ELECTROMAGNETIC DECAY OF FRAGMENTED

ANALOGUE STATES IN 55MN AND 59CO

by
William Carter Peters

Department of Physics
Duke University

Date:

Approved:

E. G. Bilpuch, Supervisor

A dissertation submitted in partial fulfillment of
the requirements for the degree of Doctor of
Philosophy in the Department of Physics
in the Graduate School of Arts and
Sciences of Duke University

1972



ABSTRACT
(Physics)
FELECTROMAGNETIC DECAY OF FRAGMENTED
ANALOGUE STATES IN *°MN AND 2co
by
William Carter Peters

Department of Physics
Duke University

Date:

Approved:

E. G. Bilpuch, Supervisor

An abstract of a dissertation submitted in partial
fulfillment of the requirements for the degree
of Doctor of Philosophy in the Department of
Physics in the Graduate School of Arts

and Sciences of Duke University

1972



ELECTROMAGNETIC DECAY OF FRAGMENTED

ANAIOGUE STATES IN b51\/IN AND 59CO

by

William Carter Peters

The inelastic and gamma decay of the fragmented analogues of
I 5f\ E%Q 1 3 ¥ i T g & ) T
the ground statzs of ~ Cr and ~ Fe has been studied. Using the TUNL
) y e e 54
high resolution electrostatic analyzer-homogenizer system, the " Cr(p,v)

excitation function from 1.98 to 2. 02 MeV and the " “Fe(p, v) excitation

3

function from 2.15 toc 2. 30 MeV were measured witha 7.6 cm by 7.6 ¢

NaI(T1l) detector. The over-all proton energy resolution was ~ 350 eV,
0 o .

Using an 80 3m G@( i) detector at 55~ with respect to the incident beam,

absolute inelastic proton and gamma decay widths were measured for 10

KII

E
9}

esonances in the vicinity of the ground state analogue in ““Mn and for 22
resonances in the vicinity of the ground state analogue in " "Co. The
elastic proton widths and spins for these resonances had been previously
determined in high resolution proton elastic scattering experiments.

T 55
Eight of the resonances in - "Mn and ten of the resonances in

identified as fragments of the respective ground state analogues.

(iii)
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Absolute gamma decay widths for transitions from these fragments to
the corresponding antianalogue states were found to be weak. 'The M1l
strengths of both of these transitions, assuming no E2 admixtures, were
0.05 Weisskopf units, in agreement with results for non-fragmented
analogue states in this mass region. Comparisons of the gamma decay
of the ground state analogue with the beta decay of the ground states of
55(‘31‘ and 59Fe were made. In general, the widths corresponding to the
beta decay were weaker than the experimentally determined gamma decay
widths. The best agreement between the beta decay and gamma decay
widths occurred for the transitions to the ground state of 55Mna

The inelastic proton and gamma decay widths were examined
for possible correlations with the enhanced elastic channel widths. Posi-
tive correlations which were significant at a confidence level of greater
than 95% were measured between the elastic and inelastic widths for both
analogue states, between the/ elastic and ground state transition widths
for the ground state analogue in 55Mn_, and between the elastic and total
capture widths for the ground state analogue in 59CO. The correlations

of channel widths for resonances in 5960 not associated with the ground

state analogue were consistent with purely statistical behavior.
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Chapter [

INTRODUCTION

In 1961 Anderson, Wong and McClure presented the first results
of a series of experiments which established isobaric analogue states (IAS)
in medium weight nuclei. In the time-of-flight spectra for (p,n) reactions
on a number of nuclei in the mass range 50 to 90, very strong neutron
groups were observed. The reaction was interpreted as a simple charge
exchange mechanism which populated the isobaric analogue of the ground
state of the target. Previously it had been assumed that analogue states
would only exist in light elements since large Coulomb effects were ex-
pected to destroy the usefulness of isospin as a good quantum number.
Anderson's work, therefore, opened a new era for analogue state experi-
ments and increased interest in isospin.

An even more important development occurred in 1964 when
Fox, Moore and Robson discovered that analogue states (rather high in
excitation energy) could be populated in elastic proton scattering on medi-

um and heavy nuclei., Later in the same year the existence of fine struc-

(@)
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ture (fragmentation of the analogue state into many components) was indi-
cated (Richard et al., 1964). In this experiment the total energy resolution
(about 3 keV) was inadequate to completely resolve the fine structure com-
ponents. In 19656 Keyworth, Kyker, Bilpuch and Newson, using an electro-
static analyzer-homogenizer system (Parks et al., 1958) and a windowless
cryogenic gas target chamber (Parks et al., 1964), succeeded in resolving
the fine structure of analogue states populated in 4OA (psp)éoAa In this
experiment the Duke group achieved a total energy resolution on the order
of 200 eV. The fine structure consisted of many compound nuclear reso-
nances whose spin and parity were the same as that of the analogue state.
The enhancement of these states was interpreted as the result of mixing
between the analogue and ordinary compound nuclear states. Subsequently
the high resolution group at Duke found that solid targets only slightly af-
fected the total energy resolution (Browne et al., 1969). Since then the
fine structure of analogue states has been systematically explored in the
mass 40-60 region (Browne, 1969 ; Moses, 1970; Lindstrom, 1970;
Prochnow, 1971; and Wilson, 1972).

The electromagnetic decay of analogue states has also proved to
be very interesting. Some of the earliest and most significant studies were
performed by Endt (1964). Endt observed that in the s-d shell the gamma
decay from the analogue proceeded predominantly to a single bound state

with the same spin and parity as the analogue. These special states were

later called "anti-analogue states" (AIAS). The AIAS were described as
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consisting of admixtures of the same particle-core components as the
analogue state, but with different (isospin dependent) weights so that the
two states are orthogonal. Such simple, strong IAS to ATAS transitions
were not observed in the decay of P3 /9 analogues in the mass 40 to 60
region, The (SHeﬂd) spectroscopic factors indicated that the antianalogue
states were fragmented. Even more importantly, the TAS-ATAS M1 transi-
tion strength was reduced by factors of 10 to 1000. Maripuu (1970C) and
Hirata (1970) attempted to explain this hindrance in terms of core polari-
zation effects. Recent experiments on 992 analogues in the Ni isotopes
(Fodor et al., 1970; Szentpetery et al., 1972; Maripuu et al., 1972) indi-
cate that the analogue-antianalogue strengths are again large.

The fragmentation of the analogue states complicated the gamma
decay studies., Some of the earliest work on the gamma decay of fine struc-
ture fragments was performed by Chasman et al, (1967). They studied the
gamma decay of an analogue state in 38A which consisted of only two frag-
ments (Erne et al., 1966). The decays of the two fragments were observed
to be similar and were dominated by strong IAS-AIAS transitions typical of
the s-=d shell. Several experiments in the f-p shell (see Table 2 in Chapter
I for references) demonstrated that the decay of the fragments of analogue
states in this region exhibit rather weak antianalogue effects consistent
with the decay of non-fragmented analogue states.

A recent area of interest has been correlations between fine
structure channel decay widths. Tane (1969) has given a comprehensive

treatment of fine structure and channel correlations. Preliminary experi-
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mental results (Vingiani et al., 1968B; Vingiani et al., 1971A) indicate
correlations between total gamma widths and the corresponding elastic
proton widths.

This dissertation describes experiments undertaken to study
the electromagnetic decay of the highly fragmented analogues of the ground

‘ .5 9
states of 09 2

Cr (8 fragments in 551\/[11) and 59Fe (10 fragments in ““Co). The
objectives of the experiments were threefold. First, since almost no elec-
tromagnetic decay studies have been made on highly fragmented analogue
states, it was desired to know if the fragments decay the same way.
Secondly, 54Cr(p;y) 551\/m and to a lesser extent 58Fe(pﬁ 'y)59CO offered
the opportunity to compare the gamma decay of the ground state analogue
with the beta decay of the corresponding varent {the ground states of 55Cr

59
and ““Fe). In recent years similar comparisons have been made for several
non-fragmented analogues. A survey of these has been given by Hanna (1969).
The third reason for this work was to determine if any correlations exist
between exit channel widths. According to ILane, such correlations would
be expected where both channels were enhanced by the analogue state. Com-
parisons have been made between the elastic proton widths previously
measured by Moses (1970) and Lindstrom (1970), partial gamma decay
widths for transitions from the analogue to low-lying levels, total capture
widths estimated from secondary transitions, and inelastic proton widths

determined from the yield of the gamma rays associated with the inelastic

decay.



The measurements made in these experiments consist of
NaI(T1) yield curves over the regions of the analogue states and absolute
gamma decay widths for transitions from each of the fragments of the
analogue that were resolved in the elastic scattering work. The Nal(T1)
yield curves were obtained with a 7. 6 cm by /. 6 cm detector placed 7.6
cm from the targets at an angle of 90° with respect to the incident beam.
The decay widths were measured with an 80 cmB Ge(Li) detector located
5 cm from the targets at an angle of 125° with respect to the beam. The
absolute efficiency of the Ge(Li) detector was measured in order to de-
termine the absolute widths.

In Chapter 1I a general background is given concerning anti-
analogue states, TAS-ATAS M1 transition rates, beta decay and statistical
properties of reaction widths and analysis. Chapter III describes the
experimental equipment and procedure. The experimental results and
analysis of these data are presented in Chapters IV and V, followed by &

brief summary in Chapter VI.



Chapter 11

GENERAL BACKGROUND

The analysis of the electromagnetic decay of the analogue states
described in this dissertation requires a consideration of several different
topics in nuclear physics. One of these is the concept of an antianalogue
state. This concept originated from some of the earliest proton capture
studies. Another topic of interest is the general treatment of M1 transi=
tion rates, particularly those corresponding to AT =1 (where T is the iso-
spin quantum number) transitions. Decay from an IAS to the corresponding
ATAS is predominantly such a transition. A third topic due consideration
is Gamow-Teller beta decay. Since the isovector components of the elec-
tromagnetic M1 operator and the beta decay operator are very similar, a
comparison can be made between the beta decay of the parent state and the
electromagnetic transition from the analogue to the same final state. In
order to make some of the quantitative comparisons between various sets
of widths measured in this experiment, a number of statistical considera-
tions are necessary. In particular, the statistical distributions from

which the partial and total decay widths come are important to the esti-

(7)
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mate of the statistical significance (confidence factor) of the correlation
coefficients determined from the experimental data. Due to the broad
scope of these topics it is impractical to present a comprehensive treat-
ment of them. Only those results directly relevant to this dissertation

will be discussed here,

A. Antianalogue States

The concept of an antianalogue state is fairly new. Its origin
can apparently be traced back only to 1966. At a symposium on research
in the s=d shell, the results of some of the first capture experiments on
analogue states were reported (Endt, 1966). In 35@15 SlP and 27A1, the
electromagnetic decay of the IAS was observed to proceed to a state with
the same spin and parity as the analogue. The transitions were predomi-
nantly M1 with strengths on the order of several Weisskopf units (for M1
transitions, 1 Wu = 0,021 Ej eV, where Ev is the energy of the emitted
gamma ray in MeV). Later capture experiments in the s-d shell yielded
similar results: strong gamma transitions with simple decay patterns
(usually only one strong transition, for example, Endt, 1969).

The earliest explanation for the unusual s-d shell TAS decay
was fairly simple. In coupling a proton (whose isospin is t = m, 'tz =

-1/2) in an orbit (¢, j) to an even-even core whose isospin is TO, two

stales with the same spin and parity are obtained. One is a state with
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isospin Ty = To + 1/2, the analogue state. The other, a state whose iso-
spin is Te = TO - 1/2, is the antianalogue. According to this early in-
terpretation, states which resemble each other so much would be expected
to be connected by relatively large M1 matrix elements. Hence the
strength of M1 transitions from the TAS was assumed to be concentrated
in the AIAS transition. In Fig. 1 the relationship between the parent,
analogue, and antianalogue states is shown. At the top, the parent state
is schematically illustrated, The parent state is assumed to consist of
closed proton and neutron shells (only one neutron orbit is above the closed
proton shell) with one excess neutron in an orbit outside the core. The
isospin lowering operator, T , acting on the parent state then yields the
analogue state, as shown in the middle of the drawing. The antianalogue
state, shown at the bottom of Fig, 1, is a state which has the same shell
model configuration as the analogue state but with different weights. The
analogue and antianalogue states are orthogonal.

After the initial success of this simple explanation, difficulties
with this description of TAS-AIAS decay began to occur (Endt, 1968). In
the f-p shell the gamma decay of analogue states was not nearly as simple
as that in lighter nuclei, The TAS to ATAS M1 strengths were typically
inhibited by factors on the order of 10 to 1000 with the stronger transitions
often not even proceeding to the antianalogue states. ILater capture ex-
periments have shown that these complications occur systematically

throughout the f-p shell,
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Figure 1.

Diagram of the relationship between the parent, analogue,

and antianalogue states.



11

© particle

O hole
©
PARENT T =T 4
STATE Tz=T5=Tot7%2
Z-1 N+|
o o
ANA I | oT il
NALOG | | A
STATE | 2T+l + 2T, +1
Tz=T - To-"2
o o

ANTIANALOG [ 2T, N e
STATE |57+ '|2T0+|




12

The explanation for the apparent anomalous gamma decay in
the f-p shell is still not completely clear. Several attempts have been
made to explain the inhibition of the M1 transition strengths within the
framework of the shell model. Some of these will be discussed in the
next section. Part of the additional complexity of the decay of IAS in
this region is due to fragmentation of the antianalogue by the strong nu-
clear interaction. This splitting would be expected to be on the order of
a few MeV. Experimentally there is evidence for such splitting. In
particular, (BHe, d) experiments in this mass region have found spec-
troscopic strengths to be spread among several levels rather than con-
centrated primarily in one. Robson (1969) has pointed out that the defi-
nition of antianalogue states, particularly in heavier nuclei, is somewhat
vague. When there is more than one closed neutron orbit above the closed
oroton shell, more than one state exists which is orthogonal to the ana-
logue and has the same quantum numbers (JW, T¢ etc.). For n neutron
orbits above the closed proton shell there are n-1 mutually orthogonal

states which can be considered to be antianalogues.

B. M1l Transition Rates

The theory of electric and magnetic multipole transitions yields
several important selection rules for electromagnetic transitions between

nuclear levels. Some of these have been summarized by Warburton (1966).
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There are two selection rules in particular which have been of consider-
able importance to the experiments described in this dissertation, namely,
I. Ml transitions from J = L + 1/2 levels can be expected
to be stronger by a factor of 10 or more than from
J =1L~ 1/2 (with L £0) levels,
II. J — J Ml transitions are expected to be favored over
similar transitions for which AJ = 1.
Rule II has been called "Erne's Rule" (Endt, 1967). A derivation of these
selection rules has been given by Talmi and Unna (1960). Some of the
results given by them are the following:
1. The radiative width for an M1 transition between an
initial state [aTJ) and a final state |a' T'J') is

TV(Ml) =2.76 X 107° EjA(Ml) eV

where EV is the energy of the emitted gamma ray in

MeV and

AML) =TT 2@l o T 71)2/(@741)

1l

is called the "transition strength". The reduction in this
matrix element has not been carried out over the isospin

projection. The M1 operator is

a(MD)-BZ (g, 2 +q,9), withB-gh- [ 2

which is summed over all i particles. Similar radiative

widths for El and E2 transitions are
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and

-6, 5

FW/<E2) =8.0X 10 EV ANE2) eV

In pure jj coupling the magnetic dipole operator

(ML) =B ? (gﬂ I+, s),l

where for protons g, = 1, gg = 2 X 2,793, and for
neutrons g, = 0 and Jg = 2 X (-1.914), can be written

as

QM1)=B = [%—(1-*; .
L

with t,. being the third component of the isospin and

31
gj the g factor for the corresponding particle in the
ji orbit. These g factors are given by the Schmidt
values

1 . . 1

gj~(gﬁ+ 59 /1 for j =1+ 3
and

0. [g,e+D)- g | /G+1) for j=1-

j 1 278 2

From these equations and-the expressions for the M1
radiative width, it follows that for AT =1 transitions
2

p n
I”,Y(Ml) = (qj - 9 )

Using the Schmidt values for the g factor term gives

I’F‘/(Ml) =< (1 +4. 71)2/(12 + %)2 for j =2 +%

and
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T (ML)e (0 -3.71)2 /(0 + %)2 for j =g -

D]

Selection rule I given at the beginning of this section is
based upon these equations. For example, for£=1, 2,
1

and 3 the £+ 5 to £ - %rat‘ios are 4.5, 15.4 and 117,

respectively. For AT=0 M1 transitions the radiative
width is proportional to (gjp+ gjr.l)zo
The magnetic dipole operator can be written (for

example, Maripuu, 1969) as (ML) = QO(M1)+ Ql(l\/[l),

where
P n
g’. +ge
o (M) =Bz [~ ;
(0] i 2
and
© n
g = g.
9, (ML) = -B = —J»—fé—-L- iXt .

i
Then reduction of the transition strength matrix

element in isospin space gives
A(ML) = [<TTZ ooy (1Tl e )Ty

v+ (TT, 10T T,y (7T e ) fJT>]/
E2J+l) ’2T'+1J

The first term in the parenthesis is a scalar and the
second a vector in isospin space; they are thus referred
to as the isoscalar and isovector components. The
isoscalar matrix element must be zero between states

having different isospin, Hence for IAS decay to
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ordinary Te states only the isovector component will
contribute. For example, Watson et al. (1967) have
calculated the "MI1 transition speed'" between IAS and
AIAS in 8501° They expand a JO: 0, TO: 1, A =34

core coupled to an extracore nucleon by a Clebsch=

Gordan expansion to obtain

[Bcrs/a1/2) = a/9M2 | 350 p) + )1/2i3401+n>
for the analogue, and
[Pc11/21/2) - 2/3/2 |34, o) - w3 n)

for the corresponding antianalogue. Then using the
isovector part of the M1 operator and assuming no core
transition gives for the M1 decay width, in Weisskopf
units,

T (1)=0.137(41) (- 2 @1 )/@T +1)°

As shown in Table 1, this result agrees fairly well

with the experimental values (Watson et al., 1967).

Table 1. Comparisons of M1 Transition Rates in 3561

By (MeV)  He (MeV) IT (gP-gP)? T (ML) T (MD),,

7. 84 4,17 3/2 14.5 1.6 Wu 1.0 Wu

=

7.54 3.16 7/2 4,85 2.2 Wu 1.6 Wu
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4. Talmi and Unna have calculated the AT=1 M1
transition strength for a two-nucleon configuration

of a self-conjugate nucleus to be

20+ 1 — . . .

J! j1 1
J+JU T . . s n D 2
+(-1) JJ2(32+1)(2J2+1) ']2 J ‘]l (gjg“’g,jz)
J! j2 1

The J - J selection rule (II) follows from expressions

such as these because of properties of the 6=] coeffi-

cients. The expression for AT = 0 transitions contains

the same coefficients.

The inhibition of TAS-AIAS M1 transitions in the f-p shell by

factors on the order of 10 to 1000 has already been mentioned. In Table 2
a brief summary is given of (p,y) experiments in this mass region whose
results have included absolute decay width measurements. The column
headed I‘y (M1) is the sum of the widths for all transitions which conceiv-
ably could be M1 (for example, it includes transitions to all levels whose
spin and parity is unknown). The next column, I‘a(ﬁ;), is the sum of the
widths for all transitions to potential ATAS, that is, transitions to all levels
for which at least the £ value is known and which possibly have the same

spin as the analogue. The last column, .EO(A), is the strength of the transi-

tionto the state with the same J as the TAS which has the largest (BHe, d)
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spectroscopic factor. The I‘b have been taken from Klapdor (1971A).

The claim that the TAS-AIAS M transitions in the f=p shell are inhibited

is based upon the ]Tb values. In order to determine the Ml strengths

ry(Ml)? ra(A>, and I8

(A), the BE2/M1 mixing ratios (when unknown) were
assumed to be small.

Several attempts have been made to explain the reduction in the
IAS-ATAS M1 strength in the f-p shell. Maripuu (1970) has attributed the
hindrance to core polarization effects, that is, to mixing of the antianalogue
with states formed by coupling a valence nucleon to a core which is assumed
to consist of a doubly closed inert part and an even number of active nu-
cleons. M. Hirata (1970) has explained the effect in 498@ by introducing
the 'charge-exchange spin-flip collective mode", that is, by postulating the
existence of a 'charge~exchange spin-flip collective state" rather high in
excitation energy which, he shows, will strongly absorb the M1 strength.
Klapdor's summary (1971A) of work in the f-p shell notes that the hindrance
of the TAS-ATIAS M1 transitions appears to be an effect of the f7 /2 proton
shell. Part of the basis for this claim is that I. Fodor et al. (1970), L
Szentpetery and J. Szucs (1972), and S. Maripuu et al. (1972) have shown
that M1 transitions for 99/2 IAS with the f7/2 shell filled (specifically, in

59Cu, 61Cu, 68Cu, 65(}&, and 67@&) appear to again be of the order of
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C. Beta Decay

In some cases it is possible to compare the beta decay of a
parent state with the gamma decay of the corresponding analogue. Hanna
(1969) has given an explicit formula (first derived by Kurath, 1965) for the
relationship between the electromagnetic M1 transition strength A(M1) and
the beta decay strength A(GT) for AT =1 transitions. In Hanna's notation,

where §f> denotes the final and il> the initial states involved in the

transition,
. 2
(CG)Z {f et} i
AML) =11.1 —2X |1+0.11 . A(GT)
D (f |st] i)
(CG)q

The Clebsch-Gordan coefficients in this equation are

ca) =(T' T lOlT T )
vy T Vy tay v “zy

and

1

(CG)g = (Ty Tyq 1 1;TB Te) -

B

The ratio for the square of these coefficients for gamma decay and beta
decay between the same isospin states is simply 1/T. The matrix ele-
ments in the brackets are just those from the isovector component of the
M1 operator discussed in section B, Assuming that the orbital matrix
element is smaller than the spin matrix element, the matrix elements can
be ignored to a fairly good approximation. This assumption is reasonable
for Aj =1 transitions, but presumably will be only a very rough estimate

for j —j transitions. Conventionally, the beta decay transition strength
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Table 3. Survey of Beta Decay-Gamma Decay Comparisons

for Medium Weight Nuclei

Parent Transition Energy r (M1) log FB(GT)

Nucleus T Transition ft Reference
J,T (Me V) (eV) (eV)
g ot2-1*1 5.07-0.00 0.14 9.5 5x10°° Adelberger,

Balamuth, 1971

ca 5,22 1 11,6 ~31 0.022 49 0.2  Mann, Bloom,
2975 3
1970
0.013 5.1 0.16  Maripuu, 1970

49

olyy 2755 94.0.32 0.74 4.8 0.43 Gaarde et al.,
53 "9 g 2t 2l
1970
3"7 375
8,1.25 94-093 o0.012 5.4 0.08
56

v 373272 11.5—-0.846  0.021 7.4  0.0022 Sakai and
. . Gehringer, 1970
373272 11.5--2.658 0.056 5.6  0.078
373272 11.5-+2.96 0.158 5.4 0,112
373-2%2 11.5-3.37 0.193 5.1  0.193"
1"3-072 11.6—-0.00 0.702 5.0  0.702%

173-272 11.6-—-0.846 0.33 5.7 0.11

Do
O

1322 11.6--2.658 0.0098 6. .02

* These values were assumed in order to compute the absolute
widths for the remaining transitions in the group. Sakail gave only relative

widths.
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is expressed in terms of the ft value. The relationship between this and
A(GT) is

ft = 4390/ A(GT) (Hanna, 1969).
The corresponding relationship between l“p}/ (M1) and A(M1) has been given
in section B.

Several comparisons of the gamma decay of an analogue state
with the beta of its parent have been given in the literature. Most of these
have been restricted to cases for which the initial and final state spins
differ in order to better insure that the orbital matrix element can be
neglected. In Table 3 a summary is given of some of the gamma decay-
beta decay comparisons made with analogue states in medium weight
(A > 30) nuclei. The column headed 1"‘6 is the quantity

T, =134.5 EVS/T - fteV

&
which corresponds by virtue of the equation for A(M1)/A(GT) and the ex-
pressions for I‘ry (M1) and the beta decay ft value to the radiative transi-
tion width rry(Ml)a The reference cited is the author who has made the
comparisons. In some cases the agreement between I‘V and 1“B is fairly
good. However, there are a number of cases where the disagreement is
significant. One of the possible reasons for the discrepancy in these cases
is the experimental difficulty of determining absolute radiative widths.
Endt (1967) has discussed this problem. On the other hand, some of the
deviations are probably real. A possible explanation for this is that the

orbital matrix element contributes significantly to the ratio A(M1)/ AGT).
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D. Statistics

In Chapter V of this dissertation, special attention is given to
correlations between various sets of absolute widths. The quantitative
measure that is used to determine such correlations is the linear corre-
lation coefficient (ILCC). Basically, this quantity is a measure of how
much two sets of numbers are linearly related (assuming, of course, that
the sets contain the same number of elements), The definition of the linear
correlation coefficient for, say, sets of data X(Xi) and Y(yi) is

r= EET (Bevington, 1969)
where b and b' are determined from least square fits of X =a + bY and
Y =a' + o' X, The sign of r is taken to be the same as that of b (and hence
b'). Its range is -1,00 to 1.00 with r = O meaning that X and Y are not
correlated and !r! = 1,00 meaning that X and Y are perfectly correlated.
Unfortunately r does not by itself adequately describe a correlation be-
tween sets of data since, for example, correlations involving sets with
only two elements will always give |r] = 1. Thus one needs to ascribe
statistical significance to the LCC, that is, a '"confidence factor'. Several
different definitions of this term are possible. In this dissertation the
following is used:

The confidence factor for a linear correlation coefficient

r between two sets of data is the probability of getting a

smaller LLCC than r (or, if r< 0, a value larger than r) if

the sets contained only random numbers.

In order to determine confidence factors, then, it is necessary to choose
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the proper distribution from which random data would originate. In most
applications one would assume a normal distribution. However for nuclear
reaction widths, Porter and Thomas (1956) have shown that the parent dis-
tribution is the chi-squared distribution of one degree of freedom (the
Porter-Thomas distribution). Furthermore, total widths which are the
sum of, say, N partial widths are expected to obey the chi-squared distri-
butlon of N degrees of freedom assuming that the average reduced width

is the same for each channel. These distributions are briefly discussed

in Appendix C.

The method for computing confidence factors is to generate sets
of random numbers from the prescribed distribution (the procedure for
this is discussed in Appendix C), correlate them, and upon choosing a
suitable interval size make a histogram of the number of cases having
linear correlation coefficients within a given interval (in the range of -1.00
to 1.00). The confidence factor is then obtained directly as the cumulative
sum of the histogram entries.

Over the region of a fragmented analogue state, the enhanced
reduced widths do not follow the Porter-Thomas distribution. Robson
(1969) has shown that the expected enhancement pattern for elastic widths
is a skewed Lorentzian (the low energy tail of which is normally called
the "Robson Assymetry"). The statistical distribution of the fragments
for other exit channels is not well established experimentally. Presum-

ably, if the widths in any channel are Lorentzian and correlated with the
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elastic widths they indicate enhancement of that channel. If they are not
enhanced, they are expected to obey the Porter-Thomas distribution.
Lane (1969) has given the most comprehensive treatments of fine struc=-
ture and correlations between decay widths in various channels and has
shown that enhancement of two or more decay channels implies correla-
tions between their reduced widths. However, no detailed predictions of
analogue enhancement of isospin-allowed decay channels other than the

elastic have been made.



Chapter III

EQUIPMENT AND EXPERIMENTAL PROCEDURE

These high resolution proton capture experiments were per-
formed on the TUNL 3 MV Van de Graaff accelerator. A schematic of
the laboratory as used in elastic scattering experiments is shown in
Fig. 2. The electrostatic analyzer-homegenizer system was developed

over a period of years and has been described in detail elsewhere (Parks

ot
Q3

et al., 1958; Seibel, 1968; Lindstrom, 1970). TFor these (p,v) experi-

ments, a new, smaller scattering chamber was designed and placed in
the beam line about 2 feet in front of the elastic scattering chamber.
For beam current integration, an air-cooled Faraday cup (consisting
primarily of a 0.015 inch thick, 6 inch in diameter tantalum disc) was
attached to the back of the elastic chamber at a distance of about 4 feet
from the target. Figure 3 shows the geometry of the chamber and three

detectors used in the present experiments.
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Figure 2.

Floor plan of the 3 MV Van de Graaff laboratory
showing the electrostatic analyzer-homogenizer

system.
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Figure 3.

Schematic of the target chamber and detector geometries
used in the present experiments. The solid angle for the

surface barrier detector was 7. 36 millisteradians.



30

d010313a
(N)e9

UUO@
ONIGT3IHS
SYOLYWITI0D av3a
z:éﬂzﬁ ,
N\ ¥
r«lnl.c.athi.HH.:ltnin..nrnn |||||||||||| 020_#Umm_0 N
T 2. ===~ =-q-C Wv3g -
\
/ _ oS¥ £
SYIANTTIAD ,
avai SHOLYWITIOD WNAIVINVL
40103130 31VLS A0S
/s + — N
40193130 “
Y3148V 3Iv448Nns !
NODITIS . |
ONIGTIIHS
av3an 40193130
ION ,€X €




A. Detectors

The solid state detector used to observe charged particles
was an ORTEC silicon surface barrier detector which had an active
area of 50 mmz, a depletion depth of 300 microns and a resolution
(FWHM) of about 12 keV, as determined in these experiments. The bias
for this detector was +80V. The Nal(T1) detector was a 7.6 cm by 7.6
cm cylindrical crystal (from Harshaw Chemical Company) with a RCA
8575 phototube. A phototube plate voltage of +1250V (with the detector
housing at ground potential) yielded the best resolution, about 10% at
662 keV. The Ge(Li) detector (Princeton Gamma-Tech) had a specified
active volume of 80 cmB and was operated at -=2000V. The Ge(Li) detec-
tor resolution in the present experiments was about 4 keV for the 1332
keV line in GOCOG An absolute efficiency curve for this detector was
determined using sources placed in the target position shown in Fig. 3.
Details and results of these efficiency measurements are given in

Appendix B.

B. Electronics

In the present experiments data were taken with a digital read-
out system (Lindstrom, 1970) and a Honeywell DDP-224 computer. The
digital readout system was used to read data from scalers onto punched

cards by means of an IBM keypunch. Figure 4, a block diagram of the



Figure 4. Block diagram of the elastic scattering counting system.
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electronics used with the solid state (elastic) detector, illustrates the
use of this device. The method for accumulating elastic scattering data
has been described by Moses (1970), Lindstrom (1970), and Prochnow
(1971) and will not be discussed here. The primary use of the DPP-224
computer was as a multichannel analyzer (4096 channels for Ge(Li) spec-
tra and 512 channels for Nal(Tl) spectra). In Fig. 5 a block diagram is
given of the electronics used with the two gamma ray detectors. When
measuring Nal(T1) yield curves, the output of the amplifier was con-
nected to the computer through an analog to digital converter (ADC).
Otherwise, the output went to a single channel analyzer (SCA) whose dis-
criminators were set for a specified gamma ray energy range, usually 1
toc 5 MeV. The SCA cutput was counted by a scaler and monitored with a
ratemeter.

As shown in Fig. 5, the electronics for the Ge(Li) detector was
quite similar to that for the Nal(Tl) detector. However, when measuring
Ge(Li) spectra some additional electronics were required in order to
measure the fraction of time that the ADC was busy analyzing input pulses
and not available to process incoming data (the fraction of time that the
ADC is busy is usually called the dead time). A block diagram of the
electronics used in the dead time measurements is shown in Fig. 6. The
isolation module separated the computer and 3 MeV Laboratory electri-

cal grounds and is discussed in Appendix DD, The scaler control circuit

was designed to provide the correct voltages for the various gate signals
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Figure 5.

Block diagram of the electronics for the Ge(Li) and

Nal(Tl) detectors.
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Figure 6.

Block diagram of the dead time monitoring system.
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shown in the drawing. Gate 1 was the ADC busy signal and Gate 2
(which was also applied to Scaler 1 by way of the keypunch interface)
was an external control signal sent by the computer when the ADC was
off. The computer fail signal also gated both scalers. Typical values

of the dead time were on the order of 2%.

C. Target Preparation

Targets were prepared by evaporation of enriched metallic
Cr powder and Fego8 onto 10 ,;Lq/cm2 carbon foils. The specific en=
richments of the isotopes are listed in Table 4.

The evaporations were performed with vacuums of between
107° and 1070 torr. For the **cr isotope, a 0.010 inch thick tungsten
boat heated to about 1275° C was used. A typical elastic scattering
spectrum of targets made by this method is shown in Fig, 7. Because
the temperature required for the Fe evaporations is about 1600° C (in
a vacuum of 1056 torr), it was decided not to evaporate these isotopes
from a tungsten boat because tungsten oxide evaporates at about 1300° C.
Previous experiments by Lindstrom (1970) used targets evaporated from
tungsten boats and the targets nad fairly large tungsten impurities. The
method finally adopted was to evaporate the Fe isotopes from a deep (1

inch) carbon crucible. FEach oxide was heated in a crucible until reduc-

tion took place (no catalysts were necessary). This reduction occurred



Table 4, Target Composition

Isotope % Enrichment Contaminant %
B4h, 94. 35 06 0.08
(Metal Powder) 59
Cr 3,,‘ 20
934, 2.31
D4pg 98. 19 9Bpg 1.81
(Oxide) 5
7 pe 0.05
58pg 0.05
90pe 99.93 94 pg 0. 03
(Oxide) g
57Fe 0.03
98pe 0. 02
985 82. 48 24pg 0.48
(Oxide)
965 15. 57
57




Figure 7.

Typical charged particle spectrum for the o4

Cr isotope.
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at 1100 to 1200° C, depending upon the vacuum. During reduction some
care was required to insure that the Fe208 did not spatter out of the
crucible. Figure 8 shows a typical 58Fe elastic scattering spectrum
for targets made from this method. High mass contaminants present
in Fe targets evaporated from tungsten boats have been effectively elimi-
nated. Typical target thicknesses obtained from these methods were be-
tween 1 and 3 uq/cmz

The total energy resolution obtained in these experiments
with targets prepared by the above methods was between 300 and 450
eV, depending upon the target thickness. This resolution - hereafter in
this dissertation referred to as the proton energy resolution - includes
the contributions from the energy spread of the incident proton beam,
target Doppler broadening, and target thickness.

Concern has been expressed (Endt, 1967) that the measure-
ment of absolute gamma decay widths may depend on the atomic form of
the isotope when evaporated. Leslie et al. (1971A) have shown that,
within the limits of experimental error, the absoclute widths obtained
from targets prepared by evaporation of Fe metal and FezO8 are in

agreement,

D. Reduction of Data

For thin targets the relationship between the yield of gamma
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Figure 8.

Typical charged particle spectrum for the 08

Fe isotope.
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rays from a proton induced resonance and the corresponding partial

gamma decay width is

- I T

g;:jl I} roo- i—g— (%) (Gove, 1959) ,
where

J = spin of the compound nuclear state

J 5 spin of the target

Tfo = proton elastic width

I”V = partial gamma decay width

T = total width

€ = stopping power of the target in eV Gmg

A= ;en’ser of mass wavelength of the incident protons

in cm

T = target thickness in eV

and Y = area of the (Breit=Wigner) resonances in units

of reactions times energy per incident particle.
The equation for thick targets (targets whose thickness in units
of energy is many times greater than the total width I') is the same as the
above except that Y/T = Y' is in this case the step in the gamma ray yield
in units of reactions per incident particle.
The thin target yield for proton induced resonances on spin

zero targets can be written as

2
(2J+1) rp:rﬂy/r: 4Y/BAt,

where t = target thickness in ug/cmd, by virtue of the relation for the
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stopping power

ool
0.0,
Sl

This last equation for rp I /T was used to obtain the absolute widths
for transitions to low-lying levels from resonances in the regions of the
. 5b . b9 . .
ground state analogues in ~"Mn and ~ Co. The parameters in this equa-
tion were determined in the following manner:
1. J, the resonance spin, was determined from results

A\

of elastic proton scattering given by Moses (1970)
for 551\/£r1 and Lindstrom (1970) for 59000 The elastic
cross sections over both of these analogue state regions
were remeasured as part of these experiments in order
to verify the spin assignments and elastic widths,
The method used to analyze these data has been
described in detail by Prochnow (1971) and will not
be discussed here. Several levels in the region of
the 59(?0 ground state analogue were found to have been
assigned incorrect spins (the up-dated assignments
are given in Chapter 1V).

2. Tp was also obtained from the elastic scattering ex-

periments. Since I = I” +T (no other

total p

channels are open) and since T ¥ total and 1“ were

observed to be much smaller than I“p, the appmxim

mation Fp/r =1 was made,
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The B parameters in the stopping power equation
were taken from a tabulation by Marion (1960).
When required, the dE/dx energy losses were
calculated with the computer code BABEL (written
by P. G. Ikossi). This code is based on the method
of Barkas and Berger (1964). Comparisons of

. ‘ . L . —- 58, ..
calculated values obtained from BABEL for ~ "Ni

27 . . ) .
and Al with data given by Marion (1¢68) showed

agreement to within a few percent.

Az__fm:t 22
LA 2ME
o

where A = N + Z of the target
h = Planck's constant

M

Il

atomic mass of the target

and Ep = laboratory energy of the incident protons.
The target thickness, t, was determined from
Rutherford scattering immediately prior to the
gamma ray yield measurements.

Y=NR Area/(Eff(Eq/) . IC)
where a) N was a normalization factor which included
the dead time correction and a correction for target
deterioration. Explicitly (Live Time = Total Time -

Dead Time)



N = Count Ratio A
Live Time/Total Time

The Count Ratio = _C,,Q;L__.,, X %%I- R

total '
where Ci was the number of counts measured by the
Nal(T1) detector for a given amount of integrated
charge Qi (usually 1000 ,C) at the beginning of a
Ge(Li) spectrum and C totg WAS the number of
counts measured by the Nal(Tl) detector for the
total beam current integration, BCI. In the present
experiments, the BCI was usually 50,000,C, which
required about 2 1/2 hours per Ge(Li) spectrum for
a typical beam of 5 p amps. Typical values of N
were between 1.05 and 1. 10.
b) R was the ratio of area to peak height for the
resonance. This parameter was obtained from area
analysis of a 2 to 5 keV Nal(T1) yield curve taken
just before the Ge(lLi) spectrum. This correction
was required because the Ge(Li) spectra were taken
at the resonant energies rather than taking spectra
at 100 eV intervals over each resonance. The time
required to take Ge(Li) spectra over an entire

resonance, 20 hours or more, was prohibitive in

view of the large number of resonances (32) to be
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studied. Since the proton energy resolution in
these experiments (300 to 500 eV) was much
greater than the total width for any of the reso-
nances that were studied, all of the observed widths
were equal to the resolution. The peak height for
each of these resonances was therefore quite
sensitive to the proton energy resolution. (On the
other hand, the total area of a resonance deas not
déperzd on the resolution.) Unfortunately, the
proton energy resolution did not remain constant
during the time required for several Ge(Li) specira
because of target deterioration. Typically, R
ranged from 3.5 for a new target (for which the
resolution was 300 eV) to 5.5 for the same target
after 18 hours of 5.0 yamp of beam (for which the
resolution was 500 eV).

c) Area = area of the photopeak in the Ge(L.i) spec-
trum. This parameter was obtained by standard
area analysis techniques (for example, Bevington,
1969). Identification of the transitions (in the com-
pound nuclei 55Mn and 5900) which were associated
with the peaks in the Ge(Li) spectra was made

entirely from energy considerations. The energies



b1
were determined from a channel-energy calibration
curve which was a least square fit of calibration points
from a 56()0 source (Marion, 1968) and the well-known
992 keV resonance in 271%1(109 v)ZSSi (Holmberg and
Kiuru, 1970).
d) Eff(Ev) was the absolute efficiency of the Ge(Li)
detector at the photopeak energy. The efficiency
measurements are discussed in Appendix B.

e) IC was the number of incident protons, namely,

I BCI
¢ 1.6x107 ¢/Proton
For the resonances in 551\/1'11 and 59@0, the energies of the gam-
ma rays associated with the inelastic decays were high enough (835 keV
and 810 keV, respectively) so that the inelastic widths, I“p“ could be de-
termined from the equation for the gamma ray yield. The absolute width
equation can be written
No. of Counts = No. of Incident Protons X Stopping Factors X

Probability for Formation of Resonance

X Probability for Decay.
The probability for decay into channel ¢ is T'c/T. All other terms, ex-
cept the number of counts, refer to the incident channel. Since the num-
ber of inelastic protons is equal to the number of "inelastic" gamma rays,
the absolute widths obtained from the 810 and 835 keV gamma rays were

the inelastic widths, Tp,.,



Chapter IV

EXPERIMENTAL RESULTS

Because of the importance of the resonance spins and elastic
widths, the elastic cross sections over the analogue state regions in

55 59 . .
Mn and ““Co were remeasured. The agreement with the previous

551\/Ir1 results (Moses, 1970) was excellent. These data are presented
in Table 5. The energies given in this table have been assigned from a
recalibration of the Van de Graaff accelerator (using the 7L}'L(p,n) thres-
hold). Specifically, the laboratory enerqgy of the largest 3/2° state in
the analogue region (I‘p =115 eV) was measured to be 1.9875 MeV with
an estimated uncertainty of 1 keV. The inelastic widths, I‘p, , were de-
termined in the present experiments. The estimated minimum level of
observability of the inelastic widths determined from the yield of gam-
ma rays (associated with the inelastic decay) is 0.005 eV, much smaller
than that from charged particle detection. In the charged particle elas-
tic scattering experiments on the IAS in 551\/{1@ and 59(30, no inelastic
protons were observed because of the charged particle background and
short counting times (~ 30 sec).

(52)



Table b. 55Mn Resonance Parameters in the Vicinity of the Ground

State Analogue.

T 2

Ep (MeV) J rp (eV) Yo (keV) I‘pv (eV)
. 9586 172 5+ 3 0. 22 0.011
. 9635 (3/2)" 10+ 5 0.11 0. 140
L9777 172" 13+ 5 0.55 0. 026
L9788 172" 9+ 5 0.38 0. 029

1.9842 (3/2)" 10+ 5 1,00 0. 092

1,9875 3/2” 115 + 10 10.97 0. 501

1.9929 (3/2)" 20 + 5 1. 87 0.218

2. 0020 3/2” 40 + 5 3. 61 0. 278

2. 0059 (3/2)" 20 + 5 1,78 0.297

2. 0075 (3/2)" 25+ 5 2.21 0.192

2. 0089 3/2" 55+ 5 4,83 0. 545

. 0113 3/2" 65+ 7 5.65 0. 349
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=
For the ground state analogue in 0900, the agreement with the

previous elastic scattering results (Lindstrom, 1970) was not as good.
Part of the discrepancy can be attributed to the level density in 59(30

and the total energy resclution obtained in the two experiments. The
energy resolution for Lindstrom's experiments was about 350 to 450 eV
and several doublets were therefore not resolved. The proton energy
resolution for the present elastic scattering experiments was between

300 and 350 eV, Another possible explanation for the misassignments
made in the earlier work is that the large tungsten contaminant present

in those experiments could have appreciably affected the 90 degree data
(which was crucial to the identification of s-waves). The revised parame-
ters from the present work are listed in Table 6. It should be emphasized
that due to the disagreement with the earlier work much of the data was
retaken several times in order to confirm the present assignments. The
energies of the resonances given in Table 6 were determined by overlap-
ping the 5SFe(p, v) and 54Cr(p, v) NaI(Tl) yield curves. The energy of the
strongest 3/2 state (rp =100 eV) was measured in this manner to be

2.2237 MeV with an uncertainty of about 3 keV.

A, OZ']rCr(p, v)551v.[n

The spin and parity of the ground state analogue in 551\/£n is

3/2°. As shown in Table 5, there are eight resolvable fine structure



Table 6. 59@0 Resonance Parameters in the Vicinity of the Ground
State Analogue.

B (MeV) g7 T, (eV) sz (keV) Ty (eV)
2. 1389 172" 10+ 5 0. 45 0. 042
2.1513 172" 7+ 3 0. 30 0. 041
2. 1650 172" 20 + 5 0. 82 0.074
2.1745 172" 10+ 5 0. 40 0.081
2.1888 1727 16 + 5 0. 60 0. 430
2.1896 172" 21 % 5 0. 79 0.214
2.1996 1727 <5 0.19 0.220
2. 2020 172" 12+ 5 0. 43 0. 339
2.2133 (3/2) 20 + 5 1.65 0. 463
2. 2167 (3/2)" 14+ 5 1,09 0.538
2. 2172 172" 27 + 7 0.93 0. 504
2. 2203 (3/2)" 105 0.76 0.038
2. 2226 (3/2)" 105 0.76 0.279
2. 2257 3/2 100 + 20 7. 60 1,408
2.,2278 1727 25 + 12 0.83 t
2.92280 3/9" 55 = 25 4.12 1.366
2. 2297 (3/2)" 105 0. 74 0. 610
2. 2340 (3/2) 15+ 5 1,10 0. 269
2. 2360 172" 12+ 5 0. 39 0.201
2. 2730 172" 20 + 5 0.57 1,291
2. 2746 (3/2)" 10+ 5 0. 64 0,097
2.2818 1727 25 + 5 .70 0.112
2.2983 (3/2)" 1215 71 0. 069

55



components seen in elastic scattering which are in the energy range 1.98
to 2,02 MeV. Since the proton separation energy in 551\/11*1 s 8.0652 MeV
(Auble and Rapaport, 1970), the excitation energy of these resonances in
the compound nucleus is about 10.0 MeV. The low=-lying levels in 55Mn
are fairly well known up to about 3.2 MeV. A level scheme for levels
below 3.04 MeV (from Auble and Rapaport, 1970) is shown in Fig. 9.
Excitation curves taken over the analogue state region (with the Nal(T1)
detector) reveal approximately 3 times as many resonances as observed
in elastic scattering. In Fig. 10 this excitation curve is shown along
with the elastic data of Moses (1970). The line through the elastic data

presents a fit to the data using a multilevel, multichannel R-Matrix

P
A

@

code (a discussion of this code is given by Prochnow, 1971). The lines
through the gamma ray yield curves have only been included to aid in
ldentifying resonances. The excitation curve with E“V { 8.5 MeV includes
essentially only the ground state and first excited state transitions (the
transitions to the first excited state were found to be quite weak in the
case of the p-wave resonances). The excitation curve with 1.5 ) Eq/} 3.0
MeV includes the secondary transitions to the ground state from the (at
least potential) antianalogue states at 1.528=-, 2.251-, 2.564- and 3,045
MeV.

Ge(Li) spectra have been taken on each of the 8 fragments seen
in the elastic scattering experiments. A typical spectrum is shown in

Fig. 11. The gamma rays associated with the transitions to the ground
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Figure 9.

Level scheme for 551\/[1(1‘, The heavier lines indicate the
levels to which transitions from the fragments were most

often observed.
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Figure 10. Elastic scattering and Nal(T1) excitation curves over

5
the ground state analogue in 51\/[r1.
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. . 54 5
Figure 11. A typical Cr(p,y)051\/[n Ge(Li) spectrum.
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state and to the levels at 1.528-, 2,564~ and 3.037 MeV have been
labelled. In Fig. 12, the absolute widths obtained from the Ge(Li)
spectra are plotted. These widths and also the absolute widths for the
two s-wave resonances at 1.9777 and 1.9788 MeV are tabulated in Appen-
dix A. A lower limit on the total gamma decay width for each fragment
can be estimated from the sum of the partial gamma decay widths for

the primary transitions that were observed in the present experiments.

A second estimate of the fotal gamma decay width has been obtained from
the absolute widths corresponding to the stronger secondary transitions
from well-identified low-1ying levels to the ground state. Both of these

estimates have been included in Appendix A,

B. 58]€'e(py v)bgCo

The spin and parity of the ground state analogue in 59(30 is also
3/2°. As listed in Table 6, there are ten fragments resolved in the
elastic scattering experiments in the energy range 2. 20 to 2. 30 MeV,
Since the proton separation energy in 5900 is 7.370 MeV (Vervier, 1968),
the excitation energy of the ground state analogue is about 9.5 MeV. The
low-lying levels in 59@0 are not as well identified as those in 55Mno
Figure 13 shows the most recent level scheme (Vervier, 1968) with the

known 3/2° states and the ground state labelled. The Nal(T1) excitation

curve taken over a broad region around the analogue state indicates about
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Figure 12,

Absolute gamma decay widths for the 8 fragments of
the ground state analogue in o, E 4 (MeV) is the
energy of the final state in the transition from the

resonance.
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Figure 13,

TLevel scheme for 59(30. The heavier lines indicate
levels to which transitions from the fragments were

most often observed,
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6 times as many levels as observed in the elastic scattering. This exci-
tation curve is shown in Fig. 14 with the elastic scattering cross section.
In this figure, £ = 0 and £ = 1 resonances - as determined from the present
elastic scattering experiments - are labelled by S and P, respectively.
Because of the 545‘@ and 56Fe contaminants in the 58Fe targets, it was
necessary to meagure the 54Fe (p,v) and 56Fe (p, v) excitation curves to
determine if these impurities constituted any serious background problem,
The respective Nal(Tl) excitation curves are shown in Fig. 15. As can
be seen, the yields are not very large (the 541% and 56Fe target thickness,
1to2 Mg/cmg; were comparable to the 58}’@ target thickness) and the level
densities are much lower than in 59(30,

Over the analogue state region (2.15 to 2,30 MeV) 22 Ge(Li)
spectra were taken. A typlcal spectrum is shown in Fig. 16. As in Fig.
12, gamma rays corresponding to transitions which were most often ob-
served have been labelled. Of these only the level at 1.292 MeV has
been positively identified as being a 3/2° state. The peak at about 800
keV is due to the inelastic decay. In Fig. 17 the absolute gamma decay
widths for the 10 analogue state fragments are shown. These absolute
widths, as well as those for the 12 s=waves, are tabulated in Appendix A.
Estimates of the total gamma widths for the analogue state fragments

were again made and have been included in Appendix A,
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Figure 14,

Elastic scattering and Nal(T1) excitation curves over
the ground state analogue in 5900, The S and P labels
denote the £ = 0 and £ = 1 resonances as determined

from the present elastic scattering experiments.
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Figure 15.

o4

The “ "Fe(p,v), 56Fe(p,fv), and °°

Fe(p, v) Nal(Tl)

excitation curves over the region of the 5900 ground

state analogue.
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Figure 16.

A typical 0

8Fe(p, 'v)5

9(30 Ge(Li) spectrum.
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Figure 17.

Absolute gamma decay widths for the fragments of

the ground state analogue in 5900,
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ANALYSIS AND DISCUSSION

1:;5!"

o

A, Mn Ground State Analoque

The gamma, decay patterns shown in Fig. 12 indicate that the
. . . 90, : :
fragments of the ground state analogue in ~ Mn do not decay the same
way. Not only are the branching ratios different for each of the frag-
ments,; but the number of observed transitions and the gammma decay

o &

in eV) vary significantly from resonance to resonance. There

19}
[y ad
,1
]
=
e
P
=y
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are some distinct patierns in the decays, however. The decays of the
fragments with the stronger elastic widths (those with Tp =116=, Z2b=,
55=, and 65 eV) are similar in that they are fairly strong, spread out
somewhat evenly over a rather large enerqgy range and dominated by the
ground state transitions., On the other hand, the decays of the fragments
at 1.9929-, 2.0020-, and 2, 0059 MeV (the decay patterns for the 1.9929
and 2.0059 MeV levels are remarkably similar) are quite weak with al-
most no ground state transitions and with most of the strength of the ob-
served decays in transitions to levels between 1.5 and 2.0 MeV. The
fragment at 1.9842 MeV is quite anomalous because of the strength of

(77
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the transitions from i elative strength of the ground
state transition. There is also some similarity in the decays in the
sense that several of the transitions to low-lying levels occur commonly

in the gamma decay of all of the fragment Some of the more important

of these common decays are the transitions to the ground state and to the
oy
P e c Sy ~ 9 0
levels at 1,528«, 2,251~, 2,564~ and 3,045 MeV. The ("He,d) spec-
troscopic strengths (from Cujec and Szoghy, 1969), which are shown in

Table 7, are concentrated in thess five levels,

Table 7. {( He,d) Spectroscopic Strengths for Low~Lying States in ““Mn

2

Excitation Energy (MeV) J BT +1) C™8

0.000 5/2 0.21
1.528 3/2 0.59
2,251 3/2 1.73

TN
o

()]

=)

T~

<N
W
Tong

[N L
Ny

p O

The M1 strengths (in Weisskopf units) for transitions to the
four £ =1 states are shown in Table 8. These strengths have been de-
termined by assuming that the EzZ/MIl mixing ratio is zero. The total
strength of the transition to the level at 2,251 MeV (which has the largest

3 . ..
("He, d) spectrosceopic factor), 0,083 Wu, is in good agreement with the
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Table 8. Ml Strengths for AJ = 0 Transitions from the

[
N e | ot~ Avma] TN 290
Ground State Analogue in ~"Mn

Ep(hﬁeV} 1.528 &, 2b1 2,564 3,045

2.0020 0. 002 0. 004 0. 003 0,019

0. 006

'2.0075 0,001 0. 004 0, 001 0.001
Z.,0089 0. 006 0. 003 0,008 0,018

2.0113 0. 000 . 002 0. 002 0. 000

[
0
)

Total . 044 0,063 0,044 0. O




previous finding \LAS M1 transitions in this mass region.
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states in ““Mn. The log ft values (from Hill, 1970) and gamma deca;

jAu]
—
I
v
j&x]
]
i'\
e
—
-
<
D
7
o
]

beta decay compariscns for the fransitions to these siates

Table 9, The width I“B has bsen determined from the formula given in

Chapter II, section C, for the beta decay "ML transition strength",

I (eV) is the corresponding experimental gamma decay width summed

over the 8 fragments. The gamma decay transition to the level at 2. 368

MeV was not seen in the decays of the anaiogue state

upper limit for this width i3 8 (fragqments) X 0. 005 eV {the astimated

level of observability) = 0,040 eV, as shown in Table 3, The poor agree-

ment between T' jand I'  1s not unexpected for
= 4

T, is small, When the beta decay is s0 weak, a slight admixture of T¢

g

states in the T, state could account for the large T’ values, In the case
of the decay to the ground state, however, the beta decay is probably too
strong for this to account for the discrepancy. One possible explanation
for the difference is that the E2/M! mixing ratio for the ground state
transition could be appreciable.

The gamma decay widths for the transitions to the ground state
and to the levels at 2. 251-, 4,564~ and 3,045 MeV are shown in Fig, 18
along with the elastic, inslastic, and total gamma widths (which, in this
case, are the estimates from the primary iransitions). There is some

similarity between the patterns for the elastic, inelastic, and ground state
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. \ X o5 ., . y
Table 9. Comyparison of ~ Cr Beta Decay with the Gamma Decay of the

Ground State Analogue in 551\/1{1

Boyx (MeV)of  gm Log tt ry V) T (eV)
Final State 4
0. 000 5/2" 5.0 0. 38 1,43
1.528 3/9” 6.9 0. 0029 0. 55
2. 951 3/2" 6.1 0.014 0.51
2. 266 (1/2)" 7.4 0. 0007 0.21
2. 368 5/2" 6.2 0.011 0.04
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Figure 18.

Channel decay widths for the 8 fragments of the ground

state analogue in 55Mn,
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transitions. In Table 10 the linear correlation coefficients between each
pair of the decay channels shown in Fig. 18 are given. The 95% ranges

of the confidence factors for correlations with the elastic widths are
-0.52 and 0,75 (that is, the probability of obtaining a LCC greater than
-0.52, or less than 0. 75, between the elastic widths and a set of 8 random
widths from a Porter-Thomas distribution is 95%). For correlations be-
tween 2 sets of widths obeying a Porter-Thomas distribution, the 95%
ranges are -0.59 to 0. 63. From Table 10, then, the correlation between
the elastic and inelastic widths is statistically significant (that is, greater
than 95% confident). The correlation between the elastic and ground

state channels is significant at a (confidence) level of 94%. Some of the
other correlations are also quite strong, for example those between the
decays to the levels at 1.528-, 2.251-, 2.564-, and 3.045 MeV. The

explanation for these strong correlations is not clear.

B. 5900 Ground State Analogue

From the gamma decay patterns shown in Fig. 17, it is clear
that the fragments of the ground state analogue in 59CO also do not decay
the same. There are fewer similarities in these patterns than there
were in those of the 55Mn resonances, The decay of the 59(30 frag-

ments are characterized by the smaller number of observed transitions

to low=-lying levels between 1 and 3 MeV and by the weakness of these
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transitions (the width of the strongest observed transition from any of the
59(20 fragments is only 0.14 eV compared to 1.2 eV for the strongest
transition from the 551\/In fragments). Furthermore, there are no clear
patterns which characterize more than two of the fragmehtsz, As in the
55Mn case, however, the decay patterns have several transitions in com-
mon. However very little (BHe,d) work has been done on levels in 5900
and hence it is difficult to determine which levels are fragments of the

antianalogue state. Table 11 shows the known (BHe,d) spectroscopic

strengths (from Blair and Armstrong, 1965) for levels in 5900,

Table 11, (BHe,d) Spectroscopic Strengths for Low-Lying

Levels in 5900

2

Excitation Energy (MeV) g7 (2T7+1)C°S
0. 000 7/2" 1.36
1.099 3/2° 0. 44
1,292 3/2° 1.36
1.434 1/2° 0.74

The M1 strengths (in Wu) for transitions from the fragments to the 3/2°
states at 1. 099 MeV and 1.292 MeV are given in Table 12. The transi-

tion to the level at 2. 585 MeV has been included in this table because



Table 12. M1 Strengths for Transitions from the Ground

State Analogue in 59Co

Efina1 (MeV)

E_ (MeV)

P 1,099 1.292 2. 585
$2.2133 0. 000 0. 003 0. 007
2.2167 0. 005 0. 004 0.016
2.2203 0. 000 0. 009 0. 001
2. 9226 0. 002 0.011 0. 002
2.9237 0. 000 0. 007 0.015
2.2280 0.003 0. 007 0.019
2.2297 0.001 0. 000 0. 005
2. 2340 0. 000 0. 004 0. 004
2. 2746 0. 002 0. 002 0. 001
2.2983 0. 000 0. 001 0.001

Total 0.014 0.048 0.071
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the widths associated with it were unusually large. However the spin for
this level has not been established.

The beta decay of 59Fe populates the four states whose (BHe,d)
spectroscopic strengths are known. Beta decay-gamma decay comparisons
for these levels are given in Table 13 (the log ft values have been taken
from Vervier, 1968). 1“B has been omitted for the ground state transition
because it is not M1. Unfortunately the beta decay is too weak to draw any
conclusions from the comparisons.

In Fig. 19 the channel decay widths for several of the gamma
transitions are shown with the elastic, inelastic, and total gamma decay
widths (in this case the estimate from the secondary transitions). There
is again a similarity between the elastic and inelastic patterns. Linear
correlation coefficients between the 9 sets of widths shown in Fig. 19 are
given in Table 14. The 95% ranges for correlations with the elastic widths
are -0.40 and 0. 67. For correlations with widths obeying a Porter-Thomas
distribution, the 95% ranges are -0.45 and 0. 63. Thus the elastic-inelastic
correlation is again statistically significant. Also significant are the
correlations between the total gamma decay widths and the elastic and
inelastic widths.

In the 59@0 experiments, absolute gamma decay widths were
determined for 12 s-waves in the region of the analogue state. Table 15
shows the linear correlation coefficients between several channels for

these states, The linear correlation coefficients in this table are con-
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Table 13. Comparison of 59Fe Beta Decay with the Gamma

Decay of the Ground State Analogue in 59(30

MeV) of

Fox { ol log ft Iy (eV) r (V)
Final State v
0. 000 7/2" 10,9 emeee- 0.16
1,099 3/9" 6.7 0.0046 0.14
1,292 3/2" 5.9 0. 027 0. 57

1.434 1/2 6.5 0. 0065 0.39
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Figure 19,

Channel decay widths for the 10 fragments of the

ground state analogue in bQCo,
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Table 15, Channel - Channel Correlations for s-Waves in the Region

of the Ground State Analogue in 5900

P, P D, p'y P Y1099 0, Y1999 Dy Y otal
o, P 1 0. 35 -0. 026 -0,11 0.00
P, 'Y 1 -0, 35 -0.14 -0, 11
D5 Y1099 1 -0.29 0.00
P, 71292 1 0.81

sistent with purely statistical results expected of widths obeying a Porter-
Thomas distribution. In particular, the total gamma widths are not corre-
lated with the elastic or inelastic widths. The confidence factors are in
the range of 50% to 60% for both the 0.00 and -0.11 linear correlation

coefficients.

C. Conclusions

On the basis of the results presented in section A and B of this
chapter, the status of correlations between fine structure widths in various

channels for analogue states can be tentatively summarized:

1. there is evidence for correlations between the elastic and

inelastic widths for the ground state analogues in 55Mn

and 59@0
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2. 1in the case of 551\/[1r1 there is a correlation between the

elastic and capture widths for the enhanced ground state
transition corresponding to the strong Gamow-Teller
beta transition from the parent state

3. few or no correlations have been observed between
elastic and capture widths corresponding to antianalogue

transitions from the ground state analogues in 551\/[r1

59 - .
and ~“Co (these transitions are weak, in agreement

with the results of previous experiments in this mass

region)

4, the 59@0 elastic and total capture widths are correlated.

The strong correlations between the elastic and inelastic widths
agrees with results found for a highly fragmented 3/2" analogue state in
49V (Prochnow, 1971). In the 49"\7 experiments, the inelastic widths were
determined from inelastic proton yields by fitt'mq the elastic and inelastic
data simultaneously with the multilevel, multichannel R-matrix code
normally used in the elastic scattering experiments. Prochnow determined
the linear correlation coefficient between the elastic and inelastic widths
(for 9 fragments) to be greater than 0. 88 with a confidence factor of
greater than 98%. He also showed that a correlation of elastic and inelas-
tic widths for 3/2" states off the analogue yielded a linear correlation
coefficient of =0, 17. Since the present experiments also show a strong

correlation between the elastic and inelastic widths, it seems reasonable
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to assume that for analogue state decay the correlation between the elastic
and inelastic widths is now experimentally established. This correlation
may be taken to indicate the enhancement of the inelastic widths, even
though there is only slight evidence for the background strength of the
inelastic scattering.

There is also evidence from other sources for correlations
between the elastic and total capture widths, specifically, in fragmented
analogue states in 4780 (Vingiani et al., 1971A) and 4980 (Vingiani et al.,
1968B). Although these two analogue states are not as fragmented as the

551\/Ir1 and bgCo ground state analogues (the 4r"ZSC analogue has 6 fragments,

the 498@ has b), the correlations are still quite impressive. Using the
widths given by Vingiani and Ricci (1971B), the linear correlation coeffi-
cients for both 478@ and 498(: are greater than 0.97 with a confidence level
of greater than 98%. It is not clear what enhancement is implied by the
elastic-total capture correlations for the analogue states in the two Sc
isotopes and in 59(30 (expecially since no off-analogue data is available).
The significant difference between the total capture width estimates for

the 5900 fragments that were made from the primary and secondary transi-
tions (given in Table 17) suggests strong transitions to high energy states

(4 to 7 MeV). The correlation between the elastic and total capture widths

in 59@0 is presumably due to these transitions,
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Chapter VI

SUMMARY

The electromagnetic decay of the 3/2" ground state analogues

-
in 501\/[11 and 59Co was studied with a 7.6 cm by 7. 6 cm Nal('Tl) detector
and an 80 cmB Ge(Li) detector. The Nal(Tl) detector was used to meas-

5) N
5900, 6Fe(p, n/)57Co, and 54Fe(p,q/55Co excitation

ure the 58Fe(p,y)
curves from Ep =2.10 to 2. 30 MeV and the 54Cr(p, q/)551\/[r1 excitation
curve from 1.98 to 2.02 MeV. These excitation curves were taken simul-
taneously with proton elastic scattering data so that the elastic scattering
and capture resonances could be related. | The proton energy resolution
for the NaI(T1) excitation curves was on the order of 300 to 350 eV. Using
the NaI(Tl) detector to locate the resonances, Ge(Li) spectra were taken at
the resonant enerqgy of 10 resonances in the region of the ground state
analogue in 55Mn and of 22 resonances in the region of the ground state
analogue in 596‘0. Analysis of elastic scattering data revealed that 8 of

the 10 resonances in 55Mn were fragments of the analogue (that is,.3/2"

states), and 10 of the 22 resonances in 5900 were analogue state fragments.
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The remaining resonances were all 1/2+, From the Ge(Li) spectra, abso-
lute gamma decay and inelastic proton widths were determined for each of
the resonances. Analysis of the capture data was limited by the efficiency
of the Ge(Li) detector and knowledge of the level schemes in 551\/£1r1 and
5900 to transitions to low-lying states whose energies were less than about
3 MeV.

The strengths of the TAS~AIAS transitions in 55Mm and 59@0 agree
with results from the studies of unfragmented analogue states in this mass
region, Specifically, the widths of these transitions are small, with the
transitions to the states having the largest (BHe,d) spectroscopic factors
being on the order of 0,05 Weisskopf units. Comparisons of several of the
gamma decay widths with the beta decay of the parent states were made.

In general the beta decay was too weak to allow a reasonable comparison.
However the beta decay of 55Cr to the ground state of 55Mm was strong
enough and led to an expectation of about 0.4 eV for the gamma decay width
of the ground state transition. The experimental result for this width was
1.4 eV.

Linear correlation coefficients were determined bétween the de-
cay widths for several channels for both of the fragmented analogue states.
Included in these were the elastic, inelastic, partial gamma decay and total
capture widths. The total capture widths were estimated from the primary
transitions from the analogue state fragments and also from secondary

transitions from low-lying levels to the ground states. Strong correlations
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were found between the elastic and inelastic widths for both the 55Mn and
59Fe analogue states. From these correlations it was inferred that the
inelastic widths are enhanced by the analogue state. The ground state
transition in 55Mn was found to be correlated with the elastic and inelastic
widths, The explanation for these correlations was presumed to be the
strong beta decay of 55Cr to the ground state of 55Mn, In 59Co, the total
capture widths (estimated from secondary transitions) were found to be
highly correlated with the elastic and inelastic widths; but the reason for
these correlations is not clear.

These experiments have definitely established the existence of
correlations between the elastic and inelastic scattering widths for ana-
logue states, and they have given tentative evidence for unexpected corre-

lations between elastic and capture widths.
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Appendix A

The gamma decay widths determined from the Ge(Li) spectra
are tabulated in this appendix. The resonant energies, Ep, are the labora-
tory energies of the incident proton beam. All widths are given in eV. The
gamma, decay transitions have been identified by the energy of the final
states (in keV), which are given at the top of the tables. For the 551\/£1r1
(Table 16) and 5900 (Table 17) data, the gamma decay widths for transitions
to levels whose excitation energies are greater than about 3.0 MeV are at
best tentative because of the limitations of the Ge(Li) detector system and
the uncertainty in the level schemes at such high excitation energies. The
estimated uncertainty in the gamma decay and inelastic widths is 30% for
widths greater than 0,05 eV, 50% for widths between 0,05 to 0.01 eV, and
100% for widths less than 0,01 eV. Where no transition has been observed
(and left blank in Tables 16 and 17) the widths are estimated to be less than

0.006eV. T, and T, are the estimates of the total capture widths

Total Total

from the primary and secondary transitions, respectively.

(100)



101

Table 16. 551\/[11 Resonance Widths

Ep T rp rp‘ rTotal r"Total
1,9777 172" 13 0.026 - 1.85 k.
1,9788 1727 9 0. 020 0.57 ok
1,9842 3/2° 10 0. 092 1.62 1.63
1,9875 3/2” 115 0. 501 1,03 1.33
1,9929 (3/2)" 20 0.218 0. 25 0. 50
2. 0020 3/2” 40 0.278 0. 41 0. 49
2. 0059 (3/2)" 20 0.297  0.43 0. 54
2.0075 (3/2)" 25 0.193 0. 30 0. 65
2. 0089 - 3/2” 55 ~0.545 1.07 1.25
2.0113 3/2 65 0. 349 0.48 0. 63

%% Not estimated
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Table 16. (continued)
By Tas Tios  Tis2s Toos1  Toges  Toaos
L9777 0.023  1.290 0.054
.9788  0.051 0. 024 0.045
.9842  0.300  0.06L  0.300 0.333  0.094
9875 0.529 0.047
.9929  0.010 - 0.035 0.015
0020 0.007  0.012  0.028 0.035 0.034
L0059 0.018 0. 064 0.036
. 0075 0.119 0.015 0.038  0.017
L0089 0.242 0. 080 0.032  0.084
L0113 0.206 0.020  0.017  0.030



Table 16. (continued)
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0 Tosea  Tares  Tovsi Togra  Tooso  Tog7s
L9777 0. 082
.9788  0.034 0. 066 0.103
.9842 0,129 0.050  0.042 0. 032 0.036
9875  0.069 0. 068 0.017
9929 0.021 0.014 0. 042
.0020  0.028 0.048

.0059  0.042 0.032 0.014 0. 054 0. 042

. 0075 0. 063

.0089  0.074

.0113  0.016
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Table 16. (continued)

Bo T300¢  Tsosr  Tsoss Tzos0 Other

1.9777 0.063 . 062(3081), 0.100(3429)
1,9788 0.180 .024(3081), 0.048(3998)
1.9842 . 055(3505), 0.043(3883)
1.9875 0. 061 0.107 0.027 ,029(4173), 0. 078(4640)
1.9929  0.012  0.019 0.029 . 023(3425), 0.028(4110)
2. 0020 0.134 . 046(3432), 0. 036(4410)
2.0059  0.018 0. 040 .025(3385), 0.022(3611)
2.0075 .019(3998), 0. 019(4052)
3. 0089 0.126 .074(3081), 0. 014(3195)
2.0113 | .060(4110), 0. 050(4493)
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Table 16. (continued)

Other (continued)

97T

. 9788

L9842

. 9875
. 9929
. 0020
. 0059
. 0075
. 0089
.0113

0.034(3582), 0. 055(4110), 0.088(4410)

0. 026(3752)
0.020(4110), 0.024(5085), 0.034(5670)

0.071(338b), 0.088(4110), 0.066(4493), 0.032(4638), 0.083(5667)

0. 039(4742), 0. 039(4954)
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Table 17. 59(30 Resonance Widths

Ep 7" Iﬁp Iqp' rTo tal r 'To tal
2.1389 172" 10 0. 042 0. 423 *%
2.1513 172" 7 0. 041 0. 462 ok
2. 1650 172" 20 0. 074 0. 646 *
2.1745 172" 10 0. 081 0. 542 *ik
2.1888 1727 16 0. 430 0.336 H
2,1896 1727 21 0.214 0. 633 .
2.1996 1/2M 5 0. 220 0. 790 *
2. 2020 172" 12 0. 339 0.303 ok
2.2133 (3/2)" 20 0. 463 0.126 0. 56
2.2167 (3/2)" 14 0.538 0. 510 0.98
2.2172 172" 27 0. 504 0. 551 o
2.2203 (3/2)" 10 0.038 0.213 0. 37
2.2226 (3/2)" 10 0. 279 0. 267 0.56
2.2237 3/2" 100 1. 408 0. 295 0.92
2. 2280% 3/2” 55 1.366 0. 491 1.36
2.2297 ' (3/2)" 10 0. 610 0. 2086 0. 66
2., 2340 (3/2)" 15 0. 269 0.136 0.51
2. 2360 172" 12 0. 201 0.412 5
2. 2730 172" 20 1,291 0. 493 ok
2. 2748 (3/2)” 10 0. 097 0.172 0. 46
2.2818 1727 25 0.112 0. 460 ok
2.2983 (3/2)” 12 0. 069 0.102 0.25

*  Unresolved 1/2%, 3/27 doublet.

**  Not estimated
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6/7 Table 17. (continued)

5y Tos Tiose  T1190 Tiog9  Ti434 11460

.1389 0.370 0.015

. 1513 0.107 0.101  0.061

. 1650 0.003  0.167 0.082  0.184

1745 0,015 0.086 0.078  0.034

.1888 0.008  0.008 0.034  0.018

1896 0. 024 0.105  0.102

,1996  (20.105  0.036 0.160

2020 0.009  0.012 0.047  0.022

2133 0. 004 0. 040

L2167 0.123 0. 064 0. 042

2172 0.090  0.069 0.068  0.050

. 2203 0. 004 0.107  0.054 0. 005
2.2226 0.005 0.019 0.126  0.021
2. 2237 0.014 0.084  0.047

. 2280 0.007  0.032 0.085  0.112

2297 0.002  0.007 0. 027

. 2340 0. 002 0.046

. 2360 0.021 0.015  0.009

. 2730 0,010  0.024 0. 060

2746 003 0.021 0.022  0.101

2818 0. 005 0.085  0.224

. 2083 0. 002 0. 005 0.009  0.009
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Table 17. (continued)
By Tiagt Tiseo  Ti744 Toog7  T2206 L9479
2.1389
2.1513 0.013
2.1650
2.1745
2.1888 0.007 0.064
2.1896 0.028 0.086
2.1996 0.052 0.148
9. 2020 0.028
9.2133 0. 006
2.2167 0.040
2.2172 0.038 0.028
2.2203
9.9926 0.010 0. 025
9.2237 0.014
2. 2280 0. 062
9.2297 0.010
9. 2340 0.021 0.018
2. 2360 0.121 0.025
2. 2730 0.026 0.190
2. 2746
2.2818
2.2983



Table 17 (continued)
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B, Tosss  Tor20 o770 Torer  Togos L9057
2.1389 0.028 0.010
2.1513 0.026 0.060  0.024 0.021
2. 1650 0. 024
2. 1745 0.053  0.044 0. 064
2.1888 0.099
2.1896 0.068 0. 083
2.1996 0. 043 0. 034
2.2020 0. 070 0.038 0. 022
2.2133 0. 050 0.011 0.015
2.2167 0.111 0. 039 0.035
2.2172 0. 080 0.038
2. 9203
2.2226 0.012
2.9237 0.106
2. 2280 0.138 0.017
2.2997 0. 037 0.014
2. 2340 0.032 0.017
2. 2360 0. 034
2. 2730 0. 066
2. 2746
2.2818 0.266  0.020 0. 057
2.2983 0.008 0.028
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Table 17. (continued)
Ep ]T“2967 Other
2.1389
2.1513 0. 051(3249)
2.1650  0.030  0.033(3130), 0.019(3263), 0.044(3800), 0.031(3998),
. 030(4180)
2.1745  0.045  0.028(3325), 0.021(3370), 0.048(3590), 0.026(4820)
2.1888 0.034(3130), 0.031(3325), 0.034(3860)
2.1896 0.071(3160), 0.066(3998)
2.1996  0.025 0.102(3089), 0.086(3113)
2.2020 0.022  0.018(3160), 0.014(3194)
2.2133
2. 2167 0.033(3143), 0.022(3994)
9.2172 0.033(3122), 0.056(3315)
9. 2203 0.013(3320), 0.030(3490)
2.2226  0.050
2.223 0. 030(3570)
2.2280  0.038
9.2297 0.012(3122), 0.013(3160), 0.011(3222), 0.023(3320),
0.039(3488), 0.016(3620)
2. 2340 0.060(3240), 0.024(3350), 0.042(3650)
2.2360 0.062  0.051(3620), 0.067(3650)
2.2730
2, 2746 0. 024(3580)
2.2818 0. 044(4510)
2.2983 0.013(3345), 0.018(3365), 0.011(4005)




Appendix B

In order to measure absolute inelastic and gamma decay widths,
it was necessary to know the absolute efficiency of the 80 cm3 Ge(Li) de-
tector for gamma rays whose energies ranged from about 0.8 MeV to 10.5
MeV. The method used to measure this efficiency curve was to determine
the relative efficiency of the detector ‘from about 600 keV to 10. 8 MeV and
then measure the absolute efficiency at one point on the relative efficiency
curve., Below 5 MeV the relative efficiency was determined by using 5600
and 66@& sources. The branching ratios for these sources have been taken
from Camp and Meredith (1971). Since no sources with gamma rays above
5 MeV were available, the reaction 27Al(p, v) 2881 was used to obtain the
high energy calibration points. Table 18 lists the reasonances that were
observed and the reference from which the branching ratios were taken.
All of these resonances decay strongly either to the first excited state in
288i at 1.780 MeV or to the third excited state at 4. 617 MeV and hence
provide relative efficiency calibration points which can be related to those

5 6 :
from the “GCO and 6Ga sources. The high energy gamma rays from the

(111)
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2
7Al(p, 7)2881’. resonances also provided data for the detector efficiency of

the second escape peak. This data was processed in the form of the ratio

of the second escape to the photopeak efficiencies.

Table 18. 27Al(py 7)288’1 Resonances used in the Relative

Efficiency Measurements

Ep (keV) Reference
992 Azuma et al. (1966)
1381 Meyer et al. (1969)
1388 Meyer et al. (1969)
2522 Antoufiev et al. (1964B)

The absolute efficiency of the Ge(L1) detector was determined
from a calibrated 22Na, source (Lamaze, 1971). This source emits a
strong 1.275 MeV gamma ray. In order to check the absolute efficiency
curve, the total capture width of the Ep = 992 keV 27Al(p, q/)2881 reso-
nance was measured from the yield of a thick target (22 keV at this
resonance). The equation for the thick target absolute width has been
given in Chapter III. The width obtained for this resonance was 24 £ 5 eV,

in good agreement with the 22. 8 + 2.5 eV result measured by Lyons et al.

(1969).
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The absolute efficiency and second escape/photopeak ratio curves
were parameterized by least square fitting polynomials of order up to 9 to
the calibration points. For the absolute efficiency curve, the best results,
that is the smallest chi-square ,; were obtained by fitting the logarithm of
the efficiency with a cubic from 0. 60 to 3.7 MeV and a quadratic from 3.7
to 10.5 MeV. A slight correction was required to smooth out the fit at 3.7
MeV. The estimated uncertainty in this parameterization of the efficiency
curve is 10 to 156%. The absolute efficiency curve obtained from the poly-
nomial fit is shown in Fig. 20 along with the second (double) escape effi-
ciency curve. The double escape efficiency curve was obtained from a fit
of a fifth order polynomial to the second escape/photopeak ratios and then
multiplying by the photopeak absoclute efficiency. The estimated uncertainty
in the second escape/photopeak curve is 30%. In Tables 19 and 20 the
Fortran computer subroutines which calculate the absolute efficiency, EFF
(E) (where E is the energy of the full energy peak in keV) and the second
escape/photopeak ratios, SEPP(E), are given. The results shown in Fig.
20 are in good qualitative agreement with those for a 50 cmB Ge(Li) de-
tector which were obtained by Young et al. (1971). Also measured, but not
shown in Fig. 20, was the ratio of the second escape to the first escape
efficiencies. Within experimental error, this ratio was about 1.4 and inde-
pendent of gamma ray energy.

The method for determining absolute gamma decay widths has

been discussed in Chapter I1II. Not discussed, however, was the question



Figure 20.

Photopeak and double escape absolute efficiencies
for the 80 cmS Ge(Li) detector.
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Table 19. Listing of Subroutin EFF(E)

F—

[@x}

FUNCTION EFF(E)
DIMENSION A(9)
DOUBLE PRECISION A, D, EN, T

CA(1) = 0.3324232D 01
CA(2) =-0.2043074D=02
A(3) = 0.4699188D-06
A(4) = 0.3811979D 01
A(5) =-0,8881673D-02
A(B) = 0.3036856D-04
A(7) =-0.5584270D-07
A(8) = 0.4687096D-10
A(9) =-0.1455402D-13
D = E/10.0

T =D

IF (E - 3710.0) 2, 1, 1
CONTINUE

EN = A(1)

Nl = 2

N2 = 3

GO TO 3

CONTINUE

EN = A(4)

Nl =5

N2 = 9

CONTINUE

DO41 = NI, N2

EN = EN + A(I)*D

D=DM ~—T

CONTINUE

EFF = EN

EFF = EFF - 6,00

EFF = 10.00*EFF

IF (E - 3000.0) 10, 10, 5

CONTINUE .~

IF (E - 3000.0) 6, 10, 10

CONTINUE ~

EFF = EFF*(1. 00 - 0.42%8XP ((371.0 - F/10. 0)*(£/10.0 - |
371.0)/1936.0))

v

CONTINUE
RETURN
END




Table 20. Listing of Subroutine SEPP(E)

117

10

FUNCTION SEPP(E)
DIMENSION A(8)

DOUBLE PRECISION A, D, T. EF
A(l) = 0.5725498D 00

- 0,1941718D-01

- -0. 6643547D-04

- 0.1203997D-06
- -0.
= 0.

>
N
D9

1059030D-09
35615738D-13
(B - 1022.0)/10.0

0D
T SUEEE

[T R

CONTINUE
SEPP = EF - 0. 300D 01
SEPP = 10. 0**SEDP

IF (E - 4200.0) 10, 10, 2
CONTINUE

IF (E - 7800.0) 3, 10, 10
CONTINUE

F = (6000.0 - E)/980.0

F = F*F

SEDP = SEDPP*(1. 00 + 0. 090*EXDP(-F))

CONTINUE
RETURN
END
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of how a given peak in the Ge(Li) spectra was identified with a given transi-
tion (other than the procedure for determining the enerqgy). For high energy
gamma rays, EW’ Y 6 MeV, this identification was facilitated by the appear-
ance of single and double escape peaks. However, as shown in Fig. 20, the
second escape/photopeak ratio is about 1 in the range of 4 to 5 MeV. So in
this energy range the appearance of a single peak, with no clear escape
peaks, made identification very difficult. In general, any gamma ray widths
listed in Tables 16 and 17 which correspond to these energies should be con-

sidered tentative.
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Appendix C

A. Chi-Squared Distributions

As presented by Porter and Thomas (1956), the chi-sgquared dis-

tribution for v degrees oif freedom is

—;-- 1
v fvx
5 = Exp(-vx/2)
P(x,v) = 2 (2)
T(v/2)

where I'(v/2) is the Gamma function. These distributions for several
values of v are shown in Fig. 21, which has been taken from Por ter and
Thomas (1956). For v = 1 the chi-squared distribution is identical to the

Porter-Thomas distribution
Px) = Exp(-x/2)/ /ZWX

where x = vg/ ?2, This distribution characterizes the statistical fluctu-
ation of nuclear reaction widths. If the average reduced widths for N

decay channels are equal, the expected statistical distribution obeyed by
N

the total reduced width, q/z = Z y.lz, is the chi-squared distribution of N
i=1

4

10111,

12

a

degrees of free



The chi-squared distribution for several degrees of

freedom.

)

o
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B. Method of Computer Generation of Random Numbers

The method used to generate random numbers from, say, a
Porter - Thomas distribution required random numbers uniformly dis-
tributed from 0.00 to 1.00. These '"uniform random numbers'" were com-
puter-generated by the Power Residue Method (IBM, 1969). For binary
computers whose word size is m = Zb, the procedure is the following:

Choose any odd integer IO for a starting value and choose

an integer J of the form J = 8T + 3 (where T is any integer)

for a multiplier. Calculate Lo =9*1 (mod Zb) using fixed

peint integer arithmetic, but interpret the result as a binary

fraction., This fraction is then the desired random number.

(IBM, 1969).
For best results J, the multiplier, should be approximately the square
root of the computer word size, m. For example, the maximum word
size for the DDP-224 computer is 8388608 (:223) so J was taken to be
2899. An important feature of the Power Residue Method is that the pro-

cedure can produce mez terms before repeating. For the DDP-224 com-

puter this limitation is about 2. 096 million random numbers.

C. Generation of Random Numbers from a

Non-Uniform Distribution

In order to generate random numbers from the Porter - Thomas
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and chi-squared distributions an acceptance-rejection method was used.
As given by Zelen and Severo (1964), the procedure for this method is the
following:

1. Assume a finite domain (a,b) for the distribution P(x).

If the domain is infinite, a finite subset must be chosen
for computational purposes.

2. Let Dbe the maximum value of P(x) on (a,b).

3. Generate a pair of random numbers, r and s, from a

uniform distribution (described in section B).
4, LetXO =a+ (b=-a)*
b, Ifr¢ P(XO)/ f>, then choose XO as the random number.
Otherwise reject r and s and start again.
The acceptance ratio for random numbers generated by this method is
o - 7]

For the Porter-Thomas distribution, P is infinite so the accept-
ance-rejection method cannot be used directly., However by generating
random numbers from a Gaussian distribution, Porter-Thomas random
numbers can be obtained, since the squares of the Gaussian random num-

bers are distributed according to the Porter~-Thomas distribution.

D. Confidence Factors

Confidence factors have been briefly discussed in Chapter III.
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Typical results are shown in Fig. 22, which is the histogram obtained

from the generation of 1000 linear correlation coefficients between sets of
8 Porter-Thomas random numbers. The acceptance ratio for the genera-
tion of these numbers (with a = 0.00, b = 10.0) was about 12%. Therefore
approximately 256,000 random numbers uniformly distributed from O to 1

were generated, well below the 2.096 million allowed before repetition.
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Figure 22. Histogram for correlations between sets of random numbers

obeying the Porter-Thomas distribution.
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Appendix D

In order to keep the 3 MV Van de Graaff laboratory electrical
ground separated from that of the DDP-224 computer, commercially
available optical isolators were used. Figure 23 shows a diagram of the
circuit in which these isolators were employed. The optical isolators
consists of a photodiode-phototransistor package. When a negative 3 to
10V signal appears at the input, as shown in the circuit diagram, the input
transistor (2N3906) turns on the photodiode. Light picked up by the photo-
transistor sends current through the 4.7 X resistor on the output side.
Voltage across this resistor causes the 2N3906 output transistor to turn
on and -6 Volts appears as shown in Fig. 23. For this circuit, Vl and ”\/'2
were both 10 V. The response time of the optical isolators requires an

input pulse width of at least 30 p sec.
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Figure 23,  Diagram of the circuit used to isolate the laboratory

and computer electrical grounds.
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