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DASHDORJ, DUGERSUREN. Spin Distribution in Preequilibrium Reactions for 8Ti +
n. (Under the direction of Dr. G. E. Mitchell and Dr. P. E. Garrett)

Cross section measurements were made of prompt y-ray production as a function
of incident neutron energy on a “8Ti sample. Partial y-ray cross sections for transitions
in ®=48Ti, 44-483¢c, and *2~%5Ca have been determined. Energetic neutrons were deliv-
ered by the Los Alamos National Laboratory spallation neutron source located at the
LANSCE/WNR facility. The prompt-reaction v rays were detected with the large-scale
Compton-suppressed germanium array for neutron induced excitations (GEANIE). Neutron
energies were determined by the time-of-flight technique. The vy-ray excitation functions
were converted to partial y-ray cross sections taking into account the dead-time correction,
target thickness, detector efficiency and neutron flux (monitored with an in-line fission
chamber). The data are presented for neutron energies F, between 1 to 200 MeV. These
results are compared with model calculations which include compound nuclear and pre-
equilibrium emission. The model calculations are performed using the STAPRE reaction
code for E, up to 20 MeV and the GNASH reaction code for E, up to 120 MeV. Using
the GNASH reaction code the effect of the spin distribution in preequilibrium reactions has
been investigated. The preequilibrium reaction spin distribution was calculated using the
quantum mechanical theory of Feshbach, Kerman, and Koonin (FKK). The multistep di-
rect (MSD) part of the FKK theory was calculated for a one-step process. The contribution
from higher steps is estimated to be small. The spin distribution of the multistep compound
(MSC) part of FKK theory is assumed to be the same as in the compound nucleus. The
FKK preequilibrium spin distribution was incorporated into the GNASH calculations and
the y-ray production cross sections were calculated and compared with experimental data.
The difference in the partial vy-ray cross sections using spin distributions with and without
preequilibrium effects is found to be significant. Specifically, the probability of -y transitions
from a high spin state is strongly suppressed because of the preequilibrium spin distribution.

Preequilibrium reactions are found to be important for neutron energies above 10 MeV.
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Chapter

Introduction

Cross sections of many reactions, including preequilibrium reactions, have important
practical applications, from the design of fission and fusion reactors to space and astrophys-
ical research. It is often necessary to measure, or to estimate if measurement is not possible,
nuclear cross sections both at low and high energies to moderate accuracy. The spin distri-
bution transferred in preequilibrium neutron-induced reactions may play an important role
in the predictions of reaction cross sections. The spin distributions can be deduced from a
comparison of the relative population of low-lying states with different spins (measured us-
ing the GEANIE array), with the predictions from state-of-the-art Hauser-Feshbach codes
incorporating preequilibrium models. Preequilibrium reactions are important when incident
neutron energies are above ~ 10 MeV, as evidenced by e.g., fast neutron emission. The
transferred spin distribution is predicted by the theoretical calculations. However, there are
no experimental data to compare with the theoretical calculations of the spin distribution
in the residual nucleus in the region of the preequilibrium reactions. The powerful v-ray
array coupled with the intense neutron beam at WNR/LANSCE brings a new tool for the
investigation of the preequilibrium process. The partial y-ray cross sections for low-lying
states with different J™ were measured as a function of neutron energy. These cross sections

were interpreted with the aid of reaction modeling to determine the transferred spin distri-
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bution. Increased understanding of the preequilibrium mechanism should improve reaction
model predictions.

Preequilibrium reactions take place on a time scale that is between the direct and
compound processes. Since preequilibrium emission occurs before the composite nucleus
reaches its equilibrated state, on average the preequilibrium particles are emitted with
more energy than the particles following the formation of a compound nucleus. Although
the preequilibrium mechanism has been studied in the past, it is not completely under-
stood. Measuring the prompt reaction -y rays as a function of incident neutron energy pro-
vides improved understanding of the spins populated by the preequilibrium reaction; this
information is obtained by studying angular momentum information for the y-ray cascades
in the residual nucleus. Several models have been developed that describe the preequi-
librium process: the cascade model [Ber63], the exciton model [Gri66], the FKK model
[Fes80], the HMS [Bla96] model and the TUL [Tam82] model. The quantum-mechanical
theory of Feshbach, Kerman, and Koonin (FKK) describes inelastic multistep processes in
nucleon-induced reactions up to 200 MeV. This model allows a direct calculation of the spin
distributions of residual nuclei remaining after preequilibrium emission. The magnitude of
preequilibrium emission at various incident neutron energies affects the angular momentum
distribution of the populated states in the entry region of the residual nucleus. This distri-
bution is different from that arising from equilibrium neutron emission alone. To study the
spin distribution of the residual nucleus in preequilibrium reactions, one needs to tag on
states with specific angular momentum. An example would be to compare the population
of 6T states to 27 states in the ground state band as a function of incident neutron energy
in a region where preequilibrium is expected to dominate.

Neutron-induced reaction cross sections on natural titanium are important for ra-
diochemical diagnostics used to monitor charged-particle flux. *8Ti is the most abundant
stable isotope (73.72%) in natural titanium. Charged-particle destruction cross sections on
4874, for example (p,n), are measured with high accuracy (see e.g., West et al. [Wes93] and

Gadioli et al. [Gad81] ), but the neutron activation cross sections are poorly measured. The
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amount of 8V produced via (p, n) reactions on “*Ti is somewhat sensitive to the neutron de-
struction cross sections of “®Ti since it is in a neutron-rich environment. Data are available
for the (n,p), (n,2n), and (n,a) cross sections via the activation technique, but they are
mostly concentrated at E,, = 14 MeV. Furthermore, the data from different measurements
are often contradictory. This leads to very different evaluations of the cross sections. For
example, for the (n,a) reaction at E,, = 14 MeV, the ENDF /B-VI evaluation gives 18.5 mb,
while the JENDL-3.3 evaluation gives 33 mb.

Prompt «y rays were produced from neutron-induced reactions on an enriched *4Ti
target. Partial cross sections have been measured using the spallation neutron beam and
the Compton suppressed germanium detector array (GEANIE) at the Los Alamos Neutron
Science Center (LANSCE). The majority of the known 7-ray transitions in low-lying discrete
levels of the residual nucleus have been observed in the (n,n') and (n,2n) channels, and
their y-ray yields have been determined. A few of the prominent v rays from transitions
in low-lying excited levels for charged particles emission channels were also measured. The
individual partial cross sections have been combined to produce an experimental lower limit
on the *8Ti(n,n'y)*Ti, ¥Ti(n,2ny)*"Ti, **Ti(n,py)*¥Sc and *®Ti(n,ay)*>Ca cross sections
for E,, = 20 MeV. The statistical Hauser-Feshbach calculation codes predict the partial
cross sections for the unobserved contributions from the reaction. Measured lower limits
were combined with Hauser-Feshbach calculations to produce a model-dependent estimate
of the reaction channel cross sections.

This work consists of 7 chapters and an appendix. A brief theoretical background for
the reaction mechanisms and an introduction to nuclear level densities and y-ray strength
functions are given in the following chapter. The experimental details of the measurement
of prompt « rays from neutron-induced reactions and a description of the experimental
devices are presented in Chapter 3. In the Chapter 4 the analysis of the experimental data is
described. The next chapter includes a description of the Hauser-Feshbach Statistical Model
and its application to reaction model calculations. Chapter 6 contains experimental results

on partial v-ray cross sections of the *Ti + n reaction. Partial y-ray cross sections and
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channel cross sections are presented and compared with Hauser-Feshbach statistical model
calculations. Also the spin distribution of states populated by the preequilibrium reactions
and the comparison of experimental and theoretical predictions are discussed. Chapter
7 summarizes the results of this work, and provides suggestions for future research. An
appendix presents the individual partial cross sections from prominent transitions included

in the reaction channel cross sections.



Chapter
Theoretical Background

2.1 Introduction

In the interaction of a neutron with a nucleus, different types of processes may occur.
These can be classified as three main types of reaction mechanisms: direct, compound
nucleus, and preequilibrium (precompound) reactions [Hod97]. A direct reaction takes
place on a short time scale which is of the order of the time taken by the projectile to
traverse the target nucleus, typically around 10722 s. On the other hand, a compound
nucleus reaction happens in the relatively long time span ~ 10717 s, which is several orders
of magnitude longer than the time scale of a direct reaction. The preequilibrium reaction is
intermediate between direct and compound nuclear reactions. In this chapter, these three

types of reactions are discussed and the relevant theoretical models presented.

2.2 Direct reactions

A direct reaction is a fast process. In a direct reaction the projectile interacts with a
nucleon, a group of nucleons or the whole nucleus. Emission of one or more particles takes
place immediately following the interaction. Direct reactions may excite many different

types of nuclear states, and each provides a distinctive opportunity to learn more about
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particular aspects of nuclear structure. The simplest direct interaction between an incident
particle and a target nucleus is elastic scattering, with the particle’s direction of motion and
state of polarization changed without loss of energy. Direct or shape-elastic scattering occurs
only when the incident particle interacts with the nucleus as a whole. When the energy of
the reaction products, (but not their constituents), change as a result of interaction, this
is called inelastic scattering. Inelastic scattering occurs when a projectile interacts with a
nucleus and transfers some of its energy, raising the target nucleus to an excited state. This
generally changes the direction of motion and state of polarization of the projectile. Other
direct reactions are the stripping or pick-up reaction in which one or more nucleons are
stripped or picked up from the projectile. These are also referred to as transfer reactions.

The direct reaction mechanism can be described with the optical potential.

2.2.1 The phenomenological optical model

The direct reaction mechanism is described by the optical model which simulates
the interaction between the projectile and the nucleons in the target nucleus by a nucleon-
nucleus potential. Phenomenological optical model potentials are normally used to compare
with and to fit experimental data. Practical calculations employ one-body phenomenological
potentials which consist of a real term, V(r), which describes the reflection of the particle
flux, and an imaginary term, W (r), which accounts for the removal of the particle flux from
the incoming channel by the target nucleus. In V(r) and W (r), r is the distance between

the incoming particle and the target. The general form of the phenomenological potential

is given by:
Ur) =V(r)+iW(r) (2.1)
= Ve(r) a Coulomb term
—V(Eine) fv(r) a real volume term
+V(Einc)gv (r) a real surface term

—iWs(Eine)gw(r) an imaginary surface term
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+iWy (Eine) fwv (1) an imaginary volume term
+dsol - 8Viohvy,, (T) a real spin-orbit term

+idgpl - §Wsohw,, () and an imaginary spin-orbit term

where E;p. is the energy of the projectile in the laboratory system [Car00]. The Coulomb
term is taken to be the interaction of a point charge with a uniformly charged sphere of

radius R,

(3 - %) Zp%e€?/Re, T <Re

Vo(r) = (2.2)

ZpZie?[r, T > R,
where Z, and Z; are the projectile and target charge. The Woods-Saxon potential is used

for the real and imaginary volume terms fy (r) and fy (r). That is,

1

T = T apltr = Rp) )

=V, W, (2.3)

where R; = rjAl/ 3 is the radius of the nucleus and a; is the diffuseness parameter. The
real volume potential reflects the average interaction of the projectile with the nucleons of
the target nucleus. The Wood-Saxon form is quite similar in form to the nucleon density
of a saturated nucleus. The strength of the real volume potential is roughly proportional
to the mass of the projectile and decreases with incident energy. The imaginary volume
potential takes account into the loss of projectile particles due to collisions with nucleons
of the target.

The real and imaginary surface terms of the optical potential are taken to be pro-
portional to the derivative of the volume potential. They peak at the surface of a nucleus

and fall to zero within a distance of a few aw, i.e.,

exp((r — R;)/a;]
1+ exp[(r — R;)/a;])?

The imaginary surface term of the optical potential takes into account the absorption due

gi(r) = —4ajdirfj(r) = 4( j=V,M. (2.4)

to the coupling to the quasi-bound compound nucleus states. The spin-orbit potentials are
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assumed to be of a Thomas form:

_ 1dpoy 1 el —R)/aj
hj(r) = _;%fy(r) ~ raj (1 + exp[(r _JRJ');J'])Q

j = Vtsanso- (25)

The phenomenological optical model potential can be parametrized in terms of po-
tential strengths and geometrical parameters. These parameters have been adjusted for
many systems and values of the relative energy. For nucleons, typical values of the poten-

tial strengths are

V & (45 —55) MeV — (0.2 — 0.3) E(MeV), (2.6)
W, ~ (2—7) MeV+(0.3—05) E(MeV), E <8—10MeV,

Vso (4 — 10) MeV.

Q

Above 8 - 10 MeV, W, is usually constant. The geometrical parameters, R; and a;, are
assumed to be energy independent. Since inelastic scattering and nuclear reactions prefer-
entially occur at the surface of a nucleus at low incident energies, the absorptive potential
is typically constructed to have a surface component only when F;,. <10 MeV.

For elastic scattering, when the optical potential is inserted in the Schrodinger equa-
tion, and the wavefunction expanded into partial waves, the phase shifts for each partial
wave can be obtained and hence the differential cross section. Inelastic scattering requires
a more complicated model of the excited nuclear state constituting a set of coupled equa-
tions for the wavefunctions in the elastic and all inelastic channels in the reaction being
considered. In principle, these equations can be solved for all of the wavefunctions. Since in
practice the number of equations that can be solved in a practicable length of time is lim-
ited, it is necessary to seek a suitable approximate method of solution. Such approximation
methods are coupled-channel equations and the distorted wave Born approximation. The
coupled channels formalism is an extension of the optical model which allows the calcula-
tion of inelastic scattering to a few selected low-lying excited states. The calculation time

increases rapidly with the number of states included, and thus it is necessary to restrict
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the calculation to a few states. In the limit, when no inelastic channels are included, the
formalism reduces to that of the simple optical model. The coupled-channels formalism has
been extended to treat nucleon transfer reactions with inclusion of inelastic scattering in
both the initial and final nuclei. The transfer itself is treated by the distorted wave Born
approximation and so the whole calculation is called the coupled-channels Born approxima-
tion. This calculation has been successfully used to analyze a wide range of experimental
data. As well as being fundamental for the calculation of direct reaction observables, op-
tical model calculations are used to produce the transmission coefficients essential for the

analysis of compound nucleus cross sections within the Hauser-Feshbach statistical theory.

2.3 Compound nucleus reactions

Many nuclear reactions take place by the capture of a projectile to form a com-
pound nucleus in an excited energy state which subsequently decays by particle and gamma,
emission. Between formation and decay the excitation energy is shared statistically among
its constituent nucleons so that all memory of its mode of formation is lost. The processes
of formation and decay are thus independent of each other. This is the Bohr independence
hypothesis [Boh36]. The independence of the processes of formation and decay of the com-
pound nucleus can be tested experimentally by forming the same compound nucleus at the
same excitation energy by different reactions and testing whether it decays in the same way
in each case. It is useful to divide compound nuclear reactions according to whether or not
the states in the compound nucleus and in the final nucleus are resolved. This depends both
on the energy and target nucleus and on the energy resolution AFE of the detecting appara-
tus. At low energies the reaction may go through a single state in the compound nucleus to
a single state in the final nucleus. The cross sections of such reactions as a function of energy
show a pronounced resonance structure that can be analyzed by the Breit-Wigner theory.
For a reaction from channel a to channel b proceeding through well-separated compound

nuclear resonances of spin J, the cross section can be expressed as a sum over individual
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Breit-Wigner resonances:

Txal'ae
(E — E))?+ iI'%’

Jan(E) = \° Z
A

(2.7)

where F is the incident energy, A is the reduced wavelength in the incident channel (inverse
of the wave number k), 'y, and Ty, are the partial widths of resonance A in the incident
and exit channels, F) is the energy of the resonance and T'y is its total width. The total

width is the sum of the partial widths in all channels,

I'y=) T (2.8)

When the level width T" is larger than the level spacing D, the levels overlap strongly. In
such situations, when the energy resolution AE < I', the cross sections fluctuate strongly as
a function of energy. However, because of overlapping resonances, fluctuation properties are
rather complicated. Most theoretical considerations of compound nucleus cross sections use
energy-averaged cross sections. If the energy spread AFE > T", many states in the compound
nucleus are excited, but the fluctuations are no longer apparent. At low energies the reaction
proceeds only to discrete states in each residual nucleus. As the energy increases it becomes

possible to reach the unresolved continuum of states.

2.3.1 Hauser-Feshbach theory

Hauser-Feshbach theory describes reaction cross sections that involve a large number
of compound nuclear states. The Bohr independence hypothesis allows the cross section to
be written as the product of two factors, the cross section o, for formation of the compound

nucleus and the probability P, that it will decay into the channel b:
Oap = 0o Pp. (2.9)

The compound nucleus formation cross section for a particular orbital angular mo-

mentum is given by

00 = TAZ(20 4+ 1)T,, (2.10)
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where T, = 1 — |S,4|? is the transmission coefficient in the a channel. The reciprocity

theorem relates a cross section to its inverse:

XoTab = X207, (2.11)
where @ and b refer to time-reversed states. Combining these equations implies that

T, Py = T} P;. (2.12)
Since this is true for all channels a and b,

P, B

m=m=t (2.13)

where £ is a constant. Since the Ps are probabilities

NoP=¢Y) T,=1 (2.14)

Therefore
Py = €T = 8 (2.15)
b — A= . .
LD DAY
Thus finally
ToTy

Oap = TA2(20 + 1) (2.16)

Zc TC

This is the simplest form of the Hauser-Feshbach formula. The T, can be calculated from
the appropriate optical model potentials. It can easily be applied to reactions to continuum
states. This Hauser-Feshbach formula provides the cross section of a compound nuclear
reaction from a single incident channel a to a single outgoing channel b, for a particular
angular momentum [ in the absence of spin. If the interacting particles have spin, the
expression for the cross section must include the appropriate spin weighting factors. Suppose

that the spins and angular momentum for the reaction T(a,b)R are defined as follows

i rg, J o i I
a+T—(CN)*> b+ R
N—— N——r
s=i+1 §'=i'+1I'

The spin % of the incident particle and spin I of the target combine to form the channel spin

s, which in turn combines with the orbital angular momentum [ to form the total compound
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nucleus angular momentum J, and similarly for the outgoing channel. The probability that

the spins 7 and I combine to give a particular s is

2s+1
P(s) = 2.17
©) = @i nEr+) (2.17)
and similarly the probability of s combining with [ to give J is
2J+1
P(J) = 2.18
(J) (2s+1)(21+1) (2.18)
Weighting the partial waves by (2/+1) the cross section becomes
2J+1 T T,
oBF(B) =ma2Y + a’h (2.19)

@i+ 1)@I+1) X T

where II is the parity of the compound state and parity is conserved. The transmission

coefficients depend on the angular momenta [, s, and J.

2.3.2 The width fluctuation correction

There are basically three ways of modifying the Hauser-Feshbach formula to take
account of the correlations between the incident and outgoing waves in the elastic channel.
These correlations may be taken into account formally by defining the corrected cross section

to be
TaTb
> Tt

where Wy, is the width fluctuation correction. This factor depends on the transmission

Oap = TAZ ( ) Was, (2.20)

coefficients T;.

Moldauer width fluctuation correction

It is possible to obtain an explicit form for transmission coefficients dependence by
assuming that all of the 7} are small [Mol61]. Since Hauser-Feshbach is a theory for the
energy-averaged cross section, Eq. (2.7) needs to be averaged over an energy interval A

large enough to contain many resonances; that is, D/A < 1, where D is the average spacing
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of resonances of spin J.

/ o0 dE Caal'xe _ 27TF)\aF)\b
0 (E — E')\)2 + iI‘?\ |

Using the expression the energy average of Eq. (2.7) then yields

2 /Tyl xp
<Ugb(E)> = W)\QE < T, > i

13

(2.21)

(2.22)

Note that this expression does not contain the energy averages of the individual widths,

but rather the average of the combination I';,I',/T". This distinction is important because

in general there are correlations between widths. To put this into a form comparable with

the expressions for the Hauser-Feshbach formula, use the expressions for the transmission

coefficient

T,=1-]<8>/?

and for the average value of the S matrix element

<S>:62i6(1—@>.

D
Therefore

7r<Fa>>2N27T<Fa>

To=1—-11-
=1 (1- 15

D
Moldauer has shown that several nuclear models give a relation of the form

2 < Ty >

D ) for <T ><D.

Tazl—ewp<—

Then the energy-averaged cross section can be expressed as

221 (Ta) (I')

<0&’b(E)>=7T)\ D (T Wap,

where W, is a width fluctuation factor

- () ()

~MSe” 4 o7, ><D.

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)

In order to calculate Wy, it is necessary to know the distribution of level widths in the

compound nucleus. This distribution can be calculated from the statistical model. A x?
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law with v degrees of freedom is assumed for the distribution for the partial widths I', which
are usually associated with transmission coefficients by

T=2"" (2.29)

where D is the mean level spacing. With this assumption, the width correction factor is

5a076b07’/c/2
Wa (1+5ab—)/ de (1 + VCE T ) : (2.30)
where the number of degrees of freedom v; (proposed by Moldauer [Mol80]) is
v; = L.T8 + (T}*1? — 0.78)exp ( 0.228 Z T> (2.31)

The HRTW approach

The next approach is the Hoffmann-Richert-Tepel-Weidenmiiller (HRTW) method.
It is based on the assumption that the main effect of the correlation between incident and
outgoing waves is in the elastic channel. It is convenient to express the compound nuclear

cross section as
VoV
Y Ve

where the V;’s are effective transmission coefficients that take into account the correlations.

o= 1+ 6ap(Wa — 1)), (2.32)

The V; values can be determined from the flux conservation condition

> 0w = TN, (2.33)
b
which yields
V2
T, =Vy+ (W, —1)—2—, 2.34
it W= 1) (2:34)
or
1,
Vo= o (2.35)
2o ve

The only required information is thus the expression for W,, which can be derived from

Random Matrix theory. The width correction factor gives

—\ 2
2 T,—T T, \°
=1 2.
Wa +1+TF+87<ZCTC> (57) (2.36)
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where
‘B Zc T62
T = 2.37
ST, (2.37)
and the exponent
T ( T, ) 3T
F=4 1+ 1+ ] 2.38
s\ TS T /< ZCT) (2.38)

The Gaussian orthogonal ensemble (GOE) approach

The GOE method does not explicitly define the width fluctuation correction factor

Wap, but rather o4y as function of the S-matrix elements,

Oab = TA2[Sup S5, — SapSy- (2-39)

After complicated algebraic transformations one obtains a complicated triple integral [Hil03].
The method to calculate this triple integral depends on the number of channels that must
be considered in a nuclear reaction. More precisely, two different methods have been devel-
oped, depending on the value of the sum of all the transmission coefficients, the small sum

region (), 7. < 20) and large sum region (>, 7. > 20).

2.3.3 Nuclear level densities

Nuclear level densities play an important role in estimating nuclear reaction cross
sections in general. The nuclear level density is the number of levels per unit energy. The
nucleus can be divided into two regions. Up to a certain excitation energy (typically between
1 and 2 MeV) the number of levels is limited, and they are relatively well separated. In
this energy region the levels are relatively simple in structure, and often can be understood
on the basis of nuclear models. With increasing excitation energy, the number of levels
increases, the spacing between them reduces, and the nature of the excitations becomes
very complicated. Therefore, at high excitation energies the only way to describe them is

using a statistical procedure. A level density function p is introduced

_ dN(E)
-~ dE

p(E) (2.40)
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where N(E) is the cumulative number of levels up to the excitation energy E. From
observation of the distribution of low-energy levels, an empirical formula can be obtained.
This is the well-known Bethe formula for nuclear level densities: the Constant Temperature

Formula (CTF) based on the Fermi gas model of the nucleus

(2.41)

p(E,J) = fg{)ewp (E_ EO) :

T

where Fjy and T (the nuclear temperature) can be adjusted to fit Eq. (2.41) to experimental

data; f(J) is the spin distribution factor

_ 2
f(E,J)= 20+ lezvp <M> ) (2.42)

2 2
20 20¢

where o, is the spin cut-off parameter. In the simplest approach, the nucleus can be
considered as a system of fermions which can occupy levels equidistant in energy. The

density of excited levels is
exp(2vaFE)
p(B) = LX)
4V/3E

where the parameter a is known as the level density parameter. A more realistic extension

(2.43)

of this model considers the fact that fermions have the tendency to form pairs, and that
it takes an extra amount of energy to separate them. By introducing a shift F; in the
excitation energy this process can be taken into account. In general E; is considered as an
adjustable parameter, which leads to the Back-Shifted Fermi Gas model(BSFG)

eQVa(E‘fEl)
0.12v/2aY/4(E — Ey)5/4

p(E,J) = f(J) (2.44)

In this case the spin cut-off factor has the form [Gil65]

o2 = 0.08884%3\/a(E — E). (2.45)

The parameters a and F4 are different from nucleus to nucleus, and can be adjusted in
order to agree with the values of the level density at lower energies, and at the nucleon
separation energy. This model can describe experiments in a narrow energy interval around

the nucleon binding energy, where most experimental data are obtained from resonance
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measurements. However, the BSFG model does not permit extrapolation to higher-energy
regions, and shell effects are not properly taken into account. Extensions of the BSFG
model exist. The model proposed by Gilbert and Cameron [Gil65] is a combination of the
CTF and BSFG models: up to a cut-off energy F, (around 2-3 MeV) the CTF formula is
used; above this energy, the BSFG model is applied by using the pairing force Vj instead
of the back-shift £;. All of these models have been developed under the assumption of no

parity dependence of the level density.

2.3.4 ~-ray strength functions

In general for a « transition of type and multipolarity XL from an initial state ¢ to a final

state f, the average partial radiation width is

fXL(E )E2L+1
PXLy = 27 2.46
LT 249

where p(E;, J;'*) is the average level density at energy E; of levels with the same spin and
parity. Eq. (2.46) defines fxr(E,) as the photon strength function for transitions of type

and multipolarity XL.

E1 photon strength functions

The simplest model for the E1 photon strength function is the single-particle model, which

is energy independent:

(2.47)

SP_3<1>362R2_C A28
E1_4 :

4\he) Dy ~~ Dy’

where C = 6.8 x 1078 MeV 2, ¢ is the effective charge of a single particle in a system of

particles, R is the nuclear radius and D; is the spacing of the single particle states with

[=0. The value of D; is 0.5 MeV [Bla79]; however, it is usually treated as a free parameter

in order to fit the experimental data. It has been shown that the single-particle model
overestimates the experimental data.

A more realistic approach makes use of the giant dipole resonance (GDR). Giant

dipole resonances are directly observed in photonuclear reactions. The principle of detailed
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balance for the (n,v) and (v, n) reactions, together with the assumption of the spin inde-
pendence of the photon strength function, leads to the Lorentzian GDR photon strength

function
1 O'()E,YF%;
(mhe)? (B2 — Eg)? + E2T%’

fer(By) = 5 (2.48)

where 0g, Fg, and I'g are the usual giant resonance parameters derived from photoab-
sorption experiments and E, is the y-ray energy. The GDR can be explained as collective
dipole vibrations of proton and neutron fluids inside the nucleus. The supposed indepen-
dence of this collective motion from the intrinsic nuclear excitations leads to the important
consequence (Brink’s hypothesis) [Bri55] that giant resonances built on the ground state are
similar in shape and size to those built on any excited state. A consequence of Brink’s hy-
pothesis is that the photon strength function depends only on the energy of the transition:
it is not dependent on the excitation energy. At y-ray energies corresponding to the neutron
binding energy the Lorentzian GDR is often approximated by the Axel expression [Axe62],
which has a E® dependence. Eq. (2.48) is valid for spherical nuclei. For deformed nuclei,
the experimental data can be represented using a photon strength function given by the
sum of two Lorentzians. Accurate measurements of the primary E1 radiation from neu-
tron resonances indicate that the GDR model describes the experimental data much better
than the single-particle model. Nevertheless, the simple Lorentzian shape of the absorption
cross section seems to be inadequate at energies close to the neutron binding energy. Some
extensions of the GDR model exist. The Lorentzian with an energy- and temperature-
dependent damping width includes an energy dependent spreading width [Dov72] which is
also dependent on the nuclear temperature of the state on which the giant resonance is
built [Kad83]. The suggested damping width has the form

E2 4+ 47T

P(E’YaT) =Tqg E% )

(2.49)

while the nuclear temperature is evaluated from the relation

T =/(5, — By — A)/a, (2.50)
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where A is the correction for energy pairing (equal to zero for odd-odd nuclei) and a the

Fermi gas level density parameter. The resulting formula for the GDR [Kop89] is

1 00E7FGF(E7,T)

T)= )
fer(Ey,T) 3(nhc)? (E2 — E2)? + E2U(E,,T)?

(2.51)

Another model, proposed by Kadmenskij, Markushev and Furman (KMF) [Kad83],
derived in the framework of the theory of Fermi liquids, attempts to describe the behavior
of the E1 photon strength function in the lower energy region. This leads to a non-zero limit
of fg1 as the transition energy ., tends to zero; evidence of this has been observed [Kop89].

The KMF formula is

1 0 70’0EgFQF(E,y,T)
3(nhe)2 ™ (B2 - EZ)?

fe1 (B, T) = (2.52)

This model is valid only in the low-energy tail of the GDR (corresponding to the energy

region below the neutron binding energy), while it diverges for £, — Eg.

M1 photon strength functions

The M1 strength function is less well known than the E1 strength function. In general,
experimental information can be obtained from high-energy transitions, for which the M1
strength function is about 1/7 of the E1 strength. At lower energies the experimental
information is very limited.

As in the case of the E'1 photon strengths, the first model developed for the M1
photon strength function was the single-particle model, which gives a constant strength

function
sp _ counst
M1 Ds *

(2.53)

The value of fif may be evaluated by measuring the intensity of high-energy « rays of
M1 character [Coc94]. A typical average value for medium nuclei is 6 x 107° MeV=3. A
Lorentzian model [Boh75] for the M1 strength exists, the Bohr-Mottelson function, which
can be interpreted as due to collective motion of spin-up nucleons against spin-down nu-

cleons. This collective M1 giant resonance, called the spin-flip resonance, is usually de-
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scribed by a Lorentzian centered near the neutron binding energy with resonance param-
eters Eg = 414713 MeV, ' = 4 MeV, and a value of o that is usually adjusted to fit
experimental data at the neutron binding energy. Although these two models are very dif-
ferent, controversial experimental results exist that make it difficult to decide which model
should be preferred.

Recently, new models have been developed to explain observed strong M1 transi-
tions. One model concerns the scissor mode which apply to bands in deformed nuclei. An
even more recent model involves the shear mechanism to explain bands in spherical nuclei

for high spin states.

E2 photon strength functions

Very limited experimental data are available for £2 photon strength functions. In fact,
rays after neutron capture are found to be mainly of dipole character [Pos81]. Estimates
of the strength of high-energy transitions in heavy nuclei indicate that the E2 strength is
only a few per cent of the E'1 strength. Also in this case the single-particle model gives an

estimate of the E2 strength
A4/3

fm2 = const (2.54)

S

where const = 4.9 x1071* MeV—2.

A giant resonance model has also been used to fit the data, with parameters.

Eg=63x A3 MeV, TI'g=6.11—0.012x A MeV, (2.55)

o0 =15 x 107 Z2EL A7 3 /T mb.

Transitions of M2 electromagnetic character, or of higher multipolarities, are very
rare in the y-ray decay of the compound nucleus, and are difficult to observe in neutron
capture y-ray spectra. Emission of radiation with higher multipolarities can sometimes be
observed at low excitation energies, if the spin difference between low-energy levels is such

that y-decays with lower multipolarities are forbidden.
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2.4 Preequilibrium reactions

After the first interaction of the projectile with the nucleus, when one or more
particles may be emitted, the energy is carried by only one or two nucleons. They soon
interact with other nucleons, spreading the energy throughout the nucleus. At incident
energies above about 10 MeV it is possible for particle emission to take place after the di-
rect reaction, but long before the attainment of statistical equilibrium. These processes are
called preequilibrium or sometimes pre-compound reactions. Their time scale is intermedi-
ate between the fast direct reactions and the relatively slow compound nucleus reactions.
Evidence for such reactions is provided by studies of the fluctuations in the excitation func-
tions of several reactions to a well-defined residual nucleus state and these show coherence
widths considerably larger than those characterizing the fluctuations of compound nuclear
processes. More direct evidence for preequilibrium reactions is provided by the energy
spectra of the emitted particles. These observations may be understood by assuming that
the transition from the initial to the final reaction channel occurs through the formation
of an intermediate composite nucleus whose excitation takes place in a number of stages.
The energy of the projectile is shared among the nucleons of the target by a cascade of
nucleon-nucleon interactions that excites particle-hole states of increasing complexity. The
nucleus is excited by a series of nucleon-nucleon collisions between the projectile and the
target nucleons. These are considered to take place in a series of stages, beginning with the
projectile in the continuum. The first interaction creates a particle-hole pair called a exci-
ton, giving a two-particle one-hole (2p1h) state. There are a large number of possible 2plh
states. Subsequent interactions create additional particle-hole pairs, giving 3p2h states, and
again there are very many 3p2h states for each 2plh state. This process continues until the
excitation is spread through the nucleus [Gad92].

Most preequilibrium reactions take place at energies high enough for it to be no
longer possible to resolve the individual final states. The cross sections are those of reactions

to a continuum of final states, and the absence of fluctuations in these continuum spectra



CHAPTER 2. THEORETICAL BACKGROUND 22

shows that to a high degree of accuracy one may assume that there are no interference
effects. Then preequilibrium cross sections can be evaluated by adding the contributions
incoherently from each stage of the nucleon-nucleon interaction cascade. The total cross
section for preequilibrium emission is then the sum of the cross sections for emission from
each state of the cascade. Thus if o¢ is the cross section for the formation of the composite
nucleus in its initial configuration, which may be assumed to be equal to the reaction
cross section, and P is the emission probability from this stage, then the first contribution
to preequilibrium emission is oo P;. These processes may be considered direct reactions
together with other processes. Now the probability for transition from the first stage to
the second is Aj2, the probability of emission from the second stage is P», the cross section
for a second stage preequilibrium process is coA12 P, and so on. Thus the total direct and

preequilibrium cross section is

ODi+PE = ocP1 +ocAoPy + ocAioho3Ps + ... (2.56)
N
= o0 Y Pn ] M—1
N k=1

where X1 = 1.
Several theoretical models are developed for preequilibrium reactions such as the
exciton model and the quantum mechanical FKK [Fes80] theory. In the next sections, the

exciton model and FKK theory are discussed.

2.4.1 The exciton model

In this model [Gri66] the hypothesis is made that the incoming projectile, by inter-
acting with the target nucleus, gives rise to a simple initial configuration characterized by
a small number of excited particles and holes called excitons. Successive two-body residual
interactions give rise to an intranuclear cascade which, through a sequence of states char-
acterized by an increasing exciton number, eventually leads to a fully equilibrated residual

nucleus. Restriction to two-body residual interactions leads to the following selection rules
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concerning the possible variation of the number n of excitons, of particles p, and holes h:
An=0,+42 Ap=0,£1 Ah=0,%£1. (2.57)

The states which are excited in this interaction cascade are very unstable. Two
possible sequences of events considered in the exciton model are shown in Fig. 2.1. In the
first sequence the incident particle, as well as the excited particles, are all bound, while in the
second sequence the incident particle or one struck nucleon which attained a high energy are
in the continuum. At each stage of this equilibrium process there is a competition between
two decay modes of the composite nucleus: the decay by exciton-exciton interactions to
more complex configurations and the decay by emission of particles into the continuum.

The exciton model assumes that (1) at each stage of the cascade all of the states
with the same configuration and the same total energy are equiprobable, and (2) at each
stage of the cascade all the processes which may occur are also equiprobable.

The first assumption gives the energy distribution of the excitons. The number
dNy(p, h, E,¢€) of the excitons with energy between ¢ and € + de in a configuration of p
particles and h holes with total energy F is given by the ratio between the number of states
in which one particle has energy between € and € + de and the remaining p — 1 particles and
h holes have the energy E —¢ and the number of states of the p particle, h hole configuration
with energy E. If p, ,(F) is the density of states of the configurations of p particles and h
holes at the energy E, p,_1 4(E — €) is the density of states of the configurations of p — 1

particles, h holes with energy E — ¢, then dNy(p, h, E,€) is given by

pp-1n(E — €)gde

dNy(p,h, E. ) =
P(p ) pp,h(E)

(2.58)

where g = 1/d the density of single-particle states (for which one usually assumes the Fermi
gas model g = 3A4/2¢F).

The second assumption gives the simplification of the evaluation of the cross sections
of the various reactions. Define an escape width T'"(v,¢,|E,p, h)de, for emission into the

continuum of one unbound particle v with energy ¢, and a spreading width Ft,n, for a
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Figure 2.1: Schematic representation of the first few stages of a nucleon-induced reaction
in the exciton model and the Feshbach, Kerman and Koonin (FKK) theory. The horizontal
lines indicate equally spaced single-particle states in the potential well. The particles are
shown as solid circles. F is the initial excitation energy. B is the average nucleon binding
energy. Part (a) shows nucleon-nucleon interactions leading to the equilibrium process, in
this case all particles are bound. In FKK theory this sequence of processes is called the @
chain. Part (b) shows interactions leading to configurations in which at least one particle is
unbound and thus may be emitted into the continuum with energy ¢ leaving a residue with
energy U = F — B — €. In FKK theory this sequence is called the P chain.
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nucleon-nucleon interaction which in most cases spreads the excitation energy among an
increasing number of excitons. These widths are related to the probabilities per unit time
(or decay rates) for the corresponding processes, W' and W+, by the relation T = Wh.
When a particle is emitted, a residual nucleus with p — 1 excited particles and h
holes is created. If p, ,(F) and pp_1 4(U) are the composite and the residual nucleus state
densities, the detailed balance principle gives for the escape width for emission of a particle

v with energy between ¢, and €, + de,:

I v,e,|E,p,h)de, = hW (v,e,|E,p,h)de,

h (’u,,oinv(e,,)
pp,u(U) 4

) ppfl,h(U)pc(Eu)dEw (259)

where v, is the emitted nucleon velocity, o;,,,(€,) the inverse process cross section, and

1 (2sy +1)mye,V
pelev) = 253 v (2.60)

is the density of the translational continuum states of the emitted particle as predicted by
the Fermi gas model. V is the laboratory volume.
The estimate of the spreading width I‘t,n, is obtained by using time-dependent

perturbation theory which gives
T} . (E) = 2x[M[%p;, (2.61)

for a transition from the states of a configuration of n excitons to states of a configuration
of n' excitons. py is the density of the states which may be excited in the nucleon-nucleon
interaction and M is the transition matrix element. Considering only two-body interactions,

by selection rules n' = n or n &+ 2 at low energies,

Fi,n—i—? > FJﬁ,n > P;Lz,n—Z' (262)
The dominant n — n + 2 transition spreading width is given by
32 372
g (3A/26F) E
rt E) =27|M|? —— = 27|M|2~————. 2.63
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The average squared matrix for two-body interactions is given by

M2 = KA3E™, (2.64)

where the value of K varies between 100 and 700 MeV.
When the spreading and the escape widths are known, the preequilibrium cross

section may be calculated using the expression Eq. (2.56). The total escape width for stage

N
gl’r/naav
I—?V = Z/O F}V(V7 €V|Eapa h’)dEVa (265)
and, since
PT y E y I‘T N E .
Pu(e,)de, = el Ep hdey _ Dy(oenlEop: h)dey 2.66)
where I‘}LV ~ Ffv 4o and the total width I'y equals I‘}V + I‘fv and
rt
A1 p = =2, (2.67)
L1
it follows that
F)]rV(U’ EV|E’pa h)dgu N Pt_l
] v v = 5 2.
opi+prE(ey)de ac%: T klill o (2.68)

with I‘é /To = 1. Usually after a few stages the preequilibrium emission becomes negligible
and further interactions lead to an equilibrated compound nucleus.
The exciton model provides in most cases a very reasonable reproduction of the

experimental data, despite its extreme simplicity.

2.4.2 Feshbach, Kerman, and Koonin theory

Several quantum mechanical theories of preequilibrium emission have been proposed,
and the one by Feshbach, Kerman and Koonin has been most extensively compared with
experimental data. The theory distinguishes between two types of processes, the multistep
compound and multistep direct reactions. In a multistep compound reaction all the particles

remain bound during the equilibration cascade, while in multistep direct reactions at least
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one particle is always in the continuum. Thus the two processes involve states of the ) and
P chains shown in Fig. 2.1. As in the case of the exciton model, the reaction is considered
to proceed through stages of increasing complexity. At each interaction stage it is useful
to consider separately the states with at least one particle in the continuum and the states
with all particles bound. These may be formally described by the projections P and @
acting on the total wavefunction ¥, with P + @Q = 1. The set of states PV contributes
to the multistep direct process and the complementary set of states Q¥ to the multistep
compound process [Fes80]. Two assumptions are made: the first, the chaining hypothesis,
assumes that the residual interaction can induce transitions from the nth stage only to
the (n £ 1)th stages; the second is that the relative phases of certain matrix elements
are assumed to be random [Gad92]. In multistep compound reactions the phases of the
competing processes interfere so that multistep compound reactions have energy-averaged
cross sections that are symmetric about 90°. Multistep direct reactions take place rapidly
and have cross sections that are generally peaked in the forward direction. The multistep
description of a nuclear reaction is sketched in Fig. 2.2. Preequilibrium reactions can take
place directly from each stage of the P chain, or indirectly from the @) chain. The emissions
from the @ chain take place through states in the P chain, and this can take place in three
ways as shown in the figure. The more energetic particles come from the early stages of the

chains and the less energetic from the later stages.

2.4.3 Multistep compound reactions

In the multistep compound theory, the cross section for emission from each stage
is expressed as in the exciton model by product of three factors: (1) the cross section for
the formation of the composite nucleus; (2) the probability of reaching the nth stage; and
(3) the probability of preequilibrium emission from the nth stage. The total cross section
for the preequilibrium emission is then given by the sum of these products over all stages

before the formation of the fully equilibrated compound nucleus. The cross section for the
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Figure 2.2: Multistep description of a nuclear reaction, according to Feshbach et al. [Fes80).

formation of the composite nucleus is

2 < T'1y >

g = 7'(')\2 Z(2J+ ].) < DlJ >

J

(2.69)

where 2 < T'jy > / < Dy > is the strength function for the initial reaction stage.
The probability of reaching the nth stage through a particular sequence of stages without
preequilibrium emission is given by the product of the probabilities of passing through the
intervening n — 1 stages. Assuming the chaining and the never-come-back approximations,

the total probability of reaching the nth stage is given by

-1 +
nl—[ d‘#’ (2.70)
ol LR

where the total width < I'y; > is the sum of the total escape width Fz ; and the damping

width < + >, referring to emission and internal transitions respectivel :
dth <T%; >, g d y
<Ths>=<T}, >+ <T}, >. (2.71)

The probability of emission of a particle into the continuum from the nth stage is
given by the sum of the decay rates for all possible emission processes divided by the total

decay rate. The sum of the decay rates for all possible emission processes is proportional
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to the products of the emission widths FTlSV

and the densities p¥(U) of the final states at
excitation energy U which may be reached from a compound state of spin J, and the total
decay rate is proportional to the width T';, ;.

Thus the required probability is

5 < oo (U)ps(U) >

(2.72)

14
where v labels the three exit modes corresponding to An = 0,£2. Putting these factors
together and using the random phase approximation for all channel quantum numbers gives

for the double-differential cross section for preequilibrium emission

d*c - A
deg = 7TA2 ;(2J + 1) Z Z ClSJP)\ (0030)
n=1 [sA
o<y >t <y, > < Ty >
> = II <= : (2.73)
veme1 <tns> g <Llkr> 1J
where C’ﬁ; 7 is the angular momentum coupling coefficient and equals
oA+ 1N2 [ J J A _
A, = (=) ( 4+ ) Z(JLT; s)) (2.74)
T
0 0 0
with A = 0,2,4, .-+, ensuring the symmetric emission characteristic of quasi-equilibrium
processes. Integration over all angles gives the energy spectrum
do vy >nd <t > <Dy >
— =ax2) (27 +1) S = kI~ 3 : 2.75
de " Z ZZ <Tps> kl;[l<rkJ>7T Dy (2.75)

n—1 lsv

The cross section for preequilibrium emission falls quite rapidly from stage to stage.
As the excitation spreads through the whole compound nucleus, the rate of increase in
level density with the stage number falls so that the rate of backward transitions increases.
When these rates become the same, full statistical equilibrium has been established. The
total cross section for emission after the truncation of the preequilibrium chain is called the

residual or r-stage cross section and is given by

dm(nf) 9 m<Tiy> ("G IFJ’ I‘(f)
=7 2J+1)———— . 2.76
de g ;( + ) <Di5> kl;[l 'y PTJ ( )
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Since the r-stage is the last stage in the chain,
T, =T, =571 2.77
rJ rJ Z rJ ( - )
c

and the r-stage cross section becomes

T,T
or =AY (2T + 1)2’ r_;i , (2.78)
J ¢
where
2n < I'1 > krl Ty
T,=—"7"—"" — 2.79
= (e 1)
and
9,7
Ty = %. (2.80)
T

Eq. (2.75) is similar to the Hauser-Feshbach formula, but there are important differ-
ences. All of the factors in the expressions are calculated quantum-mechanically or, as in the
case of the level density function, obtained from known systematics of nuclear properties.

Preequilibrium emission occurs as a result of nucleon-nucleon interactions during
the early stages of a nuclear reaction. At each stage there are three possibilities: excitation
of an additional particle-hole pair, de-excitation of a particle-hole pair, and emission into
continuum state. In order to evaluate the cross section for the emission of particles by the
multistep compound process it is necessary to evaluate the escape and damping widths. To
calculate these widths it is necessary to consider in detail the interactions involved in the
emission process, and the density of states available in the residual nucleus. The escape
width is expressed as a product of the energy-dependent width Flnsj’ and the final state
level density pZ, and this product may itself be factorized into a term X!*¥(U) containing
the angular momentum dependence due to the nucleon-nucleon interaction and the spin

distribution of single-particle states and a term Y7 (U) containing all the U dependence due

to final state level density,

Tu= Y Tw= Y <IHU)5U) >= X W)Y4O). (2.81)
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The damping width is also given by
< T, >=X"Hyint2(p), (2.82)

In order to calculate the X and Y functions we need to know the density of a
p particle, h hole configuration at an excitation energy E. This is obtained from the
equidistant spacing model. It takes into account the Pauli principle correction and the
limitation of the particle energy to bound states and the hole energy to the depth of the
potential. The X functions contain angular momentum coupling factors and the radial
overlap integrals in the matrix element for the transition. It is only the angular momentum
component of the initial and final state densities that enters the X functions, since the
energy-dependent component is included in the Y functions. The Y function gives the
accessible phase space and is obtained when the matrix element for a certain transition
squared, averaged over initial states, and summed over final states. It is computed by
considering the state densities of the initial and final particle-hole configurations, and is

angular momentum independent.

2.4.4 Multistep direct reactions

At lower incident energies all of the particles in the intra-nucleus cascade remain
bound, and the reaction may be described by the multistep compound theory discussed
in the previous section. As the incident energy increases it becomes more likely that one
particle remains in the continuum and so retains a strong memory of the original direction
of the projectile. The timescale of the reaction is much shorter than in the multistep com-
pound reaction. The theory of multistep direct reactions has been developed by Feshbach,
Kerman, and Koonin [Fes80], by Tamura, Udagawa and Lenske [Tam82] and by Nishioka,
Weidenmiuller and Yoshida [Nis88], using somewhat different statistical assumptions. In
this section, the FKK theory is discussed.

The interaction of a projectile with a target nucleus takes place by a series of nucleon-

nucleon interactions, and at each of these interactions preequilibrium emission can take
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place. The total double differential cross section for preequilibrium emission is thus the

sum of the cross sections for emission from each stage
d? d? d?
2 (22 4+ (22 (2.83)
dUd$} dUud$} ) dudsQ} v

where the subscript 1 indicates the first stage, and M the subsequent multistep stages. The

cross section for the first stage is evaluated using the distorted wave theory, assuming the

spectroscopic factors to be unity, and is given by

d*o 20 vyl (Lo 2.84
graa) = 2@+ D) avde ) ../, (2:84)

l

where < (d?c/dUdS)) pw > is the first order distorted wave Born approximation differential
cross section averaged over all energetically possible 1plh states in the residual nucleus that
corresponds to a particular angular momentum transfer, and w(U, ) is the density of 1plh
levels in the residual nucleus.

The multistep cross section is the sum of the cross sections from all of the subsequent
stages, and each of these is given by the folding integral of transition probabilities:

( 2o ) _ ¥ %1 / dk1 dk1 / dkn AW, (ke, kn)
audsy ) N e (2m)3 dUds}

d? Wn,n—l(kn,kn—l) .._d2W21(k2,k1) d?c(k1, ki) (2.85)
U, d0,, dUd0Y, i ),

where m labels the exit mode and n the stage. The transition probability for the (n — 1)th

to nth stage, when the particle momentum changes from k, ; to ky, is

d2Wn,n—1 (kna kn—l)
dU,d),

= 21°p(kn)pn(U) < [Vnn-1(kn, kn-1)[* >, (2.86)

where p(k,) = mk,/(27)%h? is the density of states of the particle in the continuum, p(U)
is the level density of the residual nucleus at excitation energy U, and vy, n—1(kn,kn_1) is
the matrix element for the transition from a state n — 1 to a state n when the particle in the
continuum changes its momentum from ky,_; to k,. The matrix element can be evaluated

by the distorted wave Born approximation expression

Vap(ki, ke) = //XI(,_)* <PV (r)|s > Xg”dradrb (2.87)
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(+) (=)x

where V (r) is the effective interaction for the transition, xs ' and x, ’~ are the incoming
and outgoing distorted waves, and v; and 1y the wavefunctions of the initial and final
nuclear states. In the FKK theory it is assumed that the interference terms cancel and
the different partial waves contribute incoherently, so that the average value of the squared
matrix element becomes

< (ki ke)|> >= (21 +1) < |y(ki, ke)|” > R(1) (2.88)
l

where R(l) is the spin distribution function of the residual nuclear levels. This is the same
for all stages in the reaction.

To calculate the cross section for the first stage the inelastic cross section (do/dY) pw
is evaluated microscopically as a function of angle for each transferred [ value for all possible
pairs of initial and final bound states compatible with energy conservation. The single
particle shell model is used to describe the nuclear states. To obtain the first stage cross
section, the density of levels

w(U,1) = pu(U)Rn(l) (2-89)

can be obtained from the Ericson formula

_ glgu)n !
pn(U) = phi(n — 1)1 (2.90)
and the spin distribution function
20+ 1 I+ 3)?
Rn(l) = mexp <— 20_2 , (2.91)

where 02 is the spin cut-off parameter.

2.4.5 Spin effects of the preequilibrium reactions

The FKK theory distinguishes multistep compound and multistep direct preequi-
librium reactions, and at incident energies below about 50 MeV both types of reactions
contribute. The FKK theory was originally formulated with assumption of zero intrin-

sic projectile, ejectile, and target spin. But calculations of observables sensitive to spins
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require a more accurate treatment. The work of Herman et al. [Her84] and Chadwick et
al. [Cha89], [Bon91] removed this assumption in MSC reactions. Also the work of Chadwick
et al. [Cha94b] showed the effects of nonzero intrinsic spins in MSD reactions. MSD the-
ory represents an extension of distorted-wave-Born-approximation theory (DWBA) into the
continuum. Chadwick et al. [Cha94b] removed the original FKK spin-zero approximation
in MSD by treating the 1plh states excited in the interaction as absorbing the transferred
angular momentum, after which their angular momentum couples with the intrinsic “core”
spin of the target. It accounted for nonzero intrinsic spins while being able to use existing
MSD calculation formalism. For projectile and ejectile spins ¢ and a target spin I, leaving
a residual nucleus with spin J after inelastic scattering with an orbital angular momentum

transfer [, the 1-step MSD cross section is given by

20 (E,Q + Eg, ) 3 Z 2J +1 21: 1
dQdE 1step (T +1)(2i +1) ¢z, 257 +1
I+5¢  j48 DWBA
do(E,Q < Ey, )
x Y plip,1h, By — B,l) <[ B Lo 0)] > (2.92)
S=[1-S| 1= J—S5] !

where Sy is the spin flip. In the limit of zero intrinsic spins this expression reduces to the
usual FKK 1-step MSD result.

p(1p,1h, Ey — E,l) is the density of 1plh states with energy Ey — E and angular
momentum /. The density of states for a p particle, A hole system can be partitioned into

the energy dependent density multiplied by a spin distribution,
p(p, h, E,1) = w(p, h, E)Rn (1), (2.93)
where, using the finite-well-depth restricted Williams [Wil71] expression,

n | h
g : e :
w(p, h, E) = DTl = 1] §' ) (=1)(E — App, — jer)" ' O(E — Ay, — jer), (2.94)
]:

J
with n = p + h, and the singe-particle spacing ¢ = A/13. The Pauli-blocking factor

is Apn = [p> + h? + p — 3h]/4g, and ¢ is the Fermi energy. The function © is unity if
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its argument is greater than zero, and zero otherwise. The spin dependent function, a
Gaussian angular momentum distribution assumed, given by Eq. (2.91) with recommended

Gruppelaar-Facchini spin cut-off parameter, 02 = 0.24nA2/3,

do (B, Eo,00) ] PWBA
@

of energy Fy — E, consistent with angular momentum and parity conservation. The 1plh

> is the average of DWBA cross sections exciting 1plh states

states can be obtained from a spherical Nilsson model.
MSD multistep cross sections obtained from a convolution of normal DWBA matrix

elements, which give a contribution from the Nth stage,

o N)(E,Q « Ey, Q) m
? ’ = dQn_ dEN_1En_
dOdE 47r2h2/ N 1/ NN
Xd ( )(E Q — En_ 1,QN 1) d2O'(N 1)(EN 1, QN 1 (—Eo,Qo) (2 95)
dQdE dQn_1dEN_1 .

At above 10 MeV energies of the incident neutrons preequilibrium emission is dom-
inated by 1-step scattering which, from phase space considerations, contains a large MSD
component. Recently, a MSD formalism was presented [Cha94b] which accounts for nonzero
spins, and developed a new and easily applicable method for including spin effects in the
exciton model. The exciton model spin distributions are derived by considering links with
the FKK MSD theory. The exciton and MSD models have in common the use of lead-
ing particle quantum statistics, the on-shell approximation, and the independent-particle
limit [Akk90, Kon91]. Furthermore, it is possible to see how the cross sections for 1-step
and multistep processes in the exciton model can be obtained from the FKK theory. The
exciton model spin dependence of residual nuclei can be obtained from the FKK MSD
results in Egs. (2.92) and (2.95) by replacing the /-dependent DWBA matrix elements by I-
independent global energy averaged values, and also assuming an energy-angle factorization
of the DWBA matrix elements, realizing that the resulting convolution of 1plh densities
yield NpNh densities. This leads to a conclusion that the exciton model spin distribution
of residual nuclei from a preequilibrium stage N, Py(J), can be estimated as

27 +1 1 I+5y  J+s

PN(J):(21+1 2z+ Z 2Sf+) 2 2 B, (2.96)

S=|1-S|1=|T-S|
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where n = p+h = 2N and Y ; Py(J) = 1. If the FKK assumption of zero spins is made,
this reduces to Py(J) = (2J + 1)R,(l). But using exact spins, and particular coupling in
the target spin, results in a spin distribution boosted to higher spins than obtained with

the zero-spin approximation.
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Experimental Technique

3.1 Measurement of prompt v rays from neutron-induced re-

actions

The ~ rays following particle emission from highly-excited compound nuclei formed
by nuclear reaction processes contain important detailed information about the nuclei. The
intensity of the « rays, which can be measured directly, following particle emission is deter-
mined by the preceeding particle width. By changing the energies of the incident particles
and observing the change of the intensities of the -y rays one can put the transitions into
their proper location in the nuclear level scheme. The excitation energies of the states are
usually available to fairly good accuracy from observation and measurement of the spec-
trum of the outgoing particle. The v-ray data, which give us gamma-decay properties,
are valuable for estimating, making, or checking the spin-parity assignments, and also can
be converted into partial cross sections. 7y-ray measurements are also useful for isolating
the population of individual levels that could not be separated in the analysis of particle
spectra. Measuring the intensities of <y rays resulting from the compound and continuum
reactions gives the population of levels reached by the outgoing particle.

One experimental method to study neutron-induced reactions over a wide incident
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neutron energy range up to several hundred MeV is the use of a pulsed “white” spalla-
tion neutron source and high-resolution y-ray spectroscopy. The incident neutron energy
is determined by the time-of-flight method and the prompt gamma-radiation emitted by
neutron-induced reactions is detected by a high-resolution Ge detector array. In general,
neutron-induced reactions leave the residual nucleus in a highly excited state which may
subsequently decay via particle emission and a <y-ray cascade to the ground state. The
initial intensity distribution over a very large number of highly excited levels is collected in
the first few excited levels which then decay to the ground state. Such transitions between
low-lying levels are identified in the prompt y-ray emission spectrum by their characteristic
v-ray energies, and production cross sections for several transitions in a number of resid-
ual nuclei can be measured simultaneously over a wide incident neutron energy range in a
single experiment. Because of the low neutron flux, relative to charged particle fluxes in
ion-beam experiments, a fairly large amount of target material is required for this type of

measurement.

3.2 Experimental devices

The very exciting progress of nuclear structure and nuclear reaction studies relies on
the improved understanding of the microscopic aspects of nuclei, and the newly-developed
experimental methods and devices have played an important, and sometimes decisive role.
The highly-advanced accelerator technology has provided a variety of high-quality, high-
intensity beams, such as light ions, heavy ions, polarized beams, etc. The in-beam ~-
ray spectroscopic studies of nuclear properties benefited greatly from the development of
new detection techniques in the last few decades. The use of multi-detector systems (a
device composed of many detectors) in the 80s has made it possible to measure efficiently
the multiplicity of the  rays, their angular distributions, and coincidence relationships in
the cascades. The Compton-suppression technique used on Ge detectors has significantly

reduced the background in the y-ray energy spectrum and allows the measurement of very
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weak 7y rays. The coverage of nearly 47 solid angle by a multi-detector system enables the
measurement of the total energy of cascade «y rays.

The powerful computers for both on-line and off-line applications have been another
aspect of recent developments in the experimental techniques. Advanced computer tech-
niques have been used to control the operation of very complicated data-acquisition systems
and to perform experiments with very high counting rates. It is also possible to perform
sophisticated off-line data analysis, such as handling multi-dimensional matrix data. In
the following subsections we will outline the ~y-ray detectors and concentrate mainly on
the discussion of detecting systems and data-acquisition systems at the Weapons Neutron

Research (WNR) facility at the Los Alamos Neutron Science Center (LANSCE).

3.2.1 ~-ray detectors

An X-ray or y-ray photon is uncharged and creates no direct ionization or excitation
of the material through which it passes. The detection of 7 rays is therefore dependent on
causing the photon to undergo an interaction that transfers all or part of the photon energy
to an electron in the absorbing material. In the field of «-ray spectroscopy, there are
two types of commonly-used detectors: sodium iodide (Nal) and germanium (Ge). The Nal
scintillator has quick time response to the photons induced by incident «y rays, and therefore
has good time resolution (/3 ns). The photons emitted in the Nal crystal are collected and
converted into photoelectrons by an attached phototube. The induced photoelectrons are
then amplified in the phototube and produce the energy-time signals whose shape carries
collecting time information and whose magnitude is proportional to the corresponding ~y-ray
energy deposited in the crystal. Due to the many complicated process on the formation
of the photo-signals in the crystal, conversion to photoelectrons in the phototube, and
fluctuations in the amplifying process, the Nal detector has poor energy resolution (10-
15%). Using modern technology, one can build a very large volume Nal crystal with a
relatively high detection efficiency for y rays up to a few MeV.

A Ge detector is composed of a germanium crystal operating under high voltage
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and at liquid nitrogen temperature. The incident y rays are absorbed by electrons in the
Ge crystal and produce a large number of electron-hole pairs. These electron-hole pairs
are collected by the corresponding electric poles and produce sizeable pulses which then
can be recorded as events. As in the Nal spectrum, the height of the collected pulses is
proportional to the y-ray energy lost in the crystal, but the time information carried by
the pulses is related to the drifting time of electron-hole pairs in the crystal. Normally this
time feature is much worse than that of a Nal detector. However, the energy resolution is
much better due to the significant reduction of statistical fluctuations of the electron-hole
pairs collected.

The earlier version of Ge detectors was a Ge(Li) (lithium drifted) which had to be
kept at liquid nitrogen temperature all of the time, in order to avoid the redistribution
of lithium atoms in the germanium crystal and to reduce the noise level. Since the early
1980’s the High-Purity Germanium (HPGe) detector has been widely used since it can be
stored at room temperature and only cooled during the experiment. Due to the limitation
of available Ge crystal size, the peak efficiency cannot be made as large as that for Nal;
a typical Ge crystal often used in detectors may have, for example, up to 50% of that for
a 3x3 in NaI(Tl) crystal at a distance of 25 cm. The detection efficiency also depends
on the y-ray energy: a decrease of efficiency is expected for high-energy - rays, while the
detector has less sensitivity to very low-energy 7 rays as well, due to absorption by extra
materials (such as aluminum) covering the detector crystal. A coaxial-shape Ge detector
has better efficiency than a planar shape, especially for high-energy v rays. However, due
to the unevenness of the drift time of electron-hole pairs to the electronic poles, especially
for interaction events occuring near the front of the detector, the coaxial detector has worse
time resolution than the planar.

Many incident -y rays undergo Compton scattering, and escape from the Ge crystal as
a result of size limitation. This causes a large continuum background (Compton background)
below the full-energy photopeak. One way to overcome this disadvantage is to surround the

Ge detector with a high-efficiency crystal which detects the escaped photons from the Ge
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crystal and subsequently provides a veto signal to all those cases (so-called anti coincidence).
Nal(T1) scintillators have been extensively used as anti-Compton shields for a long time,
but the high-density bismuth germinate (BizGe3O13 or BGO) crystal is more favored for
the use in a multi-detector system because of its large absorption coefficient for v rays.
Therefore a similar suppression effect can be achieved by using a smaller size of BGO
crystal in comparison with Nal. However, since the light output for a given ~ ray is much
larger in Nal than in BGO, sometimes a combination of Nal and BGO shields is used to
obtain an optimal suppression effect: Nal for absorbing low-energy photons (normally at
backward angles) and BGO for high-energy photons (forward angles).

Figure 3.1 illustrates an example of a coax detector unit of GEANIE array sur-
rounded by a Compton suppression system made up of Nal(Tl) and BGO scintillators. The
Compton shield is composed of several optically isolated segments, each with a photomul-
tiplier tube to collect the escaped photons. The coaxial Ge detector is inserted in the BGO
unit and cooled through a cold finger in the middle.

When Ge detectors are used under conditions in which fast neutrons may be present
as a background, account must be taken of their effect on the recorded pulse height spec-
trum. The most obvious contribution is the appearance of spurious peaks that arise due to
excitation of germanium nuclei by inelastic neutron scattering, followed by the emission of
de-excitation v rays or X-rays. The neutron-induced peaks (“neutron bumps”) are usually
identified easily in the spectrum because their width is much larger than that of gamma-
induced peaks. This peak broadening takes place because a fraction of the excitation energy
goes into the recoiling germanium nucleus, which subsequently contributes a variable yield

of electron-hole pairs, adding to those created by the de-excitation radiation.

3.2.2 The GEANIE array

The experimental data were obtained at the Los Alamos Neutron Science Center
(LANSCE) Weapons Neutron Research (WNR) facility. A schematic diagram of the exper-

imental setup is shown in Fig. 3.2.
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Figure 3.1: Coax detector surrounded by a Compton suppression system made up of Nal(T1)
and BGO scintillators.

At the WNR facility, spallation neutrons are produced by bombarding a natural
tungsten target with an 800-MeV pulsed proton beam from the LANSCE linac. The pulsed
proton beam consists of micropulses 1.8 us apart, bunched into macropulses 625 ps in
duration. Spallation neutrons with energies ranging from a few keV to nearly 800 MeV are
produced. The intensity of the “white” neutron spectrum decreases nearly exponentially
with increasing neutron energy. Beam-hardening material (1.5 cm of lead) was placed in
the neutron flight path. The neutrons were collimated to a circular beam spot about 1.5
cm in diameter at the scattering-sample position. The scattering sample consisted of 3.3
grams of TiOy in the form of disks 2.4 cm diameter, enriched to 99.81% “8Ti. The ~ rays
were detected with the GEANIE (GErmanium Array for Neutron Induced Excitations)

spectrometer, located about 20 m from the neutron source on the 60° right flight path. For
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Figure 3.2: Schematic diagram of the experimental setup used in the experiment described
in this thesis. The drawing is not to scale. Distances indicated by arrows are measured

from the neutron production target.

this experiment, the GEANIE spectrometer consisted of 11 planar and 15 25% High-purity
Ge (HPGe) coaxial detectors. All of the planars and 9 of the coaxial detectors were equipped
with Compton suppression shields. The detectors were situated at a distance of ~14 cm
from the focal point where the scattering sample is located. The planar detectors were used
to measure -y rays with energies less than 1 MeV and the coaxial detectors measured -y rays
with energies up to 4 MeV. The planar detectors were arranged in rings at angles of 27.4°
(four detectors), 58.4° (two detectors), 128.0° (one detector), and 142.7° (four detectors)
with respect to the neutron beam direction. The coaxial detectors were arranged in rings
at angles of 56.6° (two detectors), 77.7° (two detectors), 100.5° (four detectors), and 129.5°

(one detector). The six remaining coaxial detectors were unsuppressed and their events
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were only analyzed in 77 coincidence mode. The efficiency of the array has been calibrated
through a series of source measurements, supplemented by detailed modeling [McN99] using
the transport code MCNP [Bri86).

A fission chamber consisting of 23%23U foils [Wen93] was located 2 m upstream
from the GEANIE spectrometer. The neutron flux was determined using these fission
foils. Neutron energies were determined by the time-of-flight (TOF) technique, using the
detection time of the “flash” of  rays caused by the spallation reaction with respect to the
beam rf signal as a reference marker. The detection time of v rays produced by neutrons
interacting with the sample was used to calculate the TOF of the neutrons relative to the
v-flash detection time. Similarly, signals from the fission chamber were used to provide
a flight time relative to the -flash detection time (also observed in the fission chamber).
More extensive discussions of the LANSCE/WNR facility and the GEANIE spectrometer
are given in references [Lis90] and [Bec97], and a summary of the experimental conditions

is supplied in Section 3.3.

3.2.3 Electronics and data acquisition system

The data acquisition system consists of (1) electronic modules that perform hard-
ware manipulations of experimental information such as time and energy signals from de-
tectors, (2) the Xamine computer code that performs low-level software manipulations of
the data events on fast CAMAC and VME bases, and (3) the VME interface that connects
with the host computers where on-line and off-line data can be stored and analyzed. The
schematic diagram of the electronics for the GEANIE array are shown in Fig. 3.3. The power
supply for Nal phototubes and BGO shields is controlled by a multichannel high-voltage
power supply, while for Ge detectors the high-voltage power is offered from a dialed module
adjusted manually. Negative bias is added to detectors, about —1200 V on Nal shields,
—1050 to —1200 V on BGO shields, and —2800 to —3000 V on Ge detectors. The pulses
from Ge detectors are first preamplified and then sent to timing-filter amplifiers (TFA) to

produce time signals and to linear amplifiers to provide energy signals. The energy signals
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are digitalized through ADCs, while the TFA outputs are processed by constant fraction
discriminators (CFD) to generate timing logic signals. The CFD fast signals are delayed
and sent to a multiplicity logic unit. The analog signals from individual elements of an
anti-Compton shield are summed and the output is sent to a discriminator to provide a
logic signal. This logic signal is then sent to a logic unit together with the corresponding

Ge signal to perform the Compton suppression.

Pre - TC245 ADC FERA
Amplifier Amplifier AD114 DRV
— Eagt CFD disc Gate
Amplifier [ | delay Generator
TDC
Channel Level
Disc Trandator
LeCroy4576
Logic
——~=| Leve Gate/Delay|
_ Trandator Generator |——
BGO CFD
signal Level Scaler
Translator

Figure 3.3: GEANIE detector circuit diagram.

The GEANIE detector trigger logic and RF circuit is shown in Fig. 3.4.

The data from the suppressed detectors were collected in singles-and-higher-fold
mode, resulting in a total array rate of 2-3 kHz. For each unsuppressed -ray event, a
master gate window of 20 us was opened during which all unsuppressed pulses from the
Ge detectors were processed. The data stream consisted of a bit determining whether the
event occurred in or out of the macropulse, the time relative to the start of the macropulse

(recorded in 100 ns intervals), energy E,, and (if in beam) time ¢, relative to the proton
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micropulse for each detector which recorded an event.

Xamine is the Michigan State University data acquisition system used to access the
shared memory in order to perform some online analysis and histogramming. Xamine is
also used to store event data that include the escape-suppressed y-ray pulse height and
incident neutron TOF information for each detector. It consists of the various programs
which form the software portion of the GEANIE acquisition system. Some of the programs
are essential for the correct processing and recording of data to tape, others are useful
to control and monitor the data flow. The essential programs are transsrc (establishes
a link with the transputer board and passes data to router), router (routes data buffer
to any programs which request them), iserver (provides a command I/O interface to the
transputer) and taper (writes data from router to the tape in standard format). Other,
useful programs for control and monitoring are geanie_xamine.v7, share, dumbclient, and
parse. geanie_xamine.v7 histograms and displays data buffers from router. It also provides
additional functions which include automated diagnostics and monitoring of data rates,
beam status, selection of sort method for online data and reading and writing of spectra
and matrices to a variety of formats. share is a tool which allows programs, which otherwise
accept I1/0 only from the controlling terminal, to communicate with other programs via
shared memory. dumbclient works in conjunction with share to display output from and
send input to a program launched by share. parse is a debugging tool which interprets
a list of hexadecimal words from the data buffer and displays the meaning of each word.
Fig.3.5 describes the arrangement of these programs to control the flow of data. The arrows
indicate the direction of flow of data and commands. Multiple copies of the client programs

which communicate via share can be launched and run at the same time.

3.3 Summary of experimental details

The details of the n + *®Ti experiment using GEANIE discussed in this dissertation

are summarized in the tables below for easy reference. The data were acquired in two
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Figure 3.5: The flow of data.
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separate sets of experimental runs: one with a “8Ti sample, the other with a *8Ti sample

sandwiched between V¥ Fe foils. The experimental parameters are summarized in Tables 3.1

and 3.2, respectively.
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Table 3.1: Summary of experimental details for the n + *8Ti experiment.

Quantity Value
Data label 48Ti01
Run dates 10/10/01-10/15/01

Beam structure
Rep. rate
Micropulse spacing
Beam gate length
Typical proton current
Beam absorbers
Sample areal density
Sample thickness
Sample atomic assay
Sample orientation
Detector absorbers
Deadtimes
Planar-data sum
Coaxial-data sum
2357 fission foil
23817 fission foil
Typical array rate

Total counts:

100 Hz

1.8 us

625 us

4.0 pA

0.6” Pb

0.7285 g/cm? (uncertainty unknown)

~ 1.7 mm

99.81% *8Ti

251° on dial (109° with respect to beam)

none

62.0%

58.0%

52.0%

50.9%

2100 Hz (total vy-or rate)
4.6 x 108

49
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Table 3.2: Summary of experimental details for the n + *8Ti experiment with iron foils.

Quantity Value
Data label 48Ti03
Run dates 08/28/03-08/31/03

Beam structure
Rep. rate
Micropulse spacing
Beam gate length
Typical proton current
Beam absorbers
Sample areal density
Sample thickness
Sample atomic assay
Sample orientation
Detector absorbers
Deadtimes
Planar-data sum
Coaxial-data sum
2357 fission foil
23817 fission foil
Typical array rate

Total counts:

100 Hz

1.8 us

625 us

3.2 uA

0.75" black poly, 0.5"” Pb

0.7285 g/cm? (uncertainty unknown)

~ 1.7 mm

99.81% *8Ti

251° on dial (109° with respect to beam)

none

60.8%

55.4%

60.0%

50.1%

2900 Hz (total vy-or rate)
4.4 x 108

50



Chapter

Data Analysis Overview

4.1 Introduction

Due to the development of more advanced experimental techniques, researchers now
can measure more and more complicated y-ray spectra by using high-resolution germanium
detectors and multi-detector arrays. The use of Compton-suppressed Ge detectors is a
new technique in studying the reaction dynamics of neutron-induced reactions. The use
of partial y-ray cross sections to determine reaction cross sections for actinide nuclei is
superior to other techniques because the production of neutrons from fission interferes with
direct measurements of (n,xn) [x=1,2,3,...] reactions. The good peak-to-total ratio of the
GEANIE detectors assists in observing individual low-lying «y-ray lines above the continuum
from fission and other v rays, and the good energy resolution of the detectors allows unique
transition assignments. At the same time the question arises how to handle and analyze
these complicated y-ray spectra.

A typical v-ray spectrum from neutron-induced reactions contains hundreds of
peaks. The identification of these v rays in GEANIE data can be complicated due to
the large number of open reaction channels. The analysis of threshold energies in the -
ray excitation functions is helpful in identifying and placing v rays. Also the coincidence

requirement of Ge detectors in the experiment and the off-line creation of two-dimensional
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vy coincidence matrices are very useful, especially for reaction channels that open up at
high neutron energy (>20 MeV). From the coincidence relationships of v rays, which are
observed by common “gating” techniques, one is able to establish the decay scheme of the
nucleus.

Before describing the details of the extraction of the partial cross sections, first
consider the time-of-flight technique used to determine incident neutron energies. Then the

analysis of y-ray spectra will be considered.

4.2 Time-of-flight technique

Neutron energies were determined using the technique discussed in Section 3.2; the
TOF spectrum for planar data is shown in Fig. 4.1. The distance traveled by both neutrons
and v rays from the spallation source to the focal point of the GEANIE spectrometer is d =
20.34 m. The time-of-flight (TOF) relative to the -y flash is determined relativistically. The
v-ray TOF is simply d/c, where ¢ = 0.300 m/ns is the speed of light in vacuum. Similarly,

the TOF of a neutron with kinetic energy E,, is d/v, where classically
E, = -mv*, (4.1)
and m is the neutron rest mass. The TOF of the neutron relative to the v ray is given by

d d d mc2
6t_5_2_2<”2En_1)' (4.2)

Using the neutron rest energy mc? = 939.56 MeV, one obtains, for example, the TOFs

En = 1.0 MeV = 6t = 1401.72 ns (4.3)

E, =20 MeV = 6t = 260.80 ns. (4.4)

In the TOF spectrum, the y flash can be seen at channel position z 1455, = 202 (each channel
corresponds to 0.5 ns). The TOFs calculated in equations 4.3 and 4.4 correspond to channel
positions:

Tomin = (202 + 1401.72/0.5) = 3005 (4.5)
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Tz = (202 + 260.80/0.5) = 724, (4.6)

where the x-channel number is rounded to the nearest integer. These classical values are in
good agreement with the relativistic values z,;, = 3007 and zy,q; = 737. The relativistic
values were used to set the time condition on the TOF spectra to obtain the corresponding
pulse-height spectra [You0l]. Fig. 4.2 shows the spectrum obtained with the coaxial HPGe
detectors after selecting time gates corresponding to E,, = 1-20 MeV neutrons. There is a
large background present from interactions in the Ge crystals that obscure v rays in these

regions.
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Figure 4.1: Time-of-flight spectrum.
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Figure 4.2: Spectrum obtained from the sum of the coaxial detectors for the *8Ti(n,n'y)
reaction. The condition on the time of flight corresponds to E,=1-20 MeV neutrons. Some
of the more prominent transitions in “8Ti are labeled with their energies.
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4.3 Analysis of v-ray spectra

4.3.1 Peak-shape and background fit parameters

The analysis of y-ray and particle spectra through peak-fitting is an important part
of all nuclear experimental work. Over the years, the field has seen the development of a
variety of computer programs for the analysis of y-ray spectra. The y-ray spectra analyzed
were fit using a new peak-fitting code, XGAM [You]. The code was developed specifically
to process complex GEANIE spectra which result from neutron-induced reactions, by con-
straining peak shapes through a consistent fit of the entire spectrum at once. In order to
enable global fits, XGAM provides an unlimited number of peaks, complex peak-shapes to
model - and x-rays as well as neutron bumps with high- and low-energy tails and Gaussian
asymmetries. The parameters used in the fit to the sum of planar data are summarized in
Table 4.1, and the corresponding fit to the £, = 1-20 MeV projection is shown in Fig 4.3.
Similarly, the parameters for the coaxial-sum fit are given in Table 4.2.

The peak shapes are parameterized as a Gaussian function with an energy-dependent

width given by

2 2of T 2f % 2

where z is the channel position of the peak centroid, related to the y-ray energy through
the calibration discussed in Section 4.3.3. Further components are added to the Gaussian
shapes to simulate the realistic response of the germanium detectors. A high-energy tail is
produced using a Gaussian function convoluted with an exponential decay. The magnitude
of the high-energy tail is given by Ry, and the decay constant is 5. A smoothed step
function simulates Compton effects, with a magnitude set by the parameter S. A Gaussian
asymmetry term, discussed in [Ker70], is also included with a magnitude set by the energy-

dependent parameters ps and p4.
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Figure 4.3: Plot of fit planar to planar-data sum spectrum (see Table 4.1). The data
are shown as a black histogram, the fit is plotted as a blue line, and the background
(polynomial + Compton step) is shown in green, the residual spectrum is plotted at the
bottom. Individually-fitted peaks are plotted in red.

4.3.2 Efficiency of Ge detectors

The efficiency of a Ge detector depends on the physical and electronic configuration
during the experiment. If X-ray absorbers are used in front of the Ge detectors, the detecting
efficiency for low-energy -y rays will be reduced and the amount of reduction depends on the
type of absorber used. The high-energy efficiency, however, is little affected; for the same
types of detectors (coaxial shapes in the current work), this part of the efficiency curve as a
function of energy should be quite similar. The y-ray absolute efficiency curves for planar

and coaxial detectors were calculated for GEANIE data using a Monte-Carlo simulation
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Table 4.1: Parameters used in the fit to the planar-data sum spectrum. The peak-shape
parameters are explained in the text. The last row gives the x? per degree of freedom for
the fit.

Parameter Value
Fit label planar
E,, range 1-20 MeV
Channel range fitted z = 1600-15970
Background polynomial order 12
Number of peaks 192
wo 10.80
w1 4.70
wo 1.68
Ry, 15.12
Bh 15.05
S 0.00131
P3 4.12 x 1073 4+ 1.76 x 1076z
P4 1.28 x 1076 +5.87 x 1071z
X2 /v 1.53

of the array [Bri86, McN99]. Calculated absolute efficiency curves for planar and coaxial
detector sets are shown in Figs. 4.4 and 4.5, respectively. The calculated efficiency curves
are corrected for beam-profile and target-geometry effects. The Monte-Carlo simulation
for coaxial detectors was performed for v ray energies between 300 keV and 1800 keV.
The efficiency curve for coaxial detectors was extrapolated to high energies and verified
with y-ray reference sources. The calculated efficiencies can be checked against efficiencies
exctracted from measured branching ratios. Known branching ratios of 4-ray decays from

planar-detector data were fitted using a 7-parameter relative-efficiency formula
2\—-G 21N—G -1/G
e(E,) = exp{ — [(A+ Bz + C2?)C + (D + By + Fy*) | , (4.8)

where A, B, C, D, E, F, and G are adjustable parameters. The empirical efficiency curve

obtained in this manner is compared to the calculated efficiencies for planar-detector data.
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Table 4.2: Parameters used in the fit to the coaxial-data sum spectrum. The peak-shape

parameters are explained in the text. The last row gives the x? per degree of freedom for
the fit.

Parameter Value
Fit label coax
E,, range 1-20 MeV
Channel range fitted z = 600-16000
Background polynomial order 12
Number of peaks 472
wo 6.21
w1 0.05
Wy 1.20
Ry, 13.98
B 8.84
S 0.017
p3 1.01 x 1072 +1.90 x 1075z
2 1.73 x 1077 +2.35 x 10710z
X2 /v 1.87

The agreement between experimental and calculated efficiency curves was excellent [You03].

4.3.3 Beam-on y-ray calibration

The v-ray energy calibration is performed using beam-on y-ray transitions with
well-known energies. These include transitions produced by the n+*¥Ti reaction, as well
as standard background transitions observed in all GEANIE experiments. A summary of
the calibration transition used for the planar and coaxial data can be found in Tables 4.3
and 4.4, respectively. The relationship between accepted energies, EEf”e, and the channel
position in the GEANIE spectrum is fit with a straight line. The residual of this fit, Et{“e—
Efyi”, is then fit using a polynomial of order 6 for planar and coaxial data. The calibration

curves are shown in Figs. 4.6 and 4.7 for planar and coaxial data, respectively.
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Figure 4.4: Efficiency curve for the sum of planar data, calculated using the code
MCNP [Bri86, McN99].

Table 4.3: Calibration transitions used in the planar fit. The
average deviation from the accepted energy is 8 eV, with a

standard deviation of 146 eV.

Ef(ytrue) (keV) Egycal) (keV) Egrue)_Egcal) (keV) Identification

109.894(5)  109.891(7) 0.003 19F@109.9
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Table 4.3: (Continued.)

60

E{™) (keV)

E,(ycal) (keV)

E’(ytrue)_E’(ycal) (keV)

Identification

121.410(40)
130.940(40)
159.369(20)
175.361(50)
197.143(4)
202.860(10)
370.290(50)
423.629(9)
458.450(160)
537.470(40)
669.600(70)
744.700(90)
803.060(30)
811.198(18)
896.280(60)
928.290(11)
944.104(7)
972.910(30)

983.517(5)

121.503(8)
131.092(10)
159.321(11)
175.420(8)
197.141(5)
202.872(6)
370.230(30)
423.631(13)
458.159(66)
537.510(42)
669.540(56)
744.624(36)
803.080(30)
810.897(159)
896.669(38)
928.331(103)
943.897(100)
972.980(114)

983.518(8)

-0.093

-0.152

0.048

-0.059

0.002

-0.012

0.060

-0.002

0.291

-0.040

0.060

0.076

-0.020

0.301

-0.389

-0.041

0.207

-0.070

-0.001

48Sc0252.35

485c0130.94

47Ti0@159.4

48Ti@3508.5

19F0197.1

12710202.9

485c0622.64

48Ti03782.44

48Ti0@4196.83

206Pb0@1340.5

207Bi0669.6

12710@744.7

206Pb@803.0

48Ti104035.115

209Bi@896.3

48Ti03223.9

48Ti@3239.7

48Ti04196.8

48Ti0@983.5
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Figure 4.5: Efficiency curve for the sum of coaxial data, calculated using the code
MCNP [Bri86, McN99].

Table 4.4: Calibration transitions used in the coax fit. The
average deviation from the accepted energy is -34 eV, with a

standard deviation of 350 eV.

Egytrue) (keV) E’(ycal) (keV) Egytrue)_Egycal) (keV) Identification

159.369(20)  158.945(13) 0.424 47Ti0159.4
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Table 4.4: (Continued.)
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E,(ytme) (keV) E(fal) (keV) Egtme)-Egcal) (keV)  Identification
175.361(50)  174.906(11) 0.455 48Ti03508.5
197.143(4) 197.384(14) -0.241 19F@197.1
423.629(9) 423.558(10) 0.071 48Ti03782.44
458.450(160)  458.045(32) 0.405 48Ti04196.83
811.198(18) 811.266(28) -0.068 48Ti04035.115
928.290(11) 928.278(12) 0.012 48Ti@3223.9
944.104(7) 944.105(13) -0.001 48Ti@3239.7
972.910(30)  972.941(18) -0.031 48Ti04196.8
983.517(5) 983.538(5) -0.021 48Ti0983.5
1037.599(26)  1037.553(9) 0.046 48Ti@3333.178
1063.190(50)  1063.270(19) -0.080 48Ti03358.8
1195.830(60)  1195.671(72) 0.159 48Ti03616.784
1312.096(6)  1312.073(6) 0.023 48Ti02295.6
1430.220(40)  1430.827(96) -0.607 47Ti@2682.31
1437.487(11)  1437.448(9) 0.039 48Ti@2421.023
1479.339(18)  1479.329(112) 0.010 48Ti@4719.1
1486.820(30)  1486.809(29) 0.011 48Ti@3782.436
1614.041(19)  1614.140(36) -0.099 48Ti@4035.1
2013.660(45)  2014.607(21) -0.947 48Ti0©2997.19
2036.349(13)  2036.520(146) -0.171 48Ti04457 .42
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Table 4.4: (Continued.)

E’(ytrue) (keV) Egcal) (keV) E’(yt'rue)_E’(ycal) (keV) Identification

2161.759(14)  2161.873(129) -0.114 48Ti0@4457.4
2240.375(19)  2240.306(23) 0.069 48Ti03223.924
2375.211(19)  2375.058(19) 0.153 48Ti03358.8
2387.249(26)  2387.530(37) -0.281 48Ti@3370.842
2633.200(30)  2633.167(40) 0.033 48Ti03616.784
2715.810(130)  2716.216(59) -0.406 48Ti03699.45
2868.590(40)  2868.581(54) 0.009 48Ti03852.23
3090.820(60)  3090.605(145) 0.215 48Ti04074.5
3403.830(70)  3404.952(247) -1.122 48Ti04387.654
3699.110(120)  3699.160(180) -0.050 48Ti03699
3738.350(240)  3738.027(179) 0.323 48Ti03738
3808.580(70)  3807.934(551) 0.646 48Ti04792.25

4.4 Extraction of the excitation functions

The excitation functions were obtained by applying TOF gates 15 ns wide on the
~-ray events in the interval to F, = 1 to 20 MeV. For each TOF bin, a 1D ~-ray pulse-height
spectrum was generated and fitted with the computer code XGAM [You| with peak shape
parameters and background levels determined from a global fit to the spectrum. These
parameters are listed in Section 4.3.1. XGAM extracts y-ray peak areas from a spectrum.

Fitted peaks in the spectrum were identified by comparison with accepted y-ray energies,
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Figure 4.6: ~-ray energy calibration for the planar-detector data: a) linear calibration and
b) sixth-order polynomial non-linearity correction.
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Figure 4.7: «y-ray energy calibration for the coaxial-detector data: a) linear calibration and
b) sixth-order polynomial non-linearity correction.
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tabulated in the NUDAT database [nud]. Partial «-ray cross sections for transitions were

obtained using the following formula

€ LT 1A
oy(Ep) = (14‘047)*%*?22* G_SFZ’

(4.9)
where o, is the internal conversion coefficient, g, and €. are the detection efficiency of the
Germanium detectors and fission chamber (respectively), LT g, and LT . are the live times
of the Germanium detectors and fission chamber, a; is the areal density of the *3Ti sample,
A, the ~y-ray peak area, and N,, the number of neutrons counted in the fission chamber.
The internal conversion coefficients are taken from the NUDAT [nud] database.
The neutron flux used in Eq. (4.9) can be determined from either the 235U or the 233U foil
in the fission chamber. The 233U foil has been used consistently to extract partial y-ray
cross sections, in order to avoid the wrap-around problem arising in the incident neutron
beam structure (since the flight path is long enough that low energy neutrons arrive at
the target location at the same time as high-energy neutrons from a later pulse). The
pulse height and time-of-flight data from the 233U fission chamber are shown in Fig. 4.8.
In Fig. 4.8(a), the pulse height spectrum is shown as determined from the beam-on data.
The vertical line indicates the lower limit of the gate taken on the pulse height in order to
separate “o” events from fission events. In this case, “a” events include those resulting from
the natural o decay of 238U and those originating from neutron-induced reactions on the
backing material. Fig. 4.8(b) shows the raw TOF spectrum obtained without any gating
conditions placed on the pulse height spectrum. The TOF spectrum in Fig. 4.8(c) is fission
gated, and is converted to a neutron intensity spectrum by using the known 23¥U(n,f) cross
sections [end91], and taking the efficiency for the fission detector to be e = 0.97 [McN99].
The TOF bins correspond to the same neutron energies as for the y-ray events, with the
photofission events used as the reference time. The fission-chamber live time is determined
by taking the ratio of beam-on ADC events to the total number as given by a scaler-module

count, gated by the beam envelope.
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Figure 4.8: Data obtained from the ?*3U fission foil used to determine neutron intensity at
the GEANIE spectrometer. In panel (a), the pulse height spectrum is shown. The vertical
line corresponds to the lower limit on the pulse-height gate for a signal to be considered
a fission event. In panel (b), the raw TOF spectrum is shown, defined as the time of the
events in measured relative to the proton beam burst. In panel (c) the TOF spectrum
resulting from the condition imposed in panel (a) is shown.



CHAPTER 4. DATA ANALYSIS OVERVIEW 68

The number of neutrons in a time bin from T to T is given by [You01]

TH (1 —7")?

Nn([TLaTH]) / \/%O' X eacp(— 202

yr' (4.10)
T= TL

where 7 is the time of flight, N, (7) is a flux normalization parameter which is calculated
from the neutron count in each TOF channel, and o, is the detection timing uncertainty,
determined in our experiment to be 15 ns FWHM (= o, = 6.37 ns) [You00]. The effect due
to the finite time resolution is taken into account and assumed to be Gaussian distributed.
Since the neutron spectrum is not constant, the mean energy E,, of the neutrons in the bin

from time T to T# is determined from

EZZ%E() o) sty erp(— o

—nz (4.11)
ST Nu(7) J5° <5 ewp( o) dr
and the variance
H — _ N2
) e LA
n T—1')2 ’
S Na(m) J5° Jmeap (- S ) dr

27ra

It should be noted that in the plots of excitation functions, the horizontal E,, error bars are
derived from the variance and thus represent the width of the neutron energy distribution,
rather than the uncertainty on the mean neutron energy for the bin.

The deadtime fractions (1—livetime) in Eq. (4.9) were calculated from the ratio of
measured ADC and scaler counts. Total deadtimes of 62.0% and 58.0% were determined for
the planar and coaxial sums, respectively, and deadtimes of 52.0% and 50.9% were obtained
for the 23°U and 238U fission foils. The systematic extraction of angular distributions for
v rays in GEANIE data is an exceedingly difficult task. The 20 detectors in the array
occupy only 5 distinct angles, and corrections due to differences in efficiency and deadtime
must be taken into account. We examined the angular distribution for E, = 983.5 keV (the
transition between 21 to 0T states in 8Ti) and there was no significant angular distribution

effect in the corresponding (n,n') cross section.
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4.5 Analysis of vy matrix

A coincidence experiment can be performed by selecting -y rays in one detector and
measuring time-related events in other detectors within a given time window. The coinci-
dence information, i.e., the number of fired detectors, time signals, and -ray energies, is
recorded in an event-by-event mode. For the GEANIE array, the measured 7y-ray energy and
multiplicity can be recorded at the same time. A vy (E,-E,) matrix is created by sorting
the y-ray energy from one detector on one axis and the correlated detector on another axis.
Multiplicity two-and-higher coincidences from both the planar and coaxial detectors were
sorted into a 4kx4k -y matrix. Prompt coincidence events were considerably fewer com-
pared to single-fold data, and to maximize statistics the data from both planar and coaxial
detectors were combined after converting them to the same energy range. A TOF gate cor-
responding to neutron energies between 1 to 12 MeV was imposed to minimize background
from other reactions. To build the coincidence matrix, vy resolving-time windows of 30 ns,
35 ms, and 40 ns were set for planar-planar, planar-coaxial, and coaxial-coaxial detector
coincidences, respectively. The v matrix is used to establish the coincidence relations of
transitions in a level scheme. Coincidences between v rays provide an additional tag to
eliminate extraneous information in the spectra. A generalized background subtraction was
applied to the vy matrix that was processed using the code ESCL8R [Rad95]. Taking a slice
at an energy (on a narrow range of channels) from one axis of a 7y matrix and projecting
the spectrum onto the other axis is equivalent to measuring a coincidence spectrum of the
selected «y ray, i.e., setting a gate. A decay scheme is established by first analysing the coin-
cidence relationships of different y rays. A schematic 77y coincidence relationship is shown
in Fig. 4.9. By gating on 71, one should see 7, and 73 in the gated spectrum since they are
in a cascade with ;. On the other hand 75 or 3 should not appear in its counterpart gate,
because they are not time-related. To place a y ray in a decay scheme, one must use the
intensity pattern as a second criterion. The intensity within a band should decrease as spin

increases since at higher spins or excitation energies the level density becomes large and
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Figure 4.9: Schematic diagram of vy coincidence relationship; vy; — 2, 1 — 73 are time-
related, but y2 — <3 are not.

the feeding of intensity spreads over many levels, resulting in only those relatively strong
branches being observed. In a gated spectrum, any transition feeding into the gated ~y-ray
level should follow the above intensity rule, while the decay-out intensity should roughly be
a constant for any succeeding transitions. These rules were followed in the establishment
of the level scheme of “8Ti.

Fig. 4.10 displays portions of selected coincidence spectra, showing some of the
stronger transitions in the *8Ti(n,n’yy)*®Ti reaction. The resulting partial level scheme is
shown in Fig. 4.11. In total, over 60 -y rays were identified with existing transitions in the
NUDAT [nud] database, and placed in the level scheme.

Due to the low statistics, v rays with energy above 3.0 MeV are constructed from
single-fold events in Fig. 4.11. Examples of the vy coincidence technique are shown in
Fig. 4.10. In the upper panel, the coincidence spectrum gated on the 175-keV transition

between the 3508.5-keV and 3333.2-keV levels gives the transitions which belong to the same
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Figure 4.10: Examples of vy coincidence spectra used to place 7’s following the “8Ti(n,n’)
reaction.
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cascade as the 175-keV transition. In this case, the coincident transitions are the 890-keV
transition from the decay of the 4398.0-keV level to the 3508.5-keV level and subsequent
1038-keV, 1312-keV, and 983.5-keV transitions from the decay of the 3333.2-keV level to
the ground state. In the middle panel, the coincidence spectrum gated on the 2238-keV
transition between the 3223.9-keV and 983.5-keV levels yields the 811-keV and 972-keV
transitions from decays of higher lying levels to the 3223.9-keV level, and the subsequent
983.5-keV transition from the decay of the 983.5-keV level to the ground state. Similarly
in the lower panel, the coincidence spectrum gated on the 811-keV transition between the
4035.1-keV and 3223.9-keV levels gives the 929-keV, 983.5-keV, and 1312-keV transitions
which can also be placed in the level scheme. The intensities in the level schemes (the
thickness of the arrows) are based on the GEANIE data. In general, these intensities argee

with NUDAT. The spin and parity assignments are from the NUDAT [nud].

4.6 Threshold analysis

The threshold neutron energy for observing a given -y ray can sometimes help confirm
or reject the placement of that transition in the corresponding level scheme. In principle,
for a micropulse spacing of 1.8 us, it should be possible to extract the excitation function
for a v down to E, =~ 620 keV within one micropulse. In practice, the data from slower
neutrons are contaminated by the -y flash from the next micropulse, and excitation functions
can realistically be extracted for £, > 1 MeV.

Also it is important to know the reaction () value and reaction threshold excitation
energy to identify a given v ray. To calculate the reaction @) value and threshold energies
for n + *8Ti reactions, we used the computer code Qtool [qto]. This code computes reaction
@ values and thresholds using experimental and theoretical nuclear masses. Qtool is im-
plemented on a webpage, prepares a table of () values and reaction thresholds for channels
open up to desired energy. The calculation is based on the Audi-Wapstra experimental

masses [Aud95] when available, otherwise on the FRDM (1992) mass model. In Table 4.5,
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some example of the reaction () values and thresholds up to incident neutron energy 40

MeV.

for the n + *8Ti reaction at 40 MeV.

Table 4.5: Reaction ) values and thresholds: Open channels

Reaction Products @ value (MeV)

Threshold (MeV)

OT] + 5 8.12243

“BTi+n 0.0000

Ca + «a -2.02807
8Sc + p -3.21186
“Ca+n + « -9.44290
%S¢+ n+p -11.44443
4TTi + 2n -11.62669
AT + 20 -12.19834
47Ca + 2p -12.65402
467§ + 3n -20.50447
$BCa + 2n + « -20.57496
BK+n+p+a -21.60801
46Sc + 2n + p -22.08883
2Ca+3n + «a -28.50802
45Ca + 2n + 2p -30.32397
5S¢ + 3n + p -30.84953

45Ti + 4n -33.69433

0.0000

0.0000

2.07074

3.27942

9.64155

11.68518

11.87127

12.45495

12.92022

20.93582

21.00779

22.06257

22.55351

29.10774

30.96189

31.49850

34.40315
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4.7 Iron line analysis

As a validation of the experiment and the analysis technique, the partial cross section
of the 2] — 07 transition in 5°Fe has been extracted from a series of runs with the 48Ti
sample sandwiched between 5-mil "% Fe foils. The partial y-ray cross section for the 847-keV
transition in n+°6Fe has been extracted from both planar and coaxial data, and is plotted
in Figs. 4.12 and 4.13, respectively. These data are compared to the cross section of 705 £+
56 mb at E, = 14.5 MeV, evaluated by Nelson et al. [Nel04].

4.8 Doppler effects

When a nuclear reaction occurs, the recoiling excited nucleus is traveling through a
surrounding medium and slows down. *®Ti is a light nucleus and therefore Doppler effects
should be investigated for the n+*®Ti reaction. The Doppler-shifted energy of a vy ray

detected at angle 6 with respect to the recoil direction of the nucleus emitting it is given by
E(6) = ES[1+ F(r)Bycost] , (4.13)

where Eg is the y-ray energy in the rest frame of the recoiling nucleus, the attenuation factor
F(7) varies between 0 and 1 and is a function of the level lifetime 7, 3y is the initial velocity
of the recoiling nucleus, relative to the speed of light, in the lab frame. For reactions in an
extended sample, the Doppler shifts must be averaged over different scattering angles. For
low-energy (n,n’y) reactions and assuming that F(7) does not depend on the recoil velocity,

Bo in Eq. (4.13) must be replaced by Scar, the velocity of the center of mass in the lab

Ay [E
Bem = 0.04635 <m> A—”, (4.14)

where A, is the neutron mass in atomic mass units (1.00866497 u), A is the target mass

frame [Bel96]

in atomic units (47.9479463 u, for *®Ti), and E,, is the incident neutron energy in MeV.

Thus, for example, 2-MeV neutrons incident on *3Ti nuclei will result in Bcpr = 0.00165. A
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Figure 4.12: Partial y-ray cross section for the *°Fe 847-keV transition measured in the
planar detectors, and compared with an evaluation at E,,=14.5 MeV by Nelson [Nel04].
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Figure 4.13: Partial y-ray cross section for the ®°Fe 847-keV transition measured in coaxial
detectors, and compared with an evaluation at E,=14.5 MeV by Nelson [Nel04].
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0.983-MeV « ray produced in this reaction will experience a Doppler shift of at most 1.6 keV
(assuming F(7) = 1 and € = 180°), which is less than the observed width of 2.2 keV for -
ray peaks at this energy. For higher-energy neutrons, the situation is more complicated. In
order to investigate the potential effects of Doppler shifts in the present data set, attenuation
factors F'(7) have been extracted by fitting individual-detector y-ray spectra, corresponding
to the range E, = 1-20 MeV. Attenuation factors have been inferred for many transitions

in the *Ti(n,n'y) channel by fitting y-ray energies with Eq. (4.13). There are no general

reliable trends that can be extracted.
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Figure 4.14: Part of the individual planar detector spectrum. These spectra are aligned
using E, = 803.06 keV transition from 206ph, for which we assumed no Doppler shift.
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26.5° and at the most backward angle 142.0° are shown. A v ray of E, = 983.5 keV from
the 0.983 MeV level, with a level lifetime of 4.27 ps has no Doppler shift, but a v ray of
E, = 944.0 keV from the 3.239 MeV level (with a level lifetime of 46 fs), a Doppler shift
of =~ 0.3 keV is deduced from Fig. 4.14. Reliable Doppler shifts for individual transitions
are very difficult to extract from these data because (i) the spectra are very complex, (ii)
only 4 distinct detector angles are available for the planar data, and (iii) the statistics in
individual-detector spectra are limited.

The GEANIE data seem to suggest that the attenuation factors for the present
experiment are very weak in general, and therefore it is unlikely that Doppler shifts will

significantly affect the y-ray analysis.



Chapter

Theoretical Model Calculations

5.1 Hauser-Feshbach statistical model

A traditional theoretical approach to compound nuclear reactions is the statistical,
Hauser-Feshbach model. This model is valid only for high level densities in the compound
nucleus, allowing one to use energy-averaged transmission coefficients 7', which describe
absorption via an imaginary term in the (optical) nucleon-nucleus potential. Theoretical
details are given in Chapter 2. The principal assumption made in the calculation of cross
sections and emission spectra from complex reaction processes is that the reaction proceeds
in a series of binary reaction stages; at each stage particle and y-ray emission are calculated.
The energetics of this process are illustrated schematically in Fig. 5.1. An initial compound
nucleus is formed with excitation energy U, spin J, and parity II. This process and all others
occurring in the calculation are subject to constraints imposed by the following energy, spin,

and parity conservation laws:

e+B, = +E' +By=U
i+ I+l=i+T+1I'=J

!

pP(-1)! =p'P'(-1)" =11 (5.1)
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Figure 5.1: Schematic illustration of the energetics of reaction sequences.
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where € and ¢’ are center of mass energies of incoming and outgoing particles a and o', B,
and B! are binding energies of the particles relative to the compound system, %, I, p, and P
are spins and parities associated with target or residual nucleus, and [ is the orbital angular
momentum. The primed quantities indicate the outgoing channel. For the reaction I (in
state u) +s—k + L (in state v), with I* + s interacting with center-of-mass energy E (in

MeV), the average cross section is given by

Y A TH(J™)TY (J7
ng (E) _ s ( ) k( )

= gJ
97 9s J,Z,r Tiot(J7)

W(J"), (5.2)

where the summation extends over all compound nuclear spins and parities J”, y and v
label the states in the target and product (= 0 for the ground state, 1 for the 15 excited
state, etc.). The cross section has units of area, described by A2 = 0.6566(A5E)_1 barns,
with A, = (A7A4,)/(Ar + A,) the reduced mass in atomic mass units and E the center-of-
mass energy in units of MeV. A is the wavelength, which is related to the wave number & in
the target plus incident particle channel by A = 1/k. The statistical weights are given by
gy = (2,];/c +1). Items without superscripts refer to the compound nucleus. The coefficients

W(J™) are the width fluctuation corrections.

5.2 The STAPRE reaction code

The statistical model code STAPRE (STAatistical —PREequilibrium) has been used
to model the cross sections [Uhl76] for E,, = 1-20 MeV. The physical models that have
been included are discussed below. The version of the code used is STAPRE-H95 [Avr95].

Several modifications have been made, primarily to the level density routines.

5.2.1 Transmission coefficients

The transmission coefficients in the numerator of Eq. (5.2) are given by TH(J™),
which equals the total transmission function for forming the state J™ in the compound

nucleus I* + s at energy E¥. Similarly, T} (J™) is the same as T#(J™) but for the pair
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LY + k at energy E}Y. Implicit in these definitions is a sum over all possible partial waves

and channel spins, i.e.,

THI™) =Y THI™, L, 9), (5.3)

lys

where [ is any partial wave number (orbital angular momentum) that can couple the state
i to the compound nuclear state having spin and parity J™ subject to quantum mechanical
selection rules, and j is the vector sum of the spins J' l’f and Js;. Hence j takes on all integer
(or half-integer) numbers from |J¥ — J| to J¥ + J;.

Tiot Tepresents the sum of transmission coefficients over all possible decay channels
(i.e., for all particles and photons). The cross section for the formation of species L, regard-
less of its state v, is obtained by summing Eq. (5.2) over all bound states v of L for which
the reaction is energetically allowed.

When evaluating these sums, if the energies of interest exceed the highest discrete
excited state for which energy, spin, and parity are explicitly known, a nuclear level density
formula must be employed. Specifically, the definitions for T;(J™), Ti(J™), and Ty (J™)

must be modified, for example:

Z Ty (J7) +
Emam

/ TYEL, TT)pEL, I 7 e dn T

Jvav
where for the nucleus L, {7 is the energy of the highest excited state, w, of known energy,
spin, and parity. £79% = E) = EY + Q. is the maximum excitation energy available, while
p(€Y,J”, w¥) is the density of states per unit energy and for spin and parity J” and =¥
at the excitation energy £;. The above integral approximates a summation and is subject
to the same quantum mechanical restrictions implied in the definition of the transmission

function.
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The optical model

For the calculation of the particle (neutron and proton) transmission coefficients
Ty (€%,J7), the optical model developed by Koning and Delaroche [Kon03] has been used.
Although the Koning-Delaroche parameters are tuned to fit data for many different species
(see Tables 6 and 7 in Ref. [Kon03]), the use of the global nucleon-nucleon Optical Model
Potential (OMP) gives a very satisfactory fit to measured total cross section data for neu-
trons and protons in the range of interest. The adopted potential depth parameters and
Fermi energies for the neutron and proton global OMP are defined as in Section 5.2, Tables
10 and 11 of Ref. [Kon03]. The particle transmission coefficients were generated by the
optical model code ECIS-95 [Ray96]. The coupled-channel calculations were performed in

a spherical optical model mode.

Level densities

For this calculation, a modified version of the level density formulation of [Rau97]
has been adopted. The level density is described by two different functions above and below
a matching energy E,, which are matched in magnitude and slope at E,, as in Ref. [Gil65)].

Above the matching energy, the back-shifted Fermi gas model

exp(2vaU
p(B) = —p2Val)
12v/2al/4U5/4 0

(5.4)

is used, where U = F — A. A is the so called “pairing energy” or backshift parameter, and
o is the spin cut-off parameter. Rather than using a constant pairing energy or one with
a fixed dependence on mass number, the pairing energy was determined from the nuclear
binding energies, as in Ref. [Rau97]:
A(Z,N) = AL(Z,N)+ A,(Z,N) (5.5)
A, (Z,N) = E%(Z,N)
- %EG (Z —1,N)

1
- 5EG (Z+1,N)
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A, (Z,N) = E%(Z N)

1
- 5EG(Z,N—1)
- %EG(Z,N+1).

For odd N or Z, the pairing energies A, or A, are set to zero, respectively. The level

density parameter a was taken to be
oU,Z,N) = a(A) (1 + oW (Z, N)#)
fU) = 1-exp(—U)
a = 0.1337A — 0.06571A4%/3, (5.6)

with v = 0.04884, and the 6W (Z, N) parameters are shell corrections given in Ref. [Mol95].

Finally, the spin-cutoff parameter o in Eq. (5.4) is defined by
o? = WaU A3, (5.7)

where A = 0.146. This formulation of the level density has been shown to replicate known
experimental resonance spacings at the neutron binding energy reasonably well.
Eq. (5.4) diverges as E approaches A. Thus, below the matching energy approxi-

mately given by E, = 2.5 + 150/A, a constant temperature formula for the level density

p(E) = exp | — (5.8)

T 2o’

1 [E — Eg] 1
is used, where o is defined as before, except that it is held constant below E,. The parame-
ters Ey and T are uniquely determined by the condition that the two level density formulae
match in magnitude and slope at E;. Generally, this constant temperature formulation

provides a reasonable fit to low-lying levels.

The level density is related to the state density by

p(E,J) = p(E)f(E,J)
J(E,7) - 2J+1e$p<—(J+1/2) ) (5.)

202 202

where J is the spin of the compound nucleus.
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Photon transmission coefficients

For the calculation of the y-ray transmission coefficients, a simple model where the
transmission coefficient depends only on the multi-pole type (XL = E1, M1, E2, etc ...) and
the transition energy ¢ is used. The transmission coefficient is related to the y-ray strength
functions f; (g) by

TY . (e) = 27 H L 1, (e). (5.10)

The energy dependence of the strength function was determined using the GDR model
with Lorentzian shapes. The transmission coefficients were then normalized by fitting the
average total s-wave radiation width at the neutron binding energy [Uhl176].

Since the total s-wave radiation width at the neutron binding energy is generally
measured only for stable isotopes plus a neutron, this value was estimated from the system-
atics for the unstable nuclei. The systematic values are determined by a least squares linear
fit to experimental data, with separate systematics developed for even-Z even-N, even-Z
odd-N, odd-Z even-N, and odd-Z odd-N compound nuclei. Since in the case of odd-Z even-
N nuclei, no experimental s-wave data was available in the region of interest, the odd-Z
odd-N systematic for all odd-Z nuclei was adopted. The systematics for the total s-wave

radiation width used were

Even Z, Even N: 64.4N — 748
Even Z, 0dd N: 109N — 1410

0dd Z: 165N — 3290 (5.11)

The experimental values were used whenever the measured average s-wave radiation
width was available.
Nuclear structure data

For nuclear masses the experimental mass excess values of Ref. [Mol95] were adopted.

Spin and parity assignments are from the Evaluated Nuclear Structure Data File [ens].
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The nuclear structure data needed to model the y-ray cascade in this study were adopted
from the file BUDAPEST.DAT [rip98], with an additional evaluation performed by R.
Bauer [Bau02]. Partial level schemes used for STAPRE calculations are shown in Figs. 5.2,

5.3, 5.4, and 5.5.
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Figure 5.2: Adopted level scheme of “8Ti for the STAPRE calculation.

5.2.2 Width fluctuation corrections

In addition to the ingredients required for Eq. (5.2), width fluctuation corrections
(WFC) are employed as well. The correlation factors are defined with which all partial
channels of incoming particle 7 and outgoing particle k, passing through an excited state

(E, J,7), have to be multiplied. The major effect is to enhance the elastic channel and
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Figure 5.3: Adopted level scheme of "Ti for the STAPRE calculation.

accordingly decrease the other open channels. They are most often observed at or near
channel opening energies when e.g., (p,y) and (p,n) channels compete, and the weaker (p,y)
channel is enhanced. Above a few MeV excitation energy, when many competing channels
are open, WFC’s can be neglected.

The exact expression for the WFC, obtained with the Gaussian orthogonal ensemble
(GOE) approach, requires the evaluation of a triple integral and to date has been considered
much too costly to apply in nuclear cross section calculations. Several approximations have
been developed; the most popular ones are the Moldauer model [Mol76], and the HRTW
model [Hof75]. The Moldauer model of the WFC has been adapted in this case. For a

detailed description of the full (GOE) treatment and a comparison with the Moldauer and
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Figure 5.4: Adopted level scheme of *®Sc for the STAPRE calculation.

HRTW approximation models mentioned above, see Chapter 2.

5.2.3 Preequilibrium processes

For excitation energies starting around 10 MeV, preequilibrium processes become
important in (n,x) reactions. The preequilibrium cross section is subtracted from the total
cross section of the first compound nucleus, and is usually unimportant for subsequent
compound nuclei. Here we describe equilibration of the compound nuclear system in terms
of a simple exciton model. In the preequilibrium stage of the reaction, particle or photon
emission is assumed to be the only decay mode. For the equilibration portion of the first
chance particle or photon, the Hauser-Feshbach formula Eq. (5.2) is applied. All subsequent

(higher chance) processes are treated as sequential evaporation steps.
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Figure 5.5: Adopted level scheme of *>Ca for the STAPRE calculation.

A simple exciton model with an initial 2-particle 1-hole configuration is adapted.
Average rates for internal transitions are related by the formulae of Williams [Wil70], cor-
rected for the Pauli principle by Cline [Cli72], to the absolute square of the average effective
matrix element |M| of the residual interactions according to Eq. (7) of Ref. [Uhl76]. The

dependence of | M|? on mass number and excitation energy is

IM? = (FMYA—3E~L. (5.12)

A value of (FM) = 100 provides reasonable agreement with the experimental cross
section data in this region. This value for (FM) was applied in calculating the preequilib-

rium contribution to all cross sections in this study.
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5.3 The GNASH reaction code

Cross sections for “8Ti 4 n reaction were calculated using the statistical Hauser-
Feshbach reaction code GNASH. A version of the GNASH code used for calculations was
GNI9CP0.MK dated February 1999 [You99]. GNASH implements Hauser-Feshbach theory
in an open-ended sequence of reaction chains limited in number only by the memory and
speed of the computer being utilized. Up to 6 types of radiation can be emitted from
each compound system, so that a maximum of 60 reaction paths can be handled in a single
calculation. The general method of calculation involves assuming that the reaction proceeds
in a series of sequential two-body breakup processes. At each stage in the reaction, ~y-ray
and particle emission can occur and are computed using the Hauser-Feshbach theory which
conserves angular momentum and parity. Width fluctuation and preequilibrium corrections
including surface effects can be applied to the decay channels of the initial compound
nucleus. Three model choices are available for continuum level densities and for ~-ray
strength functions. The code has been used for calculations at energies as low as 0.1 keV
and as high as 200 MeV. The models utilized are expected to be most applicable for energy
range 1 keV to 150 MeV. Calculations are performed for “Ti + n reaction for neutron

energies between 1 MeV to 120 MeV.

5.3.1 Transmission coefficients

All particle transmission coefficients are introduced into GNASH from an external
input file that is obtained from either spherical or coupled-channel optical model calcula-
tions. Transmission coefficients depend on the orbital angular momentum and the total
angular momentum. For calculations with incident neutrons or protons on nuclei that are
strongly deformed such as rare earths and actinides, the coupled-channel optical model
calculations with the ECIS code are used to obtain transmission coefficients. Spherical
optical model transmission coefficients for GNASH calculations are determined with the

CoH code by T.Kawano [Kaw05]. The CoH code solves a Schrédinger equation for a given
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optical potential, and calculates the differential elastic scattering, reaction and total cross
sections, transmission coefficients, for neutron, proton, deuteron, triton, and alpha-particle
projectiles. Optical model parameters are taken from global phenomenological models. For
neutrons and protons the Koning and Delorache [Kon03] parameters were used. The po-
tential of Becchitti and Greenlees [Bec71] was used for tritons and deuteron and that of
Lemos [Lem?76] for a particles. The level density theory of Ignatyuk [Ign75] was utilized to
model the statistical properties of excited nuclei. This theory is particularly appropriate
for analysis at higher energies since it includes a damping shell effects in the level density
parameter for increasing excitation energies. In this model the Fermi gas parameter is
assumed to be energy dependent and given by the expression as a function of excitation
energy U

a(U) = o[l + f(U)IW/U], (5.13)

where « is the asymptotic value at higher energies. Shell effects are included in the term 6W,
which is determined via experimental masses and complemented with theoretical masses
where necessary. Additional energy dependence in a(U) occurs via the term f(U), which is
given by

J(U) = 1 - eap(—0), (5.14)

where v = 0.05 MeV was determined by Ignatuyk et al. [Ign75].

v-ray transmission coefficients are calculated using one of several possible forms
for y-ray strength functions. The transmission coefficients for y-ray emission are obtained
from the Eq. (5.10). For v-ray emission, the strength functions and photon transmission
coefficients are obtained from the giant-resonance model of Kopecky and Uhl [Kop89]. The

GNASH utilizes the generalized Lorentzian form to calculate the y-ray strength function:

E,T(E,) 0.70472T?

E,T)=K
Jer(BnT) = Ky (E2 — E?)2 + E2T(E,)? ES

ool (5.15)

where I'(E,) is an energy-dependent damping width

E> +47°T?

D(By) = T~

(5.16)
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and T is the nuclear temperature given by
(5.17)

and Kpg is obtained by normalization to 2r < I'yg > / < Do > data. The standard
giant dipole resonance parameters are calculated for *8Ti, o9 = 89.6 mb, E = 19.32 MeV
and I' = 5.80 MeV. The quantities B,, and a are the neutron binding energy and Fermi
gas level density parameter. For M1 radiation, resonance parameters are determined by
E = 41A71/3 and T = 4 MeV. The excitation energy dependence of the y-ray emission is
included through the use of generalized Lorentzian forms for the E1, M1, and E2 strength

functions.

5.3.2 Width fluctuation corrections

Width fluctuation corrections are applied to the GNASH calculation. The Moldauer

model of WFC are employed.

5.3.3 Preequilibrium reactions

After calculation of the population of the first compound nucleus using the Hauser-
Feshbach expressions, corrections for preequilibrium and direct reaction effects are made.
The preequilibrium contribution calculations were performed using the exciton model as
formulated by Kalbach in the code PRECO-B [Kal74]. The one adjustable parameter, the
damping matrix element, was taken as 170 MeV3, based on the comparison of composite
neutron emission spectrum with (n,nx) spectrum at 14.1 MeV. Multiple preequilibrium
emission was included using the model of Ref. [Cha94a], and does not include any adjustable
parameters.

The exciton model assumes that, after the initial interaction between the incident
particle and the target nucleus, the excited system can pass through a series of stages of
increasing complexity before equilibrium is reached, and emission may occur from these

stages, giving the preequilibrium particles. The different stages of complexity are classified
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according to the number of particles and holes excited, and the exciton model calculations
involve solving a series of master equations that describe the equilibration of an excited
system through a series of two-body collisions producing more complex configurations of

particle-hole pairs (excitons). The master equation is

dP(n,t)

o = AT (n—2)P(n—2,t)+ A" (n+2)P(n+2,t)—[AT(n)+A" (n)+W (n)]P(n,t), (5.18)

where P(n,t) is the probability that the excited nuclear system exists in the exciton state;
n is number of excitons at time ¢, AT, A\~ is internal transition rates for n — n + 2 and
n — n — 2, respectively and W (n) is total particle emission rate from stage n summed over
all outgoing particles and energies.

The initial condition for solution of these equations is

P(paha()) = 5(p7p0)5(ha h0)7 (519)

where the initial particle number is pg = 2 and initial hole number is hy = 1 for nucleon-

induced reactions. The transition rates are calculated using Fermi’s golden rule:

2
A= %MQY, (5.20)

where M? is averaged squared matrix element for two-body interactions between specific
initial and final states, and parametrized according to the systematics of Kalbach [Kal85]
and Y is accessible phase space for the transition. To calculate the accessible phase space,
the equidistant single-particle state density is used.

The emission rate for particles of type b and emission energy E is obtained by
considering a detailed balance of the emission channel and the analogous absorption channel
of particles b:

2sp+ 1)

w\p—p 7h7U
Win, ) = 2L El L)

LIRS o), (5:21)

puop(€)e

where sy, 4y, pp are the spin, reduced mass, and nucleon number of the emitted particle, U

is the residual nucleus excitation energy, oy(e) is the inverse cross section evaluated at the
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emission energy of b and Q,(p) is a factor that takes into account the distinguishability of
neutrons and protons in the intranuclear cascade.

Finally, direct reactions for neutron inelastic scattering were included for scattering
to the 2] states in “8Ti using distorted-wave Born approximation theory. The deforma-
tion parameters were taken from the compilation given in the International Atomic Energy
Agency Reference Input Parameter Library [rip98], and the neutron optical potential de-
scribed above.

The above formalism for describing preequilibrium processes does not take into ac-
count angular momentum effects. For angular-momentum-dependent preequilibrium reac-
tions, Chadwick et al. [Cha94b] developed an approach for estimating the spin dependences
of the residual nuclei following preequilibrium decay as discussed in the Chapter 2. This ap-
proach is in parallel with the FKK quantum mechanical formalism, and gives a result for the
spin distribution which is largely determined by the spin dependence of the preequilibrium
particle-hole level density.

The spin distribution of residual nucleus for the preequilibrium reactions is calcu-
lated using the “cmc” program. A program “cmc” has been developed by T. Kawano [Kaw98]
to calculate the multistep compound (MSC) and the multistep direct (MSD) processes by
Feshbach-Kerman-Koonin theory. Since FKK theory is an extension of DWBA to the
continuum state, the MSC reaction is assumed to have the same spin distribution for the
resudual nucleus as for compound nucleus. The spin distribution of preequilibrium reactions
in the residual nucleus is calculated with MSD for one-step process and the spin cut-off pa-
rameters of residual system were estimated. The spin cut-off parameters were incorporated
into GNASH calculation, and «y-ray production cross sections were calculated. Results of

the spin distribution calculations are given in the Chapter 6.
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Experimental results

6.1 Channel cross sections of ®Ti 4+ n reactions for E, = 1

to 20 MeV

6.1.1 Partial y-ray cross sections for E, = 1 to 20 MeV

The main results in this section are: (i) the partial transition cross sections plotted
in Figs. A.1-A.14, and (ii) the lower-limit estimates for the (n,n’'y), (n,2n7y), (n,py), and
(n, ary) channel cross sections plotted in Figs. 6.1, 6.2, 6.3, and 6.4, respectively, and (iii)
channel cross sections inferred from combinations of the Hauser-Feshbach calculations and

plotted in Figs. 6.5, 6.6, 6.7, and 6.8.

6.1.2 Calculations using the STAPRE reaction code

Partial y-ray cross sections for the *®Ti+n reaction have been calculated using the
Hauser-Feshbach code STAPRE for neutron energies up to 20 MeV. More detailed descrip-
tions of the inputs are in Section 5.1. The calculation includes the preequilibrium processes
for the first emitted particle and produces activation cross sections as well as population
cross sections for isomeric states and production cross sections for v rays from low-lying

discrete excited states. The discrete level schemes for reaction channels were taken from
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ENSDF [ens]. For the present calculation, discrete low-lying excited levels up to an ex-
citation energy of 4.074 MeV were included for the inelastic channel, and up to energy
2.682 MeV for the (n,2n) channel. Levels up to E; = 2.729 MeV are included for the (n,p)
channel, and up to E; = 1.554 MeV for the (n,a) channel. Partial level schemes used for

STAPRE calculations are shown in Figs. 5.2, 5.3, 5.4, and 5.5.

6.1.3 Lower-limit estimates

A lower limit on the *8Ti(n,n’y)*¥Ti cross section was obtained from the data mea-
sured with the GEANIE array by summing the partial y-ray cross sections for transitions
directly populating the ground state of *Ti. Explicitly, the estimated lower-limit cross

section for the inelastic channel is (see Fig. 4.11)
o(n,n'y) = 0,(983.5) + 0,(2421.0) + 0,(3371.2) + 0,,(3699.1) + 0.,(3738.0), (6.1)

where individual partial y-ray cross sections are labeled by their energies and are listed in
Appendix A. The sum in Eq. (6.1) is plotted as a function of incident neutron energy in
Fig. 6.1, and compared with the STAPRE predictions shown using the solid line. Both
experimental and theoretical partial sums are in excellent agreement for 1 MeV to 20 MeV.
Similarly a lower-limit on the 8Ti(n,2nv)*7Ti cross section is given by the sum of measured

partial y-ray cross sections,

o(n,2ny) = 0,(159.4) + 0,(1251.5) + 0, (1549.9) + 0., (1739.9) (6.2)

+ 0,(1825.1) + 0,(2259.3) + 0,(2297.0).

This sum is plotted in Fig. 6.2. From threshold to ~ 15 MeV, the experimental sum is in
a very good agreement with the calculated partial sum. Above ~ 15 MeV the calculated
sum overpredicts the experimental one.

For charged particle emission channels, lower-limit estimation of the cross sections
for *8Ti(n,py)*Sc and *®Ti(n,ay)*3Ca reactions were based on the transition from the

first excited state to ground state measured with GEANIE. The lower-limit plots for the
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Figure 6.1: Lower limit for the “8Ti(n,n’y)*®Ti reaction cross section, deduced from a sum
of y-ray cross sections and compared to the STAPRE prediction.
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Figure 6.2: Lower limit for the *8Ti(n,2nvy)*"Ti reaction cross section, deduced from a sum
of y-ray cross sections and compared to the STAPRE prediction.
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Figure 6.3: Lower limit for the *®Ti(n,py)*®Sc reaction cross section, based on a single y-ray
cross section and compared to the STAPRE prediction.
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Figure 6.4: Lower limit for the **Ti(n,ay)*Ca reaction cross section, based on a single
~-ray cross section and compared to the STAPRE prediction.
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48Ti(n,py) and 8 Ti(n,ey) reactions are shown in Figs. 6.3 and 6.4. For the (n,p7y) channel,
the experimental partial cross section agrees very well with the calculated partial cross
section from threshold to ~ 13 MeV. Above this energy the calculated partial cross section
overpredicts the measured partial cross section. On the other hand, the calculated partial
cross section underpredicts the measured partial cross section for the (n,ay) channel below
15 MeV.

Systematic uncertainties which contribute to the total error are listed in the Ta-
ble. 6.1.
Table 6.1: Systematic uncertainties which contribute to the total error. The quantities in
the first column are defined in Eq. (4.9) with the subscripts pl and cz denoting planar and
coaxial detectors, respectively. The relative uncertainties are listed in the second column,

and a brief description of how these uncertainties were determined is given in the third
column.

Quantity Uncertainty (%) Origin
as 0 unknown, but assumed small
€fc 0.42 ref. [McN99]
Iots fea 3.0 ref. [McN99]
Oy 6.0 ref. [McN99]
€pl 4.8 calculated average of individual detector efficiencies
€cx 4.8 calculated average of individual detector efficiencies

6.1.4 Channel cross sections combined with Hauser-Feshbach model cal-

culations

The individual partial cross sections have been combined to produce an experi-
mental lower limit on the “*Ti(n,n')*®Ti, *¥Ti(n,2n)*"Ti, **Ti(n,p)**Sc, and *8Ti(n,)**Ca
cross sections. These lower limits were combined with the Hauser-Feshbach calculations to
produce a model-dependent estimate of the cross sections using the following equation:

o.calculated
deduced __ measured % reaction (6 3)
reaction — Yi _ gcalculated’ :
2 0%

%
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where afy’w““md is measured with GEANIE, and U,Cy“lC“l“tEd is calculated using the STAPRE
code. The cross sections obtained in this manner are shown in Figs. 6.5, 6.6, 6.7, and 6.8. We
assume that while the calculation may not reproduce the details of the absolute magnitudes
of the cross sections, it can accurately model the relative partitioning of the cross sections

among the discrete -y rays.

6.2 Partial y-ray cross sections for E, = 1 to 200 MeV

The ability to perform neutron cross section measurements over a wide range of
neutron energies ranging from a few MeV up to several hundred MeV provides a unique
opportunity to test sophisticated reaction modeling codes. In the neutron energy up to
several hundred MeV, a region is entered where preequilibrium reactions are the dominat-
ing reaction mechanism; this region has not been well explored with the neutron-induced
reactions [Gar00]. The observation of 13 different isotopes in the present work provides a
demanding test of reaction model calculations, and is the first study in this mass region to
extract y-ray excitation functions for many different reaction channels over the wide range
of neutron bombarding energies. In addition to the comparisons with the STAPRE reaction
code, the results of the present work were also compared with the GNASH reaction code
calculations. The GNASH code employs Hauser-Feshbach calculations with preequilibrium
and direct reaction contributions. Both calculations are sensitive to the accuracy of the
level schemes. In some cases, incomplete knowledge of the level scheme, such as missed
strong feeding transitions, incorrect branching ratios etc., introduces a bias into the calcu-
lations. This is generally not a serious problem for even-even, or most odd nuclei in the
region of *3Ti. Model predictions with a Hauser-Feshbach code such as GNASH are chal-
lenging since, for a good agreement with experimental results, theoretical descriptions must
correctly predict the overall break-up channel cross sections and must correctly predict the
angular momentum transfers and 7-ray cascades in the residual nuclei.

Including “8Ti, a total of 13 different isotopes were observed for which excitation
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Figure 6.5: Deduced cross section for the *Ti(n,n’)*8Ti reaction compared to the STAPRE
prediction.
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Figure 6.6: Deduced cross section for the *8Ti(n,2n)*"Ti reaction compared to the STAPRE
prediction.
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Figure 6.7: Deduced cross section for the *8Ti(n,p)*¥Sc reaction compared to the STAPRE
prediction.
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Figure 6.8: Deduced cross section for the 8 Ti(n,a)* Ca reaction compared to the STAPRE
prediction.
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functions could be extracted, the lightest being *2Ca via the (n, @4n) reaction channel.

The Ti isotopes

A total of four Ti isotopes were observed from “8Ti to **Ti. The experimental
partial cross sections for individual y-rays are compared with the GNASH calculations for
these nuclei in Figs. 6.9-6.11. The overall agreement was excellent, especially for (n,n'y)
channel neutron energy up to 20 MeV. There are some discrepancies, particularly for the
(n,2n7y) reaction channel. The measured (n,n'y) cross section for the 983-keV 2% to 0t g.s.
transition in 8Ti (which represents most of the total inelastic cross section) is consider-
ably higher than calculated for neutron energies above 25 MeV (see Fig. 6.9). Much of
this discrepancy may be due to multiple-scattering effects in the data. Such an underpre-
diction of calculation occurred in the several previous works for 207208Pb(n, zny) [Von94],
92Mo(n, znypzay) [Gar00], and %6 Pt(n, znypy) [Tav01] investigated using the GEANIE ar-
ray or similar detectors. Most of the transitions in (n,n'y) reaction channel are in excellent
agreement with theoretical calculations.

Transitions in the (n,2n+y) reaction channel are shown in Fig. 6.10. For a transition
between the first excited state and the ground state in *"Ti the calculation overpredicts the
experimental data above the threshold energy. In this energy region, the preequilibrium
reaction plays an important role. Unlike this overprediction, the GNASH calculation un-
derpredicts the transitions between 11/2~ to 7/27, 3/2% to 5/27g.s. levels. The reason for
this discrepancy is unknown. The excitation functions for the lighter Ti isotopes, shown
in Fig. 6.11, are in good overall agreement with the GNASH calculations, both in shape
and magnitude. For #°Ti, the cross sections do not fall as rapidly as the calculations sug-
gest. However, it is satisfying that the portion of the excitation function dominated by the

compound processes are well reproduced.
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Figure 6.9: Partial y-ray cross sections for E, = 983-keV, 1437-keV, 2421-keV, and 3737-
keV transitions in the (n,n’y) reaction for neutron energies between 1 to 200 MeV. These
are transitions between 21 to 07 g.s., 25 to 2], 25 to 0{g.s., and 1{ to 0] g.s. states,
respectively. Comparison with the GNASH predictions are shown.
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Figure 6.10: Partial y-ray cross sections for E, = 159-keV, 1285-keV, 1825-keV, and 2260-
keV transitions in the (n,2n7y) reaction for neutron energies between 1 to 200 MeV. These
are transitions between 7/2~ to 5/27g.s., 11/27 to 7/27, 3/2% to 5/27g.s., and 5/2% to
5/27g.s. states, respectively. Comparison with the GNASH predictions are shown.
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Figure 6.11: Partial y-ray cross sections for E, = 889-keV, 1120-keV transitions in the
(n, 3ny) reaction and E, = 293-keV, 414-keV transitions in the (n,4n+y) reaction for neutron
energies between 1 to 200 MeV. These are transition between 2 to 07 g.s., 4] to 2] states
in Ti and 3/2] to 3/2, 5/2] to 3/2] states in *>Ti. Comparison with the GNASH
predictions are shown.
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The Sc isotopes

The Sc isotopes from “®Sc, via (n,p) channel, to **Sc, via (n,4np) channel, were
observed to be strongly populated in the reaction. Cross sections for transition in Sc nuclei
are shown in Figs. 6.12-6.14. As can be seen in Fig. 6.12, the excitation functions for the
(n,p) channel are in good agreement with the GNASH predictions. The excitation functions
show the typical behavior characteristic of a charged-particle-exit channel, i.e., near the
threshold, the excitation functions rise slower than those of the neutron exit channel. This
is due to the Coulomb barrier for the evaporation of charged particles. While the (n,p) @
value is —3.21 MeV, most of the *8Sc ~y rays are not observed until ~ 5 MeV, indicating that
approximately 2 MeV of the excitation energy is required before protons can be evaporated.

47Sc is the heaviest Sc isotope where composite particles could be emitted the com-
pound system of *®Ti. The difference in the thresholds between the (n,d) and (n,np)
reactions is 2.27 MeV. Shown in Fig. 6.13 are results for transitions in the *"Sc and “6Sc
nuclei. Since none of the prompt 7 rays are observed below the (n,np) threshold of 11.7
MeV, there is no positive evidence of deuteron emission at low neutron bombarding ener-
gies. The observed transition between 3/2; to 7/27g.s. levels in “7Sc was over two orders
of magnitude higher than the model prediction. In the experiment, this line is located close
to the “neutron bump” therefore it might have been contaminated by it. It is apparent
upon inspection of Fig. 6.13 that there is a good agreement for the positive-parity states,
but poorer agreement for the negative-parity states.

Excitation functions for transitions from the lightest Sc nuclei observed in the
present work, **Sc and #4Sc, are shown in Fig. 6.14. Of interest are the threshold be-
havior of the excitation functions in that they increase more slowly than the calculations
predict. For *4Sc, the calculated excitation function is much narrower than the observed
one. In the excitation function for the transition between 4? to 2T ¢g.s. in **Sc, the peak

below the threshold must be a contamination peak from some other isotopes.
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Figure 6.12: Partial y-ray cross sections for £, = 121-keV, 131-keV, 371-keV, and 520-keV
transitions in the (n,py) reaction for neutron energies between 1 to 200 MeV. These are
transitions between 41 to 5, 51 to 67g.s., 3] to 4], and 2] to 3] states, respectively.
Comparison with the GNASH predictions are shown.
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Figure 6.13: Partial y-ray cross sections for E, = 808-keV, 1404-keV transitions in the
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with the GNASH predictions are shown.
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Figure 6.14: Partial y-ray cross sections for E, = 543-keV, 1056-keV transitions in the
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with the GNASH predictions are shown.
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The Ca isotopes

Excitation functions for vy rays from the Ca isotopes, ranging from #*3Ca to *’Ca,
are shown in Figs. 6.15—6.16. In general, the calculations are in good agreement with
the experimental excitation functions, especially the shape of the curve. The curves show
a definite double-humped structure, which is attributed to an « emission at low neutron
energies followed by contributions from 2p2n emission for higher neutron energies. The
actual threshold for an o emission channel is higher than the kinematic threshold due to a
Coulomb barrier. Shown in Fig. 6.15 are excitation functions for transitions assigned to *>Ca,
and **Ca. In the first panel, the calculation for the 174-keV 5/2~ to 7/2~ ground state
transition is underpredicted. Changing the default level density parameters may change
the predictions. For the 4T to 27 and 2% to 0T transitions in the (n,na/3n2p) channel,
the adjustment of the level density parameters may improve the predictions of the (n,na)
channel, but at the expense of the good description of the (n,3n2p) channel. Fig. 6.16
displays the excitation functions observed for transitions that are assigned to *3Ca and
42Ca. The shapes of the cross sections for transitions in high particle multiplicity reactions
are reproduced reasonably well. It is interesting to note that the cross sections still have an

observable dip between the (n, zna) and [n, (z + 2)n2p] channels.

6.3 Spin distribution of the preequilibrium reactions

In this work, the spin distribution of the preequilibrium reactions in the residual
nucleus is calculated using the quantum mechanical theories by Feshbach, Kerman, and
Kooning (FKK) with the multistep direct (MSD) approach. The MSD one-step process
for preequilibrium reactions are calculated using the “cmc” code. For this calculation, the
multistep compound (MSC) spin distribution is assumed be the same as the compound
residual nucleus spin distribution. The transferred spin distribution in preequilibrium re-
actions is calculated for incident neutron energies 15 MeV, 20 MeV, 25 MeV, 30 MeV,

and 35 MeV for “8Ti target. As an example, some of the calculated spin distributions are
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Figure 6.15: Partial y-ray cross sections for £, = 174-keV transition in (n, a/2n2py) reac-
tion and ., = 1126-keV, 1157-keV transitions in (n, na/3n2py)reaction for neutron energies
between 1 to 200 MeV. Transitions between 5/2; to 7/27g.s. in *Ca and 47 to 2], 2] to
0tg.s. in **Ca, respectively, compared with GNASH predictions.
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Figure 6.16: Partial -ray cross sections for E, = 373-keV, 1021-keV transitions in
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GNASH predictions.
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shown in Figs. 6.17—6.20 for the incident neutron energy 20 MeV. The histograms are the
transferred spin populations calculated using the FKK MSD one-step calculation. In order
to incorporate the spin distribution into the GNASH code the histograms need smoothing,
therefore histograms of the spin distribution are fitted by the function given by Eq. (2.42)
and the spin cut-off parameters are obtained from the fit. The spin cut-off parameters
of residual system are shown in the Fig. 6.21. The calculated spin distribution using the
FKK-MSD are incorporated into the GNASH input used for weighting of level density in the
continuum region where the preequilibrium component is important. Using these inputs,
the y-ray production cross sections were calculated. Throughout this work, this calculation
is referred to as GNASH-FKK.

For the (n,n') channel, the effect on the three transitions is investigated. First, in
Fig. 6.22 the 27 to 0" transition is shown; both GNASH and GNASH-FKK show good
agreement with the experimental data and are lower than the data for F, > 15 MeV. The
difference in the spin distribution for these two calculations is not readily apparent in the
case of this low spin transition. The second case is the 4T to 2% transition in the same
channel shown in Fig. 6.23. In this case, the GNASH predictions are somewhat higher than
the experimental result for £, = 6 — 11 MeV. More importantly, the GNASH-FKK is much
strongly suppressed compared to the GNASH and experimental data. Similarly, for the 6T
to 4 transition in the (n,n’) channel shown in Fig. 6.24, the GNASH-FKK is suppressed
at all neutron energies indicating the effect of preequilibrium reaction.

For the (n,2n) channel, the transition from the first excited state to the ground
state is considered. The GNASH-FKK predictions are in much better agreement with data
than the GNASH prediction.

In order to demonstrate the effect of the difference in spin distribution in the two
calculations, the ratios of the partial y-ray cross section for 6% to 4T and the total inelastic
scattering are considered in Fig. 6.27. The ratio predicted using the GNASH without taking
into account the preequilibrium reaction, is clearly in disagreement with data, i.e., while

data decreases with increasing neutron energy, the GNASH prediction keep increasing.



CHAPTER 6. EXPERIMENTAL RESULTS

Probability

©
(N

0.5

04|

o
w

0.1

FKK —— 1

487i, Spin distribution
Equt = 3 MeV -

J (h/2m)

Figure 6.17: Spin distribution of the *8Ti
+ n reaction for incident neutron energy of
20 MeV and outgoing neutron energy of 3 20 MeV and outgoing neutron energy of 7
MeV

Probability

o
[N

0.5

04|

©
w

01|

FKK —— |

48Ti, Spin distribution
E

out = 9 MeV .

J (hi2m)

Figure 6.19: Spin distribution of the *8Ti
+ n reaction for incident neutron energy of
20 MeV and outgoing neutron energy of 9
MeV

0.5

0.4

Probability
o
w

©
(N

0.1

T T T
FKK —— 1

487i, Spin distribution
Equt = 7 MeV -

J (h/2m)

120

Figure 6.18: Spin distribution of the *8Ti
+ n reaction for incident neutron energy of

MeV

Probability

05 |

0.4 |

o
w

o
(N

01f

48Ti, Spin distribution
Eout = 15 MeV

FKK ——— |

J (hi2m)

Figure 6.20: Spin distribution of the *8Ti
+ n reaction for incident neutron energy of

20 MeV and outgoing neutron energy of 15
MeV



CHAPTER 6. EXPERIMENTAL RESULTS 121

12 T T ] — T T T T
- E,=10MeV — &
E,=15MeV
- E,=20MeV —o— -
10 - E,=25MeV — e —
E,=30MeV

E,=35MeV —a—

Spin Cut-Off Parameter
(@]

0 I R R B
0 10 20 30

Neutron Out-going Energy [MeV]

Figure 6.21: Spin cut-off parameters



CHAPTER 6. EXPERIMENTAL RESULTS 122

After inclusion of the spin distribution calculated using the preequilibrium effects, the ratio
is more similar to the data. The difference in magnitude may be improved by further
development of the model. The same ratio between the 47 to 2T transition cross section
and the total inelastic cross section is shown Fig. 6.26. The calculations of the GNASH
and GNASH-FKK are similar in shape with the measured ratio. But GNASH prediction
tends to increase in with increasing neutron energies, while the experimental data tend to
be constant at increasing neutron energy. When the spin distribution in the preequilibrium
reaction is included, the ratio is much more closer to experimental data. This clearly

demonstrates the importance of including the effect of preequilibrium reactions.
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Figure 6.22: Partial cross section for £, = 983-keV transition between 2% to 0" in yrast band
of 8Ti. The experimental data compared with GNASH and GNASH-FKK calculations.
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Figure 6.23: Partial cross section for E, = 1312-keV transition between 47 to 27 in yrast
band of ¥Ti. The experimental data compared with GNASH and GNASH-FKK calcula-
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Figure 6.24: Partial cross section for E, = 1037-keV transition between 67 to 4 in yrast
band of ¥Ti. The experimental data compared with GNASH and GNASH-FKK calcula-
tions.
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Figure 6.25: Partial cross section for yrast band transition in (n,2n7y) reaction. The exper-
imental data compared with GNASH and GNASH-FKK calculations.
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Chapter

Summary

7.1 Conclusion

Excitation functions of prompt + rays produced in the n+*8Ti reaction have been
measured using the GEANIE spectrometer at the LANSCE/WNR facility. The individual
v-ray yields have been converted to partial transition cross sections as a function of incident
neutron energy by accounting for neutron flux, sample thickness, deadtime corrections, de-
tector and fission chamber efficiencies, and internal conversion processes. The partial cross
sections for 7 rays decaying directly to the ground states of “Ti and *"Ti have been summed
separately to obtain lower limits of the **Ti(n,n’y)*¥Ti and *¥Ti(n,2nvy)*"Ti reaction cross
sections, respectively. The lower limits for the *8Ti(n,npy)*¥Sc and *8Ti(n,nay)**Ca re-
action cross sections have been also obtained based on the v ray decaying directly to the
ground state from the first excited state. These lower limits are combined with calculations
of the STAPRE reaction code to deduce the channel cross sections for neutron energies
between 1 to 20 MeV. Also the experimental data are presented for neutron energies up to
200 MeV. v rays from a total of 13 different isotopes were observed and prominant partial
~-ray cross sections were extracted. These partial y-ray cross sections are compared with
the calculations of the GNASH reaction code.

The spin distribution of the preequilibrium process in **Ti + n reactions was cal-
129
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culated for the first time with the quantum mechanical theory of Feshbach, Kerman, and
Kooning (FKK). The FKK one-step process was included for the multistep direct (MSD)
reaction to account for the preequilibrium effect and the spin cut-off parameters of residual
system were estimated. The FKK spin distribution of preequilibrium was incorporated into
GNASH calculation and the y-ray production cross sections were calculated and compared
with experimental data. The difference of including spin distribution with and without
preequilibrium effects is found to be significant. The probability of v transition from a high
spin state is strongly suppressed because of the preequilibrium spin distribution.

The statistical properties of preequilibrium reactions are best studied for heavy nu-
clei far from shell closure where the number of nucleons interacting will be large, thus giving
rise to sufficient single particle distributions. This will allow easy coupling of different angu-
lar momentum states which in turn will allow smoother calculated FKK spin distributions.

More studies of preequilibrium reactions using heavier nuclei is therefore suggested.
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Appendix

Partial v ray cross sections

This appendix presents the partial cross sections of the individual v rays included

in the estimation of the reaction channel cross sections discussed in the Section 6.1.
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