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ABSTRACT

The situation concerning the ‘anomalous dependence of the shape of
level density plots of nuclear evaporation spectra on the energy of the
incident particle' is rather confusing. Some authors have reported observing
this anomaly while others have claimed that their results did not indicate
any anomaly. It is, however, not always clear if different incident energy
spectra have been compared for the same excitation energy of the residual
nucleus, as they should be for establishing the existence (or non-existence)
of this type of anomaly. Moreover in some (n,a) and (p,n) spectra it has
been reported that different choices of the inverse cross section oc lead to
different conclusions concerning this anomaly. No thorough study of evaporation
spectra with protons as emitted particles has been reported. A thorough
examination of published (n,p) and (a,p) spectra was undertaken by us and
those sets of spectra which were available for different incident energies
were reanalyzed (using the method of least squares for straight line fitting)
by us for the constant temperature model as well as for the Fermi gas model

with n = 2; 1.67, 1.5, 1.25 and 0 in the expression

exp 2 vaE
En
and in each case we tried six different sets of ocs Blatt & Weisskopf
(ro = 1.3, ry = 1.5), Shapiro (ro =1.3, ry = 1.5), Lindner (optical model),
and Mani et al (optical model). The aim was to find out if the conclusions

concerning these spectra depended significantly on the choice of ¢ and
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of level density expression. In particular, it was hoped that some
combination(s) of o_ and level density expression(s) might lead to a more
consistent and less anomalous description of these spectra. Our reanalysis
did indicate in many cases significantly different results for different Ie
but no overall consistent and clearer pattern has emerged. In addition to
the conventional analysis a 'level density independent' approach has also
been employed by us. From the detailed results certain conclusions about

the relative magnitudes of T and different level density parameters have

been drawn.



-1 -

CHAPTER 1

INTRODUCTION

1.1 The Project

Nuclear reactions proceeding according to the ‘'complete
statistical model' are usually analyzed on the basis of the Weisskopf-
Ewing formula (Eqn. 2.7A and 2.7B). To examine the shape of these
'evaporation spectra', ‘level density plots' are obtained by using
suitable expression(s) representing the debendence of nuclear level
density on the nuclear excitation energy. The formula involves w(Ey),

the level density of the residual nucleus Y at the excitation energy

‘ exp 2vat
Fy' The expression based on the Fermi gas model is of the form —-——7;——JL
E
y

where various values of n ranging from QO to 2 have been tried. The
constant 'a' is called the level density parameter. Another commonly
used form is exp (:XJ, the constant temperature model, where T is the
nuclear temperature of the residual nucleus and is supposedly independent
of ;y in this ‘'approximate' or more correctly 'empirical' model.
(According to the Fermi gas model the nuclear temperature should be
approximately proportional to /E;l) If the use of a particular level
density expression leads to a linear level density plot one can
determine from the slope the appropriate level density parameter or the
constant nuclear temperature. A linear level density plot is considered
to be an evidence of the validity of the particular level density
expression, but the basis of such models also requires that the level

density parameter or T should be independent of the incident energy,

i.e. the slopes of the appropriate level density plots be the same for
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spectra obtained with different incident energies. Many authors have
reported 'anomalous' dependence of 'a' or T on the incident energy. It
is not, however, always clear whether the same criteria have been used
for different spectra, particularly whether the same range of the
excitation energy of the residual nucleus applies to the determination
of the slopes of spectra for different incident energies. Furthermore,
the analysis involves inverse cross sections for the formation of the
compound nucleus if the emitted particles were to be incident on the
excited residual nuclei. In actual practice, because of unavailability
of cross sections for excited nuclei, one uses the cross sections
calculated for the ground state. Different types of calculations have
resulted in different sets of such cross sections. Concerning some
(n,a) spectra it has been reported that whereas cross sections based on
the 'continuum model' lead to anomalous dependence of the slopes of the
level density plots on the incident energy the cross sections based on
the 'optical model' remove this anomaly (ref: Bormann 1962, also see
figures 3.1(a) to 3.1(e) of this thesis). Effect of the choice of these
inverse cross sections has also been reported in spectra with neutrons
as the emitted particles (e.g. ref. Holbrow and Barschall 1962). No
thorough examination has been reported of the evaporation spectra
involving protons as the emitted particles using different inverse cross
sections and using different level density expressions (at the same
time, following the basic criterion of comparing spectra from different
incident energies for the same excitation energy region of the residual
nucleus). The work presented in this thesis was undertaken to do this

thorough examination by reanalyzing the available nuclear evaporation
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spectra with protons as emitted particles. In addition to the examination
of the slopes of the level density plots a different approach 'independent

of particular forms of level density' has also been employed.

1.2 Scope of the Work Presented in This Thesis

(n,p) and (a,p) spectra have been examined from the point of
view of the above mentioned anomaly. In addition to the constant
temperature model analysis, five different values of n (0, 1.25, 1.5,
1.67 and 2) have been used in the Fermi gas expression of the nuclear
level densities. Where applicable, effect of the ‘'pairing energy
correction' has been studied. Six different sets of values of inverse
cross section have been tried. They are: continuum model, Blatt and
Weisskopf 1952 (for nuclear radius parameter o = 1.3f, vy = 1.5F);
continuum model, Shapiro 1953 (ro = 1.3f, ro = 1.5f); optical model,
Lindner 1962; optical model, Mani et al 1963. Our approach is an
empirical one in the sense that no detailed examination of the theoretical
basis of various calculations of these inverse cross sections has been
included in this work.

In view of the fact that values of the inverse cross sections
could be different without really affecting the 'relative' slopes of
level density plots for different incident energies, preliminary
investigations were carried uvut to see if different sets of these cross
sections were, in fact, expected to yield different results of the
analysis of a given set of spectra. These preliminary investigations
indicated the possibilities of noticeable differences in the results and,
therefore, a detailed reanalysis of available spectra was undertaken to

see if any noticeably different pattern emerges from this comparative study.
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In this work no attempt has been made to examine critically
the very important question of the possible effects of using inverse
cross sections calculated for nuclei in their ground states, whereas
the formula required values for nuclei in excited states. Our 'level
density independent' approach does provide a starting point but a proper
study of this aspect should be based on only very carefully selected
sets of spectra. Several research and review papers do contain some
comments on this question but for convenience we are listing two papers,

Lane and Parker 1960 and Dudey et al 1967, which deal with this aspect

more directly.
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CHAPTER 2

THE STATISTICAL MODEL OF NUCLEAR REACTIONS

2.1 Introduction

The complete statistical model of nuclear reactions has the
following implications:

(1) The reaction proceeds via the formation of a compound
nucleus, i.e. the incident particle interacts with the target nucleus
(which we will assume is not too light) in such a way that its energy
and momentum are shared very quickly by other nucleons of the target
nucleus and an equilibrium system of lTong 1ife compared with ~ 10"22 sec,
the so-called nuclear transit time, is created. Properties of such an
'equilibrium system' are governed by the laws of conservation but are
otherwise independent of the details of its formation. In particular,
the decay of this equilibrium system, the compound nucleus, does not
depend on the mode of its formation, except through the laws of
conservation. This independence of the modes of creation and decay,
implying a loss of memory by the compound nucleus, is the well-known
Bohr (1936) assumption and can be expressed simply for the cross section

of a nuclear reaction X(a,b)Y by the equation
o(a,b) = o ,(E,) G (b) (2.1)

where °cx(Ea) is the cross section for the formation of the compound
nucleus when the particle a is incident with energy Ea on the target

nucleus X and Gc(b) is the probability that this compound nucleus will



decay by the emission of the particle 'b' by leaving a proper residual
nucleus Y, which is generally in some excited state.

(2) The incident energy is high enough to lead to a compound
nucleus in the high excitation region where levels of the compound
nucleus are overlapping. In view of the fact that the incident energy
in any experimental set up is bound to have some spread, the overlapping
of levels ensures that a large number of levels are excited and methods
of statistical thermodynamics can be used in investigating the
probability of the decay of such compound nuclei. The phases between
the different transition amplitudes do interfere but their random
distribution ensures cancellation of the cross terms in the cross
section. This statistical hypothesis of randomness of phases was the
basis of the pioneering contributions of Bethe 1937, Weisskoff 1937 and
Ewing and Weisskopf 1940.

It may be noted that at lower incident energies compound
nucleus is formed at either a well-defined level or with the participa-
tion of very few levels thus resulting in the well-known 'sharp-
resonances' in the excitation functions (with possible complications
due to interference terms between the 'few' excited levels).

(3) The decay of the compound nucleus leads to a residual
nucleus of sufficiently high excitation energy where its energy levels
are also overlapping. If, on the other hand, the transition leads to
a 'well-defined level' of the residual nucleus, then the statistical
methods apply to the compound nucleus but not to the residual nucleus,

hence one cannot speak of the 'complete' statistical model.
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In order to put the statistical model in its proper perspective
it would be appropriate to refer briefly to the direct reaction model.
This model implies the interaction between the incident particle and one
nucleon or a small group of nucleons of the target nucleus, the whole
reaction finishing in a much shorter time (of the order of nuclear
transit time) compared to the time taken by the above mentioned ‘slow'
compound nucleus type reactions. At much higher incident energies
(several tens of Mev) one naturally expects such 'fast reactions' but
even at intermediate energies (few Mev to few tens of Mev) reactions such
as (n,d) called pick-up reactions, and such as (d,n) called stripping
reactions are of the direct reaction type, and in addition to them,
inelastic scatterings such as (p,p') are predominantly of the direct
reaction type. We have, furthermore, knock-out type of direct reactions
competing with statistical model reactions. In a particular reaction
such as (n,p) or (a,p) it is customary to check if there is a significant
contribution from the direct reaction type of transition by studying
angular distributions, the criterion being that the reactions going
according to the statistical model are expected to show symmetry about
90° (with not too much anisotropy), whereas the direct reaction mechanism
is not expected to preserve this symmetry about 90° and usually leads to
forward peaking (reference, e.g. Wolfenstein 1951; Ericson and Strutinski
1958, 1959). This approach is of great help in separating the statistical
model and the direct reaction model contributions, e.g. in an observed
(n,p) spectrum, provided it is studied at different angles. It may be
stressed, however, that such a procedure could be an oversimplification

of the real facts.
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At this point it might have been justifiable to write a few
sentences about the 'optical model' but it is desirable to leave this
topic for a later section (2.5) dealing with the cross section for the
formation of compound nucleus.

Before giving essential outlines of the theory of the
'statistical model' in the following section we would 1ike to remark

that we are restricting our discussion to only the reactions of the type

a+X->b+Y* (2.2)

and are thus excluding cases of break up of the compound nucleus into

more than two particles. We have denoted the above reaction simply as

X(a,b)Y.

2.2 Shape of Evaporation Spectra

For the reaction X(a,b)Y we wish to know the predictions of
the statistical model about the shape of the spectrum, i.e. we wish to
know the appropriate expression for Sgé-z-s’--)--where dN(Eb) is the number
of the emitted particles 'b' in the energy range Eb’ Eb + dEb. AN
quantities refer to the centre of mass system of the co-ordinate. The
quantity dN(Eb) is proportional to oab(Ea,Eb)dEb where °ab(Ea’Eb) is
the cross section for the emission of the particles b per unit energy
interval with the energy Eb’ when the particles 'a' are incident with
energy Ea on the target nuclei. First we give the outline of a

simplified solution.

Now, according to equation (2.1)

o(asb) = o (E,) Ge(b) .
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Note that here the cross section o(a,b) refers to all particles of the
species b regardless of their energy. Instead of defining transitions
only in terms of the nature of the particles it is more convenient to
first focus attention on the transitions defined in greater detail which
includes the nature as well as the quantum states of the particles
involved. Such a detailed description denotes a specific channel. In
simplified versions spins are first ignored and their effects are taken

into account by using appropriate weight factors. For transitions from
channel o« to g8 we have
o(a,8) = o (a) 6 (8) (2.3)

where cc(a) indicates cross section for the formation of the compound
nucleus through the incident channel « and Gc(e) indicates the

probability of the decay of this compound nucleus to the channel 8.

Now,
s
GC(B) = 5T (2.4)
Y v
where $ rY = Tiotal? the total width of the compound nuclear states and
g is the partial width.

Application of the reciprocity theorem leads to the result

that )
o () (= k: ;C(Y))
x_ T Y

Y Y
is independent of channel vy, i.e.

_ 2
r, = constant x kS o (y) . (2.5)
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This immediately leads to the expression

G.(8) = T (2.6)
dN(Eb)
We note that the events denoted by —aE;—-or oab(Ea,Eb)dEb include

transitions to residual nuclei with the excitation energy in the

corresponding region dEy encompassing excited levels Qy(Ey)dEy where

“’y(Ey) is the total density of the states (summed over all angular
momenta) in the residual nucleus at the excitation energy E. .

Yy
Use of the above mentioned reciprocity theorem leads to

uab(Ea,Eb)dEb = ocx(Ea) (2.7A)

(E;)
? 9iM; Jo 1max Ejocz(Eq)w, (E,)dE,
f.e. o (E B )E, = Ey o (Epda (E )dE, (2.78)

Here °cx(Ea) is, as already stated, the cross section for the formation
of the compound nucleus for the incident particle 'a‘' interacting with
the target nucleus X with incident energy Ea. The numerator of the
other factor refers to the emission of the particle b with energy
between Eb and Eb + dEb and the denominator refers to all possible modes
of decays of the compound nucleus with the allowed energies (the
summation term includes the numerator term, also), g and gy refer to
the spin weight factors (21b + 1) and (211 + 1), where I, and I; are

the respective spins. M, and M, refer to the reduced masses. °cy(Eb)

is the inverse cross section for the formation of a compound nucleus
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if the particle 'b' with energy Eb were incident on the residual
nucleus y in its excited state of energy Ey. Similar meanings hold
for °cz(Ei) referring to other modes of decay.

Equations (2.7A) and (2.7B) give the well-known Weisskopf-
Ewing formula for the 'evaporation spectrum’.

This Weisskopf-Ewing formula can be shown to be an approximate
form of a more general formula when certain additional assumptions are
made. In the general formalism one can first write for transitions

between specific channels,

2 20 + 1 Tg"z' T

o(a,B) = mX z & - J JaJ
Jrjs2,J',e! a X [ z TS su on
. 'Y,j",!-“ Yed 2

(2.8)

where J is the total angular momentum (i.e. the angular momentum of the
compound nucleus) and is one of the vector sums of Ia (spin of the
incident particle), I (spin of the target X) and 2, the orbital angular
momentum of the relative motion of a and X. J is also one of the vector
sums of Ib, I‘y and &' (orbital angular momentum of the relative motion
of the emitted particle b and the residual nucleus Y). Jj and j' are
channel spins for the channel « and 8, respectively, and by definition
j is the vector sum (Ia + Ix) or equally the vector difference (J - &),
and, similarly, j' is the vector sum (Ib + Iy) or the vector difference
(0 - 2*).

TJ. is the 'penetrability’ for the incident particle entering

aje
the target nucleus to form a compound nucleus under the circumstances
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specified by (J,a,j,t). Similarly, ng.z. is the *penetrability' for

the inverse process of the formation of the compound nucleus by the
emitted particle b incident on the excited residual nucleus under the
circumstances specified by J, 38, j', 2'. The terms under the summation

z T::j"z" refer to all possible open channels for the decay of the
YJIIzB
compound nucleus. The terms under the first summation £ must

. J’j’!'!j.,zl
satisfy the conservation of the angular momentum

[d -2l <j<d+2

9 -Il<3=<a+1,

(2.9
- 2"l <3'<Jd+ ¢ )

{9

Ll<itcd+1, .

The summation terms must also satisfy the parity requirements.

When transitions lead to a 'continuum' of the final states,
instead of a well-defined separate state, expression (2.8) should be
suzmed (or integrated) over the appropriate energy range. hkeglecting
fission or radiative transitions and noting that no parity conservation
restrictions are present since the continuum is supposed to have equal
population of positive and negative parity states, one obtains for the
cross section for the reaction induced by the particle a with energy Ea

leading to the particle b with energy in the interval Eb, Eb + dEb as

242 (29 + 1)
©a,b(EqsEp)dE, = X 3 §’1 2T, + 121+ 1
X (E.) L (2.10)
i/max
z f T--u n (E-)m (I ,E )dE-
i,§",e", 1" 0 13 £ 17277272 1
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where wy(ly,Ey) is the density of levels with spin Iy and excitation
energy E.y referring to the residual nucleus Y; similarly, the terms
wz(IZ,EZ) refer to residual nuclei of all open channels.

The Weisskopf-Ewing formula (2.7A) and (2.7B) can be obtained
from the more generally valid equation (2.10) by adding two more

assumptions:

(i) The spin and excitation energy dependence of the level

density of a nucleus can be factored into
w(I,E) = (21 + 1) mo(E) . (2.11)

wo(E) js such that ? w(I,E) = w(E). Equation (2.11) amounts to the
statement that w(I,E) is proportional to (2I + 1).

(ii) The penetrabilities do not depend on j' or J but only
on %.

The assumption (ii) further implies that the combinations

T (22 + l)TE can be replaced according to the expressions 1like
2

oey(Ep) = -;lg z, (22 + 1)T,,(E) (2.12)

where °cy(Eb) as explained earlier is the cross section for the
formation of the compound nucleus in the inverse process of the
particle 'b' interacting with the residual nucleus Y (at the excitation
energy Ey).

The significance of the assumption expressed in the form of
equation (2.11) above is as follows. It has been shown (reference, e.g.
Marmier and Sheldon 1970) that a more realistic spin and energy

dependence of the level density of a nucleus is of the form
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w(L,E) = (8—1?),; (21 + 1) exp [- 517*2—1)-] w(E) (2.13)

where o is the so-called spin cut-off parameter. (It may be mentioned
that 02 is also equal to UT/?\Z, where J 1is the moment of inertia of
the nucleus and T is the nuclear temperature which is defined later on.)
This equation expresses the fact that the contribution from the spin I
levels to the total level density w(E) is not merely given by the usual
(2I + 1) weight factor but is strongly influenced by the exponential
term decreasing the contribution from large values of I, hence the term
"spin cut-off'" for the parameter o. Equation (2.11) ignores this
angular momentum effect which may not be a justified approximation in
many cases. In this thesis the analyses of the spectra has been based
on the approximate Weisskopf-Ewing formula for the evaporation spectra,
a practice which has been almost invariably followed by the researchers
in analyzing the evaporation spectra. In the section dealing with the

discussion of our results we have made some comments on this practice.

2.3 Level Density Parameters and Nuclear Temperature According to the

Fermi Gas Model

By treating the nucleus as a fermion gas of A nucleons and by
using an approach analogous to the statistical thermodynamics, Bethe
1937 obtained the following expression for the level density at the
excitation energy E

w(E) = Q‘Eé—i-(%%%)- (2.14)
t

ke~ aE
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where S(E) is the entropy of the nucleus, k is Boltzmann's constant

and 't' is the 'thermodynamic nuclear temperature' defined by

dS(E

L= (2.15)

However, the temperature is usually defined in energy units equivalent
to the usual thermodynamic temperature multiplied by Boltzmann's constant.
We define the thermodynamic nuclear temperature in energy units as 7 =

kt.

In analyzing the evaporation spectra it has become customary

to define an 'experimental nuclear temperature' by the equation

$=% tenu(ENn . (2.16)

T like t is expressed in energy units, otherwise the right-hand side of

the equation (2.16) would be %E-[k wn w(E)]. Now from equations (2.13)
to (2.15)

1

PSS FWEE

E2) (2.17)

and for practical purposes the second term can be neglected, thus giving
T~ . (2.18)

T, the 'experimental nuclear temperature', is always slightly greater
than the 'thermodynamic (or true) nuclear temperature’ but the difference
becomes significant only for 1ight nuclei at low excitation energies.
The actual numerical relationship between T and v depends on the model
furnishing connection between E and 1

The Fermi gas model also has been used by several authors to

obtain expressions for dependence of level density on the excitation
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energy of the nucleus. The formulation by Lang and Le Couteur 1954

gives the following result which finds widespread application

w(E) « Iiéf'gzggi (2.19)
)
where 'a’, called the level density parameter, is a constant for the
nucleus and is expected to depend on mass number and Fermi energy
according to the equation

2

=1z A

EFermi

. (2.20)

Consistent with equations (2.19) and (2.20) is the following relation
between E and «

E=at® -1 . (2.21)

Frequently, one uses an approximate form
E=al? . (2.22)

If equation (2.19) is substituted in the Weisskopf-Ewing
formula (i.e. eq. 2.7B) the predicted spectral shape then takes the

form
exp ZJAEy 223
oab(EasEp)dEy = Epocy (Ep) TR dEy, (2.23)
y y
exp 2vat exp 2vat
For high excitation energies the term T %/4 approaches ——E—§7z-¥..
+ 1
y
For convenience we shall refer to this approximation as
exp 2vaE
m(Ey) « —-——7;——JL with n = 1.25 . (2.24)
E

y
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Other calculations based on equivalent assumptions may lead to a
different value of n in the high energy approximation. For example,
Thomas 1964 shows that n = 2 for high energy approximation and that
n = 1.67 for a more realistic approximation for the energy region
usually covered by experiments in the A = 50 region.

A somewhat poorer approximation n = 0 has also been used by
several researchers in analyzing the evaporation spectra. Without
going into detailed arguments about the merits or demerits of different
values of n we take an empirical approach of taking n =0, 1.25, 1.5
1.67 and 2 in examining the evaporation spectra. It may be pointed out that
n=1.25and 1.5 are quite realistic values according to Thomas under
certain other approximations but because for comparison purposes n = 0
has to be included in our analyses we look at various n values from an
empirical point of view.

The level density expressions introduced here have been

improved further by including the odd-even effect, i.e. the pairing

exp 2v/aE
energy effect which changes Ey in '_'TT___x'to an ‘effective' excitation
Y
energy'
= -8 2.25

Uu=E, -8, (2.25)
where Gp is the pairing energy correction term for the odd nucleon(s),
i.e. for only odd proton nucleus.

U Ey 6pp
for an odd neutron nucleus

U=E, -~ ¢ . (2.27)
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and for an odd-odd nucleus

U= Ey - (apn + spp) . (2.28)

It may be added that the pairing energy corrected level density formula

w(E ) = EXp cva U Sr‘:—lv
expresses the fact that among comparable nuclei smaller values of level
density are obtained at a given excitation energy if they are of even-
even type than if they are of odd-odd type and that the case for the
odd A nuclei occupies an intermediate position. From a practical point
of view we would like to add that almost universally the experimentalists
use values of the pairing energy correction term as calculated and
tabulated by Cameron 1958, but it sould be noted that he has taken §_=0

p

for odd-odd nuclei and, therefore, negative values for Gpp and Gpn are

listed for even proton and even neutron numbers.

2.4 Constant Temperature Model for Level Densities

Now from equation (2.15) and the definition v = kt one obtains

ds(E) . k (2.29)
and if one accepts the approximation T % r we get

d3E) o k- 1 & (en w(E)) (3.30)
from equation (2.16). Thus

w(E) = exp(S(E)/Kk) . (2.31)

Applying this to the Weisskopf-Ewing formula we get

°ab(Ea’Eb)dEb = Ey ocy(Eb) exp(Sy(Ey)/k)dEb . (2.32)
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Now
y “Ep - (2.33)

where Eb is the maximum energy of the emitted particle, If
max

E, << E then by Taylor's expansion we obtain
b Pmax

ds
Sy(Ey) ¥ S-V(Ebmax) - Ey (a-%) E, = Ebmax (2.34)

ds k
Deno%ing (fo)s - E & +— (compare with equation (2.30)) and
yy Pax M

substituting from equation (2.34) into equation 2.32) we get
Ep
m

It should be stressed that equation (2.35) implying a constant

temperature Tm has been derived for the approximation Eb << Eb .
ma

X
The spectral shape given by (2.35) also implies

E
b
qy(Ey) exp ( T;) (2.36)
or alternatively expressing in terms of E, = E - k., it implies
y Priax b
E
gy(Ey) o exy (Ti? . (2.37)

It so happens that the constant temperature model of level densities has
been found to be valid in many cases not satisfying the condition

Eb << Eb . Thus, though this form of level density expression is
max :
justified for the approximation Eb << Eb » researchers have tended to
max
try this expression on an empirical basis implying T being constant and

independent of excitation energy of the residual nucleus, a feature
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which is contrary to the Fermi gas model expressions (except for

situations justifying the approximation Eb << Eb ).
max

2.5 The Cross Section for the Formation of Compound Nucleus

For comparing the experimental results with the Weisskopf-
Ewing formula we need to know °cy(Eb)’ j.e. the cross section for the
formation of the compound nucleus in the inverse process of the
particle 'b' impinging with energy Eb on the excited residual nucleus Y
at the excitation energy Ey' No calculations or experimental data are
available for this quantity for excited nuclei. However, a great deal
of work has been done on the calculation of the cross section for the
formation of compound nucleus for target nuclei in ground state and
these values are used in the analysis of evaporation spectra even when
values are required for excited nuclei. For neutrons, protons and
alpha particles, calculations are available for different energies and
targets. The calculated values could be checked with direct experimental
results only inrelatively few cases and one relies heavily on calculated
values in analyzing spectra. In the following paragraphs we give a

brief outline of the 'continuum model' and the 'optical model' employed

in the calculation of these cross sections.

2.5(a) The Continuum Model. In this model, the nucleus is assumed to

have the property of 'strongly absorbing' the impinging particle
resulting in a quick amalgamation and formation of a compound nucleus.
At incident energies high enough to provide a very large number of open
channels for the decay of the compound nucleus one can ignore the

'compound elastic scattering' and, thus, the total reaction cross
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section can be put equal to the cross section for the formation of the

compound nucleus. We express this by the equation

g ¥o. . (2.38)

Now

6. =mlr (22+1) (1-|n,l? (2.39)
2

where the complex number “z(|"z| < 1) appears in the radial wave function
ug(r) (of the subwave of angular momentum ) outside the nucleus and

written as a sum of 'ingoing’' and 'outgoing' waves
u,(r) = Aulr) + 0 A u{M) (2.40)

The continuum model makes certain assumptions about the conditions at
the nuclear surface and then relates n, to them. Briefly these
assumptions are that for r <R, uz(r) is of the form of an ingoing wave

only, i.e. uz(r) ~ exp (- iKr) and that this wave number inside the

nucleus is
K = k2 + kﬁ (2.41)

where k is the wave number outside the nucleus and ko is the contribution
from the 'intra-nuclear motion'. One then obtains
4p2KR

2
o. =mx" I (22 + 1) —— (2.42)
c 2 SE + (KR + Pz)2

where R is the nuclear radius and the quantities Py and S2 are completely
determined from conditions outside the nucleus through the equation

(used to define these quantities)
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(+) |
du, ‘(r) (+)
r=R

Certain reasonable values have to be assumed for ko to calculate ¢ from

equation (2.42). Quite frequently, o is also expressed in the form

C
oo =mEE (2+1)T, (2.44)
2

where Tz’ the 'transmission coefficient' or ‘the penetrability' of the

2th partial wave, is

z (2.45)

Calculation of o, or T2 for neutrons is straightforward but for charged
particles appropriate Coulomb wave functions have to be used. Values

for protons, deuterons and alpha particles have been tabulated for a
1/3
roA

number of target nuclei by Blatt and Weisskopf 1952 for R
with ro = 1.5f and 1.3f, and by Shapiro 1953 again for ro = 1.5f and
1.3f. More extensive tables have been compiled by Feshbach, Shapiro

and Weisskopf 1953.

2.5(b) The Optical Model. Whereas in the continuum model the target

nucleus is taken to be a perfectly absorbing 'black sphere' the optical
model treats it as a 'semi-transparent sphere' represented by a complex
potential well analogous to the optical situation of a partially
absorbing medium represented by a complex refractive index. Such a
potential well does not reproduce the well-known sharp resonances at
Tow energy scattering and reactions so successfully described by the

'black sphere' nucleus and the compound reaction mechanism but the
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average variation of cross sections with incident energies is in better
agreement with the optical model picture of the interaction. The
optical model permits the formation of a compound nucleus through the
probability of absorption of the incident particle because of the
imaginary term in the potential. However, every absorbed particle need
not necessarily lead to a compound nucleus because much faster direct
reaction mechanism is also consistent with the 'average description’' of
the process in terms of the complex potential. On the basis of many
experimental results it has been generally recognized that the optical
model picture of the nucleus is more realistic than the 'black sphere'’
picture of the continuum model.

The frequently used form of the radial dependence of the

complex potential is
V(r) = Vof(r) + ilg(r) (2.46)

where f(r) and g(r) are usually of the Woods-Saxon type or of the
Gaussian type. For example, for f(r) and g(r) both of the Woods-Saxon

type the potential has the following form

V(r) = = (2.47)
[1 + exp ( I} + exp r-R

where R is the effective nuclear radius and q determines the 'diffuseness'
of the nuclear surface.

Several other forms have also been used and a spin-orbit term
along with some other modifications is also included in a more general
form. Absorption (i.e. reaction) cross sections and hence the cross

section for the formation of compound nucleus (neglecting direct
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reactions) can be calculated using the complex potential well provided
the parameters are known. Elastic scattering cross sections when
explained in terms of the optical model give 'best fit' values of the
parameters which can then be used to calculate the 'reaction cross
section'. Naturally, earliest calculations were performed for neutrons.
Reaction cross sections or penetrabilities Tz for protons
have been calculated in 1963 by Mani et al and earlier in 1963 by
Lindner. Calculations for alpha particles were carried out by Igo
(1959), and Huizenga and Igo (1961). Our interest is primarily in the
penetrabilities calculated for protons because not many spectra with
protons as emitted particles have been analyzed on the basis of the

optical model values of Oce

2.6 Summary of Important Equations and Symbols

For convenience we list here those equations to which

references are made several times later in this thesis.

Weisskopf-Ewing Formula: (changing to a simpler notation °c)

or simply in terms of the number of emitted particles per unit energy
interval with
dN(Eb)
dEb

« Eb cc(Eb)w(Ey) . (2.49)

Level Density Expressions (Fermi Gas Model):

(i) without pairing energy correction:
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exp 2vat_
m(Ey) « ——n——l (2.50)
E
Y
as= a, forn=20
as= ay for n =2
a=a, for n=1.25
a = a, for n=1.5
a=a, for n = 1,67

(i1) with pairing energy correction:

exp 2/a'U
N(Fy) = -_——IFT—-— (2.51)

with

pp * Snn) (2.52)

(+ ve sign for negative correction terms applied to even nucleon numbers;
- ve sign for positive correction terms applied to odd nucleon numbers)

and again corresponding symbols

a6 s ai ’ aé R aé and aa .

Level Density Expression (Constant Temperature Model):

E
w(Ey) = exp (Tl) (2.53)

Equations of the Level Density Plots from the Spectra:

(i) Fermi Gas Model: (without pairing energy correction)

n
dN(Eb) Ey
dEb Eb ac(Eb)

« exp 2\/aEy (2.54)
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with appropriate values of n and symbols for a (i.e. plot of the natural
logarithm of the quantity on the left against /E;'should be a straight

line, the slope yielding the value of ‘a').

(ii1) Fermi_Gas Model: (with pairing energy correction)

dN(E

b) y" “
Ey oo (EL) exp 2va'y . (2.55)

Here the plot of the natural logarithm of the quantity on the left
against /U should be a straight 1ine yielding the value of a’.

(iii) Constant Temperature Model:

dN(E) E
« A
dEb Eb Clc(jE:)- exp (T ) . (2.56)

Here the plot of the natural logarithm of the quantity on the left
against Ey should be a straight 1ine, the slope giving the value of the
nuclear temperature T.

Finally, it may be pointed out that consistent with the Fermi

gas model, energy and temperature are related by the approximate equation

E, = aT? (2.57)

or by some more accurate forms of the above equation.
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CHAPTER 3

ANOMALIES IN EVAPORATION SPECTRA

3.1 Introduction

In this chapter a survey is presented of the experimental results
on selected 'evaporation spectra' from the viewpoint of examining the
'inconsistencies' or 'anomalies' in the interpretation of such spectra on
the basis of the Statistical (or evaporation) model. The attention is paid
primarily to those reactions which have been studied at different incident
energies in order to find the extent of anomalies concerning the dependence
of the nuclear temperature and the level density parameter 'a' on the energy
of the bombarding particle. There are some additional related questions
which attract attention, though a thorough review of such questions would
need coverage of many more papers not surveyed here, e.g. in order to =xamine
the question whether on the basis of the experimental spectra one can judge
the extent of the validity of the different expressions for the level density,
the survey should logically also include the spectra obtained only at one

enerqy.

3.2 Nuclear Temperature and Level Density Parameters for Reactions Studied

at Different Incident Energigs

3.2 (a) Criteria: In order to get a clear understanding of the problem it
is appropriate to explain the criteria for labelling a certain feature to

be 'anomalous'. First of all, only those spectra or part of spectra need to
be considered which are reasonably assumed to have some feature(s) justifying

their being called evaporation spectra or 'evaporation part' of the spectra.



- 28 -

If there is a significant contribution from Direct Interaction mode of the
reaction the problem may be very complex and the evidence for l1abelling
particular parts of the spectra as 'evaporation typé' may not be conclusive.
Information about angular distributions, if available, can be helpful but
in many cases one may have to rely only on getting a 'linear level density
plot' based on one or more of the commonly used expressions for energy
dependence of the nuclear level density. In our discussion, regions of
only single particle emission are included. Again, though the threshold
for secondary particle emission may be known from the energy requirements
there is some justification in paying attention to the expected abrupt
changes (if any) in the slope of the level density plot to determine the
part of the spectra relatively uncontaminated by the secondary particle
emission.

In these analyses as stated earlier in Section 2.5 the inverse
cross section °c(Eb) is used for the ground state of the residual nucleus.
Constant slope of a level density plot based on Fermi gas model would yield
the parameter 'a‘' insensitive to the excitation energy of the residual
nucleus as required by the model. If the slope and hence the parameter 'a‘
changes with the incident energy (i.e. for another plot for a different
incident energy) it is an 'anomaly' from the viewpoint of the model. If
one cannot obtain even a constant slope for a given level density plot it
would suggest that the particular level density expression is not valid.

As stated earlier, to the "empirical constant temperature” expression for
the level density .
w(Ey) = exp (-‘-%)
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corresponds the linear level density plot

dN(Eb)/dEb
n -tgszrfgy- vs Ey (3.1)

It would be recalled that a constant temperature insensitive to the
excitation energy of the residual nucleus is consistent with the ‘'Fermi
gas expression' only when approximation Eb << Ebmax is valid, otherwise
it is inconsistent because Fermi gas expressions imply a dependence of T

on Ey according to the expression

= aTC
Ey aT (3.2)

or to some other improved form of it. If one does find a 1inear level
density plot with the constant temperature form of the level density but
finds slope of the plots and hence the temperature to be dependent on the
incident energy such a behaviour can be termed 'temperature anomaly'. If
on the basis of the experimental results one could always find agreement
with only one type of the level density expression i.e. either the Fermi
gas type (in any one of its various commonly used forms) or the constant
temperature type the line of further investigations would be relatively
straightforward but in many cases an 'ambiguous' situation arises when
'equally good' fits are obtained with both types of level density expressions.
Because experimental inaccuracies may be a major cause of the situation it
should be referred to 'as an ambiguous' situation to distinguish it from

the ‘anomalous® situations which are the subject of this thesis.

3.2(b) Literature Survey: Some of the earlier indications of possible

anomalies in the behaviour of T or 'a' were seen in a critical examination

A
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of comparable spectra from different reactions [(n,n'), (p,p'), (p,n), (n,p)]
at different energies (ref: Gugelot 1954; Colli et al 1957). The
accumulated data since then has not in anyway resolved the issue of the
dependence or lack of dependence of T and 'a' on incident energy. As an
elaboratfon of this statement we present a resumé in the form of a table
(No. 3.1). However, for a proper evaluation of the material presented in
this table it is essential to make some additional comments.

In the following paragraphs when referring to any paper listed
in the table 3.1 we shall for convenience quote the entry number in that
table.

Storey et al (No. 2) also reported that their results on the
spectra listed by us in the table and on Fe56, Cosg, Niso, Cu63 which they
studied only at one neutron energy (14.1 Mev) yielded the following
empirical relation:

£ 1

—°2- = constant = 0.158 + 0.003 Mev~ (3.3)
AT

where Ec refers to the excitation energy of the compound nucleus and A is
the mass number of the compound nucleus. It should be noted that a normal

behaviour of T according to Fermi gas model would be

E
—¥§-= constant
AT

where the excitation energy Ey and the mass number A refer to the residual

27 65
nucleus. Two other elements studied by them at 14.1 Mev, A1°’ and Cu ",

did not conform to the above empirical equation. Langkau's results on




TABLE 3.1

A RESUME OF BEHAVIOUR OF 'T' AND 'a’

No. Authors Reaction, Targets and Anomaly or absence
Incident Energies of anomaly
1. Colli et al 1958 (n,p): A1, Ni Level density plots
(13.4, 17.5 Mev) (anomalous1ly) dependent
on incident energy
2. Storey et al 1959 (n,p): Fe54,N158, T increases with incident
%4 (13.0, 14.1, 15.7 Mev) enerqy
3. Armstrong & Rosen 1960 (n,p): %4 (8 and 14 Mev) Apparently T increases with
incident energy (statis-
tically poor spectra)
4. Langkau 1963 (n,p): CsI (21.5, 19.6, 18.0 T increases and 'a' decreases
16.0, 14.1, 12.1 Vev) with increasing incident
KI (19.6, 17.5, 15.2, 12.7 ¥ev) o
5. Debertin & Rissle 1965 (n,p): Ni 28 (8.4, 14.1, 22.0 Mev) For 8.4 and 14.1 Mev 'a’
same within experimental
errors. For 22 Mev situation
not clear.
6. Lassen & Sidorov 1960 (a,p): V5], Cosg, Niss, Niﬁo,

Cu63, cu®®

(19.3, 17.8, 16.3, 11.9 Mev

for Cu63’65 while others at
fewer energies)

T increases with incident
energy

«esss continued

-ls-



No. Authors Reaction, Targets and Anomaly or absence
Incident Energies of anomaly
7. Fox and Albert 1961 (a,p): Ni (9.65, 10.00, 10.35, '3, independent of
12.8 Mev) incident energy
(p,p): Ni (7.8, 8.4, 9.15, 10.05,
11.25, 11.4 Mev)
8. Lassen & Larsen1963  (q,p): ca'? (19.2, 17.8, 16.2 Mev) T increases with incident
energy
9. Sherr & Brady 1961 (p,a): Ni (15.6, 19.4 Mev) I saﬂe for differegt
ncident energies but
Co (15.4, 19.0 Mev) poor agreement with the
level density expression
exp 2JhoE
y
10. Bormann 1962 (n,a): CsI (12.1, 14.1, 16.0, 18.0, T increases with incident
19.6, 21.5 Mev) energy if o (continuum
KI (12.7, 15.2, 17.5, 19.6 Mev) model) used but is independent
of Tif o (optical model) is
used. Also, 3, independent
of incident energy if o
(optical model) used.
11. Albert et al 1960 (p,n): yo! , ',"55’ co”’ From the results no clear
(7 & 8 Mev) pattern emerges.
12. Holbrow & Barschall {p,n): Rh and some other With Rh (for which experi-

1963

elements (6 - 12 Mev)

mental accuracy is reason-
able) T increases with
incident energy if 9 is

taken independent of neutron
energy. The anomaly becomes
less significant if o is

taken dependent on energy.

. continued
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No.

Authors

Reaction, Targets and
Incident Energies

Anomaly or absence
of anomaly

13.

14,

15.

16.

17.

]8.

Wong et al 1964

Wood et al 1965

Sidorov 1962

Alevera et al 1964

Thomson 1963

Buccino et al 1964

59

(p.n): V9!, Fe, o, cub®, np?3

Rh1%3 (7 - 13 Mev)

(p,n): Tin Isotopes
(7 - 14 Mev)

(a,n): M2, Fe°®
(14, 17, 20 Mev)

(n,n): Several elements

(n,n'): Several elements from
Ir to U
(4.0, 5.0, 6.0, 6.5 Mev)

aﬂ, independent of
incident energy and

- % Apparently T varies

anomalously with incident
energy but according to
authors it is in actuality
dependence on the excitation
energy of the residual
nucleus.

T varies with excitation
energy as well as with
the incident energy.

T, ;s 31» depend on

incident energy (spectral
shapes best according to
ay expression)

T varies with incident
energy

Taking o independent of

neutron energy, T for some
elements varies significantly
with incident energies while
for others variation not so
pronounced.

For some elements T same
for different energies, for
others T increases with
incident energy but
(according to the authors)
due to an increase in the
average excitation of the

racidual nuerlane

-es-
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(n,p) (No. 4) and Bormann's results on (n,o) (No. 10) both carried out
with 'pulse shape discrimination technique' offer an interesting comparison.
With the (n,q) reaction in CsI and KI Bormann reported that o. based on the
Continuum model yielded level density plots with 'anomalous shape dependence’
on the incident energy but with o On the Optical model (Igo 1959) this
anomaly was removed. This significant difference is obvious from the figures
(No. 3.1(a) to 3.1(e)) which we reproduce from that paper but it will be
noticed that the extent of the overlapping region of the excitation energy
of the residual nucleus is also significantly altered. In analyzing the
(n,p) spectra from CsI and KI Langkau also tried g On the Continuum model
(Blatt & Weisskopf 1952) as well as its values based on the Optical model
calculations of Lindner 1963. With L (Continuum) he reported anomalies

and with o (Optical - Linduer) he found that for reasonable slopes the
parallel straight lines were almost tangents to the experimental points
instead of passing through a reasonable number of points. It may be remarked
that Langkau 1963 could not use o based on the Optical model calculations

of Mani et al 1963. Some other features of these two papers are as follows.
For Bormann's (n,a) spectra o, (Optical) gave equally good fits for constant

T form of level density expression as well as for

exp ZJalE

_____1?._JL

Fy

but poorer results with exp 2/a°Ey form. Langkau obtained qualitatively
same features for constant T, exp ZJaoEy s exp 2Ja1E , and exp ZJazE

— -

Y y



/

10 / 180 /196 7 13 ey

O 2 4 €6 8 10 12 14 16 I8
E,(Mov)—-

Figure 3.1§af: (ref: Bormann 1962). Level density
plots of CsI(n,x) Spectra using constant temperature
model . %¢ based on continuum model.

-l

dEp
Oc Ep

N (Ep)

Y

Figure 3.1(b): (ref: Bormann 1962). ‘Level density
plots of CsI(n,a) Spectra using exp 2/a1E form.

i

¢ based on continuum mdde]. Ey




Figure 3.1(c): (ref: Bormann
1962). Level density plots. of

CsI(n,a) Spectra using constant
. temperature mode'l..oc based on
optical model.

a4 6 8 10 12 14 16 18

Figure 3.1(d): (ref: Bormann
1962). Lével density plots

of CsI(n,a) Spectra using
exp ZJaOEy form. ¢ based
on optical model.

Figure 3.1(e): (ref:  Bormann
1962). Level density plots
of CsI(n,a) Spectra using
exp 2%;??_

-————2———1- form. o _ based

By

on optical model.
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More will be said later on these (n,p) spectra in connection with our own

reanalysis of them.

Debertin and Rossle (No. 5) who reported 'absence of anomaly*

analyzed the (n,p) spectra on Ni o8 using Oc (Optical - Lindner) only,based

on calculations of Meldner and Lindner 1964. We have reanalyzed these
spectra also and additional comments are made at appropriate places.

In their (a,p) results, Lassen and Sidorov (No. 6) also reported
that for nuclear radius parameter o = 1.41 fm the experimental points
agreed better with the constant T form of the level density expression than
with exp ZJE;E;— form but for r, = 2 fm it was difficult to choose between
the two. o

c
this paper only Cu

values were used for the Continuum model (Shapiro 1953). From
63 spectra have been reanalyzed by us because for other
targets information available from the paper was insufficient. We reproduce
here a table (No. 3.2) from that paper to indicate results on other targets
also. Fox and Albert paper (No. 7) is discussed at some length later on

in connection with reanalysis performed by us.

In the (p,a) studies Sherr and Brady (No. 9) found that the energy
spectra of the alpha particles had peaks at the same energy for different
proton incident energies. This feature was also reported earlier by
Fulmer and Goodman 1960 in their studies of (p,a) reactions in the energy
range 9.5 - 23 Mev with several target elements. Fulmer and Goodman
thought that the explanation might be in the possible lowering of the
coulomb barrier for alpha emission from more highly excited nucleus. They

however pointed out and Sherr and Brady 1961 further emphasized that this

feature was consistent with the constant temperature model. The argument




Target nucleus

Residual nucleus

Energy in Mev incoming o's
Energy in Mev incoming a's
Energy in Mev incoming a's

Energy in Mev incoming ao's

NUCLEAR TEMPERATURES IN Mev*

19.3
17.8
16.3
1.9

TABLE 3.2

v51

Cr54

1.35
1.22

1.00

* (Reference: Lassen & Sidorov 1960).

C059
NiSZ

1.17

0.99
0.74

N§ o8

cu5!

1.10
1.04
0.98

Niﬁo

cud3

1.05

63
66

1.07
0.97
0.85
0.65

65
68

Cu

1.08
0.92
0.83
0.62

-88-
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goes as follows:
apa(Ep ’Ea) « f(Ep)Ea oc(Ea) m(Ey) (3.4)
where f(Ep) is a function of incident energy only.

Now Ey = Ep +Q - E_ where Q is the Q-value of the reaction. (3.5)

E
Therefore, for w(E,) - exp (%)

E_ +Q -E
opalEprky) = F () exp(21) [E o (E,) exn( 2] (3.6)

Thus for a constant T the peak energy Ea determined by the expression inside
the brackets is same for all incident energies.

An examination of the (p,n), (a,n) and (n,n) spectra, i.e. reactions
involving neutrons as emitted particles, also reveals the complexity of the
situation. In this connection it may be remarked that many spectra have
been analyzed on the assumption that O¢ for neutrons is independent of
neutron energy. In some cases analysis has been performed with o. independent

of energy as well as with o_ c¢alculated on the basis of optical model. In

c
the context of the critical examination of the statistical model, however,
results based on Oc being energy independent should be treated with caution
because discrepancies and anomalies from such results could be due to a
lack of justification of this energy independence approximation of Te-

Wong et al (No. 13) for their (p,n) spectra and Buccino et al (No. 18)

for their (n,n') spectra have mentioned ‘apparent variation' of T with

incident energies suggesting that the observed variation was due to a

change in the 'excitation energy' of the residual nucleus and that such
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a variation would be expected on the basis of the Fermi gas model. Theve
is one feature of this explanation which is not quite satisfactory. It
is implied that the individual spectra do conform to the constant T level
density expression but comparison of different incident energy spectra is
inconclusive on this point because observed features are consistent with
the Fermi gés level density expressions. It is worth noting that these
authors have determined the level density parameters of the Fermi gas
expressions using the experimental values of T and applying the following
equation or some approximate form of the following equation

272

=U+2nT + L (3.7)
U

a"l'2

where U = Ey - Gp s Gp being the pairing energy and n corresponding to

the expression (Ey - Gp)'" exp Zla'(Ey - dpf; The point is that a' can

also be determined from the level density plots using the appropriate
Fermi gas level density expression. It is not clear if one would obtain same

value for a' by such direct determinations as are obtained by using the
above equation. These authors have also reported that all elements do
not show the same spectral features. Some elements yielded spectra with
T independent of incident energy also.

Results of Holbrow and Barschall 1962 on (p,n)(No. 12), of

Sidorov on (a,n) (No. 15), of Alevra et al on (a,n) (No. 16) indicate
anomalous incident energy dependence of level densities. In the (p,n)
spectra Wood et al (No. 14) reported that T varied with excitation energy

as well as incident energy.
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From the material discussed in this section so far it is clear
that in some cases a thorough re-examination of the analyses may be worth-
while. We have not included here some of the very pertinent comments made
by the authors themselves or by other workers but the need for the re-examination
of the spectra stems from the possibility of validity of level density
expressions other than those used by the authors in a specific paper and
from the desirability of applying the same criteria to the results of different
authors and different reactions. It can be said that one has been handicapped
in a proper comparison of different results to some extent due to variations
in the methods of analysis. We list here some excellent review articles by

Peaslee 1955, Ericson 1960, Bodansky 1962, and Cindro 1966.
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CHAPTER 4

DETAILED REANALYSES OF (n,p) AND (a,p) EVAPORATION
SPECTRA AT DIFFERENT INCIDENT ENERGIES

4.1 Selection of Spectra

Literature search was carried out for (n,p) evaporation spectra
from as many target nuclei as possible provided spectra were available for
different incident energies for each target. Light nuclei were excluded
because of their general unsuitability for 'evaporation type of spectra'.
Ideally we would have 1iked to examine for each target several sets of
different incident energy spectra with spectra in each set measured under
the same experimental conditions. We would have, furthermore, l1iked to know
the detailed angular distributions of these spectra. A detailed examination
of such sets of spectra would have not only told about the dependence or
lack of dependence of the spectral shapes on incident energies but would
also have provided us with data to check closely possible discrepancies
originating in varying experimental conditions. In actual practice, however,
we found a disappointingly small number of spectra suitable for reanalysis.
In order to obtain additional material for reanalysis the scope of search
was broadened to include closely related (a,p) spectra. Table 4.1 lists
the (n,p) and (a,p) spectra reanalyzed by us. It will be noticed that the
table also includes some 14 Mev spectra of the same target but measured by
different researchers (naturally, the selection was again restricted to
those targets from which spectra at energies other than 14 Mev were avail-

able).
In addition to the spectra listed in table 4.1 some other spectra




TABLE 4.1
(n,p), (a,p) SPECTRA SELECTED FOR REANALYSIS

REACTION REFERENCES INCIDENT ENERGIES (Mdv) ANGLE
N1%8(n,p)Co%® Storey et al 1959 12.9, 4.1, 15.7 90°
Niss(n,p)Coss Jack & Ward 1959 14.1 forward angle
Ni°8(n,p)co® Kumabe & Fink 1960 14.8 0-40°, 40°-90°, 90°-140°, 140°-180°
N158(n,p)Co58 Colli et al 1961 14.0 forward angle
N198(n,p)Co® Debertin & Rissle 1965 8.4, 14.1 60°, 8°, 145°
N1°8(n,p)co8 Emmerich & Hofmann 1967 14.0 forward angle R
Fe*t (n,p)Mn* Allan 1958 14.0 250, 459, 659, 00, 120°, 145°
Fe>*(n,p)mn>? Storey et al 1959 12.9, 14.1, 15.7 90°

Fe54(n,p)Mn54 Jack & Ward 1959 14.1 forward angle

Fe54(n,p)Mn54 Colli et al 1961 14.0 forward angle

Fe54(n,p)Mn54 Emmerich & Hofmann 1967 14.0 forward angle

0% (n,p)cu8? Storey et al 1959 12.9, 14.1, 15.7 90°

Zn64(n,p)Cu64 Emmerich & Hofmann 1967 14.0 forward angle

Zn64(n,p)Cu64 K. Iwatani et al 1968 14.0 backward angle

CsI(n,p) M. Bormann & Langkau 1961 12.1, 14.1, 16.0

Langkau 1963 18.0, 19.6, 21.5
KI(n,p) Langkau 1963 12.7, 15.2, 17.5, 19.6
Ni(a,p)Cu Fox & Albert 1961 9.65, 10.00, 10.35, 12.8 135°

Cu63(a,p)Zn66 Lasson & Sidorov 1960 11.9, 16.3, 17.8, 19.3  90°
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were also investigated by us for possible inclusion in this work. They

were either rejected after preliminary analysis because of poor quality

of spectral,l:a4°(n,p)l<40 at 6.0 Mev (Ureh et al 1961), Cu63(n,p)Ni63 at

14.3 and 16.6 Mev (Eddy 1967), A1%7(n,p)Na®7 at 13.4, 14.7 and 17.5 Mev
(Col1i et al 1957), Ni(n,p)Co at 13.4 and 17.5 Mev (Colli et al 1957),
Ni°8(n,p)co®® at 22.0 Mev, M127(n.p)Na2? at 8.4, 14.1, and 22.0 Mev
(Debertin & R&ssle 1965), and Zn“(n.p)Cu64 at 8.4 and 14.1 Mev (Armstrong

& Rosen 1960) ] or could not be pursued further because of Tack of sufficient
information KCa4°(a,p)Se43 at 16.2, 17.8, and 19.2 Mev (Lassen & Larsen
1963), V31 (a,p)cr®?, 0% (a,pINi®2, Ni58:60(4,0)cub1+63, ¢y63(y,p)zn66,

and Cuss(u,p)Zn68 at different incident energies between 11 - 20 Mev (Lassen
& Sidorov 1960)].

4.2 Conventional Analysis

We give the title ‘Conventional Analysis' to describe those
analyses which were performed with dur selected spectra using the equations
described in chapter 2. In addition we adopted another approach in
examining these spectra and section 4.3 describes that part of this project.

First those spectra were analyzed which were available as sets
measured under comparable experimental conditions at different incident
energies. This group included Ni58(n,p)C058, Fe54(n,p)Mn54. Zn64(n,p)Cu64
spectra measured by Storey et al 1959; Ni58(n,p)Co58 spectra by Debertin &
Rossle 1965; CsI(n,p) spectra by Bormann & Langkau 1961 and Langkau 1963;

KI(n,p) spectra by Langkau 1963; Ni(a,p)Cu spectra by Fox & Albert 1961 and
CUGs(a ,p)Zn66 spectra by Lassen & Sidorov 1960. Level density plots were
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. drawn from these spectra using the inverse cross section e values obtained

. by appropriate interpolations from each of the following available tabulated
sets (i) Blatt & Weisskopf 1952 (Continuum model, ro = 1.3); (i) Blatt &
Weisskopf 1952 (Continuum model, ro = 1.5); (iii) Shapiro 1953 (Continuum

. model, ro = 1.3); (iv) Shapiro 1953 (Continuum model , Yo = 1.5); (v) Lindner

. 1962 (Optical model), (vi) Mani et al 1963 (Optical model). For level density
. expressions we used (i) constant temperature model; (i1) Fermi gas model,
forn =0, 2, 1.25, 1.5 and 1.67. Possible effects of pairing energy
correction were also studied as described later in this section.

The level density plots were examined for ‘straight line fits®
using the method of the least squares. No centre of mass correction was
applied by us to the proton energies (either in some cases the given energies
were already corrected or. in others the effect was ignored). The plots
were examined in sections of width of about 2 Mev (for Ey) each time
'shifting' the section by about 0.5 Mev, thus looking for the best straight
line region covering at least a 2 Mev interval Ey’ A programme was written
to perform this detailed examination using IBM 360/40 computer. The region
of best straight 1ine was thus selected for each plot from the computed
results of standard deviations of the slopes of various sections but at
the same time a great deal of attention was paid to the possible variations
in the slopes of 'neighbouring sections'. The idea was to determine as
wide a range as possible consistent with a good straight line fit. The
information obtained from the computed results for the ‘'best straight
line region' was checked with the actual graphs (of the level density
plots) to make sure that the selected region did not contain those points

which ‘obviously' seemed to be outside the single particle emission
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at the high Ey end or in the direct interaction region at the low Ey end.
For this visual comparison we had to rely on the existence of possible abrupt
changes in the slope. Where information was available use was also made of
the angular distribution of emitted particles of different energies to
exclude any region of spectrum known to show assymmetry about 90°. In

such cases we found conclusions from the inspection of the plots and from
the angular distribution to be consistent. We also excluded, from the

best straight iine regions those points which were in statistically poor
part of the spectra. It may be emphasized that visual inspection of the
graphs was very helpful because 'inclusion of few unwanted points' in the
data yielding computed results did not necessarily show any large errors

to warn about the situation. If our ‘'best straight line' regions had turned
out to be covering a much wider interval, it would not have been too
important to pay such attention to these details. One could also have
adopted the approach of first selecting the suitable region from the graphs
and then applying the method of least squares to that region. However, in
order to draw the graphs computations of the quantities to be plotted

were in any case necessary and we decided to examine closely the graphs

as well as the computed straight line fits generally for the complete
spectra (in sections as discussed above).

From the above information on the 'best straight line' regions
we then proceeded to select the same energy region (of Ey) for different
incident energy spectra from each target. This proved to be a very
restrictive condition in some cases but we had to accept these restrictions

because the main idea behind our ‘reanalyses' was to make sure that energy
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spectra at different incident energies were compared for the same
excitation energy of the residual nucleus.

After studying the 'sets' of spectra we analyzed 'single' 14 Mev
spectra measured by different authors but this analysis was restricted to
the earlier selected 'best straight 1ine' region from the sets of spectra.
Similarly spectra for different angles (where available) were also analyzed
in the 'best straight line region’.

- It 1s important to note that in these analyses mentioned above
experimental points from the measured spectra were used wherever available
though 'mean values' from the average smoothed curves had to be used in
some cases. The standard deviations of the computed slopes (or of the
level density parameters 'a’ or T) do not reflect experimental errors on
these points. In order to get an estimate of the effect of such errors on
the computed values of 'a’'or T we computed these parameters again by shifting
the alternate points of the level density plots by (i) + 5%, (ii) + 10%

(only ordinates (involving dN(E,) ) were shifted and not E, or JE;'). The
dE,,

figures + 5% and + 10% were selected somewhat arbitrarily but bearing in
mind the quality of spectra analyzed by us.

Possible effects of pairing energy corrections were investigated
only on the selected 'best straight line regions' obtained from the analyses
already described earlier. These investigatiqns are needed only for the
Fermi gas model (level density expressions) because for constant temperature
model the correction implies only shifting the origin of the Ey axis whereas

for the Fermi gas expressions the plots are versus /E;'and /U respectively

in the two cases.
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4.3 An Approach ‘Independent of Level Density Expressions'

(i.e. Comparison of spectra in a manner which does not depend
on particular forms of level density expressions). Whereas the conventional
analysis discussed so far involves particular level density expressions
in order to compare different incident energy spectra the following procedure
provides a method of comparing spectra independent of particular level
density models. Only two spectra can be compared at a time. The method
is a modification of the procedure adopted by some authors (eg. Fox &

Albert 1961, Holbrow & Barschall 1963, Thomson 1963) of comparing the spectra
by drawing normalized 'superimposed’ 1evel density plots of different
incident energy spectra.

Now, °ab(Ea’Eb)dEb = Ka . Eb oc(Eb) m(Ey)dEb (4.1)
where K, depends on the incident energy and does not depend on Ey (or Ey).
Though we have mentioned earlier that in analyzing spectra °c(Eb) is used
for ground state residual nuclei whereas it should be for the appropriate
excited state here in this section we stick to the proper meaning of °c(Eb)
j.e. it is for the excited state.

For another incident energy E'a, but same excitation energy of
the residual nucleus Ey (implying an appropriately different energy of the

emitted particle E'b) we have
1 ]
o'ab(E'a, E‘b)dEL = l('a . E'b. oc(E b) w(Ey)de (4.2)

Now if we write
ac(Ep) = oo (E,) x F(Ey.Ey) (4.3)

where o °(Eb) js the inverse cross section for the formation of a compound
c
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nucleus when the particle b is supposed to be incident with energy Eb

on the nucleus Y in the ground state and not in the excited state as the

residual nucleus is and the factor f(Eb,Ey) is a sort of correction factor
)
to give the required oc(Eb) from O (Eb)‘

Thus for the same Ey we write

o4 (EqoEp)dE, = K, E, 0 °(Ep) f(EysE,) - w(E,)dE, (4.4)
and

o (E' g oE G )AE" = Ko = E'y o O(E'y) F(E',HE ) w(Ey)dEy (4.5)
we shall denote for brevity f = f(Eb,Ey) and f* = f(E'b,Ey) (4.6)
We get for points corresponding to the same excitation energy of the
residual nucleus

(E_,Ep)
Footyr / Tt | (8.7)
E b%c (E b)f a

= a constant for the two spectra.

Writing down this expression for a specific value of E, = E having

y yo’
corresponding values Ep = Ebo and E'b = E‘bo we get (writing f(Ebo’Eyo) =

- t
f, and f(E'bo,Eyo) = f o)

°ab(Ea’Ebo)

9ab(E "a > bo) . fa (4.8)

O¢p 1

g

o L]
Ebodc (Ebo) fo

Dividing the two equations we get
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.. (E.,E.)
ab oa b °ab(E ’Eb )
Epoe (E,) / —=——2
Epo9c (Epo)

°ab(E'a’E.b)
E.b"‘co(E‘b)

Sab(E'asE ho)
El

bo°co(E.bo)

Now if we assume that

we obtain
oab(EasEp)

o (E..E )
Eb“co(Eb) ab‘~a’*"bo

°
Epo®c (Epo)

aap(E'asE'p)

oab(E'a*E'po)

ElbOCO(EIb)
or alternatively

dN
~dt, (E4Ep)

dN
Eb“co(Eb) Hf;'(Ea’Ebo)

)
E'vo%¢ (E'bo?

)
Epo%c (Epo)

%%; (E'gsE'p)
dN

l ot

T

E'boco(E'b) HE;'(E a’t bo)

' (o]
E'bo%c (E'po)

(4.9)

(4.10)

(4.11)

(4.12)
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Deviation from unity of the experimental quantity (in conjunction with

calculated oco values but now appropriately for the ground state nuclei)
f f'
would be an indication of that either (i) our assumption -fﬂ & ?'2

is not justified or (ii) that the calculated values of °co are not reliable
or (iii) that the spectra under comparison do not conform to the Weisskopf-
Ewing formula. It will be noticed that the usual practice of using for
°c(Eb) the values for the ground state (here denoted by °c°(Eb)) amounts
to putting f_ = f = f'o = f' = 1 which is a stronger condition than our

f f'

assumption F R ?1-9 . If equation (4.12) is applied to different parts

o O

of the spectra (but always having equal Ey for the two points under com-

parison) and if the results turn out to be same constant but different

from unity the possibility that the discrepancy might be due to ‘improper
normalization' of the spectra should not be overlooked (i.e. the points

corresponding to E, = E o My for some reason, be inaccurate). Several of

the spectra analyde byyus using the conventional method were also examined
from the point of view of validity or otherwise of equation (4.12). Generally
complete spectra were covered in point by point comparisons. Graphs were
also drawn of the computed results vs Ey.

In the comparisons of spectra measured from a target under
different experimental condition but at the same incident energy (or approx-
imately same incident energy) equation (4.12) reduces to the simpler form

independent of o c°. The equation becomes




B -
dN
ag; (Eb)
dN
By ae, (Eo)
'_f;'_"' Spectrum 1}
b o a—
_ _=1 (4.13)
dN
a'g; (Eb)
— &N e
b dEb bo
—-E-b—— Spectrum 2
o
L. -

which of course is independent of o_°.
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CHAPTER 5

RESULTS OF THE ANALYSES

5.1 Introduction

Values of T and other level density parameters obtained from
the conventional analysis are presented in detail in an appendix following
chapter 6. Some values have been omitted from the table because of large
standard deviations. The errors and the uncertainties have been discussed
in chapter 6. In the following sections we present the essential features
of these tabulated results and also the results of the ‘'level density

independent' approach.

5.2 Level Density Plots of Spectra at Different Angles

In this section we give the results of comparing spectra for the
same incident energy but different angles of emissions. The most detailed
analysis in this connection could be performed on the 14.1 Mev Fe54(n,p)Mn54
spectra (at 25°, 45°, 65°, 90°, 120°, 145°) by Allan (1958) and the results
indicate that T for 120° spectrum is somewhat higher than that for any other
angle (by about 10%Z) and that 'a’ for 90° and 120° are somewhat smaller
than for spectra at other angles (by about 20%). Results from spectra
measured by Kumabe & Fink (1960) at 14.8 Mev for Nisa(n,p)Cosa, have
large errors but give some indication that 'a’' for (140° - 180°) region
is higher than for (90° - 140°) region. Debertin and Réssle's (1965)
N158(n.p)0058 spectrum at 8° has same T as the forward angle N158(n,p)Co58
spectrum measured by Colli et al (1961) but has lower T than that of 90°
N158(n.p)0058 spectrum of Storey et al (1959) as well as that of forward
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angle Niss(n,p)Co58 spectrum of Jack & Ward (1959) same values of T are
found for the 90° and forward angle Nisa(n.p)Co58 spectra measured by Storey

et al, and Jack & Ward respectively. Values of 'a' are generally consistent
with the behaviour of T.

5.3 Niss(n.D)Co58 Spectra

5.3(a) Conventional Analysis: For convenience the spectra are referred to

in an abbreviated form as follows:

(1) E(8.4) Debertin & Rossle 1965 (60° spectrum)

(2) E(12.9) ]

(3) E(14.7) Storey et al 1959 (90° spectrum)

(4) E(15.7) _

(5) E,(14.1)] Debertin & Rgssle 1965 (8° zpect'""')

(6) E4(14.1)_ (145~ spectrum)

(7) E4(14.0) Colli et al 1961 (forward angle spectrum)
(8) 55(14.0) Emmerich & Hofmann 1967 (forward angle spectrum)
(9) E6(14.1) Jack & Ward 1959 (forward angle spectrum)

Whereas excluding the E(8.4) spectrum all spectra could be compared in the
(6.2 to 8.3 Mev) region of the excitation energy of the residual nucleus the
E(8.4) spectra could only be compared with the E(12.9) in the energy region
(5.0 to 3.0 Mev). The results of this latter comparison indicates lower
temperature for lower incident energy for all sets of ¢ but the difference
is smaller for O (Optical - Lindner). Results for 'a' parameters are con-

sistent with this picture, i.e. larger 'a' for lower incident energy.
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Comparison of other spectra brings out some interesting points concerning
E(12.9), E1(14.1)and E(15.7). The spectra farthest apart in the incident
energy, i.e. E(12.9) and E(15.7) have same temperature and 'a’ values for
o (Continuum, Shapiro, ro 1.3, r, 1.5) and for oc (Optical, Lindner) but
lower temperature for lower incident energy when other values of o, are
used. But inclusion of E1(14.1), i.e. an intermediate energy spoils this
'normal pattern' except for 9 (Continuum, Shapiro, o 1.5). It is,
however, possible to include some other 14.1 Mev spectrum to be able to
say that there is no anomaly in the comparison of 12.9, 14.1 and 15.7 Mev
spectra even for o (Optical, Lindner). This situation also implies that
all 14.1 Mev spectra, i.e. (Ei(14'1) i=1,2,3,4,5 do not agree among
themselves. The difference between E1(14.1) and E4(14.1) could perhaps
be due to the difference in the angle of emission but this would not
explain discrepancies in other spectra or 'lack of discrepancy' in a
comparable situation. It has been stated earlier that for those %
values which do not yield same T for E(12.9) and E(15.7) the lower incident
energy corresponds to lower temperature. In contrast with this situation

for E(12.9) and E1(14.1) when T does not have same value for the two spectra

the lower incident energy has slightly higher T except for O (Optical,

Mani) when T is higher for higher incident energy. Comparison of E(12.9)
and E1(14.1) at a lower excitation energy does reverse this trend. The
spectra also indicate that T is either not very sensitive to the excitation
energy or increases slightly with the excitation energy. Situation
concerning the level density parameters 'a' is generally consistent with
that of temperature but discrepancies appear to be more pronounced for

these parameters than for T.
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5.3(b) Level Density Independent Approach: The left hand side quantity of
the equation (4.12) is abbreviated in the form

E(nlMev)
E(nzMev5 *
E1(14.1)

It is found that s is much closer to unity than E ]2'9 or E 12.9 .

Furthermore for O (Continuum, Shapiro, rs 1.5) and O¢ (Optical, Lindner)
E,(14.1)
3%13777— is 1 £ 12% and is 1 = 15% for all O values. It may be noted that

these ranges are quoted for an excitation energy region about the same as

used in the conventional analysis.

E,(14.1)
For the same incident energy spectra EﬁTTITUT’ tuEnilzu%)to be of the
6 L]

order of 1 + 12%. For the other comparisons carried out E;TTITTT—' and

E,(13.1
Ei{TZTT; the values deviate more significantly from unity. It is interesting

to note that E1(14.1) and E6(14.1) for which the ratio turns out to be closest

to unity are spectra at 90° and forward angle respectively.

5.4 Fe54(n,p)Mn54 Spectra

5.4(a) Conventional Analysis: The spectra are labelled as follows:

(1) E(12.9)

(2) 51(14.1) Storey et al 1959 (90° spectrum)

(3) E(15.7)

() 52(14.1) Emmerich & Hofmann 1967 (forward angle spectrum)
(5) EL(14.1) Jack & Ward 1959 (forward angle spectrum)
(6) E4(14.1) Colli et al 1961 (forward angle spectrum)

Comparison of E(12.9), E1(14.1) and E(15.7) indicates that for all sets of
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O¢ values T increases with incident energy and the behaviour of 'a' is also
consistent with this picture. For o. (Shapire, "o 1.5) T and 'a' for
E1(14.1) and E(15.7) are generally in good agreement. The same incident

energy spectra Ei(14 1) i = 1,2,3,4 do not show agreement among themselves.

5.4(b) Level Density Independent Approach:

In order of closeness to unity in the energy region of the conventional

analysis EJ04:1) oo otter than 51‘2 9)

E(12.9

In a wider energy region appears to be the best. Values are

reasonably closer to unity for E ]2:9 and E (;4;]) in a wider enerqy region
for o (Optical, Lindner) and for O¢ (Shapiro, Yo 1.5).

In comparisons of the same energy spectra 51(14 1) looks better than

%i{%%_%%-and %3{%%—%%- Here again E,(14.1) and E3?14 1) are 90° and forward

angle spectrum respectively.

5.5 Zn64(n,p)Cu64 Spectra

5.5(a) Conventional Analysis: The spectra are labelled as follows:

(1) E(Q12.9)

(2) E1(14.1) Storey et al 1959 (90° spectrum)

(3) E(15.7)

(4) E2(14.1) K. Iwatani et al 1968 (backward angle spectrum)
(5) E3(14.0) Emmerich & Hofmann 1967 (forward angle spectrum)
(6) E4(l4.1) Jack & Ward 1959 (forward angle spectrum)

Comparison of E(12.9), 51(14.1) and E(15.7) in the excitation energy (6.2
to 7.8 Mev) indicate generally T for E(12.9) > T for £(14.1) < T for E(15.7)

but for Te (Optical, Mani) the discrepancies are less pronounced and T for




E(12.9) ¥ T for E(14.1) and the difference between T for E(14.1) and T for
E(15.7) is reduced.

For o, (Shapiro, ro 1.3, r, 1.5) and o. (Optical, Lindner) T for
E(12.9) and E(15.7) are in agreement, i.e. here again situation is somewhat
1ike Nisa(n,p)Coss. i.e. for the spectra farthest apart in incident energy
the temperature is independent of incident energy for o (Shapiro, o 1.3,
L 1.5) and % (Optical, Lindner) but this normal pattern is spoiled by
the inclusion of the intermediate energy spectrum E1(14.1). One can again,
however, find another 14.1 Mev spectrum to get a ‘normal pattern' for the
three energies. We refer to E(12.9), E3(14.1) and E(15.7) which have same
T for O (Blatt and Weisskopf, ro 1.3, 1, 1.5) and for L (Shapiro, ro 1.3,
o 1.5) and to some extent for cc.(Optical, Lindner) and L (Optical, Mani).
The level density parameter ‘a‘' however agrees only for ¢ (Shapiro, o 1.5).
With few exceptions the behaviours of level density parameters ‘'a' are
consistent with the picture presented by the temperature.

Comparison of same energy spectra leads to discrepancies.

5.5(b) Level Density Independent Approach:
E1(14.1)
r

Here generally ES%%ig%T is closer to unity than E 12:9 or FIET -
1 L]
For-E!%%ig%) values are generally 1 + 15% and for E 12:9 values are
2 3

generally 1 + 17%. In a wider energy region o (Optical, Lindner) gives

q 4.

the deviations from unity are much larger than were obtained for the comparable

\
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E (14 1) E,(14.1)
cases of _ETTE_TT- in N158(n,p)Co58 and E;TTi_TT' in Fe54(n,p)Mn54.
3 L]

5.6 KI(n,p) Spectra (Only Conventional Analysis)

Because of unreliable interpolation . (Optical, Lindner) could not
be used. For other O. sets out of E(12.7), E(15.2), E(17.5) and E(19.6)
spectra only two, E(15.2) and E(17.5), have reasonable straight lines. The
slopes of the level density plots for these two spectra when compared in the
excitation energy region (7.0 - 9.0.Mev) indicate that T increases with
incident energy and consistent with this picture 'a' is smaller for higher
incident energy. It may be added that according to Langkau all protons are
assumed to be emitted from K39 only and we have accepted this assumption as

the basis for our reanalysis also.

Spectra (Only Conventional Analysis). [following the authors,

133 ,nd 127

I assumed]

equal contributions from 55Cs 53
In comparing all different incident energy spectra E(12.1), E(14 1),
E(16.0), E(18.0), E(19.6) and E(21.5) it is not possible to find a region of
excitation energy which would be the same for all spectra and which would also
be consistent with the 'best straight line' region of individual spectra.
However, E(21.5), E(19.6), E(18.0) and E(16.0) spectra can be compared with
reasonable justification in (7.0 - 9.0 Mev) excitation energy region. The
result is that for a11 ¢ values T is quite high for high energies and low
for lower energies but the difference in T for E(21.5) and E(19.6) spectra
is not so pronounced as that between E(18.0) and E(16.0). Behaviour of the
‘a' parameters is consistent with that of T.

In a different excitation energy region, 3.0 - 6.0 Mev, values of T

and 'a’ for E(16.0) and E(14.1) spectra do not differ much generally but
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it is particularly true for e (Blatt & Weisskopf, ro, 1.5) and o. (Shapiro,
ro 1.5). About the 12.1 Mev spectrum we can only say that it has rather a

low value of T compared with other spectra.

5.8 Ni(a,p)Cu Spectra

5.8(a) Conventional Analysis: These four spectra E(9.65), E(10.0), E(10.35)

and E(12.8) were analyzed for excitation energy region 1 to 3.7 Mev as well
as in two other regions, 0.6 to 3.9 Mev and 1.5 to 3.9 Mev. Pairing energy
corrected analysis was also performed for the 1.5 to 3.9 Mev excitation
energy region. The results are as follows.

Generally T for E(10.0) and E(10.35) are in agreement, but except
for o, (Optical, Mani) T for E(9.65) is somewhat less than that for E(10.0).
For o, (Optical, Mani) T for three spectra E(9.65), E(10.00) and E(10.§5)
comes out with the same value. The inclusion of E(12.8) spoils this ‘normal
pattern’ even for g, (Optical, Mani). Except for oc (Optical, Lindner) T
for E(12.8) is always higher than for other spectra. The situation with
¢ (Optical, Lindner) is rather unusual because if only E(10.0), E(10.3§) and
E(12.8) are compared there is some evidence that T decreases with increasing
incident energy. The reason for this behaviour lies in the unusually high
values of T for lower incident energy spectra for oc (Optical, Lindner).
If we exclude the case of ¢ (Optical, Lindner)lit can be said that there
is some evidence for increase of T with incident energy. For the level
density parameter 'a' the situation with g (Optical, Mani) and e (Optical,
Lindner) is generally consistent with the picture presented by T but in an

overall comparison (excluding o (Optical, Lindner)) it is difficult to
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establish any pattem such as 'decreasing ‘a’' with increasing incident

energy’.
The pairing energy correction generally reduces the differences
between the values of level density parameter for different incident

energies. However, the errors in this analysis are somewhat higher.

5.8 (b) Level Density Independent Approach: Comparisons could be made only
for E(9.65), E(10.0), and E(10.35). For ¢ (Shapiro, Yo 1.3) the ratios

%ﬁ%ﬁﬁg} and %%%69%}) are generally closer to unity than for other o

values and for E,‘O‘g though values for o (Blatt & Weisslopf, Yo 1.5)
AN .

are best those for o¢ (Shapiro, o 1.3, "o 1.5) and % (Optical, Mani) are

not far behind.

5.9 Cu®3(a,p)An®® spectra

5.9(a) Conventional Analysis: For three spectra E(19.3), E(17.8) and E(16.3)
the trend of T increasing witﬁ incident energy (and a decreasing with
increasing incident energy) is clearly established for all ¢ values, thecugh
the differences are somewhat reduced for o (Optical, Lindner). No signi-
ficant change in the trend is found on applying pairing energy corrections.

Spectra E(11.9) and E(16.3) when compared in their overlapping excitation

energy region give same results as above.

5.9(b) Level Density Independent Approach: Generally with o_ (Optical,

. 19.3 E(19.3 mity (in the
Lindner) ratios E ]7.8 s E{T7T§%' and E{T@Tﬁ% are closest to unity (

excitation energy region 9.6 to 11.7 Mev) of the order of 1 £ 17%. Values

for other L deviate much more significantly from unity, though somewhat

less so for ¢ (shapiro, r, 1.5).
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5.10 Relative Magnitudes of T and 'a' for Different e

The relative magnitudes of temperatures obtained by using different
g vaiues indicate that o¢ (Blatt & Weisskopf, "o 1.3) and L (Shapiro,
o 1.3) give generally lower values while oc (Optical, Lindner) O¢ (Shapiro,
o 1.5) and O (Optical, Mani) give generally higher values. There are,
however, numerous exceptions to the above statement, e.g. to O (Optical,
Mani) correspond generally lower values of temperature in Ni(a,p)Cu and
Cu53(a.p)2n66 reactions whereas ac'(Optical, Lindner) gives generally
unusually high values for the same reactions. The continuum model Oc values
from Blatt & Weisskopf ﬁnd from Sh;piro have sometimes given significantly
different values of temperature.

The level density parameters 'a’' generally follow a pattern consistent

with the above description for temperatures.

5.11 Magnitudes of Parameters 'a’

With very rare exceptions the relative magnitudes of various level

density parameters satisfy the following order
a) >3y >a3>d >3
i.e. the magnitude of thé parameter decreases as the magnitude of n in the

expression .
exp 2vaE
exp cvaty
gn
y

is decreased as follows
2, 1.67, 1.5, 1.256, 0 .

-1
For the (n,p) spectra values of a, generally range between 5 to 8 Mev
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though some exceptionally smaller values are also observed, especially in

some spectra of CsI(n,p) reaction.

For Ni(a,p)Cu spectra typical magnitude of a, is around 14 Mev']

For Cu63(a.p)2n66 spectra magnitude of a4 varies over a wide range,
about 15-40 Mev".

An examination of the tabulated values of 'a‘', particularly of the

extreme values for each spectrum, enables us to make the following statements.

(1) Comparison of other ‘a‘ parameters relative to a; (most commonly

used value of n(=2) corresponds to our al) shows that on the average

4 63 66
3; = 1.12 (range 1.09 to 1.17 with some exceptions, notably for Cu " (a,p)Zn
values range between 1.03 to 1.07). ;;_= 1.20 (range 1.14 to 1.30, again
rather low values for Cu63(a.p)Zn66, aaound 1.08). ;;_, 1.34 (range 1.20

to 1.45, with exceptionally low values around 1.15 foﬁ Cu63(a,p)Zn66).

4

a. varies more widely, an average range would be 2 to 3, with several
0

exceptions.

(ii) The observed effects of the pairing energy correction can be

summarized as follows: For Ni(a,p)Cu, excitation energy region 1.5 - 3.9

Mev '
4
o 1.23
1
and on the average
aj a : a3 a, a,

1 :1.26 : 1.38 : 1.77: 6.8
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These relative magnitudes of a' parameters should be compared with the

relative magnitudes of 'a’ parameters (i.e. without pairing energy correction)

for the same spectra, which are as follows:
1 :1.14 - 1.27 1.34 : 2.5

It may be pointed out that the values of a6 vary over a very wide range.

For Cu63(a,p)2n66, excitation energy region 10.1 - 11.5 Mev,

a
K
1
and
ai : ai : aé B aé : a6
1 :1.07 : 1.09 : 1.16 : 1.5

whereas for the same spectra (and same excitation energy)

a; : 3 1 ag A ¢ ag
1 :1.05:1.08 :1.13 : 1.37

For Cu63(a,p)Zn66, excitation energy region 5.8 - 7.9 Mev

b =

2 6
7 0.7

=t

and

ai : a& : aé aé : a6

1 < 1.09 : 1.10 : 1.23 : 1.9

whereas for the same spectra (and same excitation energy region)
a; * : ag a, ag
1 . 1.06 : 1.09 : 1.15 : 1.5
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CHAPTER 6

DISCUSSION AND CONCLUSIONS

6.1 Errors and Uncertainties

Standard deviations were computed for all values of T, ‘a‘
and a' obtained in these anmalyses. In comparing parameters for
different spectra these standard deviations were used as uncertainties
in the values of the parameters. We feel that a more realistic error
calculation should involve uncertainties in the experimental data also
because the standard deviations obtained from the least square analysis
of the 'mean' values represented by the experimental points do not
reflect the quality of the points themselves. In examining the possible
effects of variations in g on the incident energy dependence of the
parameters it is desirable to keep the uncertainty minimum but consistent
with the least square analysis, otherwise the comparisons would not be
reasonably sensitive to the variations in o.s but contrary to the practice
adopted by some authors, the values of the parameters quoted as the final
results derived from a given spectrum should reflect experimental
uncertainties also. In order to arrive at estimates of more realistic
errors we shifted the points up and down alternately * 5% and * 10%
and were able to assign an overall error as our best judgment bearing in
mind variations in the values of the parameters due to shifting of the
points and variations in the standard deviations in the values of the
parameters given by the new straight lines (passing through shifted

points). The errors quoted in the final results presented in the table

in the appendix are these ‘overall' errors estimated by us.
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6.2 Discussion of the Results Presented in Chapter 5

6.2(a) General Comments. Out of all the sets of spectra analyzed by us,

only for the Nisa(n,p)Co58 spectra of Storey et al 1959 are the same
values of T and 'a‘' obtained for the different incident energies, 12.9,
14.1 and 15.7 Mev, when L values are used from Shapiro for o = 1,5¢f.
In most cases, with the notable exception of Cu63(a.p)2n66 spectra, it
is observed that for certain Oc values and for some members of the set,
the same T and a values are obtained. In this connection, ¢ (Shapiro,
o 1.5) and e (optical, Lindner) appear more 1ikely to make T and a
values the same for different incident energies. Such an oversimplifica-
tion of facts, however, must be treated with great caution. From the
meagre data the only thing that can be said is that there is some
evidence that for widely differing incident energies, the temperature
depends anomalously on the incident energies, being higher for higher
incident energies. If the results of CsI(n,p) and of Cu63(a.p)2n66
spectra in comparison with other spectra are any guide this 'anomalous
energy dependence' it is more pronounced in ‘higher energy regions', but
it must be stressed that within a ‘region’, this oversimplified statement
is not valid. In fact, there is no single pattern.

There is some evidence that the parameter T shows agreement
among different incident energy spectra more often than the parameters
'a' but the standard deviations computed for a;, a,, a4 and a, are usually

smaller than those for T or a,. .
In the 'level density independent' approach the best agreements

between two spectra are characterized by about = 12% deviations from the

y
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expected unity. This uncertainty is probably consistent with the
realistic errors on points from each spectrum. The overall impression
received from these computations is again the 'absence of any simple
picture’ about the dependence of spectral shape on the incident energy.
Qualitatively, at least, our conclusions are the same from the 'level
density independent' analysis as from the conventional analysis. There
are, however, significant differences in details. For example, for the
spectra in best agreement according to conventional amalysis,
Ni°%(n,p)Co™® E(12.9), and E(15.7) for o, (Shapiro, r, 1.5, r, 1.3) and
o (optical, Lindner), the results of the level density independent
analysis do not indicate such close agreements. On the other hand good

agreement has been observed between some Cu63(u,p)2n66

spectra on the
basis of the level density independent analysis on using e (optical,
Lindner) [the conventional analysis also tells that the ‘anomalous
energy dependsnce' of the parameters is less pronounced for 9% (optical,
Lindner)]. It is worth noting that among the very few cases which we
have studied at different 'excitation energies' also, the Cu63(a,p)2n66
spectrum at 16.3 Mev incident energy shows the unusual feature of lower
temperature for higher excitation energy except for the case of 9
(optical, Lindner). Here it may be added that with some exceptions, the
usual trend is either insensitivity of temperature to the excitation
energy or slight increase with it (in the supposedly ‘single particle

evaporation' region).

6.2(b) Comparisen with Author's Conclusions. First of all it should be

recognized that only very few of our results can be directly compared

“with the results quoted by the original authors of the papers from where
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these spectra were taken (for the obvious reason of our study involving
many more level density expressions and ¢ values than those used by the
authors of the individual papers). Even for the ¢ and the level
density expressions used by the original authors, very often differences
in excitation energies make direct comparisons difficult. The following
sentences sum up the situation where reasonable comparisons can be made.
58(n,p)C058, Fe54(n,p)Mn54

,p)Cu64 measured by Storey et al 1959 our results show
54(n

Concerning the (n,p) spectra of Ni

and Zn64(n

significant differences only for Fe .p)Mn54, where we have seen a
more pronounced energy dependence of T than that concluded by the
authors.

Debertin and R¥ssle on their results for Nisa(n

,p)C058 at
8.4 Mev and 14.1 Mev reported that values for a corresponding to the
two incident energies agree within the experimental errors. They used
O (optical, Lindner) and o, (Shapiro, r, 1.3). Their results are as
follows. For E(8.4), excitation energy 3-5.5 Mev; a, = 7.2 + 0.4 Mev'1
and 6.2 = 0.4 Mev'1 for o (Shapiro, r, 1.3) and ¢ (optical, Lindner),
respectively. For E(14.1), excitation energy 3.5-8 Mev; a; = 6.8
0.4 Mev~! and 5.9 = 0.4 Mev™ ! for O¢ (Shapiro, r, 1.3) and o, (optical,
Lindner), respectively. Our detailed analysis did not indicate a
common excitation energy region for the two spectra satisfying our
requirements of good statistics, etc. We did, however, compare the
spectra in the excitation energy region 3-5.0 Mev accepting poor
statistics for one spectrum, and found that T and a4 for E(8.4) at 60°

and E(14.1) at 145° agreed within experimental errors for o (optical,

-1
Lindner) but not for other o3 values of a; = 6.0 £ 0.4 Mev ~ and
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5.8 + 0.8 Mev™! for E(8.4) and E(14.1), respectively; T = 1.44 + 15%.

In comparing E(8.4) at 60° excitation energy 3-5.0 Mev and E(14.1) at 8°
excitation energy 6.2 - 8.3 Mev i* is seen that a;» a5 and a, for the
two spectra agree for o (Blatt and Weisskopf, o 1.3) and T for the two
agree for 9 (optical, Lindner).

From 14.1 Mev (n,p) spectra measured by Emmerich and Hofmann
from Fe, Ni and Zn we get somewhat higher values for 'a' in the case of
Fe and somewhat lower values in the case of Ni and Zn than those obtained
by the original authors for ¢ (optical, Lindner). The excitation
energy regions, however, are not the same. The value of T for Fe
obtained by us agrees well with the value reported by them.

In the case of CsI(n,p) spectra our analysis indicates much
higher temperature for E(19.6) and E(21.5) than those reported by the
authors for % (Blatt and Weisskopf). To some extent the same is true
for KI(n,p) spectra for E(17.5) and E(15.2).

Our reanalysis of Ni(a,p)Cu spectra measured by Fox and Albert
gives a, generally of the same order as reported by the authors but our
conclusions on the presence or absence of 'any anomaly' are different.
Whereas Fox and Albert have concluded that the spectra are in excellent
agreement with the evaporation model our detailed analysis does not
present so satisfactory a picture. If the conclusions of Fox and Albert
were to agree well with our analysis we would have obtained ‘close to

unity' for the ratios calculated by our 'level density independent’

approach.
For Cu63(a,p)Zn66 spectra our results qualitatively agree with

those reported by Lassen and Sidorov 1960, though there are deviations

in detail.

o T TN s U L TS AT R B TR M
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6.3 Effects of Changing Criteria

Effects of changing e have already been discussed. The
influence of the form of the level density expression on the comparative
study of different spectra can be summed up as follows: (i) Generally
speaking, the constant temperature model shows agreement among different
incident energy spectra (in cases where such agreement is seen) to a
slightly better degree than other expressions. (ii) Comparing different
Fermi gas expressions, the overall picture is about the same for a, and
a, (except that values of a, are generally higher; ref. section 5.11)
but the range of variations affecting the 'comparative study' is wider

for aq and a, and it appears that a_ is not a suitable parameter for

(]
this kind of study.

It should be stressed that the main objectives of this study
were to see if different values of 9 and/or different level density
expressions had any significant or at least any consistent effect on
the comparison of different spectra and from this point of view only
the standard deviations resulting from the least squares analysis were
considered as the uncertainties. It may be argued, however, that for
making any definite statements concerning the presence or absence of
any anomaly one must consider the more realistic errors as the
uncertainties. Our ‘'level density independent’ approach would have
revealed if the different incident energy spectra were always consistent

say within * 15%, but in spite of differences (from the conventional

analysis) in details the overall picture is not changed dramatically.

Furthermore, we have examined the sets of spectra from the view point

i i f the
of T and 'a' parameters with larger errors to fix the range ©
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uncertainties. Naturally, in this case, more spectra seem to agree
among themselves but again the situation is not significantly altered
for more than two different incident energy spectra. In this context
the following changes from previous results are worth mentioning. The
E(12.9), E(14.1) and E(15.7) spectra of Nisa(n,p)Co58 of Storey et al
have the same T for the three energies (true for all °c)’ and have the
same 'a' for the three energies (except when O (optical, Mani) is used).
For E(9.65), E(10.0) and E(10.35) spectra of Ni{a,p)Cu values of T show
agreement and differences between 'a' are generally reduced (or show
agreement) for the excitation energy (1.1 - 3.7) Mev and (0.6 - 3.9) Mev
but not for (1.5 - 3.9) Mev. Note that E(12.8) is excluded.

In many cases the straight 1ine region in the level density
plot of a spectrum extends beyond the more restrictive selected region
common to different incident energy spectra. If this restrictive but
'essential' condition is relaxed it is possible to obtain in many cases
slightly different values of the slopes for each spectrum and with
deliberate search for agreement it may be possible to match these
values for different incident energies (but without any regard to the

excitation energy of the residual nucleus).

6.4 Concluding Remarks

The amount of experimental material available for this analysis
turned out to be rather small and when different measurements are
available for the same incident energy and target discrepancies are not

insignificant.

Use of the more accurate equation of the spectral shape
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(Eq. 2.10) instead of Weisskopf-Ewing formula deserves attention, though
in this context some work has already been done and the apparent
conclusion has been that the 'anomalies' cannot be removed in this
manner (Thomas 1964a, 1964b). More sophisticated models of 'intermediate
nature' are also becoming increasingly popular with the concepts of
'doorway' and 'hallway' states preceding the realization of 'true
compound state' (ref: Block and Feshbach 1963, Kennedy and Schrils 1968;
Ferrel and MacDonald 1966; Fallieros and Ferrell 1967). Griffin's model
1966 attempts to separate contributions towards the 'evaporation spectrum'
from the 'precompound' and the ‘compound' nucleus decays and some recent
papers report that the observed variation of T with incident energy in
Snns(p.n)Sb118 and in Fe56(a,n)N1'59 spectra can be described in terms

of these ‘precompound' decays (ref: Kondiah et al 1968; Parthasardhi

and Sastry 1969; Rao et al 1970).

During the course of this work we directed some attention to
another 'anomaly' reported by some researchers in evaporation spectra
involving emission of charged particles. We are referring to the
reactions yielding values of 'a’ insensitive to the mass number contrary
to the predictions of the Fermi gas model. For the expected dependence
of 'a' on A the following two references present the general picture;
Lang 1961; Marmier and Sheldon 1970. An oversimplified statement would
be that 'a' should be proportional to A. For the observed anomaly we
refer to the various studies involving (a,p), (asa') and (d,a)
reactions (Igo and Wegner 1956; Hurwitze et al 1964; Mead and Cohen 1961;
Kumabe et al 1962; West 1966; Swenson and Gruhn‘1966). Again some

attempts have been made to explain this anomaly also (e.g. ref. Swensen

N
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and Gruhn 1966; Izumo 1961). Our analyses of CsI(n,p) spectra and (n,p)
spectra from much lighter targets (Niss, Fe54, Zn64, etc.) do indicate an
‘anomalous’ insensitivity of 'a' to mass numbers. However, the overall
results of (a,p) spectra complicate the situation even further and a more

detailed examination of this aspect is necessary.
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APPENDIX
DETAILED TABULATION OF RESULTS
Table A.1 presents most of our results from the conventional

analysis and table A.2 gives additional results for those spectra to which

pairing eneray correction could be applied.

Oc1 = O (Blatt & Weisskopf, ro = 1.3);

1.5);

9e2 = ¢ (Blatt & Weisskopf, ro

1.3);

o¢ (Shapiro, r

%¢3 0

Oeq = O (Shapiro, r 1.5);

(1)

Oe5 = ¢ (Optical, Lindner);

Oc6 = ¢ (Optical, Mani).

Errors quoted in the tables refer to our realistic estimates of the
uncertainties (ref. section 6.1) and each quoted figure applies to the
results in that row. The standard deviations calculated for each value

from the least square method is always smaller than this error and in a
majority of cases is smaller by a factor of 2, but there are wide variations.

Those values which had standard deviations more than about 5% have been

omitted from the tables.

A




TABLE A.1

Reaction Reference Incident  Excitation oo FError T 2, a a a; a3,
(Vov) and  the rasidul ’ L e le ele
v) and the residua - - - - -
angle of  nucleus (Mev) Mev Mev ™ Mev * Mev ~ Mev ~ Mev
emission

Ni°8(n,p)Co°® Debertin & Rossle 8.4

(1965) (600) 3.0-5.0 Oc1 4 1.12 3.21 7.82 7.8 6.48 6.92
02 4 1.17 2.91 7.34 5.44 6.04 6.47
0.3 4 1.08 3.38 8.09 6.09 6.73 7.18
Oc4 4§ 1.22 2.70 7.01 5.16 5.74 6.16
Oc5 4 1.39 2.09 6.01 4.30 4.84 5.22
Oc6 4 1.18 2.85 7.25 5.36 5.96 6.38
Ni°8(n,p)Co®® Storey et al 12.9
(1959) (900) 3.5-5.3 Oc1 8 1.49 1.72 5.49 3.83 4.35 4.72
0c2 8 1.50 1.69 5.43 3.78 4.30 4.67
03 8 1.49 1.72 5.49 3.83 4.35 4.72
L 8 1.45 1.80 5.62 3.94 4.47 4.84
O 8 1.54 1.60 5.27 3.65 4.16 4.52
%6 8 1.54 1.59 5.25 3.63 4.14 4.50
Niss(n,p)CO58 Storey et al 12.9
(1959) (900) 6.2-8.3 %1 6 1.48 3.20 6.49 5.12 5.56 5.87

«ees CONtinued

-SL-



TABLE A.1, continued

Reaction Reference Incident  Excitation L Error T a3 & & a; Y
?x;?yand :lr::rgs?:ual ’ Mev  Mev! Mevl Mev! Mev ! Mev
angle of  nucleus (Mev) v Mev © Mev
emission

0eo 6 1.57 2.8 5.99 4.67 5.09 5.38
o3 6  1.65 2.57 5.57 4.31 4.7 4.9
Ocd 7 1.58 2.80 5.91 4.61 5.02 5.32
L 6 1.64 2.62 5.64 4.37 4.78 5.06
6 6 1.53 3.00 6.20 4.87 5.29 5.59
Ni58(n,p)co58 Storey et al 14.1
(1959) (900) 6.2-8.3 ey 8 1.48 3.31 6.58 5.22 5.66 5.97
e 8 1.53 3.06 6.24 4.92 5.34 5.64
9¢3 8 1.54 3.04 6.21 4.89 5.31 5.6]
Ocs 8 1.60 2.83 5.91 4.63 5.048 5.33
Oe5 8 1.56 2.98 6.12 4.81 5.23 5.53
L 8 1.64 2.66 5.66 4.41 4.81 5.09
Ni°8(n,p)Co®® Storey et al 15.7 6.2-8.3 o 9 1.63 2.72 5.74 4.48 4.88 5.16
| (1959) (900) cl
%9 5 1.66 2.64 5.62 4.38 4,77 5.05
0c3 9 1.61 2.78 5.82 4.55 4.96 5.25
. continued

1
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TABLE A.1, continued

REACTION Reference Incident Excitation O¢ Error T 3y a; a3, a3 3
?ﬂ::?yand :22rggs?gual * -1 -1 - - -
angle of nucleus (Mev) Mev Mev ° Mev = Mev = Mev ~ Mev
emission

¢4 9 1.61 2.81 5.86 4.59 5.00 5.29
Oc5 9 1.67 2.60 5.55 4.31 4.71 4.99
Oc6 9 1.73 2.41 5.28 4.08 4.46 4.73
Niss(n,p)Co58 Debertin & Rossle 14.1
(1965) (89) 6.2-8.3 91 6 1.31 4.17 7.78 6.30 6.77 7.1
02 6 1.35 3.96 7.49 6.03 6.50 6.83
0c3 6 1.3 3.98 7.53 6.07 6.53 6.86
et 6 1.39 3.74 7.19 5.77 6.23 6.55
9¢5 7 1.40 3.67 7.09 5.68 6.13 6.45
9c6 6 1.45 3.40 6.72 5.35 5.79 6.10
Ni®8(n,p)Co®8 Colli et al 14.1
(1961) (forward 6.2-8.3 o1 7 1.28 4.26 7.96 6.44 6.93 7.27
angle) 92 8 1.33 3.96 7.54 6.06 6.54 6.87
0¢3 7 1.33 3.97 7.57 6.09 6.56 6.90
e 7 1.36 3.77 7.29 5.84 6.30 6.63
05 7 1.34 3.89 7.45 5,98 6.45 6.78
96 8 1.43 3.42 6.79 5.39 5.84 6.16
«es. continued
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TABLE A.1, continued

Reaction Reference Incident Excitation 0:e Error T 3, al ) a, 3,
: ener energy of A
(Mev?yand the residual Mev Mev'l Mev'l Mev'l Mev'l Mev'l
angle of  nucleus (Mev)
emission
Feo*(n,p)M°* Storey et al 12.9
(1959) (900) 6.8-8.8 %1 6 1.31 4.70 8.26 6.81 7.28 7.6
acé 6 1.38 4.19 7.59 6.20 6.65 6.96
0¢3 7 1.27 4.93 8.57 7.09 7.57 7.90
Ocq 6 1.47 3.74 6.98 5.65 6.08 6.38
Oc5 6 1.3 4.50 8.00 6.57 7.03 7.35
Oc6 7 1.38 4.21 7.61 6.22 6.67 6.98
Fe54(n,p)Mn54 Storey et al 14.1
(1959) . (900) 6.8-8.8 Oc1 9 1.68 2.84 5.73 4.52 4.91 5.18
0c2 9 1.75 2.62 5.42 4.25 4.63 4.89
03 9 1.79 2.51 5.26 4.11 4.48 4.74
Oed 9 1.80 2.48 5.21 4.07 4.44 4.70
05 8 1.58 3.20 6.24 4.98 5.38 5.66
Oc6 9 1.61 3.09 6.08 4.84 5.24 5.52

... continued
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TABLE A.1, continued

Reaction Reference Incident Excitation o Error T 3, al a, 3, 3
?ner energy of q ) y ! . .
Mev) and the residual - - - - -
angle of  nucleus (Mev) Mev Mev ~ Mev ~ Mev = Mev ° Mev
emission
Fe54(n,p)Mn54 Storey et al 15.7
(1959) (900) 6.8-8.8 91 8 1.92 2.19 4.78 3.69 4.04 4.28
02 8 1.98 2.06 4.58 3.52 3.8 4.10
03 8  1.92 2.19 4.77 3.69 4.04 4.28 ‘;"1
L 8 1.96 2.11 4.65 3.58 3.92 4.17 °
O¢5 8 1.82 2.43 5.13 4.00 4.36 4.62
%6 9 2.09 1.84 4.26 3.24 3.5 3.79
Fe*%(n,p)M°t Jack & Ward 14.1
(1959) (forwa;d 6.8-8.8 91 12 1.96 2.06 4.61 3.53 3.88 4.12
angle
Te2 12 2.03 1.91 4.39 3.34 3.68 3.91
O3 12 2.09 1.80 4.22 3.20 3.52 3.75
Tcq 12 2.17 1.67 4.02 3.02 3.34 3.50
L 13 1.85 2.30 4.95 3.82 4.18 4.44 i
96 12 1.92 2.12 4.65 3.5 3.90 3.93 é
.... continued : g




TABLE A.1, continued

Reaction Reference Incident Excitation 9 Error T 3 3y a, a3 3y
ener energy of q
(Mevgyand the residual Mev  Mev-l Mev™! Mev™! Mev ! Mev'!
angle of  nucleus (Mev)
emission
Fe?(n,p)M>? Col1i et al 18.1
(1961) (fb{wgrd 6.8-8.8 %1 7 1.3 4.35 7.86 6.42 6.89 7.21
angle
Oc2 8 1.38 4.81 7.50 6.10 6.55 6.87
0.3 7 1.43 3.81 7.14 5.77 6.21 6.52
Oed 7 1.42 3.84 7.18 5.81 6.25 6.56
¢ 7 1.28 4.72 8.37 6.88 7.36 7.69
96 8 1.35 4.24 7.72 6.30 6.76 7.08
Zn“(n.p)Cu64 Storey et al 12.9
(1959) {900) 6.2-7.8 %1 7 1.40 3.35 6.82 5.38 5.84 6.17
°c2 7 1.50 2.91 6.19 3.81 5.25 5.56
O3 7 1.54 2,80 6.02 4.67 5.10 5.41
L 7 1.49 2.93 6.23 4.85 5.29 5.60
°c5 7 1.67 2.36 5.38 4.11 4.51 4.80
%6 7 1.46 3.08 6.44 5.04 5.49 5.80

. continued




TABLE A.1, continued

1

Reaction Reference Incident  Excitation Oc Error T [ 3y a3 3
(ov) and  the.residua ’ 1yl ] o] o
angle of  nucleus (Mev) Mev Mev ™ Mev = Mev * Mev " Mev
emission

Zn64(n,p)(:u64 Storey et al 14.1

(1959) (900) 6.2-7.8 %1 6 1.29 3.93 7.64 6.11 6.60 6.95
02 7 1.35 3.61 7.20 5.1 6:19 6.52
3 7 1.33 3.72 7.35 5.84 6.33 6.66
%4 7 1.36 3.57 7.13 5.65 6.12 6.46
%5 7 1.40 3.38 6.8 5.41 5.88 6.20
%6 7 1.45 3.13 6.51 5.10 5.55 65.86
Zn64(n,p)Cu64 Storey et al 15.7
(1959 (900) 6.2-7.8 9l 8 1.56 2.72 5.89 4.56 4.99 5.29
oo 8 1.59 2.63 5.75 4.44 4.85 5.15
03 8 1.56 2.72 5.89 4.56 4,98 5.28
94 8 1.56 2.75 5.93 4.59 5.02 5.32
L 8 1.66 2.41 5.42 4.15 4.5 4.84
%6 8 1.67 2.40 5.41 4,14 4.54 4.83

... continued
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TABLE A.1, continued

Reaction Reference Incident Excitation oc Error T a, a4y a, aq Ch
?ner§y energy of g . . . . :
Mev) and the residual - - - - -
angle of  nucleus (Mev) Mev Mev "~ Mev = Mev " Mev = Mev
emission
Zn64(n,p)Cu64 Emmerich & Hofmann 14.0
(1967) (forward  6.2-7.8 ¢l 6 1.43 3.28 6.67 5.26 5.71 6.03
angle)
0c2 7 1.50 2.98 6.25 4.88 5.32 5.63
0¢3 6 1.48 3.09 6.40 5.02 5.46 5.77
9cq 7 1.55 2.82 6.01 4.67 5.10 5.40
L 7 1.58 2.70 5.83 4.52 4.94 5.23
96 6 1.62 2.55 5.62 4.33 4.73 5.03
KI(n,p) Langkau 15.2
(1963) 7.0-9.0 %1 7 1.72 2.73 5.54 4.37 4.75 5.01
0c2 7 1.72 2.75 5.56 4.39 4.77 5.03
0¢3 7 1.70 2.83 5.68 4.50 4.88 5.14
¢4 7 1.69 2.86 5.71 4.53 4.91 5.18
L 7 1.79 2.55 5.28 4.14 4.50 4.76
KI(n,p) Langkau 17.5
(1963) 4.0 - 9.0 Ol 10 2.84 0.98 2.90 2.06 2.32 2.51

.... continued
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TABLE A.1, continued

Reaction Reference Incident Excitation o, Error T 3 al 2, 2, a
?nergy y energy of : q
Mev) an the residua -1 -1 -1 -1 -1
angle of  nucleus (Mev) Mev Mev ° Mev ® Mev ° Mev ™ Mev
emission
9.2 10 2.39 1.38 3.56 2.63 2.92 3.13
0.3 10 2.81 1.00 2.92 2.08 2.35 2.54
%4 10 2.40 1.37 3.55 2.61 2.91 3.12
| 9k 10  3.03 0.86 2.68 1.88 2.13 2.3
CsI{n,p) e opan & Langkau  14.1 3.0-6.0 . 3 1.3 2.42 6.29 4.63 5.16 5.53
Langkau (1963) 9 3 1.50 2.02 5.62 4.06 4.55 4.90
0.3 3 1.38 2.39 6.23 4.57 5.10 5.47
o4 3 1.47 2.07 5.71 4.13 4.63 4.98
°c5 3 1.3 2.49 6.40 4.72 5.25 5.63
%6 3 1.46 2.11 5.77 4.19 4.69 5.04
CsI{(n,p) Bormann & Langkau  16.0 3.0-6.0
(1961) suEe %1 5 1.45 2,10 5.78 4.19 4.69 5.05
Langkau (1963)
02 5 1.53 1.90 5.43 3.89 4.38 4.72
93 5 1.43 2.16 5.88 4.28 4.78 5.14
; eseo continued

v
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TABLE A.1, continued

Reaction Reference Incident  Excitation 9. Error T % 3 2 a3 Y
?ﬂ::?yand :::rgsggua'l * “ly, <1y =14 -1, -1
angle of  nucleus (Mev) Mev  Mev ° Mev ~ Mev ~ Mev ° Mev
emission

9y 5  1.54 1.89 5.42 3.88 4.37 4.7

ocs 5 1.53 1.80 5.42 3.88 4.3 4.71

Oc 5  1.59 1.76 5.20 3.70 4.17 4.51

Cslin.p)  Gornamn & Langkau  16.0 7.0-9.0 0 3 1.33 4.59 8.09 6.66 7.12 7.45
Langkau (1963) 9 3 1.62 3.08 6.05 4.82 5.22 5.49

o 3 1.40 4,10 7.4 6.07 6.51 6.82

ot 3 1.5 3.32 6.37 5.11 5.52 5.80

oc 3 1.53 3.47 6.59 5.30 5.72 6.01

» 3 1.49 3.63 6.80 5.50 5.92 6.2]

Colinp)  Bornamn & Langkau  18.0 7.09.0 - 7 2.21 1.66 3.9 2.98 3.29 3.5
Langkau (1963) o o 7 2.2 1.38 3.52 2.60 2.90 3.10

0 c3 7 2.6 1.73 4,07 3.08 3.39 3.62

0 o4 7 2.5 1.24 3.30 2.41 2.69 2.89

- 7 2.04 1.94 4.40 3.35 3.69 3.93

... continued



TABLE A.1, continued

Reaction Reference Incident  Excitation ¢ Error T 3 3 2y a3
e e B T P T
angle of  nucleus (Mev) ev. Tev -~ Tev - Tev - Tev — eV
emission

o6 7 2.38 1.42 3.60 2.67 2.96 3.17

(stin.p)  Bormamn & Langkau  19.6 7.0-9.0 og 9  3.67 0.60 2.19 1.47 1.70 1.86

Langkau (1963) s 9 419 0.86 1.92 1.25 1.46 1.6
0c3 9  3.68 0.59 2.18 1.47 1.69 1.85 '
o 9  4.22 0.45 1.90 1.24 1.45 1.59
oc5 9  4.33 0.43 1.85 1.20 1.40 1.55
Oct 9 4.5 0.39 1.77 1.14 1.33 1.47
Gsllnp) - fovtann & Langkau  21.8 7.0-9.0 ogg 5  3.03 0.81 2.59 1.80 2.05 2.23
Langkau (1963) ocp 5  3.41 0.67 2.35 1.8 1.64 2.02
0c3 5 3.1 0.81 2.61 1.82 2.06 2.24
ocq 5  3.45 0.66 2.33 1.59 1.82 1.9
o5 5  3.89 0.52 2.06 1.36 1.58 1.74
Ocg 5  3.31 0.72 2.44 1.68 1.91 2.09

. continued




TABLE A.1,continued

Reaction Reference Incident Excitation O¢ Error T a, a1 a, a, 3
%aer?y 4 energy o: : ¢
ev) an the residua -1 -1 -1 -1 -1
angle of  nucleus (Mev) Mev Mev * Mev = Mev = Mev ~ Mev
emission
Ni(a,p)Cu Fox & Albert 9.65
(1961) (1350) 0.6-3.9 Oc1 2 0.63 5.05 14.0 10.1 12.3 12.1
0c2 2 0.65 4.71 13.3 9.58 10.8 11.6
0¢3 2 0.61 5.39 14.5 10.5 11.8 12.7
g 2 0.66 4.57 13.1 9.38 10.6 11.4 '
cé @
ocs 3 0.83 2.59 10.0 6.66 7.70 8.45 ,
6 2 0.65 4.75 13.4 9.64 10.8 11.7
Ni(a,p)Cu Fox & Albert 9.65
(1961) (1359) 1.1-3.7 oc1 2 0.61 6.18 14.8 11.1 12.3 13.1
9¢2 2 0.63 5.71 14.1 10.5 1.6 12.4
oc3 2 0.59 6.57 15.4 11.6 12.8 13.7
0cq 2 0.64 5.55 13.8 10.3 11.4 12.2
95 3 0.81 3.49 10.4 7.38 8.33 9.0]
Oc6 2 0.62 6.05 14.6 11.0 12.1 12.9

continued



TABLE A.1, continued

Reaction Reference Incident  Excitation e Error T 8 a3 3 33
?ﬁ::?yand ::grgzsgzual ’ ly =lu =14 =1 -1
angle of  nucleus (Mev) Mev Mev * Mev ° Mev ° Mev * Mev
emission

Ni( qsp)Cu Fox & Albert 9.65

(1961) (1359) 1.5-3.9 9.1 2 0.61 7.08 15.4 11.9 13.0 13.8
92 2 0.62 6.69 14.8 11.4 12.5 13.2
93 2 0.59 7.51 16.0 12.4 13.6 14.4
04 2 0.62 6.66 14.7 11.3 12.4 13.2
05 3 0.82 3.61 10.3 7.37 8.28 8.93
96 2 0.64 6.42 14.4 11.0 12.1 12.9
Ni(e,p)Cu Fox & Albert 10.00
(1961) (1359) 0.6-3.9 %1 2 0.66 4.60 13.2 9.43 10.6 11.4
.2 2 0.70 4.02 12.2 8.59 9.71 10.5
0.3 2 0.66 4.58 13.1 9.40 10.6 11.4
och 2 0.71 3.94 12.0 8.47 9.58 10.4
Oc5 2 0.88 2.62 9.60 6.47 7.45 8.15
o6 2 0.66 4.55 13.1 9.35 10.5 1.4
Ni (e ,p)Cu Fox & Albert 10.00
(1961) (1359) 1.1-3.7 91 2 0.63 5.70 14.0 10.5 11.6 12.4
..., continued
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TABLE A.1, continued

Reaction Reference Incident  Excitation o Error T 3p a3 3y a3 3y
?ﬂ::?yand :rngrgr{s:gual ’ Mev  Mev™l Mev'! Mevl Mev! mev!
angle of  nucleus (Mev) ev = Nev
emission

G2 2 0.68 4.97 12.9 9.47 10.5 11.3
9¢3 2 0.62 5.77 14.1 10.6 11.7 12.5
ocq 2 0.69 4.76 12.5 9.18 10.2 11.0
°c5 3 0.84 3.21 9.92 6.97 7.90 8.56
Oc 2 0.62 5.81 14.2 10.6 11.8 12.6
Ni(q,p)Cu Fox & Albert 10.00
(1961) (1359) 1.5-3.9 9¢1 2 0.65 6.16 14.0 10.7 11.7 12.5
9e2 2 0.70 5.37 12.8 9.64 10.6 11.4
9c3 2 0.65 6.23 14.1 10.8 11.8 12.6
Oc4 2 0.71 5.13 12.4 9.32 10.3 11.0
9¢5 2 0.92 3.12 9.16 6.52 7.35 7.94
96 2 0.65 6.12 13.9 10.6 11.7 12.4
Ni(a,p)Cu Fox & Albert 10.35
(1961) (1350) 0.6-3.9 °c1 2 0.65 4.66 13.2 9.51 10.7 11.5
92 2 0.69 4.14 12.4 8.77 9.90 10.7
.... continued
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TABLE A.1, continued

Reaction Reference Incident  Excitation 9¢ Error T 3 a8 a2, a3 3
i G- AR E e g
angle of  nucleus (Mev) ev Mev " Mev " Mev " Mev "~ Mev
emission

9e3 2 0.66 4.58 13.1 9.40 10.6 11.4
Oc4 2 0.69 4.12 12.3 8.73 9.8 10.7
Ok 2 0.8 2.77 9.89 6.71 7.70 8.42
Oeh 2 0.64 4.75 13.4 9.64 10.8 1.7
Ni(g,p)Cu Fox & Albert 10.35
(1961) (13590) 1.1-3.7 9¢1 2 0.63 6.14 14.2 10.8 11.9 12.7
0c2 2 0.67 5.45 13.2 9.88 10.9 11.7
93 2 0.63 6.25 14.4 11.0 12.1 12.8
Ocs 2 0.68 5.38 13.1 9.79 10.8 11.6
Oc5 3 0.86 3.35 9.76 6.96 7.84 8.47
Oc6 2 0.62 6.43 14.7 11.2 12.3 13.]
Ni(q.p)Cu Fox & Albert 10.35
(1961) (1359) 1.5-3.9 o¢1 2 0.63 6.48 14.5 11.1 12.2 13.0
02 2 0.67 5.77 13.4 10.2 11.2 11.9

ee oo Continued
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TABLE A.1, continued

Reaction Reference Incident  Excitation T¢ Error T 3 3 a, 33 Y
%a:;yyand :2:rg:s?:ual g -1 1 -1, -1, -1
angle.of nucleus (Mev) Mev Mev * Mev = Mev ~ Mev ~ Mev
emission

9¢3 2 0.62 6.67 14.8 11.4 12.4 13.2
Oe4 2 0.67 5.74 13.4 10.1 1.2 1.9
o5 2 0.87 3.46 9.73 7.01 7.87 8.48
96 2 0.61 6.86 15.1 11.6 12.7 13.5
Ni{qg,p)Cu Fox & Albert 12.80
(1961) (1359) 0.6-3.9 1 2 0.73 3.70 11.6 8.11 9.20 9.98
o2 2 0.75 3.5 1.3 7.84 8.91 9.68
03 2 0.74 3.57 11.4 7.93 9.00 9.77
Ocq 2 0.75 3.49 11.2 7.81 8.87 9.64
e 2 0.77 3.34 11.0 7.58 8.63 9.39
Oc6 2 0.77 3.35 11.0 7.59 8.64 9.40
Ni(q,p)Cu Fox & Albert 12.8
(1961) (1359) 1.1-3.7 ¢l 2 0.75 3.77 11.2 7.97 9.00 9.73
0o 2 0.75 3.74 11.2 7.92 8.94 9.67

.++. continued
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TABLE A.1, continued

Reaction Reference Incident  Excitation L Error T 8 3, a3 a;
?ﬂ§$§yand ::grgzsggual ’ Mev Mev'l Mev'l Nev'l Mev'l Mev'l
:;glgig;‘ nucleus (Mev)
0c3 2 0.71 4.19 11.9 8.57 9.63 10.4
Ocq 3 0.75 3.79 11.3 8.00 9.03 9.76
Oc5 2 0.72 4,06 11.7 8.39 9.44 10.2
Oc6 2 0.73 3.92 11.5 8.19 9.23 9.97
Ni(a,p)Cu Fox & Albert 12.80
(1961) (1359) 1.5-3.9 ¢l 2 0.70 5.32 12.7 9.57 10.6 11.3
9e2 2 0.72 5.00 12.2 9.14 10.1 10.8
©c3 2 0.72 4,99 12.2 9.12 10.1 10.8
4 2 0.73 4.90 12.1 9.01 9.98 10.7
5 2 0.75 4.66 11.7 8.68 9.63 10.3
96 2 0.74 4.79 11.9 8.85 9.81 10.5
Cuﬁg(a,p)Zn66 Lassen & Sidorov 11.9
(1960) (90°) 5.8-7.9 ¢l 3 0.48 26.1 35.0 31.5 32.7 33.5
02 3 0.57 19.0 26.7 23.7 24.7 25.4
. continued
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TABLE A.1, continued

Reaction Reference Incident Excitation L Error T a, 3 a, ay 4
ener energy of g
(Mev) and  the residual Mev Mev'l Mev'l Mev'l Mev'l Mev™
angle of  nucleus (Mev)
emission
9c3 2 0.54 20.7 28.7 25.5 26.6 27.3
94 2 0.57 18.5 26.1 23.1 24.0 24.7
0c5 3 0.73 11.3 17.5 15.0 15.8 16.4
L 3 0.50 24.5 33.2 29.8 30.9 31.6
Cu63(u,p)Zn66 Lassen & Sidorov 16.3
(1960) (900) 5.8-72.9 o1 3 0.84 9.76 15.1 13.0 13.7 14.2
Oc2 3 0.86 9.15 4.4 12.3 13.0 13.4
0¢3 3 0.84 9.55 14.9 12.8 13.4 13.9
L 3 0.86 9.20 14.4 12.3 13.0 13.5
95 3 0.89 8.63 13.7 11.7 12.3 12.8
9¢6 3 0.90 8.40 13.4 11.4 12.0 12.5
Cuss(a,p)Zn66 Lassen & Sidorov 16.3
(1960) (909) 10.1-11.5 91 4 0.64 26.6 33.3 30.7 31.5 32.1
Oc 4  0.69 22.8 29.0 26.6 27.4 27.9
93 4 0.67 23.6 29.9 27.4 28.3 28.8

. continued
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TABLE A.1, continued

Reaction Reference Incident  Excitation ae Error T 3 3, 3, a; 3,
?ﬂ::?yand :::rgzs?gual ’ M =1 v Mav=l Mav=! Moyl
angle of  nucleus (Mev) ev Mev ° Mev ° Mev ° Mev * Mev
emission

¢4 4 0.71 21.6 27.6 25.3 26.1 26.6
Oe5 4 0.96 11.7 16.3 14.5 15.1 15.5
06 5 0.57 33.0 40.4 37.5 38.4 39.1
Cu63(a,p)An66 Lassen & Sidorov 17.8

(1960) (900) 10.1-11.5 Oel 5 0.83 15.4 20.6 18.6 19.3 19.7
02 5 0.90 13.4 18.2 16.3 16.9 17.4
9.3 5 0.80 16.7 22.1 20.0 20.7 21.2
ey 5 0.91 13.0 17.8 15.9 16.5 16.9
Oc5 5 1.02 10.3 14.6 12.9 13.4 13.8
9c6 5 0.81 16.3 21.6 19.6 20.2 20.7

Cu63(a,p)Zn66 Lassen & Sidorov 19.30
(1960) (909) 10.1-11.5 el 6 1.01 10.6 14.9 13.2 13.8 14.2
02 6 1.04 9.99 14.2 12.5 13.1 13.5
%3 6 1.2 10.4 14.7 13.0 13.5 13.9

. continued
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TABLE A.1, continued

Reaction Reference Incident Excitation oc Error T 3 L) a, 2,

ener?y energy of q

(Mev) and the residual Mev  Mev! Mevl Mev-T mev~! mev™]

angle of  nucleus (Mev)

emission
Ocd 6 1.02 10.4 14.7 13.0 13.5 13.9
Ocs 6 1.13 8.52 12.4 10.9 11.4 1.7
%6 6 1.11 8.84 12.8 11.2 11.8 12.1
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TABLE A.2 (With Pairing Energy Correction)

.es. continued

Reaction Reference Incident Excitation ] Error a a a a a
ener energy of ¢ y 9] l] g] fl 4]
(Mev?yand the residual Mev ' Mev ' Mev  Mev ' Mev™
angle of  nucleus (Mev)
emission
Ni (eesp)Cu Fox & Albert 9.65 -
(1961) (1359) 1.5-3.9 O¢i 5 2.45 16.7 9.87 12.0 13.5
02 5 2.37 16.5 9.71 11.8 13.3
9¢3 5 2.59 17.1 10.2 12.3 13.8
T4 5 2.30 16.3 9.57 11.6 13.1
95 5 1.13 14.8 7.8 9.90 11.4
96 5 2.24 16.2 9.46 11.5 13.0
Ni(a,p)Cu Fox & Albert -10.00
(1961) (1359) 1.5-3.9 %1 4 2.14 15.9 9.23 1.3 12.7
0c2 4 1.87 15.1 8.66 10.6 12.1
93 4 2.17 16.0 9.31 11.3 12.8
0c4 4 1.78 14.9 8.49 10.4 11.9
05 4 1.10 12.8 6.90 8.66 9.97
Oc6 4 2,12 15.9 9.21 1.2 12.7




TABLE A.2, continued

Reaction Reference Incident Excitation ¢ Error 3 al a, a; a,
ener energy of g -1 2 -1 3.4
(Mev?yand the residual Mev © Mev ' Mev ' Mev * Mev
angle of  nucleus (Mev)
emission
Ni(a,p)Cu Fox & Albert 10.35
(1961) (1359) 1.5-3.9 ac1 6 2.22 16.1 9.40 11.4 12.9
0c2 6 1.98 15.4 8.90 10.9 12.3
0c3 6 2.29 16.3 9.54 11.6 13.1
94 6 1.95 15.4 8.8 10.8 12.3
0c5 6 119 131 7.1 8.89 10.2
Ock 6 2.3 16.4 9.64 11.7 13.2
Ni(4,p)Cu Fox & Albert 12.8
(1961) (1350) 1.5-3.9 oc1 5 1.82 15.0 8.56 10.5 11.9
o2 5 1.1 147 8.33 10.3 N.7
0c3 1.71 14.7 8.32 10.2 11.7
L 5 1.68 14.6 8.26 10.2 11.6
L 5 1.60 14.4 8.08 9.97 11.4
L3 5 1.64 14.5 8.17 10.1 1.5

«e.. continued
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TABLE A.2, continued

¢t L

Reaction Reference Incident Excitation a Error a a a a a
c 0 1 2 3 4
ener energy of g -1 -1 -1 1 -1
(Mev) and the residual Mev ' Mev ~ Mev ' Mev ' Mev
angle of  nucleus (Mev)
emission
Cu63(u,p)Zn66 Lassen & Sidorov 11.9
(1960) (900) 5.8-7.9 %1 5 15.1 24.6 20.8 22.0 22.9
Oco 5 1.0 19.3 15.9 16.0 17.7
0.3 5 12,0 20.5 17.0 18.2 18.9
Oc4 5 10.7 18.8 15.5 16.6 17.3
05 5 6.58 13.2 10.5 1.3 12.0
e 5 14.2 23.4 19.7 20.9 21.8
Cu63(a,p)Zn66 Lassen & Sidorov 16.3
(1960) (900) 5.8-7.9 L5 5 6.07 1.8 9.44 10.2 10.7
o 5 5,70 11.3 8.97 9.71 10.2
0.3 5 5,95 11.6 9.29 10.0 10.6
oy 5 5.73 11.3 9.01 9.76 10.3
o5 5 5.38 10.8 8.57 9.30 9.81
Oc6 5 5.23 10.6 8.38 9.10 9.61

«so. continued
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TABLE A.2, continued

Reaction Reference Incident Excitation Oc Error 3, 3, 2, a, 2,
ener energy of q -1 -1 -1 -1 -1
(Mev?yand the residual Mev ~ Mev ' Mev ' Mev Mev
angle of  nucleus (Mev)
emission
cu¥3(a,p)2n® Lassen & Sidorov  16.30
(1960) (90°) 10.1-11.5 91 5 20.3 27.1 24.4 25.3 25.9
0e2 5 17.4 23.7 21.2 22.0 22.6
9c3 5 18,0 24.4 21.9 22.7 23.3
Oc4 5 16.5 22.6 20.2 21.0 21.5
O¢5 5 8.92 13.6 11.7 12.3 12.8
' 5 251 3.6 29.7 30.7 313
Cu63(a.p)2n66 Lassen & Sidorov 17.8
(1960) (909) 10.1-11.5 9.1 5 1.8 17.1 15.0 15.6 16.1
0c2 5 10.2 15.2 13.2 13.8 14.3
0¢3 5 12.8 18.2 16.1 16.8 17.3
Ted 5 9.91 14.8 12.9 13.5 13.9
9es5 5 7.83 12.2 10.5 11.0 11.4
6 5 12.4 17.9 15.7 16.4 16.9
. continued
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TABLE A.2, continued

Reaction Reference Incident Excitation 9 Error ao al a2 ag a,
ener energy of -1 -1 Y s M
(Mev?yand the residual % Mev Mevl Mev-l Mev-l vev-]
angle of  nucleus (Mev)
emission
Cu53(a,p)Zn66 Lassen & Sidorov 19.3
(1960) (909) 10.1-11.5 9¢1 6 8.10 12.6 10.8 11.4 11.8
0c2 7.64 12.0 10.2 10.8 11.2
03 6 7.92 12.3 10.6 11.1 11.5
T4 6 7.12 11.3 9.63 10.2 10.6
O¢s 6 6.52 10.6 8.92 9.45 9.82
96 6 6.76 10.9 9.20 9.74 10.1
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