the maximum energy (i.e. neutron 

energy). This is based on an isotropic angular distribution 

of the recoil proton as found experimentally in the present 

energy region. Then the number of recoil protons is given 

by 

(2.1) 

where NQ: _the number of incident neutrons 
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nH,nc : the number of hydrogen atom per Cm 3 and that 

of carbon, 

O"H : the neutron-hydrogen cross sections 

O"C : the neutron-carbon cross sections 

d the thickness of the scintillator. 

Actually pulses from recoil carbon are too small to be 

distinguished from the photomultiplier noise, and to be 

identified by the pulse shape discrimination circuit. We 

set a lower discrimination level B to cut away these small 

pulses and noises (see fig. 2-6). The detection efficiency 

with the discrimination level B is, 

(2-2) 

For a large volume liquid scintillator, say 5 "<I> x 5", the 

assumptions mentioned above are crude. Thus a Monte Carlo 
54,55) 

calculation was made to get a realistic detection efficiency • 

Energies produced by a neutron through scattering and reaction 

in the liquid scintillator are calculated*). The calculated 

detection efficiency with a certain lower threshold is 

compared with the experimentally measured value55 ) in fig~ 

2-7. Agreement is satisfactory. Pulse height distributions 

for neutrons in a wide energy range are necessary for unfold-

ing the light output spectrum. 

*) Monte Carlo calculation code was provided by K.Shin, Dept. 
of Nucl. Eng. Kyoto Univ. and modified by the author. 
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A finite energy resolution of the scintillator has to be 

included in the calculation. Here Gaussian smearing function 

was introduced, its energy dependence is expressed by 

FWHM=O.lO. + O. 05Lp , 

where Lp is the light output in electron energy unit (MeV) • 

In fig. 2-8 two examples compared with measured pulse height 

distribution are shown. 

There are two methods of unfolding the light output 

spectrum from scintillator, one is the differentiation method 

and another is the response matrix method 56) • The differen

tiation method is easy to cOffipute but it introduces error for 

a large volume liquid scintillator in which pulse hight 

distribution is no more constant. The response matrix 

method needs more elaborate computations which demand. 

many data points and good statistics. Comparison of these 

method will be given in §3.2. 

iv) Electronics Circuits 

The block diagram of the circuits system is shown in 

fig.2- 9. It is composed of four parts. The first part is 

for measurement of a single gamma-ray spectrum by the LEPS 

to obtain cross sections. The second part is for prompt 

and delayed gamma ray measurements. Constant fraction 

timing circuits were employed to get fast logic signals. 
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Some pulses of low energy gamma rays with slow rise-time 

were rejected by the slow rise time rejection mode. Since 

the pulse height discrimination of the CFD is not sharp, the 

energy signals are gated by the logic signals from the CFD. 

The energy (linear) pulse was analyzed in a 4096 channel 

PHA (Canberra 8700). The spectrum was routed by the time 

signals so as to get the prompt and delayed spectra (2K x 2) • 

The third part is for neutron-gamma coincidence measurements. 

Neutron signals were obtained by the pqlse-shape discriminator 

circuits7 ). Conventional fast slow circuits were employed. 

The gate width for the fast coincidence system was Llt'V SOns, 

and that for the slow coincic;lence system is Llt'V 411s. 

The rate of accidental coincidence was at most 2%. The gamma 

• ray energy and the neutron pulse height spectra were taken 

by a 4096 channel two-parameter pulse-height analyzer (Canberra 

8100) with 512 channel for the gamma ray energy, 8 channels 

for the neutron pulse height. The 8 channels for the neutron 

pulse height gave only a crude shape of the spectrum. Thus 

we used later the event by event mode (list mode) for n-y 

coincidence data. The fourth part is for a raw data processer. 

All informations (En' Ey ' TAC(n-y), TAC(PSA» were collected 

by event by event mode. So there is no limitation to memory 

size. After the experiment off line analyses were performed. 

Data tapes were sorted by the central computer (TOSBAC 5600/120). 
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2.2 Procedures 

Most of projectiles" used" for the experiment were 

provided by the RCNP AVF cyclotron at Osaka University. 

Use was also made of sHe beams provided by the Dept. Physics 

Osaka Univ. cyclotron and the IPCR cyclotron for.K-isomer 

studies. The projectiles and the targets used in the present 
~ - ". 

work are listed in table 1. The"162,i64 Dy , 174 , 176 Yb and 

184 W targets with 1 tU 5mg/cm2 :? in thickness were prepared by 

depositing oxide powders onto thin mylar (0.003mm) film. 

Self supporting metalic foils of the natural Ho"(99.9% of 

16 SHo) and natural Lu (97.4% Ofl 7 sLu) with 2 tU llmg/cm2 in 

thickness were prepared by rolling small pieces of metals. 

The 18SRe target was prepared by depositing metalic powder 

onto thin mylar film. The cross-sections of various reaction 

channels were mostly obtained by a 1.4cc pure Ge detector 

IILEPS" and a 55cc Ge(Li) detector was also used in some cases. 

The detector was set mostly at about 125 0
, where P 2 (cosS) = 0, 

with respect to the incident beam direction. Gamma ray 

spectra were obtained at 40 0
, 110 0 or 149 0 in some case 

where the cross sections were corrected for the anisotropic 

angular distribution. The cross sections of the various 

(i, xn yp za y) reactions were obtained from the gamma 

works~8-59) 
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The angular and energy distributions of the neutrons 

were measured for following reactions 

1 61J Dy (CL, xn) Ea.. = 90, 120 MeV 

165HO(p, xn) Ep = 65 MeV 

at 35 0 -145 0 with respect to the incident beam direction in 

coincidence with rotational gamma rays which were detected 

at 90 0
• Neutrons were measured by means of a 5"<1> x 5" NE213 

liquid scinti11ator. The neutron pulse was separated from 

the gamma ray pulse by a pulse shape ~na1ysis (PSA) method. 57) 

Typical examples of light output from liquid scinti11ator 

versus PSA output are given in fig. 2-10. A lead absorber 

with thickness 2'" 3cm was used in front of the neutron 

detector to reduce gamma rays. In some cases we employed 

plastic scinti11ator with 5mm thickness which was set jus.t 

in front of the liquid scinti11ator to reject charged 

particle (mainly protons). The effect of the 2cm lead absorber 

on the liquid scinti11ator light output is shown in fig. 2-11. 

These data and other lab. data94 ) show that the absorber 

does not distort much the pulse height spectrum. 

The small effect due to the lead absorber was corrected 

for. The energy (1 '" 3 MeV) per channel and the energy 

resolution (1'" 3 MeV) of the present neutron spectrometer 

are sufficient to select high energy neutrons for the angular 

distribution measurements, and to give rough shape of the 

continuous energy spectra characteristic of the preequi1ibrium 
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or equilibrium process. The neutron spectrometer has an. 

advantage of the large solid angle ('" 0.2 sr.), which is 

essential for the present coincidence work, over a conventional 

TOP method. Contributions of neutrons scattered from the 

lead schields, and other detectors to the neutron detector 

were checked and found to be negligible in the present 

coincidence experiment. 

Discrete gamma rays of rotational transitions, being 

characteristic of the residual nuclei, were detected by 

the coaxial type 55cc Ge(Li) detector. 

The LEPS, the coaxial Ge(Li) and the liquid scintillator 

were set typically 75'" 100mm, l60mm, and 220mm far from the 

target, respectively. The counter arrangement is shown 

schematically in fig. 2-3. The typical electronics circuits 

are shown in fig. 2-9. 

The counting rates with 0.8 nA of 120 MeV alpha particles 

on 164 Dy target with 3.3mg/cm2 thickness wer'e typically 

2.2kc/s for the coaxial Ge(Li), 0.65kc/s for the LEPS and 

6kc/s for the 5" diam. x 5" liquid scintillator. The n-y 

coincidence rate with the coaxial Ge(Li) detector and the 

liquid scintillator was around 10c/s. The accidental co

incidence rate was less than 2%. The dead time of the LEPS 

detector was negligible. 
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§ 3 Results 

3.1 Cross Sections for "the Preequilibrium and Equilibrium 

Reactions 

Many rotational gamma rays for even A and ddd A nuclei 

were observed in the detailed singles gamma ray spectra taken 

by the LEPS or/and the Ge(Li) detector. Typical examples of 

the gamma ray spectra obtained by the LEPS are shown in figs. 

3-1, 3-2. Following quantities are obtained from these singles 

spectra i) cr(ET)i cross sections for reaction channels, ii) 

Imi median spin values of the ground band levels, iii) Rki 

K-isomer ratio. In what follows we discuss these quantities 

in detail • 

i) cr(ET) Cross Sections 

Total reaction cross sections leading even-even residual 

nuclei may be approximately given by the cross sections of 

h d b d 2+ 0+ .. t e groun an + transJ. tlons • The LEPS was very useful 

to detect these low energy ('" 100keV) 2+ + 0+ transition. The 

cross section of the ground band 4+ + 2 + transition detected 

by the Ge(Li) detector was also used for convenience. Because 

the angular momentum involved in the present reaction is much 

higher than the Ih = 4 '" 2, the intensi ties of the ground band 

(yrast) 4+ + 2+ + 0+ transitions give approximately the total 
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reaction cross-sections. The total cross sections for odd 

A and odd-odd residual nuclei are obtained as follows. The 

gamma decays in odd A isotope in Hf region are almost equally 

shared into several rotational bands, for example; 5/2-[512], 

7/2+[633] and 1/2 [521] bands. These low-lying rotational 

bands are well known from other inbeam gamma works~6-92) 

The cross section for feeding each residual nucleus was obtained 

by summing up the intensities of the transitions (gamma rays 

and conversion electrons) for low-lying levels in these bands. 

A rotational (yrast) band with positive parity is strongly 

populated in each odd Er isotope. It carries almost 40% of 

the total cross section. 

The cross section was obtained from the observed intensity 

of the yrast band by _ referring to known population ratio 

for other bands. Uncertainty of the cross sections obtained 

from these methods is almost 30% for residual nuclei in the 

Hf region, and 15% for Er isotopes. 

The corrections for isotopic impurity were also made and 

the largest correction was an order of 2% of the maximum 

cross section. The error in the absolute cross section is mainly 

due to the uncertainty of the target thickness. 

The total reaction cross sections defined as a(ET) are 
x 

plotted as a function of the energy sum ET=E En of the 
n=l-· 

decaying particles. The ET is equivalent to the energy 

excess above the reaction threshold. It is given as 
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(3.1) 

where Q(x) is the ground state Q value for the (particle,xn yp y) 

reaction. The E. is the incident particle energy, and the Ey is the 
1 . 

average excitation energy of levels populated by the (particle, 

xn yp y) reaction. The Eyis taken away by the y deexcitation. We 

ignore the shift of the Q value due to the rotational energy of . 

the yrast level. 

The relative cross sections induced by 174,176 Yb(a, xn y}Hf 

reactions at projectile energies Ea = 50,70,90 and 120 MeV are 

shown as a function of ET in fig.3-3. The prominent 

feature is that the cross sections for the small number (x) 

of emitted neutrons with large ET are much larger than expected 

from the equilibrium (compound) process. This feature gets 

pronounced more as the projectile energy gets higher. 

The a(ET) for (a, xn), (a, p xn), and (a, a'xn) reactions 

induced by 120 MeV alpha on 164 0y , 174 ,176 Yb are shown in 

figs.3-4-a,b. It is interesting to note that the sum of the 

cross sections for the (a, p xn) channels amounts as much 

as 70% 'V 90% of the sum 0 f the cross sections for the (a, xn) 

channels. The cross sections for the (a, p xn) reactions are 

rather flat as a function of the number x of the emitted 

neutrons. The energy ET at which the cross section is maximum 

in the (a, p xn) channels is about 5 MeV larger than that in 

the (a, xn) channels. For this target residual nuclei by 

(a, p xn) reactions are odd-Z nuclei and odd-odd nuclei 

unfortunately not studied by inbeam technique until now. 

Moreover to get the cross sections of odd A is a little bit 
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complicated and erroneous. To ascertain this phenomenon 

made a reaction by odd Z target. The 165Ho(a, p xn) Er 

reaction induced by 120 MeV, alpha particles was studied 

scince the decay schemes of the residual Er isotopes were well 

known. The cross sections are plotted in fig. 3-5. This 

figure shows clearly that the reaction cross s~ctions invblv'"';' 

ing proton decay are uniformly populated being insensitive 

to the number X. 

We could also assign the gamma lines following (a, a' xn,Y) 

reaction channels. The' sum of the cross sections for (a, a' xn) 

reaction channels was 15 'V 30% of the sum for the (a, xn) re-

action channels. Here the gamma rays are assigned to the 

(a, a'xn) reaction rather than the (a, 2p 2n xn) reaction 

because they are well observed in coincidence with the alpha 

particle. The a(ET) for the ,(p, xn) and (3He, xn), (3He, p xn) 

reactions induced by various kinds of bombarding energy are 

summarized in figs 3-6, 3-7. 

We introduce two quantities "EM" and "S". The EM is the 

energy at which cross section is maximum and "s" is the slope 

of a(ET) at large ET region, being defined as 

ET-EM 
a(ET) = a(EM) exp- ( S ) • (3.2) 

It is interesting to find in every figure that S gradually 

increases with increase of the bombarding energy and it is much 

larger than expected from a prediction of a simple compound 

reaction. Thus most of the cross sections at large ET {small xl 
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are due to the preequilibrium process. In fig. 3-8, 3-9 we 

summarize the present experimental results for EM and S. 

The error for each results were estimated from the a(ET) 

figures for the observed cross sections. ··It is interesting 

to point out that the relation of EM to S of proton is much 

different from that of other projectile .(3He, a). It indicates 

that the cross-sections at large ET region are more pronounced 

for proton projectiles. 
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ii) lm; Median Spin Value 

The median spin lrn is defined by 

1 lm+l 00 

2"= I: P(l)dl/E'P(l)dl, 
4 4 

(3.3), 

where P:(l) is the side feeding population of the yrast level 

with spin I. The P(l) is obtained as a difference Y(l)-Y(l-2), 

where Y(l) is the intensity of the gsb I + 1-2 transition. 

Note that the lm is practically obtained from the observed 

yield Y(l) by a relation Y(lm+l) =Y(4)/2. Thus the error 

in the lm is fairly small although the error in the P(l) is 

large. The yields Y(l), normalized as Y(4) = 1, of the gsb's 

following the 174Yb(a, 6n)172Hf reactions at three different 

bombarding energies are plotted in fig. 3-10. The lm values 

for various kinds of projectiles and energies are summarized 

in figs.3-11-a,b. The obtained lm values increase very slowly 

as Ea. goes from 50 to 120 MeV. They are much smaller (;f, lm (eN) /2) 

than the mean value (lm(CN) = lmax/12) introduced by the alpha 

particle (see fig. 3-11-a). The striking feature is that the 

lm value~ for a given reaction channel are rather flat in 

a wide range of the Ea energy. The lm values for different 

exit channels induced by 70,90 and 120 MeV alpha particles on 

174,176 Yb are plotted as a function of the energy excess ET 

in fig. 3-12. The lm's for the large ET region, where the 

preequilibrium process is important, are definitely smaller than 
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those for the small ET region. It indicates that neutrons 

from the preequilibrium process take away more angular 

momenta than those from" the equilibrium process. 
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iii) K-isomer Ratio 

The K-isomer ratios for 172Hf, 17~Hf and 1820S following 

(particle, xn y) reactions were studied. 172Hf and 17~Hf has 

K-isomer with I7TK = 6+6 at 1685 keV and 1252 keV, respectively. 

The isomeric transitions are 1056 keV{66 +6 ) and i376 keV 
g 

(6 6 q.4 g ) for:- 172Hf and 941 keV (66H-6g ) and 1252 keV (66+6~) 

for 174 Hf, where Ig is the gsb state with spin I and 6 6 is '_'.' 

the K-isomer. The K-isomer in 172Hf was rather weakly 

populated. The contribution of the nearly 937 keV (18F) 

background line to the 941 keV isomeric transition in 17~Hf 

had to be carefully corrected for. The 1820S has K-isomer 

+ It decays to the gsb 8 state 

+ + by the 554.7 keV gammas. The 483.6 keV 8g + 6g gamma line 
- + 

has small contribution from 484 .1keV line of 1 83 Re 2- .-:+ 7 . 
2 2 

transition. It has been corrected for by referring to the 

k ° 0 ° 94) d h d ° °t f h nown 1ntens1ty rat10 an t e measure 1ntens1 y 0 t e 

183 Re 384.1 keV transition. The correction is an order of 

10'" 7%. 

The intensities of the K-isomers were obtained normally 

from single spectra (prompt- + delay). Delayed gamma ray spectra 

were also used in some cases. Typical examples of the gamma 

ray spectra following the 18 2W (3He, 3ny) 18 20S at E (3He) = 31 

MeV are shown in fig. 3-13. 
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The K-isomer population ratio "Rk" is defined by; 

Pk (I 7T) 
Rk = Po (I7T) , (3.4) 

where PO {I7T) : population of the level with spin I in the 

ground band, excluding the contributions from 

the K-isomer band, 

Pk(I7T) : population of the K-isomer. 
+ -_ Ps (6 ) • t _ P8 (8 ) 

Then Rk - Po (6+) for the Hf J.so opes and. Rk - Po (8+) for the 

1820S. Populations for the K-isomers in l72,174Hf were ob~. 

tained in some cases only from the 66+:-+: 6g + transition by 

referring to the known branching ratio~,83) [172Hf: Y{6 s+4g)/ 

Y ( 6 s + 6 g) = 2 • 3, 1 7'+ H f: Y ( 6 s + 6 g ) /Y ( 6 s + 6 g) = 1. 0 ] 

They are plotted here, for convenience, 

as a function of the median spin Im in figs.3-l4-a,b (other 

lab's data are also included). 

It is clear in these figures that the isomer ratios 

do not depend much on Im, but do depend on the projectile. 

The isomer ratios for the proton induced reactions are defi-: 

ni tely larger by a factor 1.5 'V 2.0 than those of following 

the complex projectiles. 
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3.2 Neutrons following 164 Dy (a,xn) and 165Ho(p,xn) Reactions 

Typical gamma ray spectra in coincidence with neutrons 

following 164Dy(a,xn)Er reactions induced by 120 MeV alpha 

particles are shown in fig. 3-15. The neutron channels 1 'V 8 

correspond, respectively, to the recoil proton·energy windows 

of 2.5-3.5, 3.5-5.1, 5.1-6.8, 6.8-9.8, 9.8-12.4, 12.4-15.0, 

15.0-17.6, and 17.6-20.1, all in MeV units. These values 

correspond to the maximum energies of the neutrons. It is 

remarkable that intesities of the gamma rays following (a,xn) 

reactions with large x are large at the lower energy window 

(the first 1'V 2 channels). They decrease rapidly as the 

neutron energy increases. The gamma rays due to the reaction 

with small x, however, are not prominent in the spectra at 

the lower energy windows and are seen even at the higher 

energy bins. Thus the small xn reaction channels have a 

component of high energy neutrons. This is clearly seen in 

fig. 3-16 where the pulse height spectra are plotted as a 

function of En for various reaction channels. Neutron 

energy spectra may be extracted by unfolding these pulse 

height spectra. There are two ways to unfold the pulse 

height spectra, a differential method and a response matrix 

method. 
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i} Differential method 

The neutron energy spectrum Na(Ei} for the reaction 

channel a was extracted from the yield of such gamma rays 

following the reaction channel a that were in coincidence 

with the neutron pulse in the i-th pulse height window. It 

is 

where Yia is the yield of gamma rays due to the reaction 

channel (residual nucleus) a, bEi is the width of the i-th 

neutron energy window, Ei is the mean energy of the neutrons 

in the i-th window, and £i is the absolute efficiency of 

the NE2l3 for the Ei. Here we assumed that the recoil protons 

were isotropic in the liquid scintillator, and the value for 

£i was taken from the fig.2-7 55}. 

ii} Response matrix method 

This method was developed by v.v.verbinski 56}. His 

method is as follows; 

The pulse height distribution of a NE2l3 is related to the 

unknown neutron spectrum Nn(E} by 
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where: Ai {E} = probability that a neutron with energy E gives 

a pulse height in i-th channel, 

Nn {E} = neutron energy spectrum, 

Ci = counts in channel i. 

The efficiency function Ai{E} can be measured, or can be 

computed by a Monte Carlo computer. program as described in 

the previous section. This is conventional for extracting 

the neutron spectrum from the measured pulse height spectrum. 

Although this does not include statisticai fluctuations Ic5 
and various instrumental distortion the results show good 

agreement with the spectrum obtained by a time of flight 

method95}. The Ai{E} for the present analysis was obtained 

by a Monte Carlo calculation. It agreed with the measured 

one by use of a TOP method. 

The neutron energy spectra were obtained by two different 

methods as mentioned above. They agree with each other as 

shown in fig. 3-17. 

Systematic errors of the energy spectrum are arround 

20% in both the intensity and energy. 

The extracted neutron spectra for various reaction 

channels are plotted in figs.3-l8-a,b. Only statistical 

errors are given in the figs. The arrows in the figures 
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show the mean neutron energies En = ET/X. All the neutron 

spectra have a high energy part and a low energy part. The 

former is conspicuous at forward angles, and in the small 

xn reaction channels. 

Angular distributions for these neutrons are shown in 

figs. 3.-l9-a,b. The preequilibrium process is important 

in the (a,xn) reaction with the small x which shows pre-

dominantly forward peaking distributions. Even the reaction 

with large x has also a forward peak distribution. The for-

ward peaks are mainly due to the high energy components. 

The coefficients of the Legendre polynomial expansions 

EAiPi(cos8) for the angular distributions are plotted as 

a function of ET in figs.3-20-a,b. 

The equilibrium process gives a symmetric distribution 

in the cm(center of mass) frame , and a small asymmetry of 

Ale = 0.13 in the lab. system for (a,lOn) reaction induced 

by 120 MeV alpha particles on l64Dy. The Ale for the (a,xn) 

reaction decreases as the number x decreases (for example 

Al e = 0.08 for x = 6). The observed asymmetry terms are much 

larger than the Ale in every case and this fact suggests 

clearly some preequilibrium process for every reaction channel. 

A2P2(cos8) term through compound nuclear reaction can be 

estimated from the formula obtained by Ericson and Strutin-

k " 96) s ~ • There the P2(cos8) term was given by 
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W(S) 0: l+A2P 2 (cosS) , 

_ 2~:: 
A2 ~ 3+~ , 

.~ = ~2I2T2 

112 
a. = 2JT 

, . 

, 

where T is the nuclear temperature, J is the moment of 

inertia and 12 and I2 are averages of 12 and t 2 • This gives 

Af} = 0.002 for a typical case of 161t Dy+l20 MeV a. reactions 

where 1max = 30 tn = 2'" 7. Here use was made of rigid-body 

moment of inertia values. The observed A2 values have def-

initly larger than the AI and this fact also suggests some 

contributions from the preequilibrium process. 
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§4 Analysis 

4.1 An Exciton Model. 

The exciton model is one of the useful method to analyse the 

preequilibrium process. Here we do not give ~ complete 

survey of various kinds of exciton mOdels29- 42 ), but we 

briefly follow the exciton model given by S. Yoshida in 

ref. 38. The theoretical foundation' of this model was given 

97) by Agassi et. al. •. The equilibration process is described 

by a Pauli master equation as 

d 
dt Pn{t) =If. Wmn [Pn Pm{t) - Pm Pn{t) ] , (4.1) 

where the Pn{t) is the occupation probability of n exciton 

state (a state with exciton number n) at time t, the Wmn = Wnm 

is a mean value of the square of the transition matrix 

elements, and the Pn is the level density of n exciton state. 

The master equation (4.1) expresses a balance between gain 

and loss of occupation probabilities. A conventional method 

to solve eq. (4 .1) is a numerical integration. The numeri-

cal integration method needs elaborate computations and 

moreover it is rather difficult to get better physical under-

standing. The Yoshida's method is to diagonalize the 

kernel. The master equation is expressed
38

) as 

dp{t) = _ l'/27TP Q .,I:2 17TP P{t) , 
·-dt-- 11 (4 .2) 
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where the Q is the real symmetric matrix and the p is the 

level density. The solution of the master equation is 

j e-qJ"t/h Prom· (t) = L Cmm ® (t) , (4.3) 
o j ()" 

where qJ" and C j are related as rom o 

e>QO = q = diagonal 

matrix, and the~ (t) is a step function, 

® (t) = 1 

® (t) = 0 

t>O 

t<O • 

The time development function98 ) for transition a~b is 

given by 

1 ~ t 1 t 
Fab (t) = -F (l+oab) L Tbm -- Prom (t) Tm a , 

n 2 TIPm 0 0 m 

where TmS is the transition probability from a channel b 

(4.4 ) 

to an exciton state m(exciton number m}. Various quantities 

are derived from this expression. For example if the time 

development function is integrated over time, one gets the 

particle emission probability, as 

1 = (l+oab) L-2 -
m TIPm 
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The time for the compound system to reach to an equilibrium 

is called the equilibration time Teq. It is defined as the 

time which the time dependent probability-gets 99% overlap 

with the equilibrium distribution. The overlap is defined 

as 

1 

I(t) -E(Pmm (t)Pmm (00»2. 
moo 

(4.6) 

Then the equilibration time is obtained from the relation 

I (teq) = 0.99 • 

The fraction ~'fll of the preequilibrium decay -is defined 

as the fraction of the probability of particle emission 

before the system gets equilibrium (t<te),i.e. 

_ Teq 00 
f = EJ Fba (t) dt lE! Fba (t) dt • 
bOb 0 

(4.7) 

The angular distribution of nucleon in the preequilibrium 

process is obtained by generalizing the master equation, 

(4.8) 

where r~ and ~ are the decay and spreading widths, respectively. 

The angle dependent part in Wk-+m (n '-+n) is assumed to be i.l1de-
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pendent of the exciton number and to be isotropic in the 

center of mass system. 

The level density.is 

m-I Pm (E,A, P) = GA (GA E) I [P !h! (m-I) !] , (4.9) 

where E is the excitation energy, A is the mass number of 

the compound system, and p,h and m are,respectively particle, 

hole,and exciton numbers (m=p+h). The single particle level 

density at the Fermi energy GA is assumed to be 

A 
GA = GO ' (4.10) 

where GOis a single particle level density parameter. The 

spreading width is given as 

1 -2 
= 2hA(E) [m+l + ph (m-I) (GAE) ]/C, (4.11) 

where A(E} is the nucleon-nucleon collision probability 

given by Kikuchi and Kawai 14). It is approximated as 

A(E) 

where E is expressed in unit of MeV,and C is the reduction 

factor for the collision probability in a nucleus. The 

A(E) is related to nucleon mean free path (MFP) in the nucleus, 
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MFP v = I 

= 0.138 x 1010IE (4.13) . A 

A large reduction means a longer mean free path. There are 

many arguments 99 'V 101) on this reduction factor. The 

escape·width is given as, 

rt m = 
2MR2 
--:rrKT 

P 
m 

where Vcoul is the Coulomb barrier height, 

Vcoul = 1. 44Z/ [ro (1+AV3
)] MeV , 

and R is the nuclear radius. 

4.2 An application of the exciton model. 

(4 .15) 

We measured neutrons and gamma rays from (i, xn yp za y) 

reactions to study the preequilibrium and equilibrium 

deexcitation processes. The deexcitation process in the 

preequilibriurn stage may be interpreted in terms of the ex-

citon model. The exciton model deals with the first particle 

emitted under a given initial condition. We calculated 

preequilibriurn fractions, deexcitation probabilities, neutron 
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energy spectra and angular distributions for the (i, xn y) 

reactions in terms of the exciton model. On the basis of 

these exciton model calculations we made simple calculations 

by using two parameters (temperatures) Te and Tp for equi

librium and preequilibrium stages. There are two important 

parameters in exciton model calculation, the r~duction 

factor "c" in eq.(4.ll) and the single particle level 

density in eg •. (4 .10). We used the value C=4.8. This is 

simillar to those in refs .. 32 and 34 and somewhat smaller than 

the value in r.ef. 14 throughout the calculation. The single 

particle level density parameter was chosen to be Go=11.4. 

The fractions. "f'" s for the .preeguilibrium emission for 

various incident energies and initial exciton numbers were 

obtained for proton and alpha projectiles. The results are 

shown in Fig.4-l. Contributions from various exciton states 

to the emission probability are shown in fig.4-2. We take 

a 1 64 Dy + 90 MeV Cl reactions as an example. The 90 MeV 

excited nuclear system with the initial condition (p, h) = 

(4, O), where p and h are the particle and hole numbers, 

decays mostly at the preeguilibrium stages with small exciton 

numbers around 4 'V 6, as shown in the fig. 4-2. On the other 

hand the 70 MeV system with (p, h) = (6, 3) decays partly at 

the preeguilibrium stage with the small exciton number 6 'V 10 

and partly at the equilibrium stage with the large exciton 

number 'V32. A 50 MeV excited nuclear system with the 

(p, h) = (10, 8) decays mostly after the system gets the 
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equilibrium stage. In fig. 4-3 the energy spectra of the 

emitted nucleons are shown for Ex = 90 MeV (p, h) = (4, 0), 

70 MeV (6, 3) and 50 MeV (10, 8) cases. 

In fig.4~4the angular distributions of the emitted nucleons 

are shown at the same initial conditions. The strong forward 

peaking angular distribution which is characteristic feature 

of the preequilibrium process is nicely obtained and it is 

essentially due to the first few collisions. 

We found followings from those figurep. 

1) The excited nucleon system produced by 90 MeV a particle 

[(particles, holes)=(p, h)=(4, 0)] bombardment of the 16'+ Dyl, 

decays mostly (~98%) by emitting a.fast nucleon with kTp~6 MeV 

at the preequilibrium stage, leaving the residual system at 

~70 MeV and the avarage excitons (p, h)~(6, 3). This residual 

system then emits a fast nucleon with 70~80% probability at 

the preequilibrium stage, and a slow neutron with 30~20% prob

ability after the system gets equilibrium. Since the residual 

system has fairly low excitation energy (~50 MeV) and large 

numbers (~20) of the excitons, the deexcitation hereafter is 

mostly of the equilibrium process. 

2) The excited nucleon system produced by Ei = l20~60 MeV proectiles 

decays first by the preequilibrium process, being followed by 

the equilibrium nucleon evaporations. Therefore the emitted 

particle spectrum consists of two components, the high energy 

(forward peaking) part due to the preequilibrium decay and low 

energy part due to the evaporation. 

The fig.4-5 shows a schematic picture of the preequilibrium 

and equilibrium deexcitation processes. 
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4.3 Analysis by a simple model 

In order to get a' simpler picture and a better insight 

into the complicated deexcitation process, we analyse these 

data in terms of a simplified pre-equilibrium-equilibrium 

deexcitation process. We use a simple analyti~al form 

(4.16 ) 

for the energy spectrum of the i-th deexciting nucleon. Here 

the parameter Ti is the energy parameter for the i-th 

neucleon deexcitation. The Ti for the equilibrium stage is 

the normal temperature Te used in a conventional statistical 

model. The Ti for the preequilibrium process depends on the 

exciton number and the level density. It stands for the 

mean energy of the nucleon emitted at the preequilibrium 

stage where only a small fraction of the nucleus is excited 

(heated). Thus it is larger than the Te. Actually the 

energy spectrum calculated by the exciton model is approx-

imately given by the eq. (4.16). 
x 

The energy spectrum of the total energy ET = ~ Ei of the 
1-

x emitted nucleons is given by the probability to get ET as 

x-I 
1JdE i . 

,1-
(4.17) 

Now we introduce two quantities A~ and A~ for the escape 

and spreading probabilities, respectively. They are defined 
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as follows (see fig. 4-6) 

(4.18) 

(4.19) 

,- Cl. Cl. • • 
Here Cl.2-= ET (max) = Eo+QCI.' Cl.l = ET (mln) = Ep+QCI.-BCI.' where the 

Qa is the ground state Q value, and Ba is the nucleon binding 

energy. Then the (i, xn y) reaction cross-section is approx-

imate1y given by 

(4.20) 

where an is the total (i, xn y) reaction cross-section. 

The energy spectrum of the i-th emitted nucleon for a 

specific reaction channel Cl. (x neutron emission) is 

x x-1 x-1 
Ti)xf IT fJ.(E J·) ofx(ET- E EJ·) IT dEJ·• 

jfi jfi jfi 

(4.21) 

Let's consider a two step process of the preequi1ibriurn 

and equilibrium deexcitations. Since the nuclear temperature 

and the energy parameter are slowly varying functions of 

the excitation energy, we use for simplicity constant 

(effective) values Te and Tp throughout the equilibrium 

and preequi1ibrium deexcitation processes, respectively. 

Then the total energy spectrum is analytically obtained as 
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where O<<Ep< ET' np+ne = x, and np (ne) is the number of nucleons 

emitted at the preequilibrium (equilibrium) stage. The energy 

spectrum of the i-th nucleon emitted at the preequilibrium 

stage of the reaction channel a is written as 

p f 2n -3 Sx(Ei,npne ) = CEiexp(-Ei/kTp) exp(-Ep/kTp)Ep p 

2n -1 xexp«-ET+Ep)/kTe) (ET-Ep ) e .dEp • (4.23) 

The energy spectrum for the equilibrium stage is obtained by 

exchange of parameters npTp+(neTe in the eq. (4.23) 

The angular distribution of the neutrons emitted at 

the preequilibrium and equilibrium phases is interpreted as 

follows. The linear momentum and energy introduced by the 

projectile are distributed over only a small fraction of the 

nucleons in the preequilibrium phase. Thus the active particles 

(AI) of the excitons in the fraction carry the input linear 

momentum at the preequilibrium atage. The nucleons are then 

emitted isotropically in the center of the local mass (AI) 

frame of the active exciton particles. They are emitted forward 

in the center of the total mass (A) frame because AI«A. 

On the otherhand the nucleons emitted in the equilibrium 

stage are nearly isotropic in the center of the total 

mass (A) frame, and thus are almost isotropic in the lab. frame. 
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This is essentially similar to the idea of the fireball 

model used for relativistic heavy ion reactionsl02 ). Then 

the angular distribution in the lab. frame is written as 

dO' 
dS1 

sin2 e 
=-~-

. 2e sJ.n J/, 

1 dO' 
cos(e-eR,)·dw' (4.24) 

where dO'/dw is the cross-section in the AI frame. The angles e 

and eR, in the AI frame and the lab. frame are obtained from 

a relation 

VI 
= Vb sine R, , (4.25) 

\lhere Vi is the velocity of the hot part (active A I exciton 

particles), and Vb is the velocity of the emitted neutron in 

the center of the AI mass frame. Since actually VI«Vb l e~eR" 

the eq. (4.25)is reduced to a simple form, 

(4.26) 

For a simple case of the dO'/cw = constant (isotropic distri-

bution) for both the preequilibrium and equilibrium de-

excitations, respectively, in the AI and A nucleon frames, 

we get 

dO' 0'0 

dS1 = 41T 
VI 

[1+2 Vb 

-50-



where np = x-ne is the number of nucleons emitted at the 

preequilibrium stage. In fact the daldw for the equilibrium 

process is not isotropic but has a P2(cos8) term, which 

contributes a little to the last term of the eq. (4.27). 

The asymmetry term AlPl(cos8t), which is characteristic 

of the preequilibrium process, is proportional "to the 

velocity V' and the np. Thus it is inversely proportional 

to the effective number(A') of the exciton particles at 

the preequilibrium stage. 

A differential cross-section for a specific reaction 

channel (da(i, xn» may be calculated by a Monte Carlo 
dQ dE 

method, too. We assumed that neutrons are emitted iso-

tropically in a center of the local mass frame and that the 

energy spectrum has the Maxwellian distribution with two 

parameters of Tp and Te. The random number having the 

distribution of Ee-E/T is generated by a rejection method. 

The deexcitation process of losing an excitation energy by 

emitting nucleons can be simulated and followed. From this 

calculation we can obtain the (i, xn y) reaction cross-sec-

tions and neutron energy and angular distributions simul-

taneously. 
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4-4 Comparison with Experimental Results 

Numerical calculations were carried out by using the" 

eqs. (4.18)-(4.27). At present, however, we are primarily 

interested in the qualitative features of the preequilibriurn 

process. Therefore we bear in mind so as to reproduce the 

experimental results by using a few parameters. The calculated 

cross-sections using the equilibrium process only, decrease 

much faster than the experimental values as the energy excess 

ET increases. The deviation is larger at higher bombarding energy 

(see broken lines in the figs. 3-3 'V 3-6). As we have presented 

in the fig. 4-5, two different deexcitation paths exist to 

lead to the same reaction channel for 90 MeV alpha bombard-

ment the cross-section may be written as follows 

(4.28) 

where the a(np ' ne) stands for the reaction cross-section with 

the np neutron deexcitation at the preequilibrium stage 

followed by the ne neutron evaporation. They are normalized 

so as to get ~a (np, x-np) = an' where an is the observed total 

(i, xn y) cross section. The coefficients fl and f2 can be 

obtained from preequilibrium fractions in fig. 4-1. The 

nuclear temperature Te of medium heavy nuclei with 50 'V 20 MeV 

excitation energy is arround 1.8 'V 1.1 MeV. 10 ~) The energy 
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parameter of the preequilibrium process can be obtained as 

follows; for Yb+120 MeV-a reaction almost three neutrons are 

emitted at the preequilibrium process (estimated from the 

figs. 4-1 and 4~2) and the energy parameter for the preequi-

librium process is a mean value for the three neutron emission. 

Now we introduce quantities EM and S, which are defined by 

ET-EM 
an expression a(ET) = a(EM)exp[-( S )] at large ET region. 

They are plotted in the fig. 4-7 for the various energy 

parameters and the number of decaying neutrons at the pre-

equilibrium stage. The dotted area is the region obtained by 

the experimental results (see figs. 3-3, 3-4). Thus we chose 

7 MeV for the energy parameter. The energy parameters for 

other reaction case can also be obtained in the similar manner. 

Then the cross sections are expressed as, 

Ea(a, xn y) = 0.5Ea(1, x-l)+0.5Ea(0, x) (4.29) 
x x x 

for Ea = 50 MeV reactions, 

Ea(a, xn y) = 0.9Ecr(1, x-l)+O.lEcr(O, x) (4.30) 
x x x 

for Ea = 70 MeV reactions, 

Ecr(a, xn y) =0.8Ea(2, x-2)+0.2Ecr(1, x-I) (4.31) 
x x x 
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for Ea = 90 MeV reactions and 

Ea(a, xn y) =0.n:a(3, x-3)+0.3Ea(2, x-2) (4.32) 
x x' x 

for Ea = 120 MeV reactions. 

The energy parameters of the preequilibrium stage were 

kTp = 6 MeV for the reactions at Ea = 50, 70 and 90 MeV, 

and kTp = 7 MeV for the reaction at Ea = 120 MeV. The 

temperatures of the equilibrium stage were kTe = 1.7 MeV for 

Ea = 50, 70 and 90 MeV reactions and kTe = 2 MeV for Ea = 120 MeV 

103) reaction by referring to the level density. The cross-

sections induced by 60 MeV protons are expressed as 

Ea(p, xn y) = 0.35Ea(2, x-2)+0.4Ea(1, x-l)+0.25Ea(0, x) (4.33) 
x x x x 

wi th kTp = 7 MeV and kTe = 1.7 MeV. The cross-sections are 

composed of three different deexcitation processes,being somewhat 

different from the (a, xn y) reactions. This comes from the 

fact that the alpha particle being composed of 4-particles 

has more probability (larg~spreading width) to create 

particle-hole pairs in the nucleus than the proton. The 

calculated results reproduce well the observed values as 

shown in the figs. 3-3, 3-4, and 3-6-b. 

The slope of the cross-sections for the preequilibrium 

process (large ET» kTe) is approximately given by a'~C exp 

(-ET/np·kTp ) or S~np.kTp as seen from the eq. (4.22). 
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The number np of the preequilibrium decay neutrons and 

the ratio np/(np+ne) for alpha particle induced reactions 

are calculated as shown in fig: 4-8. The mean number np of 

the preequilibrium decay neutrons defined as np=Enp.o(a, xn y)/ 
x 

Eo(a, xn y) is also plotted as a function of the incident 
x 
alpha particle energy in fig. 4-8. The np/(np::,:"ne) values 

increase very rapidly with increase of the ET. The np values 

with large energy excess ET are large, while those with small 

ET are small. In other words the large ET" region has more 

contribution from the preequilibrium process. The obtained 

fip values increase from 0.4 to 2.7 as the Ea goes from 50 to 

120 MeV. Projection of the eq. (4;32) of 120 MeV-a reaction 

on the individual (a l 4n) and (a, lln) reactions gives 

o(a, 4n) = 0.900(3, 1)+0.100(2, 2), 

o(a, lln) =0.410(3,8)+0.590(2,9). 

(4.34) 

(4.35) 

The (a, xn). reactions with x = 4 'V 6 are mainly due to three 

preequilibrium decay neutrons, while those with X = 9 'V 11 are 

due to the combinations of two and three preequilibrium decay 

neutrons. Projection of the eq. (4.29) (Ea = 50 MeV reaction) 

on the individual (a, 2n) and (a, 4n) reactions gives 

o(a, 2n) = 0.990(1, 1)+0.010(0, 2), 

o(a, 4n) = 0.350(1, 1)+0.650(0, 2). 

(4.36) 

(4.37) 

If one neutron is emitted at the preequilibrium stage, the 

(a,xn) reactions with x = 2'V3 are likely, while the (a, xn) 

reactions with x = 4'V 5 are likely for the equilibrium phase. 
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The cross-sections following (3He, xn y) . reactions induced 

by 80' MeV 3He particles are also expressed in a similar way as 

1:a(3 He , xn y) = 0.81: a(l, 'x-I) +0.21: a{2,x-2) (4.38) 
x x x 

with :kTp=6 MeV and kTe =l.7 MeV. The calculated values by 

using the eq. (4.38) reproduce well the observed values as 

shown in the fig. 3-7. 

The calculation of the cross-sections for the (3 He , pxny) 

reaction where a charged particle is emitte is rather 

complicated. For simplicity we assume that protons with 

energy below the Coulomb barrier are suppressed, and that 

the proton emission takes place at the beginning of the door 

way for the projectile-target collision process. The Coulomb 

barrier energy for proton is expressed as 

(4.39) 

wnere Ro is the nuclear radius and the z and A are charge 

and mass of the residual nucleus, respectively. The cal-

culated result under these assumptions is shown in fig. 3-7. 

Here we used the same para~eters as used in the 

eq. (4.38). The predicted cross-sections are not in good 

agreement with the experimental results at the large ET 

region. The similar disagreement is also seen in the 

l65Ho(~,pxn y)Er reaction (see fig.3-5) • We have to know the 

energy and angular distributions of the emitted proton to get 

better agreements. 
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The neutron energy spectra for the (a, 6n) and (a, 8n) 

reactions induced by l20MeV alpha particles were calculated 

in terms of the preequilibriUm and equilibrium processes (egs. 

4.23, 4.32) and shown in fig. 4-9. The energy sums of the 

emitted neutrons of these reaction channels are as large as 

ET=66.4'MeV and 50.4 HeV and the average energies per neutron are 

En 'VllMeV and 'V6.3MeV, for the (a;' 6n) and (a, 8n) reactions 

respectively. Thus even the neutrons evaporated from the 

equilibrium stage must have fairly large'energy in order to 

result in the (a, 6n) and (a, 8n) reactions. The successive 

emissions of most probable neutrons with En 'V kTe would result 

in (a, IOn) or (a, lln) reactions~ ,Since most of these low 

energy neutrons following the (a, IOn) reaction are below 

the present lower limit for the neutron detector, we do not 

discuss the energy spectrum for this reaction channel. The 

neutron energy spectrum for the (p, 4n) reaction is also 

calculated in the similar manner (fig. 4-10) by using the 

eqs. (4.23) and (4.33). 

The angular distributionsof the neutrons following 

the (a, xn) reactions induced by 120 MeV alpha particles 

were calculated by using the eqs. (4.27) and (4.32). The 

number of neutrons emitted at the preequilibrium stage was 

obtained from the fig. 4-8. The kinetic energies Eb of 

the neutrons emitted at the preequilibrium stage were assumed 

to be 14,10 and 7 MeV for the (a, 6n), (a, 8n) and (a, IOn) 
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~eactions, respectively, and the average number of exciton 

particles was assumed to be A'=8. These values for the Eb 

and A' are based on the exciton model calculation. The 

calculated Al and A2 values reproduce well the observed one 

as shown in the fig.3-20-a. The angular distributions of the 

neutrons following (particle, xn) reactions induced by 90 MeV 

alpha particles and by 60 MeV protons were also calculated 

in the similar manner as shown in figs.3-19-b,3-20-b. 

The observed asymmetry term Al is related to the calcu-

lated (raw) Al term as Al = ~ Al' 
X ' 

where np is the number 

of nucleons emitted at the preequilibrium stage (eq. 4.27). 

The observed Al is reduced by a factor np/x. If the nucleon

nucleon cross section is assumed to be isotropic in the center 

of mass system, the Al' term in the lab. system is given by 

Al '=2. The AlX values are around 5 as shown in the fig. 4-11 

for the a-120 MeV reactions. Then we get the value np ~ 2.5 

-being similar to one obtained in the fig. 4-8 where np ~ 2.8. 
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§ 4.5 Analysis of the K-isomer ratio 

We analyze the observed isomer ratio in terms of a simple 

function of the median spin of the input angular momentum Ii 

of the projectile and the mass number Ai. It is 

PK (J) /P (J) E PK (J) I(P o (J) +PK (J» = g (i\) f (Ai) •. 

The g(Ii) is the statistical factor which has; been treated· 

on the K-band deexcitation model. 8 ,43) Here levels with K 

larger than a critical value Kc feed the K· isomer. Thus 

- Km Km 
g(Ii) = L p (K)/L p (K), 

Kc 0 

where p(K) is the K distribution, and Km is the maximum K. 

We use the Km = 12 which corresponds to the maximum K of the 

two quasi-particle states if Ii~12, and the Km = Ii if IG12,

(note Ii>K). Use of the Km larger than 12 changes little the 

g(Ii) because the number of levels with K>12 is anyway quite 

small. The K distribution is obtained from the refs. 109· and 

110. as p (K) = exp (-0. 01K2) for the 2 'V 4 quasi-particle states 

at about 4-8 MeV excitation energy. The critical value Kc 

depends on the location of the K-isomer and other high K levels 

I and we use for the 1820S the Kc =5 because the levels 

< with K = 4 may decay directly or through the K = 2 y-band levels 

to the gsb. The function f(Ai) should be such that the value 

f(Ai) is unity at the extreme case of Ai=O and approaches 

to zero at Ai ~ target mass. In the former there is no mass 

effect, and in the latter the \,lhole compound nucleus has a 
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new symmetry axis perpendicular to the input momentum of the 

heavy mass projectile and rotates with K = O. We use for such a 

function a simple form f (Ai) = exp (-bAi). Thus one g~ts finally 

PK(J)/P(J) 
Km Km ~ 

= (E exp(-aK 2 )/E exp(-aK 2 » (exp(-Ai/A», 
Kc 

where Km =12 for Ii~12 and Km=Ii for Ii<12, a=O.OI, and 

Kc = 5. The observed values are well reproduced by choosing 

the value /( = 8. 

Similar features of the projectile dependence are observed 

in the isomer of J1TK = 6+6 in the 172,174 Hf. Here the depend-

ence is less clear than in the 1820S case because the reac-

tions available for comparison are in the low angular momentum 

range where the K-isomer depends on the angular momentum. 
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§5 Discussions 

i) Very few measureIl}ents of neutron spectra following 

, 117 118) , 
(part~cle,xn y) reactions have been reported ' ,s~nce 

they required elaborate techniques. Neutron ene.rgy and angular 

distributions ~tleresuccessfully measured by use of a single 

stilbene scintillator crystal as a neutron spectrometer by 

Broek for the first timel17 ) •. Detailed angular distributions 

were measured by means of nuclear emulsions, using the internal-

radiator method. The n-p collision occuring within the emulsion 

itself serves to evaiuate the neutron flux l18 ). These two works 

aimed to study the effect due to high angular momentum introduced 

by l60MeV 160 ions on the compound (equilibrium) reaction 

process. 

The present study differs obviously from their data in the 

following points; i) the present neutrons were measured by use 

of an organic liquid scintillator NE2l3 as a neutron spectrometer 

and were identified to the specific reaction channels by 

requiring coincidence with specific discrete gamma-rays, while 

they measured inclusively whole neutrons without identifying the 

reaction channels. ii) the present projectile energies 

(E =60MeV, E =22.5,30 MeV/amu) are much higher than their values p ex 

(E,so=lOMev /amu) and this is essential to study the preequilibrium 

process. As a result we found characteristic behaviours of the 

preequilibrium process in neutron energy and angular distribu-

tions. 

Very recently the mUltiplicity of neutrons in the inelastic 

, f 7 5 / 132 , f 197 h b t d' d scatter~ng 0 • MeV amu Xe ~ons rom Au ave een s u ~e 

as a function of total energy loss by Gould et all19 ). Use of 
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two NE2l3 liquid sc~ntillators were made as neutron detectors. 

Coincidence between inelastica,lly scattered l32xe ions and 

emi tted neutrons w'ere ·made.· . The'y found that the absolute 

multiplicity values are Tower ·than expected and these suggest 

the significant preequilibrium effect. Thus the neutron-

. gamma coincidence measurement is very useful to study the 

reaction mechanism and should be employed more widely. 

-62-



ii) A number of works7 ,8,104-108) have been carried out 

to investigate angular momentum transfer through (particle, 

xn y) reactions. They are studied mostly by gamma-ray 

multiplicity measurements. The spin of the entry state Iy 

(see fig. 1-1) where gamma-decays start can be obtained 

simply by using the relation I y =2(My-3), where My is the" 

multiplicity. Very recently systematic studies of the y-ray 

multiplicity through the (a, xn y) reactions in an energy 

106 111 116 . range of Ea=40~110 MeV ' , have been carr1ed out by 

using a multi-detector system. They gave. higher moments of 

multiplicity, aM (standard deviation) and/or SM (skewness), 

together with multiplicity My. Using these values they could 

deduce the angular momentum distributions at the entry state. 

They found that the multiplicity for (particle, xn) reactions 

with small x, where the preequi1ibrium process is importaht, 

is smaller than those for reactions with large x. On the 

other hand the preequi1ibrium process is considered to occur 

at the outer part of the nucleus, transfering large angular 

momentum. It is considered that the fast neutron emission 

at the preequi1ibrium stage takes out large angular momentum. 

Thus the measurements of energy and angular distributions of 

the decaying neutrons is essential to clarify the angular 

momentum carried out by the neutrons at the preequi1ibrium 

stage of the (particle, xn y) reactions. 

The present systematic studies on cross-sections a(ET), 

median spins IM and neutron energy and angular distributions 
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don(xn)/dn·dE, together with the y-ray multiplicity data are 

useful to understand the angular momentum transferes through 

meutron and gamma de excitation processes of the (particle, 

xn y) reactions. The angular momenta removed by the deexci-

ing neutrons are evaluated as follows. The neutrons from 

the equilibrium stage carry small angular momenta because 

their energies are small. They are mostly of p and d waves. 

Therefore the spin change ~~ (eq.) by the neutron evaporation n 

is evaluated to be ~~ % 3-4 for the 90-120 MeV alpha projecn 
tiles, and it is small (~~ ~0.5) for the· 60 MeV proton pro

n 

jectile. Angular momenta removed by the fast neutrons 

emitted at the preequilibrium stage may be estimated as 

follows; 

~h = 1= x P 
= r· sine ·PW(w) cosw, (5.2) 

where P is the average momentum, W(w) is the angular distri-

but ion of the fast neutron being defined by 

W (w) = l+Al • Pl (cosw) +A2 • P2 (cosw) , 

and e and ware the direction angles of rand P with respect 

to the incident particle. After the average of all over the 

nucleus and taking into the number of preequilibrium neutrons, 

we get 

(5.3) 
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where R is the nuclear radius, n is the number of the neutron 
p 

emitted at the preequilibrium phase. The quantity n -AI' is p 

obtained from the observed Al coefficient by using a relation 

Al = n Al '/x. The P is approximately obtained from the observed 
p 

mean energy En. As an example hereafter we will consider 

mainly the reaction induced by 120 MeV alpha particles. The 

mean en~rgies are tU 25, tU 15 and tU 7 MeV for the preequilibrium 

neutrons due to the (a, 6n y), (a, 8n y) and (a, IOn y) reac

tions, respectively. Here we assumed that R is 1.4-A1
/

3
• 

Finally we obtained the values 'i n tU 8.311, tU 6. 4h and tU 4.411 n 

for the (a, 6n y), (a, 8n y) and (a, IOn y) reactions, res-

pectively. Since most of the low energy neutrons following 

the (a, IOn y) reaction are below. the present lower limit 

for the neutron detector, the obtained value r 11 tU 4 _ 4·1=1 for 
n 

the (a, IOn y) reaction may be overestimated. On the other 

hand, the ~a, 6n) reaction has the neutrons higher than present 

upper limit of the neutron detector. Thus the obtained r h n 

value for the (a, 6n) reaction may be underestimated. 

Our preliminary datalll ) on the y-ray multiplicity 

measurements at Ea=120 MeV give I)1tU (16 ± 3)11., tU (15 ± 3)11, 

. and tU (13 ± 3)b for (a, IOn), (a, 8n) and (a, 6n) reactions, 

respectively. Angular momenta removed by the statistical 

decay neutrons are estimated as tU 3.711, tU 3. 2'h and tU 211 for 

(a, IOn), (a, 8n) and (a, 6n) reactions, respectively. Com

bining these results, the mean values I "h::: I h+r h for the c y n 

spin population at the initial (pre)compound system is 
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obtained as I h!:! (23~3 f 3)11, (24.6 ± 3)h and (24.1 ± 3)n for c 

(a, 6n y), (a, 8n y) and (a, 10 y) reactions, respectively. 

The mean spin Ic' of the initial spin population introduced 

by the 120 MeV alpha particle' is estimated using the relation 

I '= 2· I /3 where I is the maximum angular momentum and c max' max 

corresponds to the impact parameter equal to the nuclear 

radius. Then we get I 'h!:! 2411. c The obtained I h values are c 

very close to the mean spin value I '. It indicate that even c 

(a, 6n) reactions where preequilibriurn process is important 

is considered to be originated from collisions with a whole 

of the nucleus. Thus we can not conclude from the present 

experimental results that the preequi1ibriurn process occures 

at the outer region (larger impact parameter) of the nucleus. 
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iii) The median spin I of the gsb levels is much smaller m 

than the average spin Iy for the entry states. The large 

difference between the Im and Iy is explained by the K-band 

deexcitation model. 

16S-x Er reactions at 

The I values for the 164 Dy (a., xn y) y . 

Ea. = 120 MeV are nearly independent of 

the reaction channel, namely of the number x of the emitted 

neutrons. On the other hand the I values decrease a little m 

as the number x of the emitted neutrons decreases. This may 

be interpreted as follows. The fast neutron emitted at the 

preequilibrium stage causes the spread o~ the sidth of the 

spin distribution at entry point. Consequently gamma ray 

deexcitation flow from the increased low spin part makes the 

reduction of the median spin I. The I values for a given m· m 

reaction channel are nearly constant in a wide range of the 

projectile energy (see 3-ll-a). The Iy values also show-the 

same trend. l06 ) This is interpreted as follows. As the 

incident alpha energy goes higher, the specific reaction is 

going to occur at outer region of the nucleus and deexciting 

neutrons emitted at the preequilibrium stage take out more 

angular momenta. As a result the width of the spin population 

becomes wider, and I and I are kept rather constant. y m 

-67-



iv) It is interesting to obtain the number n of the 
p 

preequi1ibrium decay neutrons in view of reaction mechanism. 

Sarantites et al. carried out calculations of cross sections 

and particle energy spectra with the geometry-dependent 

hybrid model with one preequi1ibrium particle emission in 

ref. 116), and ana1yzed their multiplicity data. They 

concluded that for reaction channels corresponding to a small 

number of emitted neutrons, more than one preequi1ibrium 

neutron emission occures following the (a, xn) reactions on 

166Er at 95.3 MeV. We also obtained the number np of the 

preequi1ibrium decay neutrons in the projectile energy range 

of Ea = 50 '" 120 MeV using a simple two step model (preequilib

rium-equi1ibrium) (see fig. 4-8).· Our results are consistent 

with that of Sarantites results. 

The number of prequi1ibrium decay nucleons is also obtained 

for the proton projectile by Sad1er et a1. 120 ) They measured 

production of various nuclei following bombardments of median 

1 ' (58-64 N, 54,56 59c 48,) , h ' d' mass nuc e~ ~, Fe, 0, T~ w~t ~nterme ~ate 

energy protons (Ep=80-160 MeV) by observing gamma-rays. By the 

variation of production cross-section with target mass and 

bombarding energy they estimated that one or two nucleons are 

emitted in the preequi1ibrium phase in every case. This 

results are also consistent with that of our results (see 

eq. 4.33). 
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v) The medium heavy nuclei excited by 90-120 MeV alpha 

particles were found to deexcite firstly down to around 50 

MeV excitation energy by emitting two or three nucleons at 

the preequilibrium stage. After this they decay by evaporat-

ing low energy neutrons at the equilibrium stage. The nucleus 

excited by 60 MeV protons decays down to around 40 MeV by 

emitting 1~2 nucleons at the preequilibriumstage. At this 

point the nucleus reaches the equilibrium. Thus the critical 

energy E = 50 MeV for the phase transition between the pre-c 

equilibrium and equilibrium processes for the alpha projec-

tile is somewhat larger than the critical energy E = 40 MeV c 

for the proton bombardment. The difference is considered to 

be due to the different number of excitons at the initial 

stage. The existence of the phase transition was firstly 

predicted theoretically by Yoshida in the frame work of 

exciton model and this is the reason why our simple two step 

model reproduce well the experimental results. 
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§6 Summary and Concluding Remarks 

Preequilibriurn and equilibrium deexcitation processes in 

the (particle, xnyp y) reactions,induced by medium energy 

(E~lOO MeV) projectiles were studied by measuring the detailed 

singles gamma ray spectra and the decaying neutrons in co-

incidence with the gamma rays. Projectile dependence of the 

K-isomer ratio was : also studied. The results are summarized 

as follows. 

i) The cross-sections o(ET) and the median spin values 

lm of the gsb levels were studied on the (particle, 

xn yp y) reactions at various projectile energies and 

particles. 

ii) The cross sections for the small number (x) of emitted 

neutrons with large ET (sum of energies of the emitted 

neutrons) are much larger than expected from the com-

pound process. This feature gets pronounced more as 

the projectile energy gets higher. 

iii) The obtained lm values increase very slowly as Ea goes 

from 50 to 120 MeV. 

than the mean value 

They are much smaller (~lm(CN)/2) 

2 
(lm (CN) = Jlmax) of the angular 

momenta introduced by the alpha projectile. The lm 

values for a given reaction channel are fairly flat in 

a wide range of the alpha energy. The lm I s for the large 

ET region, where the preequilibrium process is impor-
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tant, are definitely smaller than that for the small 

ET region. 

iv) The n-y coincidence method was successfully used to 

study the preequilibrium-and equilibrium processes 

following the l64ny (ex.,xn y) reactions at E =90 and 120 MeV ex. 

and the l65HO (p,::xn y) reaction at E =60 MeV. 
p 

v) The neutron energy spectra have a high energy (10 'V 16 

MeV) part and a low energy (2 'V 4 MeV) part. The high 

energy part is particularly conspicuous in the neutron 

energy spectra at forward angles in the reaction with 

large ET. 

vi) Neutron angular distributions following (particle, xn y) 

reactions are asymmetric with respect to 90~. The 

asymmetry term A1P1(cos8) is larger in the reaction 

with larger ET and small x, and gets pronounced more 

as the projectile energy gets higher. 

vii) The exciton model was applied for the deexcitation 

process of the (particle,xn y) reactions. The particle 

-decay width at the preequilibrium stage (the escape 

probability), the fraction of the preequilibrium decay, 

and the energy and angular distributions of the decay-

ing neutrons were calculated. On the basis of these 

calculation the simple analytical model with two energy 

parameters was made. 

via) The cross sections were reproduced in terms of the 
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preequilibrium-equilibrium process. For example o(a,xn) 

= 0.71:0(3, x-3)+0.31:0(2, x-2) with kTp= 7 MeV 
x x 

and kT = 2 MeVfor Ea = 120 MeV reactions. Other reac-

'tions were also well reproduced in a similar manner. 

ix) The mean number np of the preequilibrium decay neutrons 

in the (a, xn y) reactions induced by 50, 70, 90 and 

120 MeV alpha particles are 0.5, 0.8,1.8 and 2.8, 

respectively. 

x) The asymmetric (forward peaking ) angular distribution 

is reproduced by assuming np neutrons emitted isotrop~ 

ically in the center of mass system of the local exciton 

particles in the preequilibrium stage. 

xi) The critical energy for the phase transition between 

the preequilibrium and equilibrium stages is around 

Ec ~ 50 and 40 MeV for the a'lpha and proton bombardments. 

xii) The preequilibrium process is more important at the 

outer region (larger impact parameter) of the nucleus. 

xlii} The' K-isomer ratios in \1 8' 2 0s and 172,174 Hf were studied 

by (particle, xn y) reactions for various kinds of 

projectiles in a wide range of the projectile energy. 

They were found to depend on the projectile mass. 

Finally some remarks should be made on further extensions 

of this work. Combining the energy and angular distributions 

of the neutrons and the gamma ray multiplicity, the mean values 

Ich = I yh+2nl1 for the spin population at the initial (pre) com-

-72-



pound system can be obtained. Thus we can obtain the mean 

impact parameter for individual (particle, xn y) reaction 

channels. Systematic studies will advance 

ing of the reaction mechanism. 

understand-

The simple model with two temperatures reproduces well 

the cross sections following (particle, xn y) reactions, 

though the model does not work well for reactions involving 

the charged particle emission. Charged particles are emitted 

mainly at the preequilibrium stage for the present mass region 

since low energy charged particles evaporated at the equi

librium stage are suppressed much by the Coulomb barrier. 

Thus the preequilibrium and equilibrium deexcitation processes 

may be selectively obtained by observing gamma rays in 

coincidence with charged particles. Measurements of the 

charged particle angular and energy distributions are useful 

for clarifying the mechanism. Recently a.break up process of 

composite projectiles such as a and 3 He was extensively 

studied~13,114) The cross-sections by this process at present 

energy region are about 10% of the total cross section. It 

is also interesting to study how much contributions are there 

in (particle, xn yp y) reactions from the break up process. 

In our simple model with two energy parameters (tem

perature for the equilibrium phase) the effect due to the 

angular momentum dependence of the level density is not taken 

into account in the deexcitation process. The spin dependent 
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tremperature was defined by Williams and Thomas llS ) as 

1 
T = T [l_~rot (I) ] 2 

I E* , 

where Erot(I) is the rotational energy, E* is the excitation 

energy ,and T is the nuclear temperature. In the" present 

energy region Erot(I)«E* and TI~T. Thus we do not need 

to consider the effect due to the angular momentum. In the 

HI induced reaction, the angular momentum is so large that 

the deexcitation is largely affected by the angular momentum 

dependence of the level density, etc. It is very interesting 

to investigate how the preequilibrium and equilibrium processes 

are affected by this high angular momentum introduced by the 

HI projectile. 
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Figure Captions 

1-1. Schematic deexcitation process of a nucleus following 

(particle, xn yp y) reactions. 

1-2. Schemetic representation of the equilibration process 

in the exciton model. 

1-3. Schematic energy levels and deexcitation process for 

the 120 MeV (a, xn y) reaction (upper), and the total 

energy ET of the emitted neutrons (~ee text) and the 

average kinetic energy En = ET/x per neutron as a function 

of the number (x) of the emitted particles (right hand 

side). 

2-1. The F beam transport system. 

2-2 Circuit diagram to pick up the cyclotron R-F signal.· 

2-3 Typical counter arrangement 

2-4-a Absolute efficiency curve for the ORTEC-II 55cc Ge(Li) 

detector. 

2-4-b Absolute efficiency curve for the LEPS detector. 

2-5 Neutron energy vs. electron energy for NE2l3 liquid 

scintillator'(taken from ref. (53» 

2-6 Schematic representation of pulse height discribution 

for monoenergetic neutrons En. B is the lower discrimi

nation level and ~ is the width of the i-th neutron 

energy window. 

2-7 Efficiency of an organic scintillator for 0.04 Cobalt 

lower threshold (taken from ref.(55». The open circle 

results from a Monte Carlo calculation. 
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2-8 Pulse height distributions for monoenergetic neutrons 

of two different energies. The solid line results from 

V V b ' k' 53) h d h d l' d •• Ver 1ns 1. Teas e 1ne correspon s to a 

Monte Carlo calculation. 

2-9 Block diagram of electronics used in the n-y coincidence 

measurements. 

2-10 Neutron-gamma ray pulse shape discrimination_ property 

for four different energies following l64Dy +120 MeV-a ' 

reactions. 

2-11 Neutron-TOP spectra following 16~Dy+llOMeVa. The 

dot and cross are neutron spectra without lead 

shield and with 2cm lead shield, respectively (upper). 

The attenuation factor due to the 2cm lead absorber 

(lower) • 

3-1 Energy spectrum of gamma ray observed at 8~ =125°. 

Gamma ray energies are given in units of keV. 

3-2 Energy spectrum of gamma ray observed at 8t = 40°. 

Gamma ray energies are given in units of keV. The 

Ai, Bi, Ci, Di and Ei stand for the rotational gamma 

rays following the (p, 6n), (p, 5n), (p, 4n), (p, 3n) 

and (p, 2n) reactions, respectively. The attached 

numbers i = 1,2,3, ••• indicate, respectively, the 

t " 2+ 0+ 4+ 2+ 6+ 4+ d rans1t10ns ~, ~ , ~ , an so on. The P,Q,R,S, 

stand for the gamma rays following (p, p5n), (p, -p4n), 

(p, p3n) and (p,p2n) reactions, respectively. 
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3-3 Relative cross-sections for the 174 ,176 Yb (a, xn y) 

178,180-
xHf reactions as a function of the total energy 

ET (energy excess above the reaction threshold) of the 

emitted neutrons induced by 50, 70, 90 and 120 MeV 

alpha particles. The solid lines are the present 

calculations for the preequilibrium and equi~ibrium 

processes. (see text) 

3-4-a Absolute cross-sections following 164 Dy+120 MeVa reac-

tion as a function of the total energy ET. The solid 

line is the present calculation for the preequilibrium 

and equilibrium processes t-tith kTp = 7 MeV and kTe = 2 MeV. 

The notation EQ results from the equilibrium process 

only with the effective temperature kTe == 2 MeV. Other 

dotted lines are drawn to guide the eye. 

3-4-b Absolute cross sections following 174 ,176 Yb+120 MeVa 

reaction as a function of the total energy ET. The 

solid line is the present calculation for the preequi~ 

librium and equilibrium processes with kTp = 7 MeV and 

kTe = 2MeV. The notation EQ results from the equilibrium 

process only with effective temperature kTe = 2 MeV. 

Other dotted lines are introduced to guide the eye. 

3-5 Absolute cross-sections following l65Ho+120 MeV 

reaction as a function of the total energy ET. The 

dashed line results from the equilibrium process only 

with effective temperature kTe =2 MeV. 

3-6-a Absolute cross-sections following l65Ho~OMev-p and l7\u 

+40MeV p reactions as a function of the total energy ~IT 

of the emitted neutrons. The results by E =39 and 51 MeV 
p 
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are taken from ref. 67. The solid lines are introduced 

just to guide the eye. 

. 165 166-x 
3-6-b Absolute cross sect10ns for the Ho(p,xn y) Er 

reactions as a function of the total energy ET of the 

emitted neutrons. The solid (PE) line is the present 

calculation for the preequilibrium and equilibrium process. 

The dotted (E) and dott-dash lines are evaluated for the 

equilibrium process only with the effective temperature 

kT =1.7 MeV and 2.2 MeV, respectively. e 

3-7 Relative cross sections induced by He particles as a 

function of ET. The solid lines fo~ 3He - 80 MeV reac

tions results from the present calculation (see text). 

Other lines are introduced just to guide the eye. 

3-8 The "EM" (the energy at which cross-section is maximum) 

and "s" (the slope of cross-sections at large ET region) 

are plotted as a function of projectile energy (see 

text) • 

3-9 The slope S as a function of EM for p, 3He and u projec-

tiles. 

3-10 The observed gamma ray yield Y(l), normalized as Y(4)=1, 

of the gsb's following the 174Yb(u, 6n)172Hf reactions 

at three different bombarding energies. 

3-11-a The med{an spin values lm as a function of alpha 

particle energy. The solid line denoted by lm(CN) 

is ex.pected for a compound nucleus. Other solid lines 

are introduced just to guide the eye. 

3-11-b The median spin values lm as a function of alpha 

particle energy. The dashed line denoted by L is 

expected for a compound-nucleus. 
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3-13 

The Im values as a function of ET induced by 70, 90 and 

120 MeV alpha particles on 174 '176 Yb. 

A typical example of the gamma ray spectrum following 

the 182W(3He, 3n)1 820s reaction at E(3He) =31 MeV 

A: 183 Re , B: 1840S. 

3-l4-a Isomer ratios following (p, xn y), (3He, xn y) and 
3-l4-b 

(a, xn y) reactions as a function of Im. (Other lab. 

data included). The solid lines are just to guide 

eyes. 

3-15 Gamma-ray spectra in coincidence with the neutrons. 

The bin number gives the eight energy windows of the 

coincident neutron pulse (see text). 

3-16 The relative gamma ray yield of individual (a, 10n) , 

(a, 8n) and (a, 6n) reaction channels as a function 

of the eight neutron energy window s. 

3-17 The unfolded spectra from same raw data by two different 

methods, differential method and response matrix 

method (see text). 

3-l8-a Neutron energy spectra d 2on (a, xn)/dQ/dEn/X for the 

164ny(a, xn)168-x Er reactions, where x is the neutron 

multiplicity. Solid lines are just to guide the eyes. 

The arrow indicates the mean neutron energy En = ET/x. 

The observed values d 2on (a, xn)/dQ/dEn are factor 

6and 10 larger for the (a, 6n) and (a, IOn) reactions, 

respectively, because of their multiplicities. 
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3-lS-b Neutron energy spectra d2an(P, xn)/dr2/dEn/x for 

the 165HO(p, xn)166-X Er reactions. The A,B,C and D 

stand for the spectra at eR. = 35 0
, 62.5 0

, 90 0 and 145 0
, 

respectively. Solid lines are just to guide the eyes. 

3-l9-a Angular distributions of neutrons following (a, xn) 

reactions with x = 6-11 on 164 Dy. Closed circles are 

the data points for all neutrons above 2.5 MeV. Solid 

lines are the results from least square fittings. 

3-l9-b Angular distribution of neutrons following (p, 4n) 

and (p, 6n) reactions on 165 Ho . Closed circles are 

the data points for all neutrons above 1.1 MeV. 

Solid lines are the present calculations. 

3-20-a The Al and A2 terms of neutrons following 164DY~ 

120 MeVa reaction as a function of ET. Solid lines 

are present calculations (see text). 

3-20-b The Al and A2 terms of neutrons following 164 Dy+ 

90 MeVa reactions as a function of ET. Solid lines 

are present calculations (see text). 

4-1 The fractions of the preequilibrium emission for 

various incident energies and initial exciton numbers 

for alpha projectile (upper) and proton projectile 

(lower) • 

4-2 The escape probability results for three initial 

states as a function of an exciton number. (see text). 
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4-3 Neutron energy spectra for three initial conditions. 

(see text) 

4-4 Angular distributions of emitted neutrons for three 

initial conditions. 

4-5 Schematic picture of the preequilibrium and equilibrium 

deexcitation processes. 

4-6 Schematic picture of the deexcitation process for the 

165Ho(p, xn y) Er reaction. The fi(Ei) is the energy 

spectrum of all i-th neutrons (i = 1,2, ~ •• ,x,), the Si 

(Ei, ET) is the energy spectrum of such i-th neutron 

that gives the total energy ET = Ei. The Ex(ET) is the 
x 

sum spectrum for ET = ~Ei. The (p, xn) reaction channel 

is defined by such reaction as al<E~a2' where a2=Ep+Q(x), 

al = Ep+Q (x+l). The Q (x) is the Q value for the (p, xn) 

reaction. 

4-7 The EM and S being defined by an expression cr(ET)=cr(EM) 

ET-EM exp[-( S )] at large ET region, for the valious energy 

parameters (temperatures) and the number of decaying 

neutrons at the preequilibrium stage. 

4-8 The mean number np as a function of alpha projectile 

energy (upper left side). The number np of the neutrons 

emitted in the preequilibrium stage and the ratio np/x 

for the (p, xn y) reactions as a function of ET. These 

values are calculated on the basis of eqs. (13)~ (15). 

(see text). 
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4-9 'The neutron energy spectra dOn /dE/6 and dOn /dE/8 for 

the (a, 6n y) and (a, 8n y) reactions and the present 

calculations (the solid lines) with kTe = 2 MeV and 

kTp = 7 MeV. 

4-10 The neutron energy spectra don/dE/4= !d 2 on /(4-dE-dQ) ]dQ 

for the (p, 4n y) reactions and the present calculations 

(the solid lines). The dotted lines are for the pre

equilibrium process only. The A and B are the calcula

tions with kTe = 1.7 MeV, kTp = 7 MeV, and kTe = 2.0 MeV, 

kTp = 7 MeV, respectively. 

4-11 The A1X where Al is the expe~imentally obtained anisotropy 

and x is the reaction channel as a function of ET(see 

text) • 
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