SPECTROMETER MEASUREMENTS OF THE RATES OF GAMMA

RADIATION AND INTERNAL PAIR FORMATION FROM

SOME NUCLEAR REACTIONS IN LIGHT NUCLEI

THEORY OF THE ENERGY LEVELS OF THE MIRROR NUCLEI,

¢l amp 3

Thesis by

Robert G Thomas

In Partial Fulfillment of the Requirements
For the Degree of

Doctor of Philosophy

California Institute of Technology
Pasadena, California

19581



ACKNOWLEDGMENTS

The writer is grateful to Professor C. Ces Lauritsen
for being permitted to carry on research and study in his
nuclear physics laboratory, He is particularly appreciative
of the encouragement and active assistance of Professor
Te Lauritsen with many of the experimental problems in
this thesis and of the helpful suggestions and discussions
from Professor R Fe Christy in comnection with the theo-
retical problems. He is also indebted to Professors We de
Fowler and Ce Ce Lauritsen for their helpful suggestions
and discussionse He wishes to thank Mre Re Je Mackin for
his assistance with some of the experiments and caléulations
for Part ITI and Doctors V. Ke Rasmussen and We F. Hornyak
for instructions in the techniques of beta-ray spectroscopye

The writer was recipient of an AEC predoctoral fellow-
ship, 2dministered by the NRC, during the course of this
work and is grateful to that organization for financial
supporte The laboratory work was assisted by the joint

program of the ONR and AEC.



1. SPECTRCMETER MEASUREMENT OF THE RATES OF GAMMA-RADIATION AND
INTERNAL PATR FORMATION FROM SOME REACTIONS IN LIGHT NUCLEI

ABSTRACT - PARTS I - III

In part III the measurements with a beta-ray spectrometer of the
gamma-rays and internally-formed positrons from the reactions ClB(dp)Clh
olb

and C]'B(dn)N:U4 are described; the energy levels of Nll4 and are discus-

sede A measurement of the internally-formed positron spectra from the
Be9 + d reactions is described, and an attempt is made to determine the
multipolarity of the 2.87- and 3.38-Mev transitions from the ratio of the
rates of pair emission to gamma radiation; the results are in agreement
with electric-dipole assignments to the transitions. Also described is
the measurement of the internal conversion electrons associated with the

b 4
0.871-Mev radiation from the Olé(dp)ol' reaction; the result is shown to

be consistent with an electric quadripole assignment to this transition.

In Part IT methods are developed for analyzing the data of Part III.
These include the measurement of absolute gamma-ray intensities by Compton
conversion of the radiation in "thick" foils and photoelectric conversion
in "thin" foils. Methods for analyzing internal-pair spectra and internal
conversion spectra are given and several problems discussed. Measurements

of the internal conversion coefficients of the 0,713=Mev transition of BlO

60

and the 1l.332=Mev transition of Ni are described.

Part I is concerned with the penetration of the secondary electrons
through the converters in which they are produced. The ef-
fective stopping power of aluminum and beryllium are calculated
for use in the Compton "thick" -~ converter method of
measuring gamma-ray intensities developed in Part IT. Also in-

cluded is a discussion of the scattering of electrons in the converters.
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2, ENERGY LEVELS OF THE MIRROR NUCLEI, N 2 AND 013

ABSTRACT PART IV

The low energy levels (< 6 Mev) of the mirror nuclei, N13 and
013, are studied on the assumption that NAh and PP nuclear forces are
equal., By means of dispersion theory it is shown that the first ex-
cited states of these nuclei are S and that the large displace-
ment is due to their large reduced width and the difference in the
extra-nuclear wave functions for the odd particle; the magnitude of
the reduced widths suggests that a one-body type of interaction is in-
volved between the odd particle and the 012 core, In particular,
a square-well type of model gives a satisfactory account of the level
shift, reduced widths, and the low-ecnergy ( < 1 Mev) scattering of
neutrons by carbon. The 012 + n s-wave interaction is also studied by
means of the effective range theory. Some evidence is given that the
second excited state of N13 is a doublet, one component of which appears
at 3.,68-Mev and the other at 3.90-Mev in 013, and the 3.68-Mev component
is most likely 2Py,  and the 3,90 o o The reduced width
of the ground states of N13 and 013, as calculated from the knowledge
of the s-wave 012(p y) end 012(n y) cross sections, is about 1/10
of the value expected for a familiar one-body type of interaction, but
it is nearly equal to the reduced width of the 3.52=Mev level of N13¢
This reduced width is used to calculate the ground-state level shift due
to the difference in the extra-nuclear wave functions. The shift of the
second pair of excited states, if they are 3f§/2_ » can be about 1/3
accounted for as due to the difference of the extra-nuclear wave functions

for the odd particle and about 1/3 as due to the difference in the electro-

magnetic spin-orbit interactions of the odd particle.
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PART I.

The Passage of Fast Electrons Through Gamma-Ray Converters

1. Introduction
Gamma-radiation must be studied by the secondary effects which it

produces. In the first two parts of this thesis we will develop methods
for determining the energy and intensity of gamma-radiation by studying
secondary conversion electrons with a beta-ray spectrometer. The second
part will deal with the various processes by which gamma-radiation can
produce secondary particles which can be counted. The first part will
treat the kinetics of the conversion electrons in the converter material.
It would seem logical to treat the conversion processes first; however, by
treating the kinetics first it will be possible in the second part to de-
rive, using the results of the first part, formulas which can be put to
direct application for the analysis of the experimental data to be present-
ed in the third and fourth chapters.

Figure (1) shows the geometry used to measure gamma-ray energies and

intensities. Gamma-radiation from the source produces secondary electrons

in a converter. These electrons are analyzed and detected by an axially

symmetric beta-ray spectrometer. The spectrometer has been described by

(1)5(2),(3)

Hornyak, Lauritsen, and Rasmussen

The efficiency of conversion is equal to
a AN - , <L = effective solid angle,
where g~ is the cross section for the conversion process and N is the
number of convertible electrons per unit area that can be accepted by

the spectrometer at any particular field setting. If the effective

spectrometer dispersion width in energy units is E, then, since
AKX
AN= h [GE)aE
where Ax is the converter thickness from which electrons will reach the

converter surface with the proper energy, and n is the number of convertible
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electrons per unit volume, expression (1) becomes

T o AE O )
Mess
where Hess = ?%i is called the effective stopping power of the converter

for the secondery electrons. From (3) it is apparent that a knowledge of the
effective stopping power for conversion electrons is of fundamental importance
in the study of gamma=-radiation. In the second section we will determine the
most=probable stopping power for beryllium and aluminum which are among the
most appropriate materials in which to produce secondary Compton electrons;

in the third section we will show how to determine an effective stopping power
from the most-probable stopping power by means of Landau's theory of the
distribution of energy losses; and in the fourth section we will consider the
scattering of electrons in the converter and its possible influence on the
determination of‘}(eff,

20 Most-Probable Stopping Power for Fast Electrons.
NE

ay)

energy that an electron loses in traversing a distanceAig s> which may not

The stopping power is defined as M= where AE is the amount of
necessarily be straight. }( will have a distribution, and so it is necessary
to characterize it by some feature such as average, median, or most-=probable

value. According to the straggling theory of Landau(h) or Pohr(S)

the average
energy loss will be roughly 35% greater than the most-probable energy loss;
there is only a small probability for large energy losses but the net con-
tribution of these large losses to the average is quite significant. For beta-
reay spectrometer applications we will not be interested in these large losses
so it will be more appropriate to consider the most-probable energy loss as the
quantity of interest. Although we will eventuzlly want an energy loss which

is some effective value given by Landau's distribution theory, this value

will lie closer to the most-probable value than to the average. Nearly all

of the energy loss formulas treated in the literature pertain to the average

loss; it happens to be the easiest quantity to compute. There are three
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well=known formulas for the average energy loss: the Bethe-Bloch formula given

(6), the original Bohr formula(S)

(6)

Bethe in the Handbuch der Physik ~. There is some uncertainty in the

in Heitler's book » and the formula derived by

literature as to which of these formulas to use; according to Prof. Christy
(unpublished) Bethe's derivation reduces to Bohr's formuls if one is not in-
terested in the violent energy losses. We will therefore use Bohr's formula,

in particuler in the form that it is given in Landau's paper.

)

Bohr's stopping theory, as modified by Landau(7) to take into account

(8)

straggling and by A. Bohr to include polarization effects, gives for the

most=provable stopping cross section.

Km/o([) 1 /_\EZ&’ :B[&l B[;zmov = (I—Fp)ﬁz-l- 0.37]

) (£/7)*
where ‘
KT et zy &
- ____.-L '- = g = - ® l’
B e 03 p= vl ; T= (1-8°) )
and v = electron velocity;

I = average excitation potential including polarization effects,
t = electron path length,
Fp== fraction of atomic electrons which are essentially bound by
polarization forces,
n = no, of electrons per unit volume, and
m, = electron rest mass.
Landau gives expression (4) with Fp = 0; A. Bohr has shown that the only
modifications necessitated by the considerations of the polarization forces
are the inclusion of the Fp term and the modification of I. If the length

unit isﬁng/cmgL then BB2 is nearly the same for all elements; some values of

882, together with other useful quantities, are listed in Table T.
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Table I
2

Element Z A e 3 BB 5 Atoms

grams/cm kev/mg/cm mg
Beryllium b 9,02 1.8L 20683 6668 x 107
Carbon 6 12,01 2.25 .0770 5.01 x 1019
Aluminum 13 2740 2.70 207l 2423 x 10
Copper 29 63,6 809 «0702 947 x 1018
Lead 82 207 11.0 .0610 2Tl x 1018
Thorium 90 232 11.5 20597 2,60 x 1018

Evaluations, including polarization effects, of I and F_ have been made

(9) (10)

by Wick for Pb, Fe, HZO’ air, C and by Halpern and Hall for Pb, Fe,

11
H2O, Cs air, He. Wick uses a rigorous formula of Fermi (12) 13

the evaluation of I , This method seems unnecessarily difficult so we

or

will follow the approximate procedure of A. Bohr, which is essentially the
same as that of Halpern and Hall; however, we will utilize X-ray data when-
ever possible, as was done by Wick.
When polarization effects in atomic interactions are neglected the

average excitation potential is determined as

/Z’}I :Zfz/o?«th , Do Fe =1 ©

; (

where fi is the oscillaté; strength for the ith atomic transition of angular
frequency W¢ , According to A. Bohr all of the atomic transitions will be
affected by a polarization force due to the presence of nearby atoms in the

medium, and this force may be characterized by a frequencys,

@p s v GTmbetim)S | B2 3 ®
«<op

The energy-loss formula, Equation (4), will still apply when this
effect is significant provided the expression (5) above is modified

to ( see the Lppendix on page 21 )
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A

/Zo? L = F /03, hop +w§<@f" ﬁog#coa (7)
To obtain I from (7) one must know the fj and h®@;for a free atom; then
Fp’ the fraction of oscillators that are polarized, and abp are found
by the solution of the simultaneous equations (6). The main concern here
is to determine the oscillator distributions for Al and Be.
The distribution of oscillators is related to the atomic absorption

coefficient /Qﬂlas (Ref. 12, page 291)

/{a dea = Zj_igj_z d_ ‘F(LO) )

Mo C
In practical units and for a finite range of the distribution, (8) is

Zz Jdf = /.y7§x/o“yA f(/_l{__z) 9:‘\3% (7)
where ()Zg//9 ) is the mass absorption coefficiégl and A is the wave-
length of the transition in Angstroms. If absorption data, such as can
be obtained in the X-ray region, were available for the entire spectrum
of atomic transitions the problem of finding I would be straight forward,
Unfortunately this is not the case as usually less than half of the
oscillators fall in the spectral region that is accessible to accurate
X-ray methods; hence additional information must be employed. For the

determination of the distributions for Al and Be we use the following
information,

(1) X=ray K- and L-shell absorption data,
(2) wavelengths of discrete transitions,

(3) Non=relativistic IY = 1 as obtained from the measured value of

the stopping cross section of the substance for protons,
(L) Theoretical K-shell oscillator distributions,

(5) Theoretical values of the total oscillator strengths for the K-
and L-shells, and the sum rule E:‘ft =1/,
(&

(6) Slater's empirical screening constants.
All of the above information is not sufficient for the construction of the

complete spectrum of atomic transitions; however, the guessworkisminimized,



b
and we estimate that for Al and Be that it is possible to determine I with

an error of not more than 15% so that /( mp should not be in more than

2 1/2% error due to this source (the value of the logarithm in (L) is usual-
ly about 15).

Aluminum, The K-shell absorption spectrum is known from the work of JoRsson
(13), By substituting his data into equation (9) the total mumber of K-shell

oscillators is found to be ZfK= 1,71 and with an average excitation potential

of IK = 2,750 e.v. as obtained from the expression

Iw = + f fogz(mo) d+ fu= (‘A’C 2 (o)
‘y'K K-Shell K-Shell
This value of Zfy agrees with a value that could have been read from a
(1)

curve given by Wheeler and Bearden o In the manner just described they
determined Zfy for a number of elements and found that the points when plot-
ted as a function of Z fell on a smooth curve; however, they did not happen
to use the Al data. The K=shell critical absorption wavelength is 7.9).1o 80
that Te/(hed)y P 1,76 which lies between the limits 1.95 and 1,65 sug=

gested by Wick after his study of the empirical expressions for K-shell mass

absorption coefficients. According to the theoretical considerations of
Hgnl(IS) Zf9g=1.82 and Zf2p= 6030 so that Zf;= 8,12, the sum. This leaves
13« 8¢l= le7= 3.2 oscillators for the incomplete M-shell, which seems to be
reasonable. The critical L=shell wavelength as observed in the X-ray photo-
graphic technique of Johnston(lé)is 1702. (73eeVs)e The effective polari-
zation binding energy for Al is hwp= 32,67 Fpl/ %6.ve If all of the M-shell
oscillators were polarized, this would give for Y=1 ,T\wp= 16e.ve Hence, it
seems likely that some of these oscillators are not polarized. We take the
value of IM= 20 ev, which, of course, is mostly a guesse For the Leshell there

1 2
is continuous data up to 2&3 an, (18)’a9)in which ({/Ff\) ranges from 6 to13

0(20)
and an isolated point aty3A  with a value (K/PA°)= 9.L. By the photo-
graphic technique, which has only relative accuracy, Johnston(16)measured M
)
from 90 to 170 A; aside from fluctuations his data shows that (A(/ F/\L) is

constant to within about a factor of two over most of this range. So for the



e

L-shell we assume that (A& /PA*) 1is a constant over the entire range of 8
to 170 Z; for 8,12 oscillators in the L-shell equation (9) gives 10,0 for
this constant. A theoretical formula has been derived for the L-shell
absorption(Zl); however this formula neglects screening variation which
clearly is not justified for such a light element as Al; the apparent con-
stancy of (Y /F le‘Shows this variation to be important.

Now that we have specified a complete distribution of oscillatcrs
for the atomic transitions we must show that it is consistent with condition

(3) listed above. ‘Wilson(zz)

measured the stopping power for 3.5-Mev
protons in Al, and from the data, which was analyzed by J. A. Wheeler, a
value of IY=1 © = 11.5L4 Z was deduced. In obtaining this value he consider-
ed the correction of Bethe and Livingston(23) which takes into account the
fact that K-shell orbital velocities are comparable with the incident

(2 |,

particle velocity. However, in recent work of Hirschfelder and Magee
is emphasized that an L-shell correction of the same nature is necessary. It
is not known how to make such a L-shell correction accurately; following the
suggestion of Bethe they do it in a manner similar to that for the K-shell
(Ref. 23, Page 26l). For Al the L-shell distribution of oscillators is very
extended due to the variation of the screening; consequently such a cor-
rection may be inaccurate. Nevertheless, we roughly estimate, following
their procedure, that including the K- and L-shell corrections I = 10.7 Z.
A value I = 11.3 Z is calculated from the distribution that we have estimat-
ed; this can be considered in agreement with the observed value considering
the uncertainties involved.

We have expressed I as a constant times Z since the theoretical
work of Bloch (Ref. 6, Page 218) suggested this dependence; for a long time
(25)

the constant was taken to be 13.5 e.v. Recent experiments indicate that

the constant decreases with increasing Z.
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For values of ¥ >1, the quentity XL/¥ 1is plotted as a
function of %, the circles in Figure (2), strictly following Equations (6)
and (7). The calculated values are expected to be somewhat incorrect in
the vicinity of absorption edges a2s a resvlt of the approximate nature of
these equations; we expect a smooth monotonic decreasing function passing near
the calculated points tec be more nearly correct. For very high particle
energies the effective binding of the polarization forces is greater than all

of the atomic binding forces; from (6) for Al

/é(/.VVI ; = 32¢é e. . /ZOVM- FP = /. (II)

¥—>eo0 7 P oo
We thus have anchor points at y = 1 and y = o between which I/y varies by a

factor of 5. Since we used oscillator distributions consistent with all
available data we feel justified in claiming that intermediate valuss of
I/Y should not be uncertain by more than + 15% which means about * @ 1/2%
possible error in the stopping power. from this source.

It may be possible to avoid the complications involved above and to

cbtain sufficient accuracy by representing the atomic oscillator distribution

with a simple formula. A. Bohr suggests the distribution
1z
= 7 ) X=wlw, F=Z £ 2)
[+°X W <

where GSO is determined by requiring thet this distribution give the observed
average excitation potential for y = 1. He shows that this distribution is
consistent with some theoretical considerations, although he notes that only
an approximate representation of the essential features of the problem is to

be expected. With this distribution it can be shown that

= 2 .
GJp and Fp are, as before, determined by the simultaneous Equations (6).
For IY 1= 11.3 Z we obtain Fp = ,37 and h&, = 59 ev; the former value

seems unreasonable since, in view of what has been said, we expect not more

than two electrons to he polarized when y = 1, and therefore Fp-< o2l I/Y
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is plotted in Figure (2) for this distribution; there is considerable
disagreement with the values calculated from absorption data. On the other
hand, Prof. Christy (unpublished) finds that an oscillator strength dis-

tribution

x -
F= 7% » X= ol F_-QZ;O;‘- (1%)

is consistent with the measured X-ray absorption spectrum of Pt. The average

excitation potential for this distribution can be shown to be

IT= hw, + hop | (5)

=1
140 eve This value of Fp seems too small., Figure (2) shows I/y plotted as

If ¢ is adjusted to obtain IY = 11,3 Z, we find Fp = ,05 and HhW, =

a function of y; the curve fits smoothly to the calculated absorption data

_p . (1L)
values. This is very satisfactory and so v 1is probably the best distribution

to use for other elements if one does not wish to bother with a snudy of the
J1+ 2 Q.Y)

\ S

X-ray data, Using the distribution (1L) we find Fp =
x[il + (2 CLY) + 1

and the most-probable stopping power, eq. (h))

+Qﬁw[m — J

+ 5%
il !+Qm0 ° ﬁ
where 42 foil thickness g (/é)

— "
Q, = —Fl/moez. A= p /¥ Fp

o

becomes

AOMP:-l?galkL é%

[

]

The curves of Figure (L) were obtained from this expression.

Beryllium, This element has such a simple atomic structure, 2K- and 2L-
electrons, that a rather accurate determination of I is possible using the
theoretical K-shell absorption formula even though there is no X-ray data

available other than the value of the wavelength of the K—LII transition

(12) (26)

(115.7 4 ) o There is an accurate measurement of I g = 6l + 5 ev
Y = -
(this includes the K-shell correction; no L-shell correction is necessary)
(8)

together with an explanation by A. Rohr that this rather large value of T

(I =16 2Z) is due to the fact that the two L-electrons have an effective
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polarization binding which is larger than an expected atomic binding of
about 9 ev. Hence for all particle energies the L-eclectrons will be bound
by an effective frequency <Op , given by (6), of
hd, = 26.0 T F v u7)
witth=l/2 for 75@,,<}500K . VWhen K, > ):,wm_ﬂ_

S 4
additional oscillators become polarized, and it is necessary to know the X-

)

shell oscillator distribution in order to determine the extent. The formula

for the K-shell atomic absorption coefficient is given by Rethe (Ref. (7),

(27)

page L77); according to Slater's empirical screening rules an effective

charge (Z - 0.3) should be used. Moreover,according to these rules the K-shell
— g ; A 2
ionization potential is Ep = O(Z - 0.3 Ry with © = .69, This indicates that

2
the theoretical absorption spectrum should be extrapolated to E, from (Z - 0.3)

K

Ry in order to take screening into account. This procedure yields a value

of ZfK T 1,76 for the total number of oscillators in the transitions
9 °

from the K-shell into the continuum. Since the two valence electrons of Be

are presumably in the LI shell, none of the K-shell to L=shell transitions

are forbidden by occupancy so that ZfK,cont. + ZfK’LIILIII = 2, Hence

Zi = 0,2}y this seems rather small so we used © = ,715 which results
folprlorrr ~

in Zf = 0.3, Then froem (7) we find T _ . = 67 ev which is in

agreement with the observed value considering the uncertainties. With the
oscillator distribution completely specified, I/y and Fp as a function of vy

are determined from (6) and (7); the results are plotted in Figure (3). From

(17) it is seen that when ¥ = 5.88, tOOP =F®K,LEL1E so that a dis-
continuity in the Fp curve occurs because the K’LIILIII oscillators suddenly

become polarized according to the approximate expressions (6). Then Fp re=
mains constant from Y = 5.88 up to ¥ = 6.5 where the K,cont. oscillators
begin to become polarized. Such discontinuities are not expected to occur in

actuality, and we expect I/y to be a monotonic decreasing function with in-

creasing energy; the smooth curves in Figure (3) are therefore to be preferred
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to the calculated curves. According to (6), for high particle energies

lim I/y = 26,0 ev lim F. = 1
P
Y—> o and ¢y __y o

The anchor point values for I/y at y=1 and y = o are only in the ratio 2.5
so that rather good over-all accuracy can be expected for the calculated

most=probable stopping powers from equation (L) which are plotted in
Figure (5).

At the time of this writing experiments are in progress at the
University of Southern California for the determination of the most-probable
stopping power for 62l kev electrons in Al, Be, and other materials. From
these experiments it will be possible to calculate IY = 2,225 and thus ob-
tain a check on the oscillator distributions that we have constructed.
Should there not be agreement within the required accuracy, it will be neces-
sary to alter the distributions in order to fit the measured values. It is
evident from Figures (2) and (3) that a single determination of I/y at an
intermediate energy such as y = 2,22 should make it possible to improve the
accuracy of the determination of I/y for all values of y.

3. Distribution of Electron Energy Losses.

In the last section it was mentioned that in spectrometer work the most-
probable energy loss is usually a more useful quantity than the average ener-

gy loss for electrons in converter foils., Actually the required effective loss

(L)

is somewhat larger than the most=probable energy loss. Landau' ‘ has derived
the distribution function for energy loss of fast electrons with which it is
possible to obtain an effective energy loss for any particular problem, In this
section we will show how to obtain an effective stopping power, to be used in
an expression of the type (3), for Compton conversion in an "™infinitely" thick

converter, Actually the converter need only be a number of times thicker, in

energy loss units, than the spectrometer resolution width in energy units,

According to Landau the probability that a monoenergetic beam of electrons
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passing through a thickness x of stopping material suffers an energy loss A
in the interval d A is f(x, A )dA , and

N\) 09)
'F (X) A) = q> B
where ¢( A ) is a universal function, which is plotted in his paper, with
B
argument A - XB (/f/\r\. % +O.‘+Z)
AE . (19)

K3
and the normalization is

80
gomF(x,ASdA = g_w PNy dr = 1.

The most-probable energy loss A, for this thickness x occurs, by definition,
at the value of A (= =+05) corresponding to the maximum of @(A ). Hence

Ao= XB(dn % +037) 5 o)
AE] is an abbreviation for the additional terms appearing in the equiva-
lent expression (L). Let the number of electrons generated (in a distance
dx) by a conversion process with an energy E in the interval dE be

Q(E) dE dx.

These electrons will suffer an energy loss distribution so that the prob-
ability that an electron is generated between x and x+ dx with an initial
energy between E and E + dE, and subjected to an energy loss from Ato A+

% 5B Q(E) dE dx £(A ,x)d A

If we substitute #( N\ ) for f(x, A ) and integrate over a converter of

finite thickness t, we obtain

QeydEdA 8‘* PUYdx -
: B o x
Now we write (19) as 2
A / . I mp .
=g t B j AR —= e B (22)

where /(mp is the most-probable stopping power which, as is evident from

Figures (L4) and (5), is a slowly varying function of x. If we neglect this

l
dependence x occurring in /\ » the only assumption to be made, then
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ax/x=-a X\ /(A= N),

and expression (21) becomes

| > .
QLS O St 1) 0% o5 PLA) 2 (23)
Mmp Ay AT
with At) = (A /BE) +MN
d (5 A')d%
- EQUEydE F (% ,/ ) 20 POAAA )
where F(i,)\') = - (M+.09) f)\(l:) TN

and L= [\N/Ao(¥) 3 No (¥) = ‘f/{MP(f) is the most probable

energy loss for a foil of thickness t. Consequently, for a converter of fie
nite thickness t the total number of generated electrons with an energy E
in the interval dE, tQ(E)dE , is redistributed in energy accerding to

. : 3 ;
the probability distribution 2 ( T ) c\z .

Figure (6) shows a plot of ﬁ(g ') for )\’= =15, For a Compton con-
verter of finite thickness the generated distribution of electrons must be
folded with this function in order to take into account the straggling in
energy loss.

In the case of an "infinitely" thick converter we let t —>00 in

(23) and obtain Q(E)c\E‘ ';(X) d A

mp
with _ : @ P(NAN . es)
F(M) = — (A'+ .05) f/\' el

the folding operation is no longer necessary. Let the electrons emerging
from the converter have an energy Eo in the interval dE,so that E;=E= A;

an integration over the primary distribution Q(E) gives the emerging dis-
Ewmax

tribution _ dE
N(EJ)dEo = Me; XE Q(E) dE (2¢)
where /L(e 5 & Hp P / F( ,\') e« We have now obtained an effective stopping

cross section fferr to be used in an equation of the type (3). F(A') is plot=

ted in Figure (7). This function was computed from the curve in Landau's
paper for the function @(\ ), which is plotted up to A = 15, The extension

1
of this curve beyond A=15 cannot be neglected; the contribution to F( X )from
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this region may be obtained with sufficient accuracy from the asymptotic
expressions given by Landau; this was done in obtaining Figures (6),(7).

The quantities/{ ,(x) and A that enter into the determination of Mess
should be selected for a mean thickness of x which corresponds to the mean
energy loss of the region of the emerging distribution that is the most im-
portant in the determination of absolute intensities. The best procedure is
probably to use a value of x corresponding tc an energy loss equal to one or
two resolution widths of the spectrometer.

Two conditions must be met if the approximations used by Landau to

derive the distribution function are to be valid:
xXB > € > X B <K E o

€ is a quantity of the order of the mean atomic excitation energies and E
is the energy of the penetrating electron. The most probable energy loss is
usually about 13XB so that for a spectrometer of 3% resolution in energy
units the above conditions reduce to

£ << 003 E <<KE ., @7)
The left side of this condition is probably only satisfied for the lightest
elements, say up to aluminum. In addition, for elements heavier than
aluminum scattering, for which there is no satisfactory treatment, is ime
portant for the determination of an effective stopping cross section. In
these respects Be is the most satisfactory element to use as a Compton con=
verter; however, there should be no objection tc aluminum which is apt to
be more convenient.

White and Millington(28) have measured the energy loss distribution of
electrons in mica foils., Their experimental curve has a breadth which is about
two times wider than expected from Landau's theory andalso from aless rigorous
theory of Williams(29), They did find the universality of the distribution
function as given by Landau in that the breadth of their curve increased very

nearly linearly with the foil thickness. In any experiment all effects such

as those due to finite resolution and scattering tend to introduce broadening;
hence we feel that itis better to use the theory rather than the experimental
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resultss A derivation of an effective stopping power, similar to the one
given above but using the results of Thite and Millington, has been given by

NG -
Ellis and Aston . 86

RO, 4 S

X

Figure (7)
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The energy loss distribution function derived by Landau does not take
into account the fact that there is a certain probability that an electron
traversing a foil will lose no energy. As a result Landau's distribution
should include a delta function at the origin to represent this probability,
and the rest of the distribution should be renormalized accordingly. The
following argument, due to Professor Christy, shows that in our spectrometer
work this effect is insignificant. A rough measure of the energy transferred
in the distant resonance collisions is the average excitation potential I,

The average distance between energy-loss collisions is to<ziI/ﬁ( s and the

probability that an electron suffers no loss of energy in a distance t is

_tlt, .

£ s For = 2% spectrometer resolutionyelecrons
.02E

will be accepted by the spectrometer from a distance t 42 -%;Z‘ ;5 so the

ratio t/to 2 L02E/I which is always very large. The energy spectrum of
electrons emerging from a converter will be modified at the high energy limit
of the spectrum over an energy interval many times less than the resolution

width, and so there will be nc detectable change.

* See Appendix B, page 22a,
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L. Scattering of Fast Electrons

For two reasons elastic scattering of electrons in the converter material
can affect absolute gamma-ray intensity determinations: (1) There may be an
increase or decrease in the number of electrons emerging from the converter
into the spectrometer acceptance solid angle dve to the change in the angular
distribution of the conversion electrons, (2) The electron paths will not be
straight, and this fact will affect the determination of an effective stopping
cross section to be used in an expression such as Equation (3). The Coulomb
scattering cross section is proportional to 22; however in spectrometer work
one is concerned with the ratio of scattering to atomic stopping cross section,
and this ratio is approximately proportional to Z.

There are many papers on the scattering of electrons, and none are very
satisfactory for our purposes, especially in regard to reason (2) above; some
of the most useful are References (5), (31), (32), (33), and (34); Ref. (35)
gives a summary of work on this subject. We will give here a few results,
mainly from Ref. (31), which we need. These results will be principally
qualitative; it 1s hoped that they will provide some indication of the un-
certainties from wultiple scattering to be expected in intensity determinations,
It should be emphasized that in all of the theories on multiple scattering
(except that of Ref. (32) ) the electron path length is the basic parameter,
and it is necessary, therefore, to interpret the results in terms of the
component distance along the axis of symmetry, which is usvelly taken to be
perpendicular to the scattering foil.

Let the initial distribution fo of conversion electrons before scattering
be symmetrical about the axis € = 0, and therefore representable in terms of
Legendre polynomials as

o
{o Ceos 60) d o0 6o d‘?o :;‘OQ“R\ (ceo 6, )CtCOOBo dpa 3 (28)

wTr -
the normalization - requires that Q,= (¥7) .
J‘o 'Fb C{“(Lo—’ / o= ( )
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These conversion electrons are subjected to an axially symmetric angular

redistribution probability which can also be expressed in terms of Legendre
polynomials. The probability that an electron is multiply scattered by an

angle W into the solid angle A ceow AW is

o0
ﬂ (‘Cmu))d(‘ﬂaw dqui‘;_iTZ*G" (&’”")Ph(mw)dmwd’}b
where 627)

Gy = «Qﬂ“flﬂ (/cooco)ﬁ (cooco) deeocd .

We want to know the final distribution, fl (9,) s after the redistribution

by the scattering law ;? « It is given by the integral

£ (co00 ) e = fpo(meo)dgog(ww)dcme,dgz
—QO

where
LW = <006, 608+ S b, 5(nO, Coo (Po-P) . (20)
By substituting (28), and (29) into (30) and using the addition theorem for

Legenare polynomials,

?y\ (Crow) :?M (60060) —PM(CGBO,)+ lz| ((A::-'M':)" R\m(c—@")éo) Phpw(cmal) <3,)
m:=o ) X A0 m(qSo- ¢l))

and the orthogonality property of the Legendre functions,we obtain

o0
£ (ce06)) d<2, = Z QA n Gn Pn (€0 8,) d-20 )
m=o
This result is general; it can be extended to any number of axially symmetric

redistribution laws such as g} ,~£¥ ) g/ with the result

70(4606) d__CZ_ ZZahGn ’_/h Jh '(Ph (m@)d_CL . (23)

In the case of multiple scattering the coefficients G, are evaluated in
the paper of Goudsmit and Saunderson; they give the following approximate

expression )

I
—%/V‘(M-!-I)[I"(JL—’_—?“-”“ * ;)//c}?]
Gy\ ~ B (3‘/)
where ,g is the electron path length, and we have introduced the scattering

length
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o
2y 2
= zex (1-87) alors
2. = ’ = !
A: [ZT,—K A/joj g] 5 ’{“'-—I{,,:C/Z pz_ Vi A/ O 3z (35—)
Z = charge of scattering nucleus,
The quantity ,4%9 $ depends upon the specific single scattering law and the

method that is used for obtaining the single scattering probability. For the

Born-zpproximation solution in the Thomas-Fermi atomic field they find

,&9?: _g%(;ﬁc_) s where P is

the electron momentum. The multiple scattering experiments of Kulchitsky
6
and Latyschev(3 ) are in excellent agreement with the theory, except for lead,

when the above expression is used for —IZCZ? §' « Using (35) and (36)
Z*A
A

case of lead we expect the Born approximation to be invalid, and the experi-

is plotted in Figure (8) for a range of values of Z. In the

mental results indicate that A should be increased asbout 25% from
Equation (35) for the heavy elements.
If we have initially a beam of electrons in the direction & = 0, then
Qsy = (3n+1) 4T which, if substituted into (32), gives Equation (L) of

Ref. (31). For such a beam

. 2 — ._L (’_ Gl
< St '%? Zav T 2 / ’
and so for thin foils,
<oy, = #L/A, (37)

which is the mean-square scattering angle to be used in the approximate
Gaussian representation of the scattering at small angles,
The coefficients G, are expressed in terms of path length rather than

(37)

foil thickness X. For an initial beam of particles Rose has derived an

approximate expression for the "Umweg" factor, <’£>AV /'X .
In the first approximation his result reduces to

Ly Ix = 1+ (XIXN) ) X<< A (29)
(38)

Such an expression was used by Oleson, Chao, and Crane to interpret their
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multiple scattering data. The effective stopping power used in absolute
intensity measurements should contain this factor as electron energy loss is
proportional to the path length,

We can obtain this result for the Umweg factor in another way which will
provide qualitative information about the angular redistribution due to
scattering in a case where foQbseQ is not a beam but fairly uniform. The
Fokker-Planck epproximation to the Roltzmann diffusion equation epplied to
multiple scattering gives for the equation to be satisfied by the distribution

fu,x,4)da (32)

function ,

2 ;‘5 af 97‘— 2F
- = ;2 -+ + <= = mg 2 (3
.JZ is the path length and x is the component distance along the axis of
symmetry €6 = O ; the lengths are expressed in units of A » For f =x 1
Af
and if ( ) we set the term on the left of (39)
(3M M IH M/ ’

equal to zero. What remains is first order, and therefore not a diffusion

equation; it will only give some mean value for f (A4, X, () rather than a

distribution. A unique solution as given by LaCrange's method(39) is
~a€
F= Fly-ax, He ) o)
The boundary condition, which occurs at- Z= o s is
F (4, X,0) = 8 &) Fo(H) 1)

where f (/( ) is the initial angular distribution. All solutions which
o

satisfy (10) and (L41) reduce to y
-2

fo fora§[He Z e[y,

f is non-zerc when

4 <X
L= =5l 1~ ).
This expression is only wvalid for xX<</ s and so just the first term in

an expansion is significant; it is (reintroducing A )
A = %(/4—()(/,\;()) ¢'3)

which is similar to (38) except for the M (~ 1) term. Equation (L2)
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gives the additional information

Pox) = fo (q- H), )
which is of qualitative value if fo(f( ) is fairly uniform at small angles,
This result shows that for thin foils and at small angles if }L(}() g /(—i
as it would be if an isotropic distribution of gamma~-radiation is converted
in a flat foil, then f(H,X)::Hv%7+'§%' ) XS<A
scattering will increase the number of electrons into the spectrometer
acceptance solid angle, and such an increase has actually been observed
experimentally. In the case that X >>AN Bethe, Rose, and Smith(29)
give for the Umweg factor

<Oy /x = X/X

)

which is consistent with (38) indicating that (38) may be reasonably valid
for larger thickness than claimed.

In addition to the effects due to multiple scattering)there may be
attenuation in the beam of conversion electrons due to single large-angle
scatterings. These collisions will follow the Rutherford scattering law;
the probability that in e distance t an electron is scattered once through an

angle greater than 690 is

P = TK*® ot “ (e
o TK-NTC ¢ ;),
which may be expressed in terms of >~ as

? t cot 2(%)
6>6s 9% jg;/ '3

: 45)
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APPENDIX - PART I

The following analysis, which is due to Professor
Christy, shows how to take into account the polarization
forces in the stopping-power formula, ede. (4)e

According to N, Bohr(5) the energy-loss problem may be
treated by an i mpact-parameter method using the classical
Coulomb scattering formula., The range of permissible impact
parameters is divided into two groups corresponding to the free
and resonance~-type of collisions. The average stopping power,
Mg , resulting from the free encounters with energy transfers
to the atomic electrons less than a certain wmax’ which 1s less
than the kinetic energy of the penetrating electron, is given
by ( eq. 36314 of reference (5) )

/{f: BZ‘; A&g/ Wmax

where fi is the 0301llator strength and I; the excitation energy

of the ith atomic transition, and B is the quantity defined in
connection with (4). The average stopping power due to the

resonance-type collisions is given by ( ede 3e¢3eld of ref, (5) )
{51 dmaxL
o= BY fidy et (G2)
raih

where d . =~ is an 1mpact parameter equal to h/(Qmel, ) the

(ediabatic) =7 h /Iy

'sizet of the 10 atomic oscillator, and d, ..

is the maximum impact parameter which corresponds to the adia-
batic 1limit.
For large particle velocities ,v, A. Bohr(g) shows that

in order to include polarization effects, we must use the lesser
2k

(en approximation) of d (adiabatic) and dmax(polarization (na>)

max

where ., UDP is given by (6); furthermore, he shows that the
o
term’in the argument of the logarithm for the resonance
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collisions is not to be included when 4 is determined by

ma_x

the polarization forces., Thus, for the stopping cross section

dxwe to resonance collisions we obtain

; MoV 7‘1L 2 YU 72
M =B S $ L+, flley Tt - 67)
Wwi<Wp (HLO ) a)>q),—.>
and by combining this expression with that for the free

collisions, we obtain the total average stopping power for
energy transfers less than W, ., , viz. equation (4) provided
that we use (7) for logl rather than (5), and furthermore
if, according %o Landatl(4), we set \A/,mu =B£€,o'37 in the case

that we are interested in the most-probable stopping power.



Bs Recent Results Concerning Straggling in Energy Loss

A measurement of the distribution of energy losses of
the 0,663=-lev internal conversion electrons from C5157 pass-
ing through a 13.4-mg/bm2 aluminum foil has been reported
by R. De Birkhoff, Physe Rev. 82, 448 (1951), using a beta-
ray spectrometer of 0.5% resolution. His result does not
appear in satisfactory agreement with theoretical distri-
butions of either Lendau or Blunck-Leisegang (see below)
although it is not clear to me whether it would require any
significant change in (A appearing in fige (7)e Further-
more, Birkhoff states that there is g 23% attenuation of
the beam in the foil due to scattering; this is surprising
since the scattering length for this foil was large compared
to the foil thiclmess, viz. X/A\=.04,and the angular
distribution involved was essentially isotropice. He plans
future experiments with improved equipmente

A recent theoretical paper by Blunck and Leisegang,
Zeits., flir Physik 128, 500 (1950), extends the range of
validity of Landau's result by approximately taking into
eccount the second moment of the resonance energy losses
in individual encounters; Landau considered only the first
moment of these collisions although he considered all
moments of the free encounterss The effect of the inclusion
of the second moment of the resonance collisions 1s %o
broaden Lendau's distribution and, in fact, to such an
extent that agreement is obtained with the experimental
results of White and Millington. This additional broaden-

ing will probably not affect the determination of F(N)

by more than a few percente
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PART II

Processes for Conversion of Gamma-Radiation

l. Introduction

With the geometry of fig. (1), the following conversion
processes may be utilized for studying gamma-radiation of
moderate energies:

1) Compton conversion

2] External photoelectric conversion
3] External pair formation

4) Nuclear photo-disintegration

5) Internal conversion

6) Internal pair formation

7) Internal scattering

We will be concerned here with only the first two of the
external conversion processes. The cross section for external
pailr formation is larger than that of the first two processes
at sufficiently high energies; however, the line shape features
are not pronounced enough to make it as satisfactory as the
first two for quantum energies up to about 6 Mev. In using a
spectrometer for process 4, one might detect charged photo=-
disintegration products, such as protons from the photo-disin-
tegration of the deuteron. The cross section for this process
is sufficiently high for certain gamma-ray energies; unfortu=-
nately, the converter stopping cross section is much higher
for slow nuclear charged particles than for the fast electrons
that are ejected in the other external conversion processess
Processes 5 and 6 are similar; in one case an atomic electron
is ejected by an interaction with the nuclear radiation field;
in the other an electron from the sea of occupied negative

energy states 1s ejected from the surroundings of the nucleus,

the positron of the pair appeering as the resultant hole in



the negative energy states. We will now mention all that need
be said about process 7.

At one time some experimenters found an unusually large
number of electrons in energy regions just below strong K-
photoelectric lines in heavy elements, in particular in the
region just below the 2.62-Mev gamma-ray of ThC". None of the
processes that we have listed, with the exception of 7, could
energetically account for these electrons, and even 7 seemed
unlikely since it 1s second order in e*/he, Theoretical cal-
culations of internal scattering were made by Cooper and Mor-
rison(40), who showed that the number of such processes is
almost negligible even in the heaviest nuclei, and so it was
not possible to account for the spurious electrons in the ThC"
spectrum in this way. Later experimental investigations showed
that the source of these electrons was of instrumental origin.

We will discuss the external processes 1 and 2 for thick
and thin converters, the dividing line for such a classifica-
tion being whether the converter is thicker or thinner in
electron energy loss units than the spectrometer dispersion
width in energy units. We will discuss processes 5 and 6 to
the extent necessary for the analysis of some data to be given

in this thesis.

2. Converter Geometry Considerastions

In order to determine intensities by means of the external
conversion processes using an axially symmetric spectrometer

it is necessary to understand the converter geometry. A4
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geometry that is frequently used is shown in fig. (9). The
shape of the converter is usually conveniently taken as flat,
although some mention will be made of the use of hemispherical
converters.,

Let the total yield of radiation from the source be ¥Y; if
its distribution is isotropic, the number of quanta converted
from the gamma-ray direction solid angle 2 deeb,is, for a
flat converter (neglecting attenuation),

(Y /JHT) TNt <ee 6 277 A 4¢06, % Qo(g

ad O ‘g &> § -

where N is the number of atoms per unit volume, t is the con-
verter thickness, and O is the total atomic cross section for
conversion. Let the probability that in the conversion process
a secondary electron 1s ejected at an angle «w with the gamma-
ray direction and into the solid angle de=dwwdy be

S (eww) dtedw A with f;w:g‘al_o_= 1
where ¥ is the azimuthal angle about the gamma-ray direction.
We need to know the angular distribution of the conversion
electrons in order to know how many will enter the spectrometer
acceptance solid angle. In the case of photoelectric conver-
sion in heavy elements there may be an angular redistribution
of the electrons due to multiple or pronounced single scatteringe.
In case the gamma-radl ation comes from the compound or recoil
nucleus in a nuclear reaction, the radiation may not be isotro-
pic. In general this problem can be approached by means of

eq. (33), in which additional redistributions or asymmetry of
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the radiation do not appreciably increase the complications

of the problem. We will neglect scattering for the time being

and assume that the quanta are converted according to (46),

for which the distribution of electrons can be obtained by a

direct integration. This solution is essentially that given

by Hornyak (L3140 for the determination of the angular dis-

tribution of Compton conversion electrons. It is necessary to

extend his result so that we give briefly the basic steps in-

volved. As in eq. (28) let the initial distributionuﬁ(pus@dwﬁpg

be redistributed according to the axially symmetric law S (eosw)x
dessedWPp .

We can integrate over the azimuthal angle using for the re-

lation between the angles (oSE = CoS O, CoSW + S EpSiNW cosY

After some algebra we find
2T ‘Fc (cos©,) d-Cos O, S (Cosw) deosws deosHd,

{[%s (e,—w)—cOseo] [_ cosOs — Cos (6, +Q>)J}//L (47)

for the probability that a gamma-ray is converted from the solid

angle2m d-Cos 8, through an angle > in the interval deosw into

the interval deds®,, For a flat foil the initial distribution
{.(cos6,)1s given by (46). We can integrate (47) over the angle
£, which, for a fixed w , has the following ranges:

|6, —wl  te lo+w] if  w+0,< 3

)

| € - col s & i+ 20, +85>0+v0,>8 .

The integral is zero if w >g,+S. Fig. (10) may be of assist-
ance in visualizing the angles. For the distribution emerging

from the foil we may write

'5:. (cos el) <1, :(Y/“”T) TNt CJ‘IL' QW—SS(COSQ)<33¢G°(®)9-)>AV (48)

x d €00 O,
the kernel<Sec.®sw,6))assumes various values depending on the d
AvV
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limits of integration; it may be interpreted as the average

value of SecB, for electrons converted through an angle w into

the differential element deos®, . The expressions for
<Sec,éo(t0,9,)>ke}re the followings

Case I: O +w <Y,

=z
<sec eo ((D) 6.)>AV = (COSZQ, - Sl'hzw) .

Case II: 0, + w = S)

~ /2
- [coSS cos (e,—u))j 5

Case ITI: |w-©, 1< % < 6, +w < Ww/z,

1
T2 = 25, ~ Sicas 0,008
= ) 2 | ; cosOr — SITh w - CoSW oSO/
= —_ = T h . .
(cos™ @, - s inw) [2_1-“_3' S =in e, ;

Case IV: |w-0,1 <98 <K & +w = /2 ,

,/Z-——

= (2 /T cos(w-06)] (coscw-01) /eoss) — '] ;o (49)

Case V: T/z < W+ 60, < 20, +8% | &> |w-01,
_ s
= (1/7) (5in?w — cos’e)  x
QI"COSS
(S\hzcb— COSZGI\[| s \/7 + COSX(acsolf:‘Ozigs— T Y ) +CQSQQOSG'COSS .
3 SNW S1hB, cos & )

Case VI ]co-e,|>g)

< Secb, (@)@,)>Av: @)

If the redistribution law is known, then (48) may be integrated
to give an expression of the form

Fi(eos©)da, = (Y/4m)I Nt {seco.(6,)), da, (50)
Here (secec(o.)zvis to be interpreted as the average value of

Sec B, for electrons converted into the solid angle d <z, .



The distribution is written in this manner in order to show

the resemblance to (46).

3¢ Compton Conversion

The cross section for Compton conversion decreases less
rapidly with gamma-ray energy than does that of the photoelec-
tric process, and so for energies greater than 2 or 3 Mev it
is the more sensitive method of detection. However, the main
adwmntage in the use of the Compton process is for intensity
determinations because the conversion cross section and angular
distribution are theoretically known with accuracy, which is
not the case with the photoelectric process. Below about 1 Mev
the Compton process is not very useful since its spectral
features are broad; consequently, it may be difficult to dis-
tinguish the Compton electrons from background electrons.

For the determination of energies and intensities by means
of external conversion processes it is useful to classify the
converter according to its thickness in energy loss units
relative to the spectrometer dispersion width. The thicker
the converter the more knowledge of the electron stopping
process is required. For a very thin converter one need only
know the foil surface density, for moderately thick foils one
must make a correction for the distribution of energy losses,
and for very thick foils the effective electron stopping power

is a factor in the intensity formula,

Thin-Converter Method

According to the Klein-Nishina formula (ref. (6), ege (51),
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page 155) the differential cross section for scattering a gamma-

ray by a free electron into the solid angle 4 is

2
/zz % 7@ ‘W20 ) d <=
a9 = ( — —=Sih ) C’ (51)
where 15 = energy of the scattered quantum,
2, - energy of the incident quantum,
2,2 @ e , and d<L - 2maces @

the angles involved are shown in fige. (11). For this process

there is the relation (refs (6), eq. (4), page 146):
£ /R = 1+ (- cose) , 7= A /mct (52)

Fig. (11)
Compton Scattering
Angles

If we take'X:fQ%o as the independent variable and eliminate

the angle from (51) by means of (52), we obtain
dg = T2 f)adax /7,

(83)
S l 21+ |+2’a"
‘C(K) v Y.' ’_—"'] + X+ >
By means of the relation between € and @ ,
cot (_g) = — (1+7)Tan @, (54)

and eq. (52) we find, after some algebra, the relation between
W and =x, vig.,
sinfes = [x 27y —1] /L7 (1~%) +27 ] (55)
Assuming the gamma-ray distribution to be isotropic, the

number of electrons ejected into the solid angle Zﬁ"dcose.is
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obtained from (48). We are dealing with a spectrum of conver-
sion electrons, and there is a fixed relation between dX and
deosa> given by (55); hence the integrand factor S(cosed) in
(48) is a delta function and (50) becomes, in the case 8,#a0C ¥,
(Y/4m) % dTNE (cos%p, - Sih‘cog/%_?r dcos 6, . (56)
Expression (56) may be integrated between the limits Bz =nd
95 of the spectrometer acceptance solid angle. If % is a
transmission and counting efficlency factor for the solid angle
defined by these limits, then the total number of electrons
which will be counted in the interval dx 1is
(Y M) 2Nt 2™ 0 @ <seebo), @, dx /7 (57)

where
<{seeg),,n, :Z,‘T{[O}(ﬁﬁfﬁ!’) [0}('+\f— %%2}, )f

CosCa |+J7  SinZwo
cos<td
The second term in the brace may be neglected compareaf to the

first for large Y and small x s it may be regarded as an
angular distribution correction term.

The energy of the ejected electron is': %."& so that

%" = 1-X « The maxigpum value of T, or the minimum value of x,
occurs when &= T; thus, from (52),
Xwin = (1+27)7" ) and
(58)
Tm&x /%o = RT[A+ 27) .
—
Phax 1s less then %, by an energy A which is
L
r’jma;z [( Qmoct)z
= ’ + — I
- 72 Thuar (59)

Expression (57) must be corrected for the energy loss distribu-

tion in the converter in asccordance with the method indicated
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by eq. (24), and the spectrometer dispersion must be taken into

account before a comparison is made between the experimental

and theoretical spectra. A detailed account of the application
(2)

of the thin-converter method has been given by Rasmussen s SO

we will not discuss it any further.

Thick-Converter Method
When t 1is large, the di stribution in energy of the secon-
dary electrons can be obtained from (26). For simplicity we
neglect the rather small aengular distribution effects by essen-
tially considering the converter surface to be sphericsl., We

find for the number of electrons in the interval d4dx

Y2 Vi o 0 FOO dX 40 Hegy , FOO = [ H00 dx,

1) (60)
Z | 1427, a1+ LL_
and -5 - D+ — =X+ (125 x(1+22)
F(x) 7 201+27) T Tz ( r lxz/?_ _ //(TZX)

Expression (60) assumes that the yield of gamma-radiation 1s
isotropic. If this is not the case, it will nevertheless be a
good approximation when x is smell, since the direction of
the converted electrons is then nearly the same as that of the
incident quantum; Y would then be YT times the differential
cross section for gamma emission in the direction of the spec-
trometer acceptance solid angle.

The spectrometer data is usually plotted as a function of
the field strength which is often expressed in terms of the
voltage (millivolts -~ abbreviated here as mv) across a shunt
through which the field current passes. The spectrometer field

calibration constant is the field strength in units of gauss-cm
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divided by the shunt voltage, viz., ( = Jawao-Ce/awtr,
The relativistic relation between kinetic energy and momentum p
is
dT =Bedp | o7  dT(Hed)= 0.3003d HP(Jsurs e, 1
In most casesﬁ;g méy be regarded as a constant over the inter-
esting high energy region of the Compton spectrum, so instead of
(61) we can simply write
AX = — 0,300/6¢AMU4/%0 , o in ke, (62)
It is customary to express the effective solid angle as the
fraction of a sphere,ﬂeﬁ: iéfiln—_' . Using (60) and (61) we
obtain for the number of converted Compton electrons which will
be detected in the field interval dmv
Y gp T2 NAZ (Wo€ Mo5) (0300 /5o Y O FC) dmevr, (63)
In order to compare an experimental distribution with this for-

mila we must take into account the spectrometer dispersion. It

is adequately represented by a Gaussien

—(eeTamu/wE
Plam)= e ) J' Pam?) dAmy /063 W,  (64)

where Amv'= mvU,- mvU is the number of millivolts that the field
muvU, 1is set from a line source at 2mv” , and W 1is the full
$n mv units at % maximum

width/of the dispersion curve. W increases with the field
as W=(wlUo)p where p 1s the fractional width of the dispersion
curvee, Over a limited spectral region it is permissible to
treat W as a constant. The ep ected number of Compton elec-
trons counted as a function of the field setting mv, 1s evi-
dently given by

YO 45 TV2Z2N2RZ (m,cz//feﬁ)(o&’ooﬁd/%o) X

00 — (- E7amv /w) %
F(x) e d Amv”

-0

(65)



Several resolution widths below the edge of the Compton
distribution, it is a fairly good approximation to regard F(x)
as linear so that it may be taken outside of the integral of
(65)e The slope of the distribution on a mv plot is then

(in practical units)

vzzo x 10 2 YO (31QlLW F() 2 (a%;)//(i,c;.ﬁoa, (66)

with o In ’éev) Mess (r ’ﬁev//«;/w"
and f(x) is given by (53).

The energy and yield of gamma-radiation may be determined
in the following manner. The energy is first estimated from
the value of the end point of the spectrum, end then, using a
nominal/ggl%ﬁ corresponding to this energy, the spectrum (65)
is plotted on the same abscissa scale as the experimental data.
The experimental data should be corrected for the variation of
the dispersion W by dividing the data through by MU, Jrwor ,
where mv, 1s a reference/géﬁég 5§;E%§gbe taken at the most
interesting part of the spectrum, say several resolution widths
from the edge. The yield and an accurate gamma energy are
found as the values which give the best fit of the theoretical
to the experimental curve. An approximate method for finding
the yield is to compare slopes using (66). The variation of

W 1is most easily taken into account by using for the true

slope of the experimental spectrum (less background) the ex-

pression <dE (444,’0‘)) £ (Do)

where E (1« 0)is the number of counts at Aulr.

In the determination of the effective stopping power to
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use in (65), it is necessary to make a correction for the
effects of scattering in addition to the straggling correc-
tion (26)., Scattering can cause a change in the intensity of
the emerging electrons as a function of the depth within the
converter from which they were created, and it can cause
their paths to deviate from a straight line (umweg) which
wag assumed in (26).

Since the angular distribution of the converted electrons
is roughly isotropic at small angles, the change in intensity
due to scattering should be negligible in the light elements
that are used as Compton converters. The effect of the umweg
can be estimated from the approximate expression (38) if we
neglect the straggling of the umweg, for which there is no
available treatment in the literature of even an approximate
nature. The number of electrons emerging from the foil with
a loss in energy A in the interval dA is proportional to
the thickness of the converter in which they were generated,
vize, N(8)dA~dt , The energy loss is A:/{,H_é where Alesy 1is
the effective stopping power which includes energy-loss strag-
gling, and /Z is the path length., Combining these two express-
ions with the approximate umweg factor (38) we obtain for the

emerging distribution in energy loss
a4 (67)

AMess V1 + CLYO TP

If we write/(eH:B/?o( and use (35) for A , we have
_//2_
_ Az Lgi AP (-
RN /)\/{e4+ = ",—Y‘ gg—u P , = (-8 ))

where AP is the momentum loss of the electrons whose initial

N(p) do ~
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momentum was p . For low-72Z converters an approximate average
correction factor f;v by which the effective stopping power is

to be multiplied is

‘}‘Av”’*“%—%%é%' (68)
For example, for aluminum/@?z’/- S'; /9dx/55nd as a mean value
for —lg we take .0z ; thus, f,, F | +(-16/7), which is a
significant factor at low energies.

The advantages of the thick-converter method for intensity
and eneegy determination are simplicity and the fact that it is
often difficult to satisfy the geometrical requirements for a
thin converter. All substances are about equally efficient as
Compton converters, so that one may expect secondary electrons
coming from the spectrometer baffles and the source itself; hence,
it may be difficult to determine the effective thickness of a
'thin' converter. Moreover, if 1t is required to place an ab-
sorber between the source and the converter, the only alternative
is the thick-converter method. Although this method requires
the additional knowledge of the electron stopping power, we have
shown in Part I how this quantity may be determined with rather
good accuracy, certainly to within 10% even considering straggling
offects. From the point of view of counting statistics the thick-
converter method is also superior since the counting rate will
be higher. For energy determinations the thin-converter method
is to be preferred. It should be mentioned that the thick-conver-
ter method developed here is very similar in principle to the
well-known Geiger counter methods for finding gamma-radiation

(42)
intensities °
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4, Photoelectric Conversion

The photoelectric conversion process is useful at low en-
ergies, in particular for energies less than about 2 Mev, where
the cross section is higher and the spectral features sharper
than the corresponding qualities for tle Compton process. In
fact, the line shape is monoenergetic aside from broadening due
to energy loss in the converter and spectrometer dispersion.

The most useful paper for gamma-ray spectroscopy on the external
photoelectric effect is the one of Hulme et 33(45). They made
calculations which enable one to obtain fairly accurate cross
sections for any element for gamma-ray energies greater than shout
300 kev., In this section we will survey this paper and develop

a method for measmiring intensities by photoelectric conversion.
Information on the photoelectric effect at high energies can also
be found in references (6), (44), and (45).

In the limit as the atomic number 2Z of the converter ma-
terial goes to zero, the photoelectric cross section is given
exactly in the relativistic region by the equation of Sauter and
Hulme(46). For finite Z , the Born approximation, which is used
in the derivation of the Sauter-Hulme equation, leads to a sig-
nificant error, and cross sections can only be obtained by dif-
ficult calculations. Hulme et al numerically calculated photo-
electric cross sections for two energies, 1l.13 and .354 Mev,
end for three values of atomic charge, Z 26, 50, and 84. These
six calculated values are plotted in fig. (12) together with the

values from Sauter's equation for Z 0O; the two curves are inter-

polations on these points which enable one to obtain crosssectimms
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at these two energies for any value of Z . A third point for
the cross section at infinitely high energies can be obtained
from a theoretical formula, presumed to be vaelid at high energies,
derived by H. Ha11(47). Hulme et al remark that a certain step
in Hall's derivation may not be justified. However, their rigor-
ous calculations seem to approach this limiting formula in the
proper manner so that they accept it as being correct, or at

least a good approximation, in the high ere rgy limit. The K-shell

photoelectric cross section for thorium is plotted in fig. (13)

from the two values of fig. (12) and Hall's formulae for in-
finity and 2.5 Mev. Shown dotted in fig. (13) is the empirical
formula of L. H. Gray(48). For lead this formula 1is

Tk = 1135 » /o‘zr/\li_ 0-45’[?,,,?\ . (69)

ACtea
with )\ in X.U.,; we have converted 1t to thorium by means of the

theoretical ratios from fig. (12) and Hall's formula. Gray's for-
mula, which is in excellent agreement with the calculated points,
was used as a guide for interpolating through these distant
pointse.

Hulme et al make two approximations in their work; they
neglect electron exchange and screening by the outer shells,
These approximations are presumably quite good; they say that
their overall results should be accurate to within 8%, and
possibly 4% for Pb in view of the agreem nt with Gray's for-
mula, Fig. (14) is obtained drectly from their paper except
that we have plotted the total K-shell cross section rather
than the stomic absorption cross section. For the relation be-

tween these two quantities they used Og4,, = % Tk .



In order tq determine gamma-ray yields from a flat conver-
ter it is necessary to know the angular distrigution factor in
egd. (50)s TUnfortunately, the angular distribution of photoelec=-
trons for relativistic energies is known only in the 1limit
by Sauter's equation, viz.,
S(/‘()Jl-( _}_Mh‘(l ,L( 2 3(/“\/—%) ﬁ]d/(('?o)
(1) LU ﬁ/t) 2 (/- /3%)

where l(:c'os & /3:2)’/&. , and VU is the electron velocity. A

noteworthy feature of (70) is that the distribution is concentra-
ted in the forward direction with a meximum at about cosw=/3.
According to fig. (14) the Born approximation applied to Pb
would be in error by a factor of about three at all high energies,
so it is not expected that (70), also derived by the Born approx-
imation, is correct for the heavy elements. However, it was an-
ticipated that the angular distribution might be less affected

by this approximation for high 2 than the total cross section,
and so<Sec 9,,(0,)%‘/ was computed from (50) using (70) as 2 function
of the angle 2§ subtended by the converter at the source. Actu-
ally, if the distribution is predominantly in the forwarddirectim,
the evaluation of {Sec QO[QI)waould not be sensitive to the details
of Stcos ) . The results are shown in figs. (150, (16), end
(17) for three photoelectron energies. According to (50),{3%50(9:)2'
is proportional to the distribution per unit solid angle d.<z,

of converter electrons; the figures show that this distribution

is not isotropic so that multiple scattering will affect the
results. An approximate scattering correction may be made by

using (44). The mean spectrometer acceptance which we used
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corresponds to cos0, =.9% . Since expression (44) is not ac-
curate, it should serve as an indication of the uncertainties
involved as well as a correction factor. From figs. (15) = (17)
it is apparent that for minimizing these uncertainties the most
suliteble converter angle § is sbout 60°. The results of some
experiments described below show that the use of the distribu-
tion (70) for 72 90 1is incorrect; the curves of figs. (15) -

(17) are reproduced here for their qualitative value.

Thin-Converter Method

In order to avoid the complications due to scattering, in-
tensity determinations by means of photoelectric conversion
should be performed with as thin a converter as allowed by the
considerations of counting statistics, background, etc. It has
not been possible to account for the observed thin-converter
line shapes in a quantitative manner, the difficulty being due
to the lack of knowledge of the angular distribution in the
conversion process and the effects of scattering. Hence, the
best procedure is to take the total area under the line spectrum
as a measure of the gamma-ray intensity. For the Gaussian dis-
persion curve (64) the relation between the yield and the sares

under the K-conversion spectrum 1is

Y s T N £ <Sec 8.6, = (:940/P) ] E(w ) dbuur)( 71)

Wherq;lkggis the solid angle expressed as a fraction of a
total sphere, p 1is the fractional width of the dispersion curve
at & maximum, snd Ty is the K-shell conversion coefficient.

Some experiments were performed with rasdiosctive sources in
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order to find the correct value of@ed%z&p be used in (71).
Actually there may be some error in the value of O taken from
fige (13); nevertheless, it is just as well to regard Ty as
known, and to consider (secGQ%Vas a combined angulsr distri-
bution and correction factor which we will find empirically.

The most dlrect procedure is to measure ~§C£1QF; for the source

by meag§ of the presumably accurate Compton thick-converter
methodznlhen <secé§%vis determined from the area of the photo-
electric line spectrum as a function of the converter thickness
t and the converter angle & . The resultsfor(secé%} as a
function of cos 8 are shown in fig. (18) for the l.275-Mev
gemma-ray of Na®2 using a 22 mg/om® (t/x = .1) thorium conver-
ter. Typical photoelectric and thick-converter (55 mils Al)
Compton spéectra are shown in figs. (19) and (20). The calcul-
ated curve of fig. (18) was obtained from fig. (15), and an
estimate of the effects of scattering in the converter was made
with (44) as a guide. It is quite apparent from the results
that the use of (70) for the angular distribution in heavy ele-
ments is not satisfactory.

Fig. 21 shows the observed effec;eof converter thickness on
the determination of{secé%>3ogether with the estimated effect
due to scattering, using f;g. (15) and eq. (44). Again the
theory is not correct but at least the proper trend is pre-
dicted. That is, for small cos§ scattering will actually in-

crease rather than decrease the number of electerons emerging

in the direction of the spectrometer acceptance so0lid angle as

# Pipgures (21la) and (Zlbzlshow the observed spectrometer
distributions from the Na”? 1,275-Mev gcamma~-ray for cos$= .32
and cos§ = 08,

#% The experimental points in fisures (18), (21), (22), and (23)
were evaluated from ed., (71) using an inaccurate measurementd
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mentioned in Section 4 of Part I. On the other hand, for a
larger value of cos § there are not so many electrons from gamma-
radiation in directions near /2 which can be scattered into the
spectrometer solid angle; it is evident from-£ig. (21) that for
cos§ = .32 about as many electrons are scattefed into as out of
this direction.

Fig. (22) shows a plot of<§ece%)calculated from (71) using
hemispherical converters of various thicknesses (the converter
being situated between the source and the spectrometer. Accor-
ding to (70), in the limit Z=0 there are very few electrons
converted at angles @>7/z so that {sec 6,» should be nearly unity,
whereas 1t is found to be about 20% less for a very thin con-
verter. The difficulty apparent in figs. (22) and (18) is very
likely that the angular distribution for Z =90 is not nearly
as pronounced in the forward direction as it is in (70). This
explanation would also account for the fact that the calculated
values of fig. (18) are greater than observed for cos§>.2 and
less than observed for cos8§<.2 . With the hemispherical con-
verter <sec®) drops rapidly_with the converter thickness probebly
because the electrons have to travel a large effective distance
through the converter in order to get out, contrary to the sit-
uation in a flat converter. Fig. (23) shows the results for the
annihilation radiation from the positrons of Na<?, Not much
data was taken but it is seen to be in disagreement with the
predictions of (70). It is interesting to note that the curve

for {sec®,) from the @istribution (70) for 400 kev electrons fits

solid angle, viz.-Deu=.024, A more accurate value, D, =,0203
(from page 64 - see also page 47) recquires that all experimental
points be raised by a constant factor 1l.18.
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rather closely to the experimentally observed curve, fig. (18),
for the conversion electrons from the 1.275-Mev gamma-ray; this
observation is compatible with the above conclusion that at a
particular energy the photoelectric angular distribution is not
as pronounced in the forward direction for high Z as it is for
Z=0,

We will describe now a scheme which was developed by
Professor T. Lauritsen for finding relative values of {sec 6.) .
It is apparent from figs. (18) and (23) that (seceoZ}ﬁ rather
sensitive to cos § but not to the energy of the gemma-ray. On
this account it was decided to standardize for all energies on
a value of cos §=.32, in particular a 3/8" diameter flat conver-
ter at 1/16" from the sourcef

Co60 decays to Niso, which subsequently emits a gamma-ray
of 1,33 lMev in cascade with one of 1,17 Mev. Since the 1l.33-Mev
gamma-ray has almost the same energy as the 1l.28-Mev gamma-ray
of Nagz, it was possible by means of the beta-ray spectrometer
to determine accurately the relative strengths of these two
sources. This was done by comparing the areas of the photoelec-
tric conversion spectra, making the appropriate correction for
the variation of the total photoelectric cross section, using
fig. (13), but otherwise assuming <sec€k2&x>be the same in each
case (this turns out to be a very good approximation). The
officiency of an aluminum=-walled Geiger counter for the annihil-

22

ation radiation of Na was found by comparing the counting rates

for the two sources. The relative efficiencies for the two Ni6o

*Fig. (23a) shows the constructional details of the radioactive
source holders used in the following experiments.
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gamma-rays are 0,86 and 074% for an aluminum=-walled counter

(49) (50)
according to the curve of Bradt st al » Good et al found

that the percentage K-capture in the l.28-Mev transition of Na22
is less than 5% so that there will be nearly two amnihilation
quanta for every gamma-~quantum from Na22, the probability of
one-quantum or no-quantum ammihilation in light elements

being negligible(62 With this information and making appropriate
corrections for source and wall absorption, the counter effi-
ciency for annihilation radiation was found to be 0s25%, relative
to the above-mentioned values, which is about 20% higher than

the figure given by the curve of Bradt et al. The Geiger counter
efficiency is then assumed to be linear between this value for
amihilation radiation and 0,86% for the NiGO le33=Mev gamma-
rays; it is very nearly so according to the curve of Bradt et

ale The strengths of cs137 ana ¢gl34 sources, which emit rad-
iations in this energy range, were found relative to o050
by means of the counter. The photoelectric lines from these
other sources were observed in the spectrometer using a thin
(575 mg/cmz) thorium foill with a geometrical'factor COS § = ¢326
Relative to the Wac2 1,275-Mev gamma-ray the value of <S€CBOs¥y
for 0.51-Mev radiation was found to be 0,92% ,02; for the
«67-Mev ¥-ray of Cs o' and the .79-Mev ¥ -ray of Csi®% it

was 0,97 relative. Another useful source for obtaining relative
converter efficiency factors is Na24 which emits a 2,76=Mev
gammea-ray in cascade with a 1l.38-~Mev gamma-ray; no cross-

over radiation has been observed. From the areas under the

photoelectron line spectra from a 22-mg/bm2 Th converter
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and using eqe. (71) we found < Sec ©0%, 3¢ / <{sec OoVog0 /-07.

The strength of the Nag4 source relative to the co%0 source

was determined by comparing the photoelectric line shapes

of the adjacent 1,38 and 1l.33 radlastioms in exactly the same

22 with 0060. By a Geiger

24 ona 0060, it

menner as in the comparison of Na
counter comparison of the radiations from Na
was possible to determine the efficiency of the counter for
2076=Mev radiation relative to the efficiency for 0060 gammea -
radiation; a value of 2¢1* 0.2 % for 2,76-lev radiation

60 was obtained.

relative to the above-mentioned values for Co
Fig. (24) is a plot of the Geiger counter efficiency from

these data and an extrapolation of high-energy data(422 the
absolute normalization of this curve is somewhat arbitrary

since it depends on how the counter solid angle is measured;

in this figure a solid angle about 10 % larger than the

%

geomg&rical value was used.

The absolute strength of the 0060 source can be found
by a counter comparison with a calibrated standard source
furnished by the National Bureau of Standardse Furthermore,
the solid angle of the spectrometer may be accurately obtained
by a spectrometer measurement of the 0060 internal conversion
electron spectrum as described in the next section; by this
prodedure we obtained an effective solid angle ofn,., 0203,

Knowing the Co%0

source strength and the spectrometer solid
angle, eg. (71) may be used to solve for the absolute value
of the efficiency factor <Scc9a%v; from the photoelectron line

spectrum from 21.8-—mg/cm2 Th, which is shown in fige. (24'), a

* MAn extensive bibliography and recent measurements of low-
energy Geiger counter efficiencies are given by Ge. A. Renard,
Annales de Physique 5-12, 25 (1950).
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value (secQ%51.36 is obtained., With this absolute value, the

above-mentioned relative wvalues of <§ecQ%§ay be made absolute,
An additional value of <§ecQ%Vfor 3el Mev can be obtained

by an analysis of the photoelectron conversion spectrum from

the strong radiation from the nuclear reaction Clg(dp)Clg%.

There is good reason to believe that this radiation is isotropic

(see Appendix F of Part IV) so it is possible to compare

measwyements at varlous angles and to regard the yield per

unit solid angle as independent of engle., &4 Gelger counter

was placed at 90° to the beam direction and the rate of emission

from this reaction (after filtering out the annihilation

radiation with lead shielding) was compared with that observed

60 source of known strength placed at the target

from a Co
position in the spectrometer. The relative Geiger counter
efficiencies for these two radiations was obtained from fig. (24).
In this way the absolute yield of the 3,10 radiation from l.41-
Mev deuteron bombardment of a thick carbon target was found

ko be T=10.3 = I0°C

7/d which is in satisfactory agreement
with a value of 13.3 x ZLO"6 obtained in another experiment

=) 11046

(Appendix F of Part IV) for a slightly higher energy, Es

Mev. The rate of change of the G12(dp)cl®  thick-target yield
in the range from l.2 to l.4 Mev has been measured to be

22 /4 x Mev so that the above difference is accountable,
Fig. (25) shows the photoelectron spectrum from a 22—mg/cm2

Th converter having a geometrical factor of cosd= .32; also
shown is the Compton spectrum from a 50-mil Al converter. The
thorium converter was placed over the Al converter in order to

facilitate the determination of the background. Using the

solid-angle value « 0203 and from the area under the photo-



electron spectrum, a value of(sec%KO.VV was obtained from
v

eg. (71)e The results of the absolute measurements of sec

for a geometrical factor of cos «32 are the following:
Gamma~-Ray Energy Source {SecB,),,
.51 Mev Na”2 apmihil. rad. 1+25
.66 cgl37 1.32
.79 cglB4 1e52
133 Co®0 1¢36
2476 Nac4 " 1.01
3410 cle(ap)cls o7

The solid angle of the spectrometer may also be computed
from the Compton spectra from these various sources since
we know their absolute strengths. These evaluations provide
gome indication of the accuracy of this procedure for deter-
mining intensities. Using the slope method described in
Appendix A for determining the absolute intensity from the
Compton thick-converter spectra, the quantity Q.. was
evaluated in eq. (90) for the various sources. The results

are the following:

Gamma-Ray Energy Source QO eys from (90)
1,33 o 2,10 x 1072
1e28 Nagg 2,06

5l Na®" annihil. rad. 1.96
66 CgldY " B.1E
1.38 Wac4 2,09
2.76 Na24 . 2443
B0 ¢cle(ap)cls™ 1699

Aside from the Ne®? 2,76-Mev value, which is somewhat high,
the above values appear to be in satisfactory agreement with
one another and with the value Q,pp= 40203 obtained from the

60 .
Co O internal conversion measuremente
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Thick-Converter Method

As in the case of Compton conversion, it is desirable to
have a thick converter method for measurement of radiation in-
tensities by the photoelectric process; in fact, such a method
has been discussed by Richardson(5l) and applied by Martin and
Richardson(sz). In their intensity determimation procedure they
considered straggling using the White and Millington data(28),
but neglected scattering effects, asserting that it is unimpor-
tant in regard to attenuation of the beam. They overlooked the
umweg factor which i1s easily shown to be essential to the deter-
mination of the converter efficiency. It is apparent from fige.
(6) that the effect of straggling in an infinitely thick conver-
ter 1s merely to reduce the intensity and not to alter the dis-
tribution in energy of the emerging electrons. The line-shape
features which they observed were not at all flat but rather
qualitatively resembled (except for their Th X-line data) the
distribution (67) which arises from just the consideration of
the umweg &ffect. According to (67) the momentum distribution
of emerging electrons will drop to one-half its maximum initial

value when

A 37[ X
(j = -J:__ (72)

Py hax 4z Loy %
Using values of the constants appropriaste to thorium, this ex-

ression become
pressio omes (Q_P) ~ 037
o iz_max

In the low energyuregion where the photoelectric conversion pro-
cess 1s applied, this momentum loss is only seweral spectrometer
dispersion widths. Expression (72) is in reasonable agreement

with the thick converter (3 mil Th) spectra for Au198(53x:411£ev)
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end BLO¥ (Ey=713 %"v)observed by Hornyek, Lauritsen, and Ras-
mussen(s).

We conclude, contrary to Martin end Richardson, that scatter-
ing is important; since our treatment is approximate as well as

incomplete, it is not possible to obtain thick-converter effi-

ciency factors other than by empirical methods.

5. Internal Conversion

The internal conversion of gamma-radiation is proportional
to the K-electron probability density at distances from the nu-
cleus of the order of the Compton wave length of the electro-
magnetic field; thereforg it is roughly proportional to ZS,
which meakes it useful for determining the character of radiative
transitions in the heavy elements. Nevertheless, we have been
eble to detect the internal conversion electrons associated with
the 713-kev gamma-ray of B1O which was produced in the nuclear

q 10*
reaction Be (d“)B o We will describe here an attempt to de-
termine the multipolarity of this gamma-ray. Two difficulties
which arise in the interpretation of conversion data in nuclear
reactions will be considered; some of this discussion will also
be pertinent to the interpretation of internal pair formation
data (section 6).
the

Using the Born approximation and neglecting/binding of the
K-electrons, the K-shell probebility density was taken to be
everywhere (14)3/71’ where «= ezlt\c s Dancoff and Morrison(SS)com-
puted the & - pole electric, XK , and magnetic, ﬁ%? , internal

comversion coefficients by relativistic quantum electrodynamicsg
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their results for 2 K-electrons are :

L &E’o{“(%)é-é[ (L+ .)&14-%1] )

w - %3 ,Z,-f"

.
L 2@« [ r2 (e . (73)
@K = . %: ;)D/MOC -
*® L ‘
(54)
Recently Rose et al calculated these coefficients numerically,

[—

making no approximations other than the neglect of screening. We
have plotted in figs. (26), (27), and (28) the ratio of these
exact values to those of (73); it is apparent that the expressions
(73) are considerably in error even for Z as low as ten, the
error being first order in . It is possible to show by a
relativistic calculation that the error due to the neglect of

the binding of the K-electrons is second order in so that

the first order error of (73) must arise from the use of the

Born approximation. This deduction is important for our con-
sideration of internal pair formation, a process which is very
similar to internal conversion, since the only calculations a-
vailable (there are a few exceptions) make use of the Born approx-

imation.

Angular Distributions for Internal Conversion Electrons

The radiations from a nuclear reaction may not be isotropic
since the incident beam is polarized with zero angular momentum
about the beam direction, ©:0., With an axially aymmetric spec=-
trometer, we can measure at the spectrometer acceptance angle &
the rate of internal conversion‘ILﬁﬂand the rate of emission

Ie(e)of electrons from external conversion of the gamma-radiation
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associated with the internal conversion electrons. In the case
of external Compton conversion the most energetic electrons are
ejected in the same direction as the gamma radiation so that for
these energetic electrons ]:Q(Q)wnill be proportional to the rate
of emission of gamma-radiation 1, (0)at the sngle & . As we have
seen in section 4, in the case of external photoelectric conver-
sion the angular distribution problem is complicated so that it
is probably not possible to determine accurately the relation
between ];y(e)and..I?(Q). Nevertheless, if we use the Compton
process to measure Ikr(GQ, there is no assurance that the inter-
nal conversion coefficient j;ﬂI; clﬂ/{”-}}(é’)dﬂ is equal to 11-(6)/1_”7(‘9)
since the angular distributions may not be isotropic or not the
samé, in case that they are not isotropic; consequently the 1in-
terpretation of the data may be complicated. Calculations given
below show that the angular distributions of the electric dipole
and quadripole conversion electrons do indeed differ from the
associated gamma-radiation distributions for each magnetic-axis
component transition but that the distributions are the same in
the case of the magnetic dipole and quadripole fields.

This calculation is essentially a repetition of the original
one of Dancoff and Morrison in order to determine the angular dis-
tributions which they did not give.

A convenient gauge for describing the Qz;pole radiation field

is given by Rose(55)as ™
Y
N, = (@Teen) X, (YA gredl + ———)Y (6,%),

v o= i(adsmer) lxz(%a)‘_/; (6,8)
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for electric multipole fields and

At = = (ITLEN) X, th)iRox grod ¥, 10,8) (74
V=0 |

for magnetic multipole fields, where ){e 1s the spherical Hankel
function of the first kind
Yz Q)
Xy (x)= (T/ax) /—{Z#(x)
2-
and %; /)D/}’Vlocz o With this normaligation the number of quanta
2
per second is ’//IT% o If the unperturbed Hamiltonian 1s taken
as H= - o P -f8
the interaction of an electron with the radiation field is
—_— —
e (V+ «-A)
With the use of the Born approximation and the neglect of the
binding of the K-electrons, the calculation is facilitated by
means of the projection operators for K-electron and ejected
electron, viz.,
- =
Ge= (-8+1)/2 eaa G = (P —p+ W)/aw
where W 1s the total energy of the ejected K-electron and IPl=P
is its momentum. The differential conversion coefficient for

the solid angle CJ_‘-D-’ is then given by
<& Pw 23 *
A%, = LRWE Spun (NG N'G.) dz,

with A = ('O'Z.f).;_ Y znd
P

— PR

foo = JeTTTTA,, dT, (75)
- iPT

glm = j‘e \((m AT

A straightforward evaluation of the spur leads to:

SPwe (N N°G_) = (76)

[ 99 (hea) + (- £) k= P-(3F°+ 3" )] /ch+0).
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The computation of 4} and is performed by means of the relation

[ TR @)dT=urtd V0% WE[ 2 T ouR @
wheve /B (’?) :Y <9¢)RP(Q) «

is the Bessel function of s-integer order; the angles é, P

l+i

describe the direction of /Z ; and @)§ describe 7‘; with
.respect to the axis of quantization &-=0 , It is necessary to
use a convergence factor for the radial integration in (77).

The internal conversion angular distributions were calcula-
ted from (75) for just the m =0 component. According to Falkoff
and Uhlenbeck(56)the angular distributions of the other compon-
ents of the transition may be obtained from any one component.
From symmetry considerations they find that angular distribution
intensity components é;k?%9) have the following general para-
metric forms:

L=1 5 F°(e) = (1+2A)— QA cos’8
Fr'e)= |+ Acos™e

l=2 [:‘20(9) = M, + e’ O M, cos 6, Lt
€+(6’) (H,+ Z) +(H+ L)cos& —“/( cos 9

Fo (8) = (M +31,+5) — (+)eose +4 by cos™6

The parameters for the internal conversion distributions are
given in Table II, which also includes the parameters for the
radiation(SV)and spherical harmonic fields.

From Table II it is apparent that the magnetic-pole internal

conversion electron distributions are the same as the distribu-
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T Internal Conversion 9 -Rediation| spherical
Q, e te Elect.& Mag.| Harmonic
meter . .
Electric lagnetic
1| X (R=4) 1 1 2
(RZ+4)
H 1
_/(' (7,%2-__ 21/) 0 0 | -6
2
(12 —3#%) 3
/({7_ (3 %Z_ ?) ‘1 -1 %

Teble IT

tions of the associated radiation fields. The electric-pole con-
version distributions are the same as the radiation distributions
whm1‘£¥%” and the same as the spherical harmonic (particle of

spin zero) distributions when *%=C>. In the case of the 713-kev

transition of Blo, k 1.39 so that

= - 1/3 and M= —2/3 , Mz = — 3
Thus we can expect conversion distributions differing from the

radiation distributions unless the conditions favor isotropy.

Probability that the K-shell of the Recoil Nucleus is Occupied

Another complication to the finding of internal conversion
coefficients from transitions produced by nuclear reactions is
the determination of the probability thatthe recolling nucleus

has any K-electrons at the time it radiates. The time it takes
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to emit a low-energy quadrupole quantum(ér/o“/§e¢” for .7-NMev

transition)is estimated to be of the order of magnitude of the
time that it takes to.stop a recoil nucleus in a solid material.
In the case of electric or magnetic dipole radiations, which are
faster, we would expect that the recoil nucleus radiates before
it loses much velocity. In order to give a minimum estimate of
the K-shell occupation probability at the time of radiation, we
need to know the number of K-electrons that the nucleus has be-
fore it is slowed down in the target material.

There are three aspects to the history of the K-electrons
of a recoil nucleus. Flrst of all, there is a certain probabll-
ity that the incident particle, deuteron in the case of interest,
will ionize the two K-electrons of the target nucleus; it has a
well-defined orbit since a disintegration is observed. The ion-
ization probability will be of the order of the ratio of the
classical cross section for ionization to the 'area' of the K-
shell,Tﬁbfﬁf} this ratio is 4 [c?/ttﬂlwhere v is the incident
particle velocity. For 1-Mev deuterons this probsbiitity 1s nearly
unity. Secondly, at the instance of recoil from the nuclear
reaction, the probability that & K-electron, initially bound to
a nucleus of charge Zj, will attach itself to the residual nu-
cleus, which is suddenly moving with a velocity v' and with a
new charge Zo, 1s given by the absolute square of the Fourier

coefficient for the sudden change, vigz.,
6 3 3 : G 2

K= mot'/h



-56=
For 1-Mev deuterons in the reaction’Beq(d)1)Efo‘this probability
is nearly unity.

Finally, as the recoil nucleus proceeds through the target
material, there will occur capture and loss of the orbital elec-
trons. From the estimates of Bohr(5) on the cross sections for
these processes, it can be shown that the average charge of the
nucleus will reach the equilibrium value given by capture and
loss considerations before the nucleus has a significant probab-
ility of radiating; hence, the two first two aspects are rather
unimportant. At equilibrium the ratio of the probability that
an ion has one K-electron to the probability that it has two is

-2 \—% i5de e
Ty /0a  where O, and Te' ~are the cross sections for loss
ahd capture in the exchange from one to two K-electrons; for the
exchange from one to no K-electron the ratio of the probabilities
1s similarly qzlijﬂféh{>. For the case E>>Es, where Eo is
the ion energy for which its velocity is equal to the classic?é)

velocity of the atomic orbital involved in the exchange, Bohr

obtains the approximate relation
/=

//3
Ozl-o /Ozl—o — i;( (%) (80)

where Z, 1s the charge of the material being penetrated, and
2@ is the net charge of the ion when it has lost the electron
in concern. Fig. (29) shows the experimental results of T. Hal&ay)
on the capture and loss ratioc for protons in various materials,
and fig. (30) shows the early results on measurements of the ratio

of singly- to doubly-charged helium ions in mica. The insensi-

tivity of (80) to 2 1is borne out by the measurements of Hall
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and the early measurements of the capture and loss ratio for
helium ions in various materials<65). An examination of figs.
(29) and (30) shows that for E>E,, eq. (80) is at least correct
to within a factor of two; no greater accuracy 1s to be expected
considering the nature of the derivation.

In an attempt to estimate the capture and loss ratio for
the K-shell of other ions 1t 1s probably more accurate to use in-
stead of (80) the relation

ap /0o~ $(E/ES) (81)

where f(E/Eg) 1is given by the experimental curves of figs. (29)
and (30). We are interested in the capture and loss ratio for
the exchange '1-2', whereas figs. (29) and (30) are for the ex-

change '1-0', In view of the lack of information on the former

ratio we estimate that it is simply

-2 — J-_-o £
O}: /G;—J’ ~ L‘ 4:/—0 ( I-,Z—I'E;) (82)

where ];_, and :Z}o are the ionization potentials for removal
of the first and second K-electrons respectively, and Ey 1s the
ion energy at which its velocity is %Lez/ﬁ , Where Z2 is
the nuclear charge of the ion. The factor of 4 in (82) is ob-
tained from the considerations that the probability of capture
of a second K-electron is reduced by a factor of 2 since the ex-
clusion principle requires its spin to be opposite to that of
the other K-electron, and the probability of loss is twice as
great from a completely occupied K-shell as from a singly occu-

pied K-shell.



We are interested in the state of ionization of the residu-
el nucleus B0 produced in the reaction?eq(dh)g,: . With
deuterons of 1 Mev the mean energy of motion of the residual nu-
cleus will be sbout E/Ec=.08 , Using (82) and fig. (30) we
find Qzl_iéz'_%b,05‘. As the recoil nucleus slows down this
ratio diminishes rapidly so that we can be fairly certain that
there is a high probability of Y having two K-electrons at
the time it radiates, even though our estimate may be incorrect
by several factors of two.

Actually the experimental curves of figs. (29) and (30) re-
fer to the exchange of charge for the total of all of the shells
of the penetrating ion while we have assumed that practically
the entire exchange observed involves the K-shell. This assump-
tion is justified by the classical velocity-dependence arguments

(5)

of Bohr and by the detailed born-approximation calculations
(64)
of Brinkman and Kramers .

Internal Conversion Coefficient of the 713-kev
Gamma~Ray of B0

The 713-kev gamma-ray observed in the Be? (dn)B10¥* reaction
is very strong; according to Rasmussen(Z) the thick-target yield
at l.2-Mev bombarding energy is 13.7 X10 7y per deuteron making
it one of the most intense of the radiations observed in light
nuclear reactions at low energies., On this account it was pos-
sible to observe with a spectrometer the electrons from the

inefficient internal conversion process.

A beryllium target of about l-mg/cm2 thickness consisting
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of thin evaporated folls was bombarded by a 0.97-Mev deuteron

beam of about 1/4—/(amp intensity. The exact field setting for

the internal conversion electrons was calculated from the knowledge
of the gamma-ray energy and the spectrometer field constants, and
it was found that at this setting the counting rate was about

5.6 counts/sec. as compared to 4.8 counts/sec. for a field setting

/ 3,3% higher or lower than the predicted internal conversion line
(the "spectroms ter resolution was 2. 0%). A cursory observation

ﬁggﬁéggé of the line shape, but, clearly, the statistics were so
poor that not enough time was available to permit finding the in-
ternal conversion line peak from the line shape. A total of
about 1700 counts above background was found at the fileld setting
predicted for the IC electrons. The intensity of the associa-
ted gamma-ray was measured by the Compton thick-converter method
using a 10-mil Al foil; otherwise the geometry and experimental
conditions were identical with those of the measurement of the

IC electrons. Assuming that the ratio of IC to gamma-ray differ-
ential cross sections at the mean spectrometer acceptance angle

( 6, =<200 ) is equal to the ratio of the respective total cross
sections, a value of 1.8 x 106 is obtalned for the IC coefficient
with an uncertainty of # 0.8 x 10-6 (standard deviaEion) which is
mostly due to statistics. According to Rose et gl(o4) the ex-
pected K-shell IC coefficients for the lowest radiation multi-

= -6
poles are : c><:< = 1% x/O" 3 o(,}.- .25 %10

= : =i,
Bu'= 1AL xpot ﬁf: Y9 x 10

the higher multiposes have coefficients which increase with the

order, It appears that our datum is consistent with only mag-
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netic or electric dipole assignments provided the important
assumptions that we have made concerning the angular distribu-
tion and the K-shell occupation probability due not lead to sig-
nificent errors.

It would seem to be possible to increase the total counting
time by a factor of four in a day without losing reproducibility
so that it may be possible to narrow the assignment to one mul-
tipole. However, a computational investigation should be made
of the possible errors that can be expected from sngular distri-
bution anisotropies to determine if it is worthwhile to have
more statistical accuracy.

The suggestion of this experiment that the 713-kev transition
is magnetic or electric dipole is not compatible with the finding
(not absolutely certain) that the C’q—/g+decay proceeds with an
allowed value ft ~ 2000 to this state. We would expect that

ClO

has J=0 (even) so that the 713-kev state would be J =1
(even) on Gamow-Teller selection rules and J=0 (even) on Fermi
rules; the radiation to the ground state J=3 (even) would be of

higher order than dipole.

60

Internal Conversion Coefficient of the Ni 1l.33=-Mev Gamma-Ray

(66)
The energy level diagrem of Ni60, as given by Mitchell 3

is shown in fig. (31). The spin and pari y assignments of the

levels are determined from the assumption that the ground state,

being an even-even nucleus, is J=0 (even) and the measurements
(67) (68)
of the engular and polarization-directional correlation
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of the cascade radiations. The measurements by Waggoner, lMoon,
and Roberts(69) of the internal conversion coefficients of the
two gamma-rays show that they are both electric quadripole; this
finding is consistent with the level assignment of fig. (31).
Deutsch and Siegbahn(VO) also measured the IC coefficilents and
obtained values which are not in good agreement (about 40% dif-
ference) with those of Waggoner et al. Both groups using a beta-
ray spectrometer obtained the IC coefficient from the ratio of
the number of IC electrons to the total number of beta particles
in the 0.308-Mev decay spectrum of 0060; that is, they assumed
that there is one Wif0 cascade transition for each Co®0 decay.
They found the part of the beta spectrum which they could observe
to be of an allowed shape, and so they assumed it to have an
allowed shape over the entire range in order to determine the
total number of decayse.

It seemed worthwhile to measure the IC coefficient of the

1,33~Mev gamma-ray by a different method in order to see if the
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above discrepancy could be resolved. By the Compton thick-con-
verter method we directly measured with the spectrometer the rate
of emission of the 1l.33-Mev gamma-ray from a 11.65 rutherford
source and compared it with the rate of internal conversion.

Fig. (32) shows the spectrum from a bare Co%0 source (about
3/8" in diameter). The rate of internal conversion was measured
from the area under the line spectrum using expression (71) in
which the external conversion efficiency factor,Tx Nt<sec 90>Av "
is replaced by the IC coefficient, A , viz.,

Y ek = ((940/P) &ijmdf)dlubwtﬂ (83)
Fig. (33) shows the Compton spectrum from 20 mils of Al. Our
result, which is shown in Table III together with the other two,
agrees within the estimated accuracy of 10% with the measurement

of Waggoner et al, but not with that of Deutsch and Siegbahn.

Theory - Rose et al.
Experiment o ¢ otaJ.XlOA 7 _ D
Viaggoner, l'oon, Roberts 1,2864,035] o7 1.17 1,03
Deutsch and Siegbahn 1.83
This thesis 1.26% ,10 il B -

Table III. Internal conversion coefficient of
the Ni60 1,332-Mev gamma-ray

(54)
The theoretical values of Rose et al are shown in Table

ITI; we have included a 10% correction for the estimate of the

(53)
L, M contribution and screening effects . Only the EQ
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and MD theoretical conversion are listed as the others differ

by a factor of two or more from the observed coefficients. The

IC coefficients vary nearly as 75 , and there is some uncertain-
ty as to whether to use Z2=27 or Z =28, Immediately after

the beta-decay the K-shell wave function in the vicinity of the
nucleus, where the internal conversion takes plaﬁe, is undisturbed
so that for very fast nuclear radiation one should use Z =27,

The K-shell electronic wave function will adjust itself in a

time of the order of atomic-radiation times for a K-L transition
which is estimated to be about 10”15 sec. in this case.” This

time is usually regarded as shorter than EQ radiation times, so
that it would seem preferable to use Z =28,

A possible source of error in our determination of the IC
coefficient is that there may have been some cont ribution due to
external conversion in the source itself; these external conver-
sion electrons will have very nearly the same energy in the
spectrometer as the internally converted electrons. Our source
was mostly CoClg, so by knowing its approximate thickness from
the broadening or shift of the IC line spectrum and using the
appropriate photoelectric cross section from fig. (14) we esti-
mate that there was at the most a 2% contribution due to external
conversion,

The rate of emission of gamma-radiation from the source was
also determined using an external thorium photoelectric converter
(12.9 mg/cmz) of hemispherical shape. In order to facilitate the

determination of the Compton background the converter was placed

¥ In the case of low-Z elements, a more accurate estimate of the
time for readjustment of the K-shell wave function is given by
the time for auto-ionization (Auger-electron emission) which is
about 10~15 sec, for all elements ( ref. 12, page 491 ).



over a thick Compton converter (20 mils Al). A typical photo-
electric spectrum obtained in this manner is shown in fig. (33).
Since the energy of this w160 gamma-ray is nearly the same as

the Naf2 1,275-Mev gamma-ray, we used fig. (21) for the converter
geometrical efficiency factor (0.80). This procedure yielded

a value of 1.31 x 10~% for the IC coefficient of the 1.33-Mev
gemma-ray, which is in satisfactory agreement with the value
obtained from the Compton spectrum.

Once the IC coefficient of a Ni60 transition is known, a
convenient method is available for determining the spectrometer
solid angle. The absolute strength Y of the co®0 source can
be obtained by a Geiger counter comparison with a calibrated
Bureau of Standards source, and_ﬂz;; in (83) can be found.
Using the value & of Waggoner et al, which is the most accurate,
we found J114;=-0203 with a spectrometer resolution of 2.1% and
with the particular spectrometer adjustments at the time of this

experiment,

6. Internal Pair Formation

The process of internal pair formation is similar to internal
conversion; from a quantum-mechanical viewpoint it is a first or-
der trensition for an electron going fram one state to another
as induced by a radiation field. The efficlency of this process
is independent of Z 1in the approximation of representing the
wave functions by plane waves, so that it is just as useful in
light nuclear work as in heavy, contrary to the case with internal

conversion. OSome experimental studies of this process in heavy
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(72)
elements are described by Latyshev .
With the radiation field (74), the ratio of the number of
pairs per second with electron and positron traveling in the
solid angles cLQ.and AJZ and the positron energy between VUFand

(55)
Wy + AW to the number of quanta per second is

. xR PR W Spun (A NG ) o, de_dWs |
4V = =2 SR NGAIECls (82)

instead of G in (75) we have the positron projection operator
S =
G, = (—' °<'P+. +@+ W*‘)/QW-}- ;

g
The evaluation of the spur gives

%wa(/\@ Ne)=
Wi {cm [weWwe + (R -5 ) -1) + (§- %*)[W+W—+J
- G- +BW (g T g T+ G RIEF)

CEEVERI-FEFO(R-BY]

The expressions for f and g are the same as in internal con-
(55), (73)
version except here P= Y, +R . Rose has evaluated
(84) for all multipoles. However, in the case that the pair for-
mation is induced by a nuclear reaction in which the incident
beam is polarized with zero angular momentum about the beam axis,
it is necessary to know the angular distribution properties of
the formation process. Tnat is, as in the measurement of inter-
nal conversion. induced in a nuclear reaction, one can only meas-
ure the differential cross section for pair formation and for
gamma-radiation at the spectrometer acceptance angle, and then

only if the differential cross sections have the same ratio as

the total cross sections, is the pair formation coefficient

% T am indebted to Mr. M. Ruderman for this evaluatione.
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readily obtained.s It is rather necessary to use a spectrometer
to achieve the required resolution, and it does not seem to be

at all possible to measure the total cross section integrated
over angles of either of the spectra. The angular distributions
for pair formetion heve not been calculated; the effort reaquired
would probably be prohibitive. In experiments to be described
in Part III only the high—~energy portion of the positron spectrum
is studied. We can get some idea_gf the angular distributions

to be expected if in (85) we set P-=0 and W.=!; then the spur

simplifies to

Spun (REN G} =
P=0, w-=/ (86)

5
[ 997 (&-2)+ (5 £*)h=F- (3F+§*F)] /A,

This expression is similar, but not identical, to expression (76).
When it is considered that there is a different relation between
k and p in the pair formation case, it is found that the dis-
tribution given by (86) are indeed the same as those listed in
Table II for internal conversion. Hence, we can expect distri-
butions differing from the associated gamma-radiation distribu-
tions making the interpretation of the data difficult in some
cases., Of course, if k 1s large enough, the distributions are
nearly the same. For example, in the experiment in Part III,
k=6 so that for electric dipole emission A= .%as compared to
M) for gamma-radiation.

Since the process of internal @ ir formation resembles that
of internal conversion, we may expect the same errors in the use

of the Borm approximation as shown in figs. (26 - 28). Thus,
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for 2Z=6, there may be a 10% error due to this approximation.
Methods which do not use the Born approximation near the edges
of the pair spectra are given in a paper of Rose and Uhlenbeck(fé)
If one is able to integrate the entire pair spectrum over the
momentum distribution, some of this error disappears, as noted
by Rose(55), since the errors are of opposite sign at each end
of the spectrum. In most nuclear reactions spurious radiations
will prevent the use of all but a small portion of the spectrum
for the determination of the formation coefficient.

For computanional purposes the positron (or electron)

internal formation distributions, as given by Rose, and Rose

and Uhlenbeck, are most conveniently written in the following

manner: T(P+) d'P*': (o(/-n—«%?’)ﬂ*ﬂQ CLP+ (=1)

where k = gamma-ray energy in units of moe%,
p (or p~) = positron (or electron) momentum in
units of he.c ,
ﬁﬁb(crﬁl):zfvbrv') positron (or electron) velocity,
end for the various multipoles (E =electric, M =magnetic,D=dipole,
Q = quadripole)
Q(EDY= 2P P 4 (’Pf+?_2)ﬁo%b = &lc% b,
@ (eQ)= PP L(R=U)-(B*+TR
(3k*/L)
QRIMD) = (Br+ PP) »Qog,b .
QR LME) = (\++PZ)£m}lo 2 frgb+RP - (mb(_,)égjgp_ L
and %A:%}E%Z__(EZ+P1)+(2P” )]

The cquantities B )E. are tabulated as a function o the

z{] e (71?+71?)(b§,k ,

electron kinetic energy,or momentum in units of Gauss-cmjin the

WPA table of electronic functlons(75)



In Part IITI we study the high-energy portion of some
positron distributions, and so we need to consider the end-point
correction formules given by Rose and Uhlenbeck, which are valid
when p~<« 1l and therefore only very close to the end point P;ax'

In the limit p™= O Oor P'= Pmax - VA(R-2)s They are, for ED =and EQ:
QED) = 2TaZ (A +2)[ AR(#-2)] =14, ,
QEQ) = 2TTXZ (3-8 ?)[1‘%(%-2)J?/2/37€3

where Z 1s the nuclear charge.

(2¢)

If we neglect the quadratic and higher variatioms in the
positron distribution over the width of the spectrometer
dispersion curve, the number of observed spectrometer counts
divided by millivolts, which can be obtained from expressions
(61), (83), and (87), is, in terms of the associated ¥-ray yield

p( . (v9)

Spectrometer counts _ , , ¢ ,0—¢ NV
L millivolts = 6 X r(P)Y 2 ff
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Appendix - Part IT

A. Determination of Gamma-Ray Intensities from the

Slope of the Thick-Converter Compton Distribution

It has been satisfactory to use the slope method discussed
on page 32 to obtain intensities of gamma-rays of low and
moderate energies, To facilitate computation it is desirable
to standardize on the number of resolution widths from the
high~energy edge of the Compton distribution at which one mea-
sures the observed slope and computes the theoretical slope of the
distribution in order to determine Y from (66). Here we take
1.0 resolution width (that is, AMV: -Pml,) from the end point
(calculated end point - not the extrapolated edge), The quan-
tity F(x) which enters into (66) is then to be evaluated for a

value _1

X's Xmin [l + 27POr+ 1-32 )J , Xnarn = (1+279) .
300?0
The function F(X’') is plotted in fig. (34) / together with

.ﬁ()(ml-,‘):Xm,-h+Xm;,, , in order to show the variation of F(X)
over the first resolution width from the front edge of the dis-
tribution., It is apperent from the figure that the slope method
loses accuracy at high energies since the variation of 'P(X)
becomes significant.

We can group some of the factors in (66); for Al we have

S/ (mv), = 25yx 10 P Yo . Glhe) /P (70)

where ko = gamma-ray energy in kev, S =distribution slope in

(counts/mv) at the reference value (mv), corresponding to x/ ,
2.
and G(«ogﬁ) = ﬁ F(x') //‘(e;f ';"AV/&—O >
4;N is given by (68) and/%e;f is to be evaluated from fig,
(4), (7) for an energy loss corresponding to X’L'Xuﬂh .

For aluminum the quantity G(kO) is plotted in fige (36).
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Part IITI

13 o 1

Radiations from the CT+d, Be +d, and O Q»d Reactions

l. Introduction

In this part we study by means of the beta-ray spectrometer
the gamma-radiation and internally-formed positron spectra
from the bombardment of a carbom terget, enriched to 50% in
015, with 1- to li-Mev deuterons from the Cal-Tech electro-

14 sl Nl4

static generator. The 015+ d reactions produce C in
excited states which can emit ¥-radiatiom or internally formed
pairs; an attempt to ascribe the observed radiations to energy
levels in these nuclei will be made and the positron component
of the internal pair distributions will be discussed. The
positron spectra associated with the 3.38- and 2,87-Mev gemma-
rays from Be9+d are also studied, and an attempt is made to
determine the multipolarity of these gamma-rays by comparing
the intensities of the positron spectra with those of the
associated spectra of Compton electrons from the external con-
version of the radiatioms. In the last section of this part

we describe a measurement of the internal convemsion line
spectrum associated with the 0.871l-Mev gamma-ray from the
016(dp)01r7:‘e reaction. The methods developed in Part II are used to

analyze the spectrometer data of this part of the thesis,

2o Camma-Radiation eand Internally-Formed Pogitrons from Clé-d

When C13 is bombarded with 1l.5-Mev deuterons, the following

reactions are energetically possible:

D) s 5 A —s N'Y v n , Q= 312
2) e d — MEP ) @.= 940
3) 34y d —> B" +o , Q= S16Y,

‘) ey a4 —  c'Tat v Ru= 113105
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1
the ground-state Q values which are given are from Li s thesis .
Due to the fact that our targets contained 50% c1?, there also

occured the reactions
5) ch. d — C'3+ P , Rs = 2716,
Q) 24 A —> N'3+n y By = —0.250,

13 NESEY + 13 +
v B*+C  Bh. - 120

Only the reaction 1) eand 2) of the first four appear to leave
the residual nucleus to any significaent extent in other than
the ground state so0 that this work will only provide information
concerning the energy levels of Nl4 and Cl?

Theoretical interest in these two nuclel lies in the fact
that they are mirrorsin regard to the interchange of the pair
of odd nucleons mm to pr o Thus, if mm and Pm nuclear
forces are equal in the same quantum states , in additiom to
the rather well established equality of ms and pp nuclear
forces, we should expect to find a correspondence between the
energy level diagrams with regard to the states that are not
forbidden in Cl4 by the exclusion principle, which operates in
the case of the odd pair of identical nucleons hn but not in
the case of the non-identical pair pm of N14. In other words,
on the above assumption as to the equality of nuclear forces

o and Cl4 having

we expect to find corresponding states in N
charge supermultiplet quantum number T >1 whereas those states
having T= 0 would appear only in N14. The theoretical aspecits
of this problem are treated in the review article by Wigner

(77) (Vg)and Rosenfeld(VQ)

and Feenberg and in the books by Devons
so that there is no need to elaborate here. At the present
time there exists excellent evidence as to the equality of

mm  end  pp nuclear forces from the study of the odd iso-

)



baric light nuclei; in particuler from the fact that the
energy differences of the ground states of pairs of such
nuclei are well accounted for by the Coulomb energy. On the
other hand, there is not much information of a similar naturé

for the nuclei with A=4n+2 with regard to possible equality

14

of mm and pm nuclear forces. The ground state of N is prob=-

ably T=0 since its total muclear binding energy is several

clé

Mev greater tham that of when proper account is taken of the

additional Coulomb energy of Nl4; that is, on account of the

exclusion principle, the ground stete of W14 cannot oceur in

014. There is some evidence that the 2.3-Mev level of Nl4 is

the T=1 level which corresponds to the ground states of 014

(80)

end 014 o In the case of the analogous nuclear triad with

A=10, it is not yet clear which level of B0 15 the T=1 level

corresponding to the ground states of Bel0 ang ¢1©

(81)

o Recently,
Day and Walker have obtained experimental evidence that
thepe is a 3.6-Mev level of Li® which may be the T=1, J =0

6. One of the

counterpart to the ground states of He® and Be

main interests in the levels of the nmuclei C1% and Nl4 is to

try to establish such corresponding levels and to determine

the relative densities of T=0 levels as compared to T =1 levels.
A carbon target enriched to 50% in 615, which was obtained

fromEastmanCO0, was mechanically pressed into a thin flake about

10-mils thick, which is thick emough to constitute a thick tar-

get for the incident deuteron beam. This target was mounted on

a 2-mil Cu support over which was placed a thin thorium photo-
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electric converter or a beryllium Compton converter. The secon-
dary electrons arising from these converters were studied by
means of the beta-ray spectrometer when the target was bom-
barded by li-Mev deuterons. The secondary electrons from the
thorium converters were observed in the range of energies

from .4 to 4 Mev using foils of thickness 14.3 mg/cm> in the
low-energy renge and 28,5 and 57 mg/bm2 for higher gamma-ray
energies; the converter thickness was selected so that the loss
of energy of the secondary electrons passing through it was
comparable to the width of the spectrometer dispersion curve

in energy units, thus providing optimum sensitivity without
significant loss in overall resolution. The spectra from the
various thorium converters are shown in fig., (36) for a 1l,58-
Mev bombarding energy. The energies of the observed gamma-rays
were determined by the procedure developed by Hornyak, Lauritsen,
and Rasmussen(s), and the results are listed in columm 1 of
Table IV; no Doppler shift correction to the energy was made
since we do not know whether the residual nucleus radiates
before or after it is significantly slowed down in the target
material, The maximum possible Doppler shifts due to the for-
ward motion of the center-of-mass system are listed in columm

2 of Teble IV, If a2t some future time there is reason to believe
that the Doppler shift correction should be made, then the
correction listed in colum 2 is to be subtracted from the
observed energy value listed in columm 1l; otherwise it is
probably best to regard the possibility of such a shift as

an 2dditionel source of uncertainty which is to be added to
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the inherent uncertainty in the determination of energies with
the spectrometer.

This study was performed prior to the work described in
Part IT on the efficiency of photoelectric converters; as a
result a rather unfortunate choice of a converter geometry
with cos §= »1 was made for which it is difficult to estimate
the efficiency., The intensities of the gamma-rays were obtained
from the areas under the photoelectron lines., We estimate the
efficiency factor for converters with small cos§ by assuming
that the electrons are all ejected at an angle O , where
cosWw = v/c (see page 37), with respect to the gamma-ray direc-
tion; then, if the spectrometer acceptance angle is 6% ( :200),
the final distribution of secondary electrons is approximately
given by eq. (44) of Part I. The initial distribution of elec-
trons is given by Case I of eq. (49), and so the average con-
verter efficiency factor for a foll of thickness ; become s

2 =¥l

(Are €0(0,600ny = | (o0 8- X) = sl
Considering the approximate character of this expression, only
the first term of a power series expension inm x/, 1s signi-

ficant, viz.,

=t )

~ Yz
~ (p-sera) (1* e, (1)

{ Aee 6,)

AV

Columm 3 of Teble IV gives the values for the gamma-ray inten-
sities from (71) with <Sz¢9§¥f/ and column 4 gives the values
using (91); it is probably best to regard the factor (91) as
providing a measure of the uncertainty in the calculation of
intensities as well as a correction factor. The yields were cleulated
assuming the angular distribution of the radiation to be iso-

tropice.
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Teble IV
. " & 5 | 12
Energies and intensities of Cﬁéﬁd, C™%% d gamma=-rays
from photoelectric conversion in thorium. Ed‘ 1,580
Mev. /T =, 0200

Energy Mexe. Possible Yield Yield Radiating
kev Doppler shift (sect)il <secghby (21) Nucleus
729 * ,004 .004 kev 2,5 x 10"%/a 1.6x10"%3/d ?
1,643 £ ,008 .009 2,1 1.8 nl4
2,518 ¥ ,016 013 600 5.6 yl4
3,102 % ,020 017 62 7477 gt
3.390% 4020 019 2,1 1.8

For gemma-rays whose energies are greater tham about 3 Mev
the Compton conversion process is a more sensitive method of
detection than the photoelectric process. Fige (37) shows for
l.42-Mev bombarding energy the Compton spectra from 94 mg/cmg'Be_
in addition to the 2-mil Cu target support and the 10-mil carbon
target which also contribute Compton electrons. These distri-
butions were analyzed by the Compton thick-converter method
described in Section 3 of Part II; the experimental curves were
fitted by an integral Compton distribution in order to obtain
the energy as well as the intensity of the radiation, the dis-
persion of the spectrometer being considered by folding the
Gaussian dispersion curve with the theoretical primary spectrum.
The results are givem in Table V. A rise occurring at a poten-
tiometer reading of about 38 millivolts, which would corres-
pond to a gamma-ray of 3.9 Mev, is mnot believed to be due to
Compton electrons as there is no corresponding photoelectric
line in fig. (36); the rise may consist of electrons from

internal pair formation accompanying the emission of the 5,056-
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Mev gamma-rays. The uncertainties of the thick-target yields
listed in column are estimated to be about £30% except for
the 3,10 line which is apt to be less certain due to the slo-
ping background snd the 5,69 radiation which is less certain
due to its weakmess.
Table V

Energies and intensites of the c13(50%),0 %+ a4 r-rays

from Compton conversion in 94 mg/bmg of Be and in the

target and target support. Ej =1l.42 Meve The ¥=-ray dis-

tribution is assumed to be isotropic in the yield
determination., € /4r=,020.

Energy Yield Radiating

kev 7[d Nucleus
64115 + + 030 2,5 x 10~° cl4
5,69 t .05 W7 w4
34393 + 4020 2,1 nl4
5,056 * 025 15 N1t
13

3.088% ,020 369 C

In the last columms of Tebles IV and V we list the prob-
able source of the radiation. As already mentioned, there are

four possible reactions when 015

is bombarded with deuterons;

of these the (dt) reaction need not be considered in our work
since not enough bombarding energy was available to excite

any levels in Cl2, There is sufficient energy available in the
c15(aa)BM! reaction to permit excitation of feirly high levels in
Bll,; however, not until recently has there been any evidence of

a short range alpha particle group in this reaction. Li and

Whaling(Bl) have observed en alpha particle group from the

bombardment of C13 with deuterons which they attribute to
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leaving Bll in an excited state at 2,107 *,017 lMev, Therefore,
we should have observed a gamma-ray of this energy from the
deexcitation of this level. In fact, inspection of fige. (36)
reveals that there is some indication of a photoeléctric con~-
version line at about the expected field setting, 42 millivolts;
furthermore the Compton spectrum from the 2,32=Mev gamma-ray
appears more intense tham one might expect due possibly to
the presence of the Bll gamma-ray.0ther spectrometer runs
over this spectral regiom show a similar behaviour; however
the interference from the Compton spectrum from the 2632 line
mekes it difficult to draw a conclusion as to the existence
of such a gamma-ray.

The 6,115 gamme-ray we assign to 014 since a small but
definite yield was observed with a bombarding emergy of 650
kev which is below the threshold for such a level in either
Bl op Nlé; at least 925-kev deuteronms would be required to
excite such a level if it were to belong to N1% and still more
energetic deuterons for such a level in Bll, Recently Buechner's
group has confirmed this assignment by their observation of the

(82) iyey find

energy»of the proton group to this level in 014;
the level position to be 6,096F* 015 lMev above the ground
state in good agreement with our value. They found no other
proton groups which could correspond to levels in cl4 from
Se2 to 641 Mev with an intensity of greater than 0.2 .of that
of the proton group associated with the 6,096 level. This
observation is valueble in that it rules out a level at

(83)

5¢24 lMev reported by Humphreys and Watson from range mea-
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surements of the proton groupse It also excludes a level at

(84)

559 * ,04 Mev recently reported by Curling and Newton from

their range measurements of the charged particle groups. In

(85) our 5,69 gamma-ray was assigned to clé

Energy Levels III
on the basis that 1t was a radiation from the 5.59 level
reported by Curling and Newton; from the results of Buechner's
group we can say that this gamma-ray probably arises from a
level in N14.

We do not believe that the results of Humphreys and
Watson are capable of providing any information concerning
energy levels in cl1% above 3 Mev since any groups correspond-
ing to such levels would have been obscured by ﬁhe presence
of the intense proton group from Clz(dp)cls; however, their
results do show that there are probably no cl% states below
3 Mev, Now from magnetic spectrometer studies of the charged
particle groups from ??S bombardment of gA® by leO=lev deu-
terons, Li and Whaling found no evidence for energy levels
in 1% from 1.4 to 4.5 Mev. Thus, with the exception of the
range of excitatioﬁ energies from 4.5 to 5.2 Mev, one may say
from the results of the three above-mentioned groups of
experimenters that there are no levels in 014 below 6.1
Mev which can be excited by the bombardment of ¢13 with
deuterons of moderate energies. Concerning the unexplored
range from 4.5 to 5.2 lMev, we note that the 5,056-lev gamma-
ray which we observed is unambiguously assigned to N4 on

the basis of the finding of a neutron group to such a level

(see below)e It therefore appears that the 6.1-Mev level may
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be the first excited state of C1% which is indeed of interest
since it imdicates that all of the low-lying levels of Nl4
have isotopic spin quantum number T=0 with the exception

of the 2.3 level which probably corresponds to the ground
state of Cl4,

‘Aside from the 3,10-Mev gamma-ray, which is already
known to arise from the Clg(dp)cls*reactian, and the 6,115
rediation which we have assigned to C1%, all of the other
radiations listed in Tables IV and V are presﬁmably from

a4

levels in o There is considerable experimental literature

on the low levels of Nl4 , and it is reviewed in Energy Levels

ITI and by Te Lauritsen(8o). Recent work contributing to our
knowledge of these levels is the study of the neutrons in the
Cls(dn)Nl@G;;iigggland Mandeville(BV); using their measure-
ment of 5,17 + .05 for the ground state Q, they report levels
at 2419 £ ,07, 3447 £,07, 3487 .07, and 4,90 £ ,07 from the
energies of the neutron groups. Their ground-state Q value
differs significantly from the accurate value Q; obtainsable
from Li's mass teble. If we use Q1::5.512 rather than 5,17 to
determine the level positions from the neutron energies, then
our 2,32- and 5,05-Mev gamma-rays agree in energy with the
positions of their Nl4 levels, Table VI summarizes their
results with this change and includes our estimate of the
relative intensities of the neutron groupse. It is noteworthy
that the level at 4,01, which is associated with a strong
neutron group, leads to a very weak, if mot absent, 3.9-Mev

gamma-raye. This situation may be resolved by postulating

that the 4,0 level decays by the emission of a 1l,643-lev



Table VI

Energy levels of Wl% a5 determined from the obsefgations
of Swann and Mandeville of neutron groups from C (dn)w14
using a 1,43-Mev deuteron beam on a carbon target enriched
to 53% in Gl3, We have used a more accurate ground-state
Q value to determine the energy levels from the neutron

energies,
Relative Intensity of
nl4 level the Neutron Group
2633 Mev Weak
36 61 - Weak and partially obscured
by the group to the 4,01 level
4,01 Strong
D604 Strong

garma-ray to the 2,32 level rather than to the ground state.
Since they observed only a weak neutron group to the 2,32
level, this proposal requires that the intensity of the 2.32
and 1,64 radiations be about equal; according to Table IV

the 2,32 gamme-ray is about 3=-times stronger than the 1,64
gamme-ray indicating that if our proposal is correct, there
must be other transitions to the 2,32 level from higher states
of Nl4. A possibility is that the 3.39 gamma-ray is a cascade
from the 5,69 level to the 2,32 level: the energy difference
is correct to within the estimated error of the measurement.
Thus, the intensity of the 2,32 level should be Y(1l.64) t+
Y(3.39) = 3,6 as compared to the observed value of 5.6x10-6'7/ﬁ.
The discrepency may be due to the fact that some neutrons go
directly to the 2.32 level and that our measurement of the
intensity of the 2,32 radiation may be inaccurate on account
of the rising background. If this proposed decay scheme 1is
correct, Swann and Mandeville should have observed a moder-

ately strong neutron group to the 5,69-Mev level, Upon exam-
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FIG. 38. ENERGY LEVELS OF N'* BELOW 7MEV

ining fig, (1) oE théir_paper, oﬁévéées that such a gfoup

would have gbout the same energy as a very strong group

from the competing cl2(amwls reaction, so that their

failure to report such a group is understandable., Fig. (38)

shows a N1% level scheme which is based on the sbove analysis,
An alternative decay scheme is the one given in Iinergy

Levels III in which the 5,056 level cascades by emission of

the 1,64 gamma-ray to a 3,39 level of N1%, Either decay
scheme is equally acceptable in the light of present exper-
imental evidence and accounts for all of the radiations which
we observed with exception of the 729-Mev gamma-rays

A possible assignment of the o729 radiation is based
upon the experiments of Seagrave(SB) on the resonance energy

levels of 1114 from 0131-p and the mirror-nuclei considerations
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mentioned e2bove, He finds, in addition to the well knmowm

e 55=lev Clg(pY)Nl4 resonance, 2 broad resonance ('~ 450 Mev)
whose maximum occurs &t a proton bombarding energy of about
1l.25 Mev., VWhen one considers the effect of the barrier factors
on the widths, it is apparent that both of the resonances are
too broad to be attributed to other than s-wave protons. In
fact Devons and Hine(gg)found the angular distribution of the
radiation from the 55-Mev resonance to be isotropic which
indicates that the level is probably formed by s-wave protons;
the angular distribution from the 1l.25~Mev resonance has not
yet been measured. If one computes the reduced widths of these
two levels by the procedure outlined in Part IV of thls thesis,
taking into account the variation of the level shift with

respect to proton energy, the following values are obtained

using a nuclear radius of 5.9x10'150m‘f0r s-wave protons:
Proton Resonance Observed Width tQtReduced Width
Epr 554 Mev + 0325 Nev ¢ 68
Ep: 1.25 Mev «50  MNev 08

It is interesting that the two reduced widths are equal within
the uncertainty of the measurements end the computations invol-
ved, Moreover, these reduced widths are about 2 of the value
expected for a single-particle type of interaction snd found

313’ and 017 as reported

for the first excited states of Nl3,
in Part IV. A possible explanation is that the compound system
exists in a s&mmetrical way one-half of the time as ¢l3+p and
the other half as N;é\but otherwise that the interaction of

theodd particle with the core is a simple one-body type. When



s=wave protons interact with ClS(Jzzé'), the compound states

of Nl4 so formed can have J=0" or J=1". The reduced widths

ClS

for the ebove-mentioned + p levels correspond to a level

spacing of the order of 8 Mev (see Appendix B of Part IV)
so that they are surely not of the same spin, provided that
they are both s-wave resonances. Hencse, one‘would expect to

14

find corresponding J= 0~ and J =1~ levels in C~~ since, on

the shell-structure model at least, such levels would not be

excluded from 014. In fact if one computes at what energy in

c1% the level corresponding to the .55 resonance level of Nl4

should appear, one finds 6.1 Mev,in agreement with the actual
position of the known level., The method of this computation is
similar to that used in Part IV to obtain the boundary-condi-

tion level shifts of the excited states of NlS and 015 or

7 7

L1 and Be' in Appendix G of Part IV; it is reasonably accurate
to neglect here the contribution to the level shift from the
differences of the electronagnetic spin-orbit interactions

and nuclear volume expansion with excitatione Using the reduced
width 692=.68 for the lower resonance, we find a boundary-condi-
tion shift of +415 Meve Now Sherr, Muether, and White(go)show

from their study of the beta decay of 014

14

that it is very

likely that the 2,32 level of N
14

corresponds to the ground
states of 01% and ¢ if one tekes into account the Coulomb
and proton-neutron mass difference in the usual manner. If this
is the case, then we expect to find the state of ¢1% which

corresponds to the 554 resonance level of wi% ot

o542 + ¢554(13/14) = 24318 + o415 = 6,153 Mev )
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where the energy value 7.542 is the binding energy of a

proton in the ground state of N14

e This predicted value for
the Cl4 level position agrees within the accuracy of the
method of computation with the level position, 6,115 leve

If the above agreement is not the result of a fortuity,
then we must expect to find a level of cl% which corresponds
to the 1,25-Mev level of N1%, The boundery-condition shift for
such a pair of states is calculated to be +53 Mev so that we
should find a level in C1% at about

Te542 + 1425 (13/14) = 2,318 + 53 = 6,91 Mev.
We observed no radiation of this an energy although the bom-
barding energy in our experiments was sufficiently above the

threshold for such a level, However, we have concluded that

one of the two s~-wave resonance levels of Nl4 may be J=0
14

5
if it is the l.25 resonance level, its counterpart in C
at about 6.9 Mev could not radiate to the ground state of

014, which iIs probably J==d+since it is an even~even nucleus,
end so it would have to radiate to the 6.1 level since there

do not appear to be any other lower levels in 014. Therefore,

we considered the possibility that the unassigned ,729-Mev
radiation is from such a transition. This proposal was checkedby
observing whether the threshold for producing the 729 radia-
tion Is above or below the anticipated threshold for a level

2t o729 + 6,115 = 6.844 Mev in C1%, Fig. (39) shows on
erbitrary scales the excitation functions for the low-energy

gamma-rays from 015+-d; the results may be made absolute by

means of the intensities listed in Table IV. The threshold for
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a 6,844 level should occur above a deuteron bombarding cnergy
of (15/13)x(6.844 = 5,940) = 1,04 Mev. Fig. (39) shows that
the o729 radiation although very feeble is still evident at

this energy, thus invalidating our proposale.

Internmally-Formed Positrons from cl3+ a

If the 6.115 level of Cl1%

14

corresponds to the 554 reso-
nance level of N~ ~, then it must have J=0 or 17, If it has
J =07, the radiation to the ground state would be forbidden
contrary to observation. If it has J =17, it would radiate
by electric dipole emission. Here we describe an attempt to
measure with the spectrometer the multipolarity of this
radiation and of the other high-energy cld+ g gamma=-rays from
the intensity of the internally-formed positrons using the
theory discussed in Section 6 of Part II.

A self-supporting target of carbon was made by mechanic-
ally squeezing together some soot which was enriched to 50%
in 015; its thickness was estimated to be about 30 mg/bmz.which
is sufficient to stop the incident deuteron beam and yet thin
enough so as not to constitute a significant source for for-
mation of external pairs which might be confused with those
internally formed. Due to the presence of 50% 012 in this
target, there was a constant production of gaseous positron-
emitting W13 which resulted in a field insensitive but some-
what time-dependent background. On this account, altermate
runs were taken at each field setting with the beam off and

the background counts thus obtained were subtracted from the
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beam-on count reading for the same time interval. The spectro-
meter is provided with a helical baffle which permits obser-
vation of either positron or electron spectra individuallye
The positron distribution is shown in fige (40); we have plotted
the counts divided by the millivolt reading corresponding to
the field setting in order to obtaim the counts per constant
momentum interval; this is the proper procedure in this case
since the field-insensitive background was rather negligible
after subtraction of the beam-off counts. Shown dotted are the
theoretical distributions predicted on the basls of the
intensity of the associated gamma-rays for electric dipole
(EsDe) 2nd electric quadripole (E.Q.) internal positron
formation distributions; these were added to an assumed back-
ground from the higher-energy distributions. Of particular
importance in making the comparison between the theoretical
and experimental distributions is the estimation of this back-
ground; of course, we have no assurance that the ones which

we have assumed are correct, The distributions for all other
multipole orders follow immediately below that of E.Qees Fige
(41) shows the complete positron (or electron,except at the
end point) momentum distributions for E.D., E.Q., MeD. (mag-
netic dipole), and M.Q. (magnetic quadripole) when E . =6,115
and 5,056 Mev. Electric octopole, which is not included in
this figure, has a total pair formation coefficient between
that of M.De. 2nd M.Qe. so that its momentum distribution pro-
bably falls between that of the M.D. and M.Q. multipoles.

All higher multipoles, both magnetic and electric, have,
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according to figures (3) and (4) of the paper of Rose, total
pair formation coefficients which are less than these four
so that their distributions probably lie below those shown
in our fige (41)e It is quite evident from figures (40) and
(41) that, considering the experimental accuracy, the most
one can hope to determine from an experiment of this kind

is whether or not the transition is electric dipole, the
differences between the other @istributions being too smallj
however, in some cases such information is valusable.

In order to draw the theoretically predicted positron
distributions using eg.(89), it is necessary to know the
absolute yield of the associated gamma-radiation. Under the
same experimental conditions ags described above for measuring
the positrons, the gamma-ray intensity was obtained by the
slope method (ege (90) ) applied toc the secondary electron
distributions from a thick aluminum converter; the results
are given in Table VI.

Table VI

c13(50%),012%+ @ gemma-radiation yields for Bg =1.21
Meve The radiation distributions are assumed to be

isotropice
Energy-liev Vield - ¥ /d
66115 2¢30 X 10=6
5. 69 69
5,056 1,56
3639 1,85
3610 5681

The yield of the 3,10 radietion is apt to be rather inaccurate
because of the uncertain background from the high-energy lines,
Due to the multitude of high-energy gamma-rays in this

reaction which produce overlapping distributions, it is not

possible to maeke any multipolarity assignments. Although the
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60115 distribution is best fitted by an E.D. assignment up

to the point where the 5,69 positrons may appear with about
1/3 of %the intensity of those from the 6.115 transition, the
accuracy is insufficient to make this definite, The rise in

the positron intensity occuring just below Praxs 5,056 MNev
appears somewhat greater than predicted for an E.D, transition.
Near Prex for a 3,9-Mev transition there appears a rather abrupt
rise that is not 2t all understood since there is no gamma-
ray, or only a very wealr one, of this energy, However, there
is definitely a level in N14 at this energy as shown in fige
(38) which is fed by an intense neutron group. Finally, at

c13 which is

pmax corresponding to the 3,10 gamma-ray of
produced in the Clz(dp)cl5 reaction there appears a rise in
positron intensity which is within satisfactory agreement
with that anticipated for an E.D. transition although in this
particular experiment there is some uncertainty as to the
behaviour of the backgrounde. The internally~-formed positrons
from this transition as produced in a normal carbon target
have been studied and the results are given in Appendix F
of Part IV; good agreement with the observed distribution
is obtained with en E.D. assignment to the transition. In
this experiment the intensity was strong and'the background
negligible, |

The internally-formed electron distributions were also
observed but in a cursay manner; they appeared to be quali-
tatively the same as the positron distributionse In observing

the electrons one encounters a rather strong additional back-

ground of Compton seccondary electrons from the source itself,
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and so & less quantitative comparison with the theoretical

spectra is possible.

3e¢ Internally-Formed Positrons from B99+-d

The gemma-rays from this reaction have been carefully
studied by Rasmusseéf)There are two moderately intense high-
energy radiations whose associated internally-formed positrons
we have measured. We will be interested in the gamma-rays
listed in Table VII; the yields were determined for a deuteron
bormbarding energy of le19 Mev both by Rasmussen and in the
measurements described below.

Table VII

Be 4+ d gamma=-ray intensities for E_= 1,19 Mev,
The radiations are assumed to be igotropic.

Reaction ¥-Energy Yield - Rasmussen Yield - This thesis

Be? (dn )BLO 2487 2.4 x 10~6 ¥/d (264) x 10-6 ¥/a
Be9(dp)Bel0 3,38 2ol Ze12

Figure (42) shows the thick-converter Compton spectrum
from 50 mils of aluminum for the 3,38~ and 3.69=Mev radiations.
The background from the 338 gamma-ray was too intense to
permit an accurate determination of the intensity of the
2.87 gamma-ray. Using ede. (90) we obtained the values in
Table VII for the Intensities of the two high-energy radiastions.
Our values are in agreement with Rasmussen's, which were
obtained using a 'thin' Compton converter, so that we used
his value in eg. (89) for the intensity of the 2.87 gamma-ray
in order to obtain the theoretically-expected E.D. and E.Q.

internally-formed positron distributions. Figure (43) shows
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the predicted (dotted lines) and observed spectra from a
15-mg/cm2 Be targets fige (44) shows the complete theoretical
momentum distributions for E.D., Eele, MeDe, and Me.Qe as
given by eg. (87)e As with the positron spectra from 015+'d,
the main difficulty in making a comparison is the estimation
of the behaviour of the background. Since the background
which appears above 55 mv is field insensitive and fairly
large (possibly due to neutrons), we have plotted counts rather
than counts per constant momentum interval; therefore the
theoretical spectra were multiplied throughout by the milli-
volt reading In order to take into account the variation of
the spectrometer dispersion width with momen tume The rapid
rise of the positron intensity below 30 mv is due to the
production of wid from the deuterom bombardment of the car-
bon contamination on the surface of the beryllium target.

It is apparent that the positron distributions for the
287 and 3.38 radiations are best fitted by electric dipole
assignments although this observation cen not be considered
as conclusive in view of the background problem. There is
no significant rise associated with the 3,60 gamma-ray so
that we can say nothing about its multipole order.

It is of interest to see how the first two assignments
fit with the known information sbout the energy levels from
which these radiations occure The 3,38 radiation is from the
first excited state of BelO so that it is of particular inter-
este The ground state of Belo, being an even-even nucleus,

is presumably spin zero with even paritys; thus, the first
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10 1mist have =17 if it is to radiate

excited state of Be
by electric dipole emission to the ground state. If one
examines the low-energy Beg+-n scattering data(gl), it is
seen that the cross section is about 5 barns near zero

energy and then gradually diminishes with increasing neutron
energye This cross section is considerably larger than poten=-
tial scattering which is expected to be less than 1 barn

at these energies; hence, there must be a bound state of

Belo which is associated with this low-energy s-wave inter-

(86)
action. S-wave neutrons interacting with Beg, which has J=3/2 ,

produce a compound nucleus in a state of either J =1 or 2

so that we should be able to find a state of Bel0 with less
than 6.7-Mev excitation energy which has either of these
assignmentse It is plausible that the 3.38 level could be

the 17 state as the only other knovm bound state of Bel0 pelow
the threshold for Be%+ n instability is at 63 Mev which is

so close to the threshold that one would expect an even larger
low=-energy neutron scattering cross sectione

The most recent information on the energy levels of Blo

is the study of the neutron groups from the reaction Beg(dn)Blo

by Ajzenberéqégo attributes the 2.87-Mev gamma-ray to a tran-
sition from the 3459 to the 0.72-Mev level. There 1s no evi-
dence concerning the spins of these levels except what has
been included in Part II in regard to the internal conversion
electrons associated with the 0,72 radiation. There, some

+ +
evidence was presented that the 0,72 level is either J =1 or 2;

thus if the radiation from the 3659=Mev level is electric
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dipole, the 3,59 level could have J=3, 2, 1, or O, all of
odd paritye. Although this deduction is not very informative,
it is nevertheless interesting that there can be low-lying
levels of opposite parity contrary to the usual surmises

made about the light nucleifsee also Part IV, concerning §1i2 015).

4, Internal Conversion Electrons from the 0,871-Mev Level of 017

It was mentioned in Section 5 of Part II that the internsl
conversion coefficients of radiative transitions are appro-
ximately proportional to 7%, Thus we expect that the strongest
source of internal conversion electrons from the light nuclei
would be the intense 06871 radiation from the first excited
state of 017 which can be produced in the 016(d];))01'7 reactions
We describe below & preliminary attempt to measure the internal
conversion coefficient of this radiation.

A target of about 8 mg/em® of 5105, which is thick enough
to stop the incident beam, was bombarded with l.35-Mev deuterons.
On account of the insulation property of quartz, the target
became highly charged during the bombardment and so it was
not possible to use the current integrator; instead an external
monitor¥counter was used to control the bombarding period of
each run. The spectrometer field expected for these internal
conversioﬁ:electrons, 23.4 mv, was calculated from the known
energy of the gamma-radistion. The spectrum which was observed
in the vicinity of this field is reproduced in fig. (45); it
it is qualitatively of the proper shape for a monochromatic
source, the slight shift of the maximum from the expected

value being due to the energy loss of the electrons in emerging

from the target. The intensity of the associated gamma-radiation
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was obtained by measuring the‘distribution of the secondary
electrons from a 'thick'! 20-mil aluminum converter; this
spectrum is also shown in fige (45) with the same arbitrary
ordinate scale as for the internal conversion electrons

for a definite number of monitor counts. The radiation
intensity was computed from eq. (90) and the internal
conversion coefficient calculated from eqe. (83). The accuracy
of the counting statistics is rather low so that about all
we can do is to put limits on the conversion coefficient;
we £ind = (8 £4)x10"°. The theoretical values expected
for various multipole transitions are the following (see

Section 5 of Part II ): 2

; ‘e Jo
oy = BIbnjore ﬁg = hEIu 4
ok;’ = q,lg‘ " [5';{ = /1-70 )

3
O(KS = 2/-2 ) ﬁK = ’27‘2

The data is in best agreement with an E.Q. assignment but
it is also consistent with M.De., M.Qe. and certain possible
mixtures. The theoretical conversion coefficients increase
witﬁ increasing multipole order so that we have not listed
any higher multipoles. This transition is anticipated to
be E.Qe since the spin of the ground state of 017 is now
known to be J=5/2 and even parity and the excited state
is known to be J=% , even parity. A detailed discussion
of the theory of the 0.87 level of 017 is given in Appendix
H of Part IV,

Since the excited state of olr7 is J=%, both the
angular distribution of the radiation and the conversion

electrons will be isotropic; hence the problem that was

discussed in Section 5 of Part II in regard to possible

differences of the respective angular distributions, does
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not apply to this measurement. Furthermore, because of the
relatively large charge of the radiating nucleus, we can
be certain that the K-shell occupation probability of 017
is almost unity at the time of radiation, especially in

the case of an E.Q. transitiom which is apt to be rather

slow,
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PART IV

" 3 13
2. Energy Levels of the Mirror Nuclei, N1° and ©

l. Introduction

The assumptions of ecusality of hrand pp nuclear forces
‘and a uniform distribution of electrostatic charge throughout
a nuclear volume of radius Rg = 1.46 Al/s b4 lO—l5 cm provide a
satisfactory account of the ground staete energy differences of
the pairs of light odd nuclei of charges Z, Z+ 1 and mass 22 + 1.
If the Coulomb energy differences of these mirror nuclel remain
the same in the exclted states, then we might expect to find
corresponding energy levels at the same nuclear excitation ener-
gies, However, in the palirs of such nucleil for which there is
sufficient experimental data on the excited states, Be7 - L17
and le - 015 for instence, it is apparent that there is a dis-
placement of the levels., The following possible sources of
energy level shifts will be examined in order to see if they can
account for the shifts observed in the excited states of ng and
015 with the same assumptions that are made in regard to the
energy differences of the ground ststes. (1) If there is not a
sharply defined nuclear radius for the odd particle (proton or
neutron for le or 015 respectively), then the nuclear excitation

energies required for the interior wave function to join onto

the exterior proton or neutron wave function will be differenti.

#*In an abstract on the C” -N’? excited-state level shift (R.G.
Thomas, Phys.Rev.80,136(1950) ) it was stated that the shift
was due to the fact that the odd proton of N'’ spends time out-
side of the nucleus so that its average Coulomb interaction is
diminished. This statement can be justified but is not strictly
correct in such simple terms. J.B. Bhrmen(Phvs.Rev.81,412(1951)
interprets this shift as being due to the difference of the
boundary conditions for the odd particle at the nuclear surface.
We have adopted this interpretation, which is strictly correct,
and we have also used here some details of Ehrman's method of
caelculation which we found to be more suitable than those which
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This difference may be particularlyv large if ths level of one
member of the mirror peir is in the continuum, that is, unstable
to particle emission, whereas that of the other member is not.
A measure of the sharpness of the definition of the nuclear radius
for a particular nuclear particle is the smsllness of the reduced
width for that particle (for bound as well as unbound particles).
(2) Due to the difference of the neutron and proton magnetic
moments, the electromagnetic spin-orbit interaction of the odd
particle may not be the same in the two nucleil in different states
of excitation. (3) Even considering the nuclear radius as sharp-
ly defined, a volume expansion with nuclear excitation is expected.
As & result of this expansion the average Coulomb interaction will
diminish, the diminution being greater for the member of the
mirror pair with charge Z+1.

The first source will be shownvto account for the large
shift of the first =xci ted states of Clo and le. The observed
shift of the second excited states may be almost eccounted for
with about equal contributions from sources 1 and 2. The third
source is estimated to have a smaller effect than the first two
and to be almost negligible. Inglis(l) has shown that the 49-kev
shift of the first excited states of 867 and L17 is about one-

helf accounted for by source 2 and one-quarter by source 3.

2. Experimental Data

The energy levels of c13 and W13 below 6-Mev excitation
13
are shown in Pigure (1l). The levels of N are found from obser-

(2),(3)

vations of resonances for gamma-radiation and elastic

we originally used. I em indebted to Mr. Ehrman for having sent
to me his manuscript before publication.
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(4)
scattering of protons , and also by the neutron groups from
12 (5) _
¢ +a . The positions and widths of these two levels as

found in the different experiments arc essentially in agreement.
However, the elastic proton scattering anomaly associated with
the 3.52 level shows peculiar interference effects on each side
of the main resonance which cannot be understocd as a single

resonance interfering with a constant background. The level at
13
3,10 in C is well established by spectrometer measurement of
(6) (7)

the proton group to it and the resulting gamma-radiation .

In addition to the level at 3.10, Eotblat finds by range measure-
ments of the proton groups from Cle+-d levels at 3.77 and 3.90
MeV(B). By precision magnetic spectrometer analysis of the &-
particle groups fr?g)N1§+ d a level is found at 3.68 in sddition

to the one at 3.10 . We agsume that this 3.68 level is the

same as the one reported by Rotblat at 3.77 and that the level
15
reported by him at 3.90 was not observed in the N + d reaction

because it would hesve occurred at the same spectrometer field
14 12%
setting as 2 brosd group from the competing N (da)C reaction

and so could have been obscured. A possible level at 1 Mev in
013 reported by some experimenters, is thought to be due to an
impurity(lo). In sddition to the observations of dilscrete levels
in 015, there is also much data, which is summarized by Adair(ll),

on the scattering of neutrons by carbon. This scattering cross
section at low energies is too large to be attributed to potential
scattering alone; actually it appears as the tail of a resonance.
The Q values in Figure (1) are celculated from the compilation of

iz
Tollestrup, Fowler, and Lauritsen( ).
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We will assume the level scheme of Figure (1) to be

correct and attempt to show the following. (1) The 2.37-lev
13
resonance level of N is formed by s-wave protons and corre-
13
sponds to the 3.10 level of C ; the large reduced scattering

width 1s responsible for the large level shift and suggest that

a simple one-body type of interaction between the odd particle
12
and the C core is involved. (2) In view of the peculiar inter-
13
ference observed at the 3,52 level of N in the elastic scatter-

ing experiment, this level may possibly be a doublet one component
13
of which appears at 3.68 and the other at 3.90 in C , and the

3.68 component is most 1ikely'ﬁg and the 3.90 *d%,
/2

3« Reduced Level Widths

At a particular nuclear excitation energy a measure of
the probability that the nucleus is decomposed into a pair of
constituents © , which are separated by a distance R, is the
reduced level widtbéﬁ%ﬁintroduced in the dispersion theory of

3

Wigner and Eisenbud . Here we shall consider the reduced

widths to be energy dependent and therefore omit the level

12 15 12
subscript A . The pair S will be C 4+ p for N  and C + n
15
for C with a relative orbital momentum.ﬁ .

The reduced width may be written as
2,2 2 2 2
-0 K /aMR e RIU® T /L 1#1FdT W
where (P is the complete wave function within the nuclear volume
of radius R,'uais 2. times the radisl part of the wave function

describing the separated pair & , and M is their reduced mass. We

#In the use of thoeds notation we refer to exterior region. Since
'Y has zero soin, the relative orbital momentum £ between the
oéﬁ particle and the C'* core and the spin s are good guantum
numbers.,
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shall use 691, wnich will be a function of R as well as energy,
as a convenient dimensionless measure of the reduced width. The
radius R is somewhat arbitrary; according to dispersion theory
it is usually desirable to use the smallest vslue beyond which
the nuclear forces do not significantly extend.

Following the dispersion theory of Feshbach, Peasles,

(14)
and Weisskopf we introduce f£(E) which is

fee) = R[ (dw/any/u], . )
The theory of WE relates this guantity to the reduced width as
(-drldE) = 67K /amR™ =)
The accuracy of the experimental cross section data is usually
only sufficient to determine the value of é;Lat the resonance
where the cross section is relatively large. At the resonance
energy E, the relationship between the reduced width and the
observed scattering width f7/may be found by meens of Equation
(41) of FPW. Taking into account the veriation of the level

(15)
shift with respect to energy s We have

— (dFf /dE) g = — (dg [dE).  +2X/(F% 6*)F]
§-[d butrrc?) /dbn] | x-4R . *
The wave number for the pair 13143 F(x) and G(x) ere the usual
regular and irregularbsolutions to the wave equation in the
region external to R. For Clg+-p the values and derivatives of

F and G, which are the Coulomb wave functions provided nuclear

forces do not extend beyond R, may be obtained from Breilt's

(16)
tables « The quantity&%g/dg)is positive, and in the case of
£ 13
the 2.37-liev resonance level of N it is of the same order of

magnitude as the second quantity on the right side of (4); hence

7
any error in the experimental determination of /7 , due possibly
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fo target thickness uncertainties and dispersion effects, or in
the determination of %fVUEQ would make a significant error in the
determination of‘é9lfrom (3) and (4). This sensitivity to error
is en indication that the strong Coulomb barrier for the incident
proton makes it difficult to extract accurate information about
the nuclear interaction.

For incident proton energies sufficiently below the top
of the Coulomb barrier G»F, dG /dx >>dF/& and we may use the
approximationgﬁ:XﬁMﬁU)k& for the required cquantity in (4). 1In
this case and for s-wave protonss

EL[x (de/dx) /6] = X @ o[ H (n) - fx@f(x) dx]  ©)
‘ P o) )

where é (x) = Co G(x) Co = (%) ) H("Z):r’Z" 273402?’00/(")372)2
X= 4R ey 1=ZEMIKE

The quantity(l(x)is tabulated as an auxiliary function for G.
Column 5 of Table I gives the reduced widths for the

two Clék p resonances for various possible assumptions as to the

partiel wave involved and for four evenly spaced radii. Expression

(5) was used to evaluatec%ﬁﬂiE at the 2.37 resonance level; other-

wise it was obtalined from the slope of a plot oféf as a function

of energy. The only possible assignments are s-wave to the 2.37

level and s-, p-, or d-wave to the 3,52 level; other partial waves

vield negative values for the (positive-definite) reduced with or

violate Wigner's criterion(lv),6ﬁ$33 , for reasonable values of

the radius.

P -2
Figure (2) shows a plot of &, %% as a function of
: X 4

#This expression can be readily obtained by setting §,= §2= /2

in equations (49) and (50) of Ref. (19)and then taking the limit
as E,—2E, :

#%The following notation is used in referring to energy levels:
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TABLE I

Calculated level shifts due to the difference of the boundary conditions at R |
The energy unit is Mev in the center-of-mass system.

p

(2)

Er = 2,37 3 E: = 3,10 f": 032 $ s=wave
n 2
Rx10° em| g |dg/dE |FP+c° O Ep = Eb Po:
Model 1|Model 2|Model 3| Model 3
303’4 "078,4 oh? ,4900 hoh 30)42 1018 1021
3,86 -s832 .58 |[38.8 2,5 | 1.88 o717 82 .88 2,20
he39 =866 70 |31.8 1.8 119 o5l e59 oy id 1.70
ho92 ".897 .82 2602 loh 07,4 033 039 .58 1.36
(b)
[}
Ei = 3,52 3 E: = 3,68 ; [M= 068 p~wave
n
. 2 - EP
Rx10” | € |ag/a [P +6 | Pod "o~ Er
Model 1 |Model 2
303’4 -10069 0256 9050 0200 oll,-l. 0112
3,86 =1,016 0302 T.01 167 «106 0104
Le39 - o954 | o321 Selily o1lly 097 0093
Le92 -~ o887 | o324 Lokl 0129 0089 +086
(c)
Ei = 3,52 3 EE = 3,90 3 f-'lz 0068 3 d-wave
Rx100 em | g [dg/eE |F% +6? | P2 Ep - EP
Model 1 | Model 2
303k =2,062 | o158 |126.C 10.7 2,02 1,99
3,86 «2,038 | .21 | 69.2 3.1 o717 017
,4039 "'10995 0280 )4107 106 ob9 o)-l9
Le.92 =1,931 | <363 26,7 1.0 036 036
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redivs for the 2.37-Mev resonance. The radial dependence 1s due
to the variation of the penetrability factor, FiG—Z, and dg/dE
with respect to R. The plot crosses th+ axis indicating tﬂat 691
has been improperly evaluated, at least for the smaller radii.
The difficulty lies in the fact that we used Coulomb wave
functions at a radius R, snd 1t is possible that the nuclear
forces extend beyond this radius. One should actually use the
wave functions pertaining to the problem which includes any
extension of the nuclear forces as well as the Coulomb potential.
The net effect of using the improper functions at R is to make
FE-GF'and‘%ﬁHE too large; as a result AffdE is made too small in
absolute magnitude and eventually, for small enough R, of the
wrong sign. From the plot of Figure (2) one cannot say anything
about the radius of the nuclear interaction other than that the
criterion 6153requires that R?J 3.6 xIO—:—f.. Nuclear radii for carbon
obtained in various ways are indicated at the tovw of the graph.
Column 6 of Taeble la lists the rsduced widths of the
s-wave CI?F n interaction as a function of the radius. These
reduced widths,héie, are obtsined by setting in (3) dF+/dE =
(€L$:»QES-E:) * f;‘is given in terms of the zero-energy scatter-
ing length QU o8 —7("0’\3 R/(@-R), end for the bound state - ﬁ::
[&MRZ(E:~E:)/ﬁj' Using these reduced widths the one-level dis-
persion formula gives a good fit to the low-energy neutron scatter-

ing data.

: . bound exclted state y
subscripts 9, b, 2 and O denote respectively the ground state,’ )
resonance level, and the excitation level corresponding to zero-
energy protons or neutrons incident on C'# ; the superscripts n

end p refer to C%+ h and C'%p- P .
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It is evident from Table I that for the s-wave inter-
actionsrég,and 1%:pare of the same order of magnitude and about
ecual to the reduced widths exvpected for a simple one-body poten-
tial interaction. For example, it follows from the definition (1)
thatéﬁi is the maximum possible value for a scuare-well interaction.
Hence, there is no particular evidence for the formation of a
compound nucleus in which the incident particle remains within
the nucleus longer than the time that it tekes for a particle of
the velocity of the incident particle to cross the nucleus. The
Cl?+ p,n reduced widths listed differ somewhat; it 1s not necessary
for them to be equeal, even if the interactions are the same, since
they are eveluated at different nuclear excitation energiss.

The assumption that the 3.52 resonance level is a d.-
state also gives a large reduced width with essentially the same
radial dependence as that of the lower 8 -state. If the 3.52
level is a p-state, its reduced width is not very sensitive to
the radius and sbout 1/10 of the value expected for the familiar
one-particle type of model.

12
4. Arialysis of The C + n S-Wave Interaction By

Means of The Effective Range Theory

For interactions having largs reduced widths an alterna-
tive to the dispersion theory is to analyze the data by meens of
the effective range theory, which has been very useful in the

(18),(19)
study of the prn and pp interactions + In this theory
the effective range is analogous to the reduced width of the dis-

persion theory, end the reciprocal of the scattering length is

the analogue to tlke aquantity ﬁ at some particular reference energy.
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12

The s-wave C + n interaction resembles the s-wave triplet
mp interaction; the 3.10 level of 015 is the analogue of the
eround state of the deuteron and the scattering cross sections
at low energies have & similsr behaviour. The s-wave Cli—p cross
sections differ significantly from the Pp cross sections because
the Coulomb barrier is much greater in the former case.

According to BJ the s-wave neutron scettering phase
shift may be expressed in terms of the wave number as

-4(cdt $ = —-1/a +'é:’20-%za;- f22;{£37-+ N ()
where @ is the scattering length, 2, the effective range, and fj
is the shape factor; they show that for familiar potentials the
third and higher terms of (6) sre small for a rather large energy
range. BExpression (6)also applies to the bound state with t%?
substitutions cot §=-C and 7€:—£?’Where 7= [QM (EL- E’:)/FZJ ;Z‘

An accurate determination of the C+n total cross section
from .02 to 1.36 Mev has been made by Miller(QO); his values are
in excellent agreement with those of Lampi, Freier, and Williams(Zl)
where measured. Up to about 0.8 Mev the cross section may be con-
sidered as almost entirely due to s-wave scattering; potential
scattering of the higher partial waves is gstimated to be at the
most 3% of the total at this energy and negligible below 0.4 Mev.
In making a4€mts plot of this data we subtracted potential
scattering of the partisl weves f’,d” .« from a sphere of radius

-13
586 © 10 cm according to the formula of FPW,

Ga " = I+ S +1 : “ ke
(eré)g(ow )R/ (F, +6,°)
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the prime on J; is to indicate that the ternp£=ois onitted from
the summation. The potential scattering correction may not be
accurate since the proper radius to use is not certain; further-
more, there is a resonance, probably p-wave, for 3.5-Mev
neutrons(ll). The %abtf plot is shown in Figure (3). We wish
to emphasize that this sort of plot exaggerates the scatter of
the points which is only a few per cent on the cross section plot,
at least for energies greater than 0.4 Mev. The points at 0.4,
0.6, 0.8, and 1.0 Mev have vertical lines through them to indi-
cate the possible uncertainty of the potential scattering correc-
tion; the top of the line corresponds to a 30% increase of the
potential scattering over that of a sphere of radius 3.86 x lO-15
cm, and the bottom of the line corresponds to no potential
scattering correction. It is apparent that the correction improves
the straightness of the plot. The plotted.4{cdfg value for E, = 10
ev 1s from the slow neutron velocity spectrometer cross section,
4,70t ,05 barns, obtained by Havens §nd Rainwater(22); this datum
is in agreement with that of Jones(zé).

From the'%&t8~plot%, together with the datum correspon-
ding to the bound stete at 3.10 Mev, we find the interaction para-

—13 ~13
meters to be 2, = (3.23+.357)x/0 'Cm , Q:(6,/41-.04))(/05;‘4/}3-103#05:.

the uncertainties in these quantities are not independent. The

) . EX . B
#We disregard the presence of C in ordinary carbon. \ie have
resson to believe that the low-enersy C’® (n n) cross section is

not significently different from the ¢ '* (n n) cross section.
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curves of BJ eneble one to say somethiné about the shape of the
interaction; according to Figures (10) and (6) of their paper

the long-tailed interactions would be excluded and a square-

well interaction would have g rather large radius, 4.88 x 10715
cm, The lower curve of Figure (3) is e plot of44ai5for a square
well of this radius, and shown above it is the straight line
corresponding to P-o . If we assume that the 3.68-level of Cl5
i1s the bound s-stete associated with the scattering, we obtain
P=— 4 % .05 with sbout the same ef fective range values. These
possible values would seem to be unreasonable on the basis of
Figure (10) of BJ.

In connection with the use of the curves of BJ with this
data it should be noted that according to both the shell-structure
model(24) and the alpha-particle mode1(25) the internal s-wave
function for the Clg+ n interaction would have a node. Consequent-
ly, these curves may not aprly exactly to this case altnough we
would not expect very much change, other than in the determination
of well depths, if the node were included in the calculations. We
heve verified thest a souare-well wave function with a node gives a
1€cQt $ plot that is almost the ssme as shown in Figure (3) for
the case wvithout the no?:. However, the radius of the well 1is

smgller, viz 4.03 x 10 Ch.

5, Lievel Shift Caslculations

(1). Level Shift Due to the Boundary Condition Difference
12
Information about the nuclear interaction of C with
low-energy incident protons cen be obtained only in the vicinity

of the resonances where the cross section 1s sufficiently large
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for accuracy. According to dispersion theory this information
may be the value of 'F and d*/df@ﬁ:the resonance energys;

usually no additional informstion i1s provided by the data. 1In
13
the case of the bound C levels the binding energy for the pair
12 "
C + n determines the value of 4% provided their relative orbital

M
momentum is known for /Z>'R,; expressions for 'fb are

’g:o) — X
L=1, — (I+X+X2)/(1+X) (7)
where £=a, — (C+6X +3X% +x3)/(3 +3x+7(2),

X= Camg® (E™ —E%) /K" )
The low-energy neutron scattering data furnishes a value }L for
the s-state.
12

A necessary condition for the equality of the C + p and
Cli n nuclear interactions is the equality of the respective
values of ¥ and szw the same nuclear excitation energy, taking
into account the presence of the non-nuclear forces. Rather than
comparing Jl values we will compare calculated with observed level
shifts. In order to do this it is necessary to employ a model
for the interaction in order to extrapolate the Cla-n information
to the same nuclear excitation energy as the C¥i-p information.
The following simple models should cover a ressonable range of

possibilities:
.. A+ = constant x AE,
¥

3. s KR cot [(T/D*Y(E - EN], K= 1218 en

The first model is the basis of the one-level dispersion formula.
The second is a model used by FPW for a statisticel analysis of
cross section data; D#* 1s an effective distance between energy
levels, and K is a wave number corresvonding to the kinetic

energy of a particle within the nucleus, The third model with
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R'=0 represents an ordinary souare-well of depth V.

Another possible way of comparing the broad s-wave
interactions would be to extend the effective range theory to

12 12 (26)

the C + p interaction as was done with C + n, Beeause of
the rather large Coulomb field of 012, this method loses the
simplicity for which it was designed. We believe that the above
models are adequate,

It was shown in Section 3 that the first excited states
of N15 and Cl3 must be s-states and that their reduced widths
are so large as to suggest 2 simpnle one-body type of interaction;
consequently, it is appropriate to use model 3 for this case.
From the knowledge of }gnand {szor a particular radius R, the
parameters V and R' are found. The predicted shift of the levels,
E:'— ii{ can then be solved for since at the resonance JZ:=£%T
according to Equation (40) of FPW; the results are given in column
9 of Table la. The reduced widths cgi at Ez,as predicted by
this model, sre given in column 10, The parameter R' turns out
to be positive and so we assumed in the calculation of the reduced
width zero probability for the odd particle being in the range
Og'Lg'EU s this will perhaps represent the repulsion that is
anticipaeted over part of the range of the Cli-p, n interactions.
The values listed in Table la are for a nodeless wave function;
inclusion of a node does not significantly alter the results.

The procedure is essentially the same in the use of
models 1 and 2, In the case of the upper levels, which are

probably p-or d — orbitals, there is no information provided by

the neutron scattering data., Therefore the model parameters are



-112=-

determined from the knowledge of é%b and £ = éa/ at the N

resonance; Ef-— E:‘ is calculated using the known value of
given by (7). The results are tabulated in columns 7 and 8 of
Table la and columns 6 and 7 of Tables 1lb and 1lc.

The reduced width of model 1 is constant with nuclear
excitation, and so this model will nét account for the difference

2
between Fé& and

’"é{ibshown in columns 5 and 6 of Table Ia,. On

the other hand, model 3 with R=4.4 x lO~lscm gives the proper
shift and the observed value of qu .

There may also be an energy level shift due to the
difference in the ground-state boundary conditions although it
is expected to be less due to the greater binding energy. The
energy level diagrams of Figure (1) are drawn with the ground
stetes at the same level so that this shift would appear as a
displacement of the excited states in the opposite direction.

For the bound system Cli-p outside of the range of
nuclear forces the wave function U%; is Whittaeker's function

(27)
s and

_ 7c; = (%) + L= £)7] W‘Y")‘( @x) /Wy, 4 (%),
X=[aMR*(E"- Eg)/rfj ’Tﬂ( A+ 3 = ZEMR/IX R

e have found the WKB- (Z“"é}z approximation to be

(9)

accurate for the determination of }gf for negative-energy protons.
(28)

This approximation is discussed by Yost, Wheeler, and Breit
o 4y
for the positive-energy case. If the WKB- LZ+-L) approximation
P M ‘
is used for fﬁ, ,1t should also be used for -£} .
‘In order to predict the level shift of the ground states

using the models (8), it is necessary to know their. reduced width.
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2
In Section 6 we obtain a value 6§:=.19 (assumed to be the same
13 13
in N and C ) from the s-wave radiative capture cross section

data., Using models 1 and 2 and this reduced width the ground-
13
state shifts are =50 and =43 kev# with R=4.0 x 10 Clile.

(2) Level Shift Due to the Differences
of the Spin-Orbit Interactions

Using a reasonable model for the mirror nuclei B97 and
Li’7 Inglis(l) has shown that most of the level shift of the first
excited states can be accounted for as the differences of the
electromagnetic spin-orbit interactions of the various states
involved. Assuming a uniform charge distribution over a volume

of redius Rg,the electromagnetic spin-orbit interaction for the

odd particle is S N 2 3
z .

—2e“(9s- T ) LS /2 (Me) R, (o)
where Z is the core charge, P& 1, or O for an odd proton or
neutron respectively, and ék is the spin j,—factor for the odd

13
particle. The fact thet the magnetic moment of C in the ground
state falls near to the Schmidt line for the moment of a single
odd particle whose svin and orbital momentum are oppositely
directed suggests that the orbital motion is essentially carried
(29)
bv one nucleon ; the shifts listed in Table II are for such
1/3 -13
a case using the Coulomb radius R = 1.46 A x 10 cm. If
some of the orbital motion is shared by nucleons within the core,
we would expect shifts smaller in absolute value.

It appears to be contradictory that the magnetic moment

#The sign convention (except for Table II) for level shifts is the
following. The shift is taken to be vpositive if it is such as to
lower the position of the N"? level with respect to the corres-
ponding ¢? level, the ground-state levels being teken as a common
reference level (as in Figure (1) ).
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of the ground state can be interpreted in terms of the single-
particle model whereas the reduced width which we have found for
the ground stete is about 1/10 of the value expected for the
familiar one-particle models., This paradox is not new; a possible
resolution of it has been given by Weisskopf(SO).
(3) Level Shift Due to Nuclear Volume
Expension with Excitation

It is possible that some contributiomto the observed
level shifts be due to the volume expansion with nuclear excitation.
The averace Coulomb energy for the nucleus with charge Z+1 will

diminish more with expansion than that of the nucleus with charge Z.

Feenberg has derived the following expression for the volume

(31)
expansion with nuclear excitation 3
Ex /4uv U € AR/RS QEx /AUy o)

» IEVEL w2 | ot?

TABIE 1II =
) -21 18

Level shift in kev due to 5/2

the electromagnetic spin- 2

orbit interaction, d3/2 32 | =27

“pap | 11 | 9

where Z(Uis the total nuclear potential energy, ARis the increase
in radius with excitation energy Ex , and “K,is the volume com-
pressibility coefficient. For a nucleus with A=13 we take Aévz
2 1/2 and Uu- = 350 Mev; for Ex = 3 Mev this gives

. O03$ AR/R € .006 . If we assume a uniform Coulomb charge
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distribution in the excited as well as the ground stete, then
AxEc/Ec = OR/R | ¢2)
where NAx Ee 1is the change with excitation in the difference

of the Coulomb energies E; for the mirror levels. In the case

13 13
of C and N E,= 3.0 Mev, so that
—/0 < ODxEc < — K0 kev. 3)
13 13
For the s-states of C and N , which have unusually

large reduced widths, it is possible that the charge distribution
may be entirely different from that of the ground states, and so
expression (12) may not be valid., Some idea of the possible vari-
ation of the Coulomb energies may be obtained by an examination of
the table in a paper of Stephens<37)which summarizes the theoret-

ical calculations. It appears that we can expect a Coulomb differ-

ence from the ground state for this s-state up to several hundred

kev,
Total Shifts and Comparisons with Experiments
Table ITI summarizes the various shifts for the assumed
~-13
level schemes and a nuclear radius of 4.0 x 10 cme. For the

first excited states the calculated shift apvears to be correct
within the large possible uncertainty in not knowing accurately
the average Coulomb energy and within the renge of values pro-
vided by the various models. It is not possible to obtain this
sort of agreement if the 3.68 level is assumed to be the s-state
corresponding to the 2.37 level of N15.

The gemma-radiation from the 3.10-Mev state has been
found to be electric divole by a measurement of the internal

(33)
pair-formaetion coefficient of the raediation s furthermore,the
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angular distribution of the capture radiation at the 2.37 state
13 (34)
in N is isotrovic . Both of these observations are in

accord with 2 ¢§,, assignment to these states.

TABIE III
Level shift summary for R=4.OX10'130m. The energy unit is Nev,
le Energy Level 2627 3.52 3,52
ct? Energy Level 3+ 10 3,68 3.90
[}
3 2 2 2 | 2
Level assignment S1/2 P3 /o ‘53/2 ! d5/2
(1) shift due to boundary-
condition differences = £5-.8 .05 (.65)
(2) shift due to spin-orbit, :
interaction differences .04 06 |-,02 4 +,08
(3) Estimate of shift due to (+.2) | ~.02 + .
change in nuclear Goulomb - et (- .2)
Sneroy.,
Total level shift S L .3 o1 3 {723 2)
Cbserved shift 73 .16 38

% Ground-state shift included,
- The calculated shift for a géflassignment to the 3.052-

end 3,68-Mev states is in ressonsble agreement with the observed
shift. The measused radiation width of the 3.52 resonance level
of Nl:5 is 1.3 eV(O). A calculation of the expected magnetic-
dipole radistion width from the flipving of the moment of a single
odd proton in a af%&fa ®F, transition, assuming that the radial
parts of the wave functions are the same in the initial and final
states, yields a value of 1.6 e&. A possible similarity of the
5,68 and ground states of 015 is suggested by the fact that the

15 13
particle groups to these two states observed in the N (d&)C

2
reaction are of nearly the same intensity( ). It will be shown
in Section 6 that from the Cla-p, n s-wave radiative capture cross

sections that the reduced width of the ground states can be de-

duced, though not very accurately, and that it is nearly equal to
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that for a p-wave assignment to the 3.52 resonance level. The
angular distribution of the Cli-p radiation at this level has
been measured and found to be in agreement with a J=3/2
assignment but with d-wave giving th§ best fit to the energy
dependence of the cos®® coefficient(5o>. The total level shift
calculated for a s-wave assignment to the pair of levels at 35.52
and 3.68 is about 50 kev which is too small. Moreover, it would
be surprising to fi nd asnother s-state so near to the lower s-
state whose reduced width suggests & level spacing of the order
of 20 MNev,
13

The suggestion thet the 3.52 N resonance level 1s a
doublet was offered as a possible explanaticn of the peculiar
interference in the elastic scattering and the fact that two
closely spaced levels are found in 015 which might correspond to
the levels of such a doublet in ng. From Table Ic it is appar-
ent that the shift calculated for a d-wave assignment to this
resonance level does not agree with the observed shift; however,
if there is a doublet at 3.52 Mev, then we could very well have
used too large a level width in this calculation and therefore
have obtained too large a level shift. The gamma-ray resonance
curve 1s fitted well bv the one-level Breit-Wigner formula, there
being no evidence for complexity(S). Nevertheless, if one com-
ponent of this presumed doublet were JJJW%, its radiation to the
lower states would be by quadripole or slower emissions which are
expected to be weak compared to magnetic-dipole radiation for
the likely QF}/; component of the doublet.

6. S-Wave Capture Radiations

13

The s-states of C and N15 radiate by electric dipole

emission to the ground states (J =1/2). The reduced widths of
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12
the C + p, n s-wave interactions sugegest that a simple one-

body model is involved in the initial state, and in the ground
state the measured magnetic moment of Cl5 sugeests that Fhe
orbital motion is carried by the odd particle about a 012 core.
Neglecting interaction effects in the radiation, the transition
probability for a single-particle aghf9 aéa.transition is given
by the usual expression (g)(},z)f(ez/k'/c?») C:ilfo';zé, /2,2/(,} d.a_,z (@)
where U /2 and.f%?ﬁt are the radial parts (angular and spin
parts being normalized to unity) of the initisl and ground-state
wave functions for the odd particle; Cggls the reduced charge
number for electric-dipole emission, 6/13 for both Clg(pT) and pirs
(n¥), and hL 1is the radistion energy.

The radial inte gral of (14) may be separated into a
nuclear part r<R, and an extra-nuclear part r>R, where R 1is
a radius beyond which the nuclear forces may be regarded as
negligible. For.r<R the wave functions of the initial and final
states are not known aside from the normelization requirement of
the finel state and the reduced-width relationship of the initial
state, When r> R, the p-state wave function for Cli-n in the
groundmstate i_sl/z _x o N L2

W, = N, [+ /x0]e”, x= 2[aM(ET-EZ)/HT] 45

~Fov‘\ 12
and'C + p it is

Y.
=z g P z
W, = Ny W s 5 X = 2 [amM(EJ-EQY/BT] g
where\AZﬁ)q(ax) is Whittaker's function,V is the normaliza-

tion factor. The initisl-stete wave function, normelized to unit
flux so thet the transition probability becomes equal to the

radistive cross section,is Q?)

Ui = (LHT/U)’/L(FcosS-:—G—s-’nS“)/{ , 22 R
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where § is the phase shift; F and G represent the usual
regular and irregular solutions for the proton and neutron wave

functions when r > R. Considering the large reduced widths ?f
(26
the initial states we can use Wigner's first assumption

(which is that the radial integration for r<R is merely pro-
portional to Ui (R) ) in the 3-Mev range of nuclear excitation

energies with which we are concerned. The contribution to the
13 13
integral for r>R is different in N and G and is a function

of the phase shift. The normalization constant N can be expressed
2
by means of (1) in terms of the ground-state reduced width 6%% s

which we assume to be the same in each case, viz., 8)
-2 - Yz b oo 20
o5 -3 /42
1= Ré, N IN Uy (R) j;/ug,dQ +/R/z<j/4ft+_...,

Here Lﬁ{,l{ # are the wave functions for other pairs ¢ in

¢

7
the external region, for instance —Ee +& o7 Flffd. sformally, the
relations between the ?€7(R) are given by the R-mstrix of WE .

We know nothing about the reduced widths of these other modes
(17)
of decomposition aside from the restriction of the sum rule

4
%:95 ~ 3 ; however, we expect that their contribution to

(18) is small since their binding energies are large and so they
12
will be neglected., Even the C + n 2lternative contributes in

the external region only sbout 5% to the normalization.
12
The C thermal neutron absorption cross section is
-3 (37)
d«0 X 10 barns which we assume to be due entirely to radi-

ation to the ground stete. The radiative capture cross section
12
of protons by C at the 2.37 resonance level is 1.2 x 10~%

(2)

barns With this information in Eguation (14) we can solve

for the value of the nuclear radisl integral and the ground-state
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-13
reduced width. Using R=3.86 x 10 cm we find that the only

permissible solution is for the nuclear and extra-nuclear
contributions to have the same sign and that

9;: 0.19 P - ¥ lgsug'z, Uy dA | /R’/Zm;(rz)/ - 026R. (9)
This reduced width is close to the value QR; obtained for
the same nuclear radius at the 3,52 level in NlS assuming it
to be formed by p-wave protons, and the value of the radial
integral seems reasonable,

In the capture of thermal neutrons by 012 the extra-
nuclear contribution to the raedial integral of the electric-
divole moment is small compared to the nuclear contribution
because the initiel-state wave functin in the region r >R changes
sign at r=q (6.1 x lO-lscm) with the result that the contributions
on each side of Q@ are nearly equal in magnitude but opposite in
sign, and so the net contribution is small., On the other hand,
at the Cli-p resonance the extra-nuclear wave function does not
change sign in a region where contributions to the radial integral
are significant, and so a much larger value of the integral 1is

obtained; in fact, the nuclear and extra-nuclear contributions

are about equali,

“Another example in the light nuclei where the extra-nuclear
contribution to the electric-dipole matrix element is important
is in the capture of thermal neutrons by Li’ . Hughes, Hall,
Eggler, and Goldfarb (Phys. Rev. 72, 646 (1947) ) found the
cross section for production of Li¥ by thermal neutrons to be
0.033 barns and noted that this was about ten-times larger than
the maximum intensity expected for electric-dipole emission as
given by the usual estimates. The recent Li’ (n n) data of Adair
(Phys. Rev. 79, 1018 (1950) ) shows that the zero-energy scatter-
ing length 1S negative sugresting that (contrary to the C'?* (n )
case ) a large extra-nuclear contribution '
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As a check on the values (19) we can calculate from (14)
12 13
the C (p7 )N cross section for 120-kev incident protons and

compare the result with the accurately measured cross section
«10 (38)
of Hall and Fowler, viz., (6.1*0.6) x 10 barns . At

this proton energy the phase shift is nearly zsro so that the
ratio of extra-nuclear to nuclear contribution becomes even
larger than at the resonance. The phase shift required in (17)
is obtained bv using model 1 in which the constant is given by
the reduced width at the resonance. This is equivalent to using
the one-level dispersion formula, although here it is necessary

to take into account the variation of éj, as well as F?I—G&,
(15) =10
with respect to the oroton energy o A value of 4.8 x 10

barns is obtained which 1s in satisfactory agreement with the
observed value considering the assumptions and that there are
possible uncertainties in the thermal-neutron and proton

resonance capture cross sections. If the extra-nuclear contri-
' -10
bution is ignored in this calculation, a value of 2.5 x 10
12
berns is obtained for ths 120-kev C (p ) cross section.

We have assumed that the radiation at 120-kev proton

energy is due entirely to the s-wave interaction. The tails of
12
the other known C (p¥) resonances should not contribute

significantly to this cross sectione.

#is p%ssible in 117 (n ¥)s The reduced width of the ground state
of Li" , which enters into an exact calculation of the extra-
nuclear contribution of the matrix element, is not known, but

if it i1s assumed to be the same as the reduced width for the
p-wave resonance which Adair finds at Em = 0.27 Mev, then it is

£

possible to account for this large cross section.See Appendix He
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APPENDTX
A. ON THE DETERMINATION CF REDUCED WIDTHS FROM THE ONE-LEVEL

DISPERSION FORMULA
A common approximation used in applying the one-level nuclear dispersion
formula to the determination of reduced level widths may be unjustified in
the case of broad levels, which are numerous in light nuclei.

The one-level dispersion formula as given by Equation (57) of the paper of

(13)

Wigner and Eisenbud for the N th energy level is
s¢/ W @3+ 1) Iisg Ny 50)
_— x 2%
o (&2*')%22\’ (Ex+Dy~E) +4f" : ¢

and accordwng to Equatlons (582a) and (58b), in their notation,

rgl = (Bmu) /(I-l-—csp) EIASI )

= 2 Bagy ; Dasqg = .,Jz' Cso Dise
Ag is the relative orbital momentum of the pair of particles 8 ; B and C

are related to the values and derivatives of the extra-nuclear wave functions
at the nuclear radius 7?; s+ The common approximation in applying these
formulas to the determination of reduced level widths, 7rftp s is to
neglect the variation of the level shift, A, s with respect to the
energy of the incident particle with the result thet /; is interpreted
as the observea level width. It is not hard to calculate this variation, and
it will be shown to be important in some cases. In the notation of YWB the
regular solution to the wave equation in the region external to the nucleus is

F(x) and the irregular solution is G(x), the argument x being equal to kr; then

Asse = = (Tyg /Rs) (&pt 4,

where
2 2 \/z (,7/)
L dlu (F,, + &) /JZ«X]X:%RS
By expanding Zl'k linearly with respect to energy about the resonance,
usvally a good approximation, the one-~level formu]d may be written as
O_,ss’ ,Zr_—/ (2T+ 1) Frsz la\s’z’
= 22

where the primed widths, whlch may be called the observed widths, are
—1

Gs/( = Lise [H— Z (7 Asz/&)(dgs’ /D/ELE'J ) 23)

E, is the observed resonance energy and satlsiles the equation
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E)‘ *Q)(Eh\—EQ:O' (2,‘4)

The same consideration applies to the dispersion theory of Feshbach,
.
Peaslee, and Weisskopfjlé). All of the / s in expressions (Li2) and (L3)
of FPW should be primed; in the notation of their paver, with the exception of
£ which is defined in Equation (21) above and with F+&" now equal to
2-
the |/ of their paper, we have » @5)

- %)
[(A) / :}
/ :—(,:zx//vﬂ)[ (df,/o(E)‘(dﬂdE)]&E{ = ‘l‘\):/cfﬁ/ds)_(a/g/dE)&Ei,

7£ /ﬁi is the real part of the logarithmic derivative of the wave function
at the nuclear surface. The unprimed [73 of expressions (L1) and (12)
remain unchanged.

In applying the one~level dispersion theory at energies considerably off
resonance, formulas (20) above or (38) and (39) of FPW should be used rather
than the more epproximate expression (22); that is, fo may be approximately a
linear function of E (basic assumption of the one-level formula) over a wider
range of energies than éf .

In the case of s-wave neutron reactions é?- is zero so that there is
no correction. For higher partial waves déﬁ'/dE can be calculated from the
penetrability factors Jvol© given by Equations (L5a) of FPW; in the case of

2 2%
p neutrons Edg/dE = (&R) L1+ (4kR) J o For example, if the resonance at 1.2
Mev in the scattering of neutrons by Heh is p~-wave, then dgf/dE = ,16 Mev_l,
2 2 -
Supposing 7T = t. /AAFL, 5 7{, being taken as 2.5 x 10 13 cm, then the
/ 2
observed width at resonance would bhe " = .76 Mev, Were 77 infinite,
the cobserved width would be only 1.2 Mev.
An exact criterion for applying this correction cannot be given. It is
2 2
probably not negligible for resonances for which r = h /4(>ﬁ4IQ, (s-wave

neutron resonances being excepted).
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B. DESCRIPTIONS OF REDUCED WIDTHS OF ENERGY LEVELS

Reduced widths of nuclear energy levels have been described in the
literature in a variety of different ways. The relations between them are
given here. The nuclear radius R is in units of 10"]'3 cmy, M is the reduc-
ed mass, and A‘r is the reduced mass number.

l. Wigner and EfLsenbud(l3 ) introduce the quantity TLwhich is

2,
described in Section IIT. In terms of the dimensionless quantity o P

77'___ (0.7 B‘L'/,q,,_R.)x/Oil3 Mecu - cn . (Qé)
2, In terms of the quantity ( [ /{E F ), which Christy and Latter
(39) call the width-without-barrier at 1 Mev,
e%= o.110 R (/VE F) , P= 1/(‘:24-@2)4:&)(’7)
where [ is the center-of-mass level width (corrected for the variation of
the level shift with respect to energy), E is the bombarding energy in Mev
as measured in the laboratory. The quantity VE P is plotted in their paper.
3. The reciprocal of 9235 equal to the number of times that a classi-
cal particle of velocityV within the nucleus must traverse the nucleus

before getting out, From (3) and (L)
g*- PR /KvP (28)

where /"= = ax P(d#, /dE)_,’ /X:’gﬁ » V is the velocity of the incident
particle, and the relation between /" and the observed width /7 ,is given by
(23)e In addition to the combined Coulomb and centrifugal-force field
barrier factor P, there is at the nuclear surface an effective barrier,
P/= Yr V/( ?f+V)é%’ ‘/U‘/V', due to the reflection at the potential dis-
(35)

continuity there It is this barrier factor P' that is responsible

for the well=known velocity proportionality of level widths. The ratio of

the time that is required to form within the nucleus the particle that is
/

to be emitted, 1 PP’/ , to the time that it takes for a classical

particle of wvelocity V to traverse a distance LR is then
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(RPP/T)J(HRIV) = /6%, (z7)
e According to FPW the relation between [ and an effective spacing

D" between levels of the same character is
- (2/7) (v)V) PD.

Thus, the relation between D and the reduced width is

(3o)

D= 31086%/R Hev s B Ve . (31)

Ce EXTRA-NUCLEAR WAVE FUNCTIONS FOR BOUND CHARCED PARTICLES
The wave equation for ¢ times the radial part of the wave function of a

negative—energy charged partlcle in a Coulomb field with orbital momentum //is
(L+1
XL

where

(32)

1

X=tk% , h=(2n8/5)" Y- z2'e*MBET

B is the binding energy, M is the reduced mass. With the substitutions

22 A% //: //-f'i ; = - ’7 Equation (32) can be recognized as
P

Whittaker's equatlon for W (2’) \27), vig

&K + #_,‘(2 = D (
4 o 2% W : 33)
@7)

The solutlon th ch vanlshes at 1nf1nity can be expressed as
b( {+ K- 3

%
W/Oi,ﬂ(” F(f1+— —M) J. t (l+ £) d (34)

%=
or N+t -3

;) 2 e = [(M+5 +n-R) =
WR‘( ?) = (i R-H)(&-R*K) [ 4=, m ] (aq+n)]

L + wnr1+2) - Wl 3 rq-R) A ] (35)
- 2K _21-1 2 L m
+(2) Z’J T(2H-m) (2 +nh—H-K) (-2) }

where

W= o Mx)/olx.
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For obtaining accurate logarithmic derivatives at the nuclear surface it
was expedient to use (35) together with the relation (9); for obtaining
VV& ,gt) as a function of r, which was required in (1L) for the radiation
calculations, it was simplest to use (3L). In view of the difficulty in
evaluating (35), it is worthwhile to investigate the approximate WKB methods.

The applicability of the WKB method to the positive-energy solutions is
discussed in detail by YWB. The irregular (at the origin) function G of
their paper is the solution which vanishes at infinity in the negative-

energy case., Thus T

G_Z_Qz’_e)(';{ Q(X)dX}
where Q - ): (ﬂ’r*—? - &%L + ‘]l )

X, is an arbitrary constant, which is conveniently taken as the solution of

Ge)

the equation Q = O (the classical turning point) in the positive-energy
caesey; the upper sign in Q and in the expression below applies to the nega-
tive-energy sclutions and the lower sign to the positive-energy solutions,

The quantity f is given directly from (36) as
f=xde/de =L - XAEX _ xq. (=7)
2(xQ)*
Table IV gives the exact values of f for the case M= 653, {= 1
= 1.95 Mev ; the spproximate values from (37) with either (é* z)
or /Z((+ ’) in the expression (36) for Q are also listed for compari-
son. The WKB—{Z *‘é )L approximation appears to be good and better than
the WKB ~-A£({4+ I) approximation in accord with the findings of YWB for posi-
tive energies. For the case ”Z: O (uncharged particles) and /Z= / , the
difference between the exact values of ~f— from (7) and the approximate

2.
values from (37) are plotted in Figure (L); again the WKB- é€4—‘lz) method

is superior to the WKB - A(L+1) method,
If it is necessary to use the WKB method at all for a level shift calculation,

it is important to consistently use it throughout the calculation. For instance,
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it is apparent from Table IV and Figure (L) that it is accurate to use the
[} e 13
WKB- ( ‘*EL) method for calculating the difference of f for the N!3 and

013 ground states, but it would be less accurate to use the simpler exact

2
expression (7) for -f—of 013 together with the WKB- (Z*’ é ) method for -F of

i3 13
S R x 10 Exact- WKB= - WKB=
for the odd proton of 2.3k -1.555 -1.53L =472

the ground state of le.

D. DERIVATION OF THE DISPERSION FORMULA FOR THE CASE OF WEAK ABSORPTION
When there is only weak absorption, such as radiative, it is possible
to give a derivation of the dispersion formula in which it is easy to see

the nature of the assumptions involved.

(36)

Wigner's "first assumption® is that over a limited energy range

the shape of the wave function within the nucleus is energy independent
though its amplitude will be proportional to the value of the wave function

at the nuclear surface. An incident partial wave function for Jg-wave which

(LO)

is normalized to unit flux, is

Uy = (wr/qr)l/)—(alﬂ)//&[(érsinx + Feos S)/£@]g°(6>¢). (3%)

From (39) we obtain the quantity ¥ at the nucleer surface R, viz.,

(d&/dx) + (dF/dx)cot§
F:X & + F cot § )X:%R' ©7)

Now it is merely assumed that the radiative zbsorption cross section is

proportional to the square of the amplitude of the wave function (38) at
the nuclear surface (and, therefore, also inside); that is,

T, ~ ¢~ (R) *0)
where QDCQ) is the radial part of the wave function. By means of (39) the

phase shift § can be replaced by fin (4LO)s After some algebra, in
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which the Wronskian relation (@- aF _ F dé& =} ) is used, we obtain the
ax dX
dispersion formula as it is given in Equation (38) of FPW except that the

radiative absorption term in the denominator is missing; thus,

N (24+1) xXP )
T 7= GmE it (-5 % *R, é41)

Pz A/ F262) , &= Ldbn (F+&)" JdbuxIy- £k .

The derivation of the one-level dispersion formula follows by assuming
constancy of the reduced scattering width 9L, or from (3), constancy of
df/dE as in FPWN. From (1) it is apparent that the assumption of constancy
of éjbis equivalent to the "first éssumption" above. tog

According to (L1l) exact resonance (maximum absorption) occurs whe;lvor,
from (39), cotS= Fle which, evidently from (38), is the phase shift cor—
responding to C9Zh¢ax<-ﬁ) e Since F is not zero, the resonance will not
occur at the energy corresponding to §= T/z for which = X{& /dx)/& .
The difference,

Lres = ¥S;W; XF/G(F467) 2 XF/G3 (i#&>> F). W2)

The energy shift corresponding to this difference is

P/& ==k 2
AE = Bagg. ~ By o & T "W o k. (E 3\ (3
5=/ ( d&f/dE),, P( 9,«(6;,/)(6-) (v3)
where Ep is the incident proton energy.

The ¢12 4+ p gamma=-ray resonance is reported(z) at 0.456-Mev proton
energy whereas the I /2 phase shift occurs at 0.475 Mev in the experiment
on the elastic scattering of the protons(h)o For a large nuclear radius,

R =7 x 1013 cm, Equation (43) gives AE X =3 kev which shows that (L43)

is in the right direction but much too small to account for the observed

19=kev difference.
E. RADIATION CALCULATIONS

1, Magnetic Dipole - 012(p Y)N]'3
It is possible to calculate the radiative cross section for a single

particle QF3/2‘9 271 magnetic-=dipole transition if it is assumed that the radial
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parts of the initial and final state wave functions are identical to within a

multiplicative constant which can be determined. TIn Section V some evidence

13

was given for the 3.52-Mev level of N~ being the 2/; member of 2p

2~
term of which the ground state is the Z/%ﬁb level; if this is the case,
this assumption would be a reasonable one.
According to Ecuation (5)“13) of Condon and Shortley(h ) the magnetic-

dipole transition probability from the initial state £ to the final ground

state } is given by
2.
; / 64 T3 T W4)
o) s e 2 [ (E1MIp)]

where . . Mg 2 , %
I(LIM)?)]z: [ (IRl g 1 (TIng g) + | (E1M=1g))
M = (€/z2Me) (gL + 955),
éi, ;2?5 = g=factors for orbital and spin motion,
C_eﬁ /9‘2/‘4@) = nuclear magneton,
/144/)4¢~;Z = J-component substates of the initial and final states.

The matrix clement of the magnetic-dipole moment can be simplified if we use

the relation J = L+ S ; then M :{e/.QMc)[gj J (gs—;[)S]’
The transition matrix elements for J are zero, so we simply use

M = (e/aMc)(;s-;,) S . (¥s)
With an incident wave function normalized to unit flux,

=L (RZ
Y = Ve

the transition probability becomes equal to the radiative cross section. A
partial wave function so normalized and which includes incident and scattered

parts is given by (38). At exact resonance colt S = (F/5) £~so that at the
1=

nuclear radius, r = R,

o L Lo, L LI
Wi =l R)Y, = (o) @te) [(Fr6)/4R] Y, (& F). 6o
The radiative absorption iswezk so that the total reaction width is very

/
nearly equal to the observed proton width, [7 ;3 at exact resonance the

V4

-
observed radiative width, /7, s is given by the Rreit-Wigner formula as



oL
(/QFT/ = o;%lﬁ//*/ﬁ— “7)

where (O is the statistical factor.
In order to take into account the polarization of the incident beam ,
/.3 =0 ang S?_= & jl: _’/: s the transition probability must be multiplied
by a factor which gives the fractional content in the incident beam of the
compound nucleus total angular momentum. This factor can be obtained from Table
13 of cs; it is lrt £ <

(24 + 1) ’

= L
the upper sign applies if J= j+J‘ and the lower sign if J = j' 2 -
2

%)

When (L5) and (L6) are substituted into (LlL), there occur angular, spin,
and radial integrations., Let W (%) and Z{} (A) be r times
the radial part of the wave functions, the angular and spin parts being
normalized to unity. The angular and spin part can be evaluated by means of
the formulas of CS; for a ‘9/03/2——9 ;/9,/&_ transition it is é{ﬁs?}()z&’k/ﬂﬁc)?-
The radial part can only be evaluated if we know something zhout W, 3kd 7’(} .
We assume that uj’ = UL g 2% R where ‘¢ is a constant which can
be determined. For the sake of simplicity we also assume Z(} =VU , Ank.
It is not necessary to treat accurately the extra-nuclear wave functions as
their contribution to the radial integration is only a few percent.
Let us write: ’L{; = T U R UL) :
©e . UlR) W) 1)
so that WiR)= 1,
The radial integration is 00
; " J, o]
YUl (r) [ [ Tweyde + | wiyolh]
and by (1) (if we neglect other modes of decomposition in the external region)
this becomes

7 U, (R) RQJ—[/ + /BZ/K)K’L‘?[")"H (59)

where 92= Qf = 91
/

on the above assumption (L9).
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The normalization factor for the square of the ground-state wave function
(with the same assumption as in (50) ) is the reciprocal of

YU (R)RE [+ (67R) J:uzca)d/cj Gn
The ratio of the square of (50) to the normalization factor (51) enters
into (Ll); it is

25 (RYR O [:+(9/R)f u(&)d/e.] &2)
Using (28) for the & factor of (52) and (L6) for U (R), expression
(52) becomes

g 24+ 1) (I /7 k) Li+ (6 /R)f uz(fa)dxk_] (53)

Substituting (53), (L8), (hh) into (L47) we obtain
3

iy = 5 (22.) (g o (F)lw (67R) [ 2 de]Gogme 69

where QA= ez/kc, m, is the electron mass. With the values })D = 3,52 Nev,

5 58, gy = 0,96 (reduced from unity by reduced-mass considera=
tions), 9 = 0,167 for the p-wave resonance at 3.52 Mev, [/-}-[9 /R)[’L( (/z)d/J
= 1,05 as found by numerical integration using the Whittaker function (3l)
for WU(R) and M/ = 0,91 from (23), we finally obtain (A)r-;l= 1.6 ev as
compared to the observed value of 1,3 ev(B).

2. Electric Dipole - Nuclear Contribution to the Matrix Element.

If the two=body model is accurate, then it should be possible to
calculate the electric~dipole radiation intensity from the capture of s-
wave neutrons and protons by Clg. Such calculations for the capture of
protons by cl2 have been made by Breit and cht(hz); however, at the time
of their paper the experimental information was inaccurate and the disper=
sion theory of nuclear reactions had not yet been formulated. In the

(13),

following we ignore interaction or exchange effects

The expression for the electric-dipole transition probability for a
single-particle transition is the same as (LL) for magnetic dipole except

that M is replaced by T,
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where }{ is the relative coordinate position vector and Cled is the
reduced charge number for electric-dipole emission. The effective charge

e Ced is determined thus. Let 621 ) A » Xy and 62-1, A2)72
be the charges, mass numbers, and cocordinate positions as measured from the
center of mass of the two particles. Then the electric~dipole moment is

/P‘K = 8 (%l,xl 1+ %le) "
By substituting into this expression the center-of-mass condition,
XA, + X2 A, =0

and the relative coordinate, Y= Y,- Y2 s we obtain

P, = ex (%i&'_‘//‘l&i'> -ex Cea
A+ Az 12 19

and similarly for the ;ﬁ and 2 coordinatess For C (pY) and ¢ (n ¥),

(?ed = 6/13; this shows that the electric-dipole moment is considerably

reduced in the relative coordinate system as pointed out by Bethe “

From (LL) we obtain the nuclear contribution to the radiative cross

section for s-wave capture, (55)
3 )

‘ _ _Al_l_ h_lz) M 3 iy R _ 2
OT);{'L)?) = 3 (myc? X (C//?o) Fced }[6’LLL-/L(u}D[i /) A e/mocz;

the ground-state wave function 'lﬁ}_ is normalized radially, and the angular
~

integration factor F can be obtained from CS for a single-particle transition.

F s 4 ”:—1/°f 25, —= '17:—2/ A ient

or s ————%36% )F=1/3; for /2 7. s F=2/3. A convenien

dimensionless measure of the radial moment of the radiating system is a quantity

D which is defined by the relation

O | [fuinrtgotn | /R R) [ = (PRY" 5 0

%
according to (1) the inclusion of the factor & in (56) makes D independent
of the initial-state reduced width. Substituting (56) into (55) and using (L6)

2
with £ =0 for 2 (R) , we obtain
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3 3~
g (22)20 ($)(BYF ¢ty (255 ) VD™, (7

‘\#: tosS F(R) + Su.§ G(rR) and 'Yo=%R“

where

3. Electric Dipole - Extra-Nuclear Contribution to the Matrix Element

The reduced widths of the energy levels of the light nuclei are rather
large so that the extra-nuclear contribution to the matrix element of the
electric-dipole transition moment may be significent.

The electric-dipole radiative cross section is given by (55) with the
radial integration rumning from R to infinity. In the case of capture of
#hermal neutrons the initial state wave function is

AL
W; () = (9 1) [ = (aja)]sins /A, 4>R,  6F)
where (- is the zero-energy scattering length, and the phase shift is given
in terms of the zero-energy scattering cross section by
O = MNITsin§ /45
The extra-nuclear part of a p-orbital ¢round-state wave function for the odd
neutron (normalized to unit amplltude at R) is

g(zs_): Xoe° (/’-F’)_C’)‘()ﬁ-

/+'XL

Yo = 7{;7{ 5 /é ):QM(E:—E;)/klj?_

The normalization factor (18) is then (neglecting in the external region 2all

(%)

modes of decomD051t10n except "core + n" ) ) _l
2 (Xt
R - 6 |+ B == (o)
v é’-[ F 2 (xor 1)® (

After evaluating the radial integral we obtain the result
3 3 4,
; % [WO Y yfe (R = R)c?>
O;(‘);):E{moc‘)d(’b')(ﬁo Xo Fcedozc(’rJ)S @)

where

ra
(2+ 3Xo+ XD } =

s= (5% [(‘2*%)_ (0/R) %o



-134-

i’ (n Y)Lid
Hughes, Hall, Eggler, and Goldfarb( ) found the cross section for
production of Li8 by thermal nevtrons to be 0.033 barns and noted that this
value is about ten times larger than the maximum intensity expected for
electric—dipole emission as given by the usual estimates in which the radiation
is regarded as taking place within the nucleus. It is possible qualitatively
to account for this large cross section if the extra-nuclear contribution to

the matrix element of the dipole moment is taken into consideration.

7

There is a trivlet and 2 quintet s-wave phase shift for Li7(n n)li's In

(486)

the low-energy scattering of neutrons by Li7, as reported by Adair s there

appears a broad s-wave resonance at about l-Mev with J = 2 and the "zero"-

energy cross section is l.l barn, This cross section is about equal to the

potential scattering for a radius T{: uJ/Hﬂ' = 3 X 10-'13 cm, The effective

scattering length

E L+
(0.3 —+ x
R = 3T+ ' 2T+ | I

where I is the nuclear spin of the target nucleus and Cl:, A are the

respective s-wave scattering lengths, has been measured by Fermi, and

(47) : , -13 .
who obtained & < -(7/8) x 0,59 x 10 cm. Considering the

Marshall
requirement lal £ Vo/ulr s this value is not consistent with the cross
section measurement of Adair (extrapolating his result from about 20 kev to
zero energy). Nevertheless, it appears likely from the work of Adair and
Fermi-Marshall that both scazttering lengths are negative and a large extra-
nuclear contribution to the matrix element is to be expected since the second
term in the bracket of the guantity S above has the same sign as the first.
We can attempt a qualitative calculation by assuming both scattering
lengths to be negative and equal to one another which would be the case if
there were no triplet-quintet splitting. Then 0L=-435&ﬂ} = =2,9 x 10"13

2 2 .
cm, and for 52} in (60) we use the value &= OoL45 found by Adairi46)



-135=

for a p-wave Li7 + n resonance at En = 0,27 Mev (corrected here for the
varistion of the level shift with respect to energy). With R = 2.8 x ].O_13 cm
the result is 82 = 19,9 and Gir' = 80.5 %'millibarns. The angular integration
factor is unknown since we do not know the character of the extra-nuclear wave
function for the ground state of Li8 other than it is probably a p-state from
shell structure model considerations; we would expect Té"< E?‘< i =
012(n Y)013

hadiation to the ground state from the capture of thermal neutrons by C12
is expected to be an electric-~dipole ;5§Oh’—_9 ;3272_ transition in the
external region. There is only one s-wave phase shift so that the scattering
length is known from the "zero"-energy scattering cross section. From (61)
we obtain, for R = 3.86 x 10—13 cm end T = 1/3 for the indicated transition,
82 = 0,37 and O = 1.36 5932 x 102 varns. The quantity 82 is small
because the scattering length is positive and of such a value that the two
terms in expression (62) ari.nearly equal in magnitude but opposite in sign.
We will show below that 61?/ = 0,19 so that the extra-nuclear contribution to

e
the radiation is very small compared to the observed value of 3.5 millibarns(dlg

012(p Y)N13
In this case the ground-state extra-nuclear wave function is the Whittaker
function which can be obtained by numerical integration of (3h). The initial-
state function is given by (38); F and C can be obtained from Breit's
(18),(28)

tables . For proton energies well below the s-wave resonance at 0.L56

kev, 3 = 0 and one can approximate C6S 3 = | s from (39)
G sihS + F cos§ =

128 (ggresy )] Geo ¥ 0} @

o % 7=X9 .
where CL " gﬁ,)éz )CQ> are the tabulated suxiliary functions of YWR for F,

3

and GO. The extra-nuclear radial integral was evaluated by numerical

integration.
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L. Determination of the Ground-State Reduced Width
The results of Section 2 and 3 of this Appendix on the s-wave neutron
and proton radiative capture by C12 are listed in columns l; and 5 of Table Vj
the following data was used:

13 2 N_.L
Q = Lol % /O—'3 e , R: 2.96 % /6 CM)@":??.O) = g -

Column 3 zives the observed cross sections,

TABLE V
c; (isg) - barns
Calculated- Calculated —
Capture Energy Observed Nuclear Extra-nuclear
&= 55 B, = JL56 lev 1.2 x 107k 2.9L 02 x 10°%  [2.20 eé x 1078
¢t 4+ p B, = 120 Mev | - (6.1 % .6) x 100 7,21 p? x 10710 1,165 92 x 109
clz +n En = 1/L0 ev 345 x lO’3 26.9 D2 X 10"3 1.362 Gz x 10"3

2
The quantities é%z and D are found as the solutions to the simultaneous

equations

e - 1(r3e265) = (20909 )
oz = ({220 é’j)iz + (294 D)%)

The only permissible solution occurs with the + sign, and it is

-_D: 0.2(9‘7/ )eff_:o'/?'

With these values the cross section for capture of 120~kev protons is predicted

to be

[}

2 -9 2 /0 'zL_. z 2 0,/0
(11650 x 16 )24 (721 D510 ) =] = (1499+709) x|
a J ) + (7 J = 4.2x 107 barns,

which is in reasonable agreement with the observed value. It is noteworthy
that the amplitude of the extra-nuclear contribution is about twice as large

as the nuclear contribution at this energy.
2
We have teken I and 69( to be the same at these different excitation

s i — - : 3 356
energies; this is equivalent to Wigner's "first assumptlon"( ).
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F. MULTIPOLARITY OF THE 3.10-MEV GAMVA-RAY OF ¢2

The internally-formed pairs from the 3.10-Mev gamma-ray of C1 3 were first
(7)

observed by Dougherty, Hornyak, Lauritsen, and Rasmussen' ‘who reported the
conversion coefficient to be of the order of 10'3 pair per gamma-quantum.We
have shown in Section IIT that the 2.37-Mev state of NJ‘3 must be formed by s-
wave protons incident upon 012 and so the radiation to the 2pl /2 ground state
would occur by electric-dipole emission; calculations of the radiation in-
tensity in Appendix E and the observed isotropy of the gamma-radiation are
consistent with this conclusion. A check on the correspondence of this
level of N13 to the 3+10-Mev level of 013 would be the measure of the
gamma-ray multipolarity from the internal pair formation coefficient. The
measurement of IPFC hinges on the measure of the absolute gamma-ray in-
tensity, which can be done by means of the methods developed in Part IT.

A 17—mg/c:m2 carbon target was bombarded with 1l.46-Mev deuterons, and the
pairs and converted electrons from the reaction Clz(d p)CB*were observed with
the beta-ray spectrometer. The absclute gamma-ray yield was measured in three
ways. (1) The photoelectrons from a thin 22.4-mg/ cm® Th converter with a geo=
metrical factor cos § ~,1 were observed. The {sec O°>Av factor required for
Equetion (50) of Part IIwas calculated by assuming that all of the photc-elec-
trons are ejected at an angle of cos @ = v/c (where v is taken as the velocity
of the ejected photoelectron)with respect to the direction of the gamma—ray S0
that the angular distribution factor (sec O°> R [(U) _ (9] according
to Case I, Equation (L49) of Part II; the effect of scattering in the converter
was estimated by means of Equation (L)) of Part I. This procedure should be
moderately accurate for this high gamma-ray energy; it yielded a value

<secg> av = 111, (2) The gamma-ray yield was calculated using the thin-
converter Compton method described in Section 3 of Part II. Straggling in

energy loss was taken into account by means of Equation (24) of Part I using

Landau's distribution function. In order to avoid errors due to spurious
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sources of Compton electrons such as from the source and the spectrometer
baffles, the difference between the no-converter and the thin 27.2—mg/cm2 Al
converter spectrum was used to compute the absolute intensity. (3) The
absolute intensity was measured by the thick-converter Compton method using
a 360-mg/cm2 aluminum strip (for which the gamma-ray attenuetion is 1%). The
method of computation was as described in Section 3 of Part II. The results
are the following for the thick-target yield using a spectrometer resolution
of 1.98% and a solid angle (as determined by the Co60 method described in

Section 5 of Part II) of 2.2% of a sphere.

(1) Photoelectric conversion is a thin foil, 13.L x lO"6 Y/d,
(2) Compton conversion in a thin foil, 13.3 % lO"6 Y/d,
(3) Compton conversion in a thick foil, 1362 x lO-6 Y/de

The absolute intensity of the gamme-radiation was also determined from the
observed positron spectrum of the pairs by a comparison with the theoretical
spectra calculated by Rose and Uhlenbeck for the various multipoles. The
intense positron spectrum from the decay of the N13 produced in the accompany-
ing reaction Clz(d n)N13 prevented observation of all but the high-energy
portion of the pair positron spectrum. The yicld of internally-preduced
ppsitrons was observed at p/moc = );,26 with a statistical counting rate error
of 3%; fewer counts were taken at the other points of the spectrum. The

absolute yields calculated for the various multipoles are

6

electric dipole, 13.2 x 10~ v/d
electric quadrupole 20.6 x 10.6 v/d,
magnetic dipole, 23.8 x lO-6 Y/de

The higher multipoles have lower IPFC and so would predict even higher gamma-
ray yields. It is apparent that the assignment of electric dipole to the
"transition is in excellent agreement with the gamma-ray intensity measurements.
The good agreement is probably somewhat fortuitous; the over-all error is

probably not greater than 10%. A plot of the IPFC vsing the Compton data for
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the absolute yield is shown in Figure (5).

We need not be concerned with the angular distribution problem discussed
in Section 6 of Part II, since the radiating state is almost surely spin
1/2 so that both pair and gamma-radiation distributions should be isotropic.
However, we might expect a 10% error in the theoretical velues for the

positron distribution due to the use of the Born approximation.

G. LEVEL SHIFT OF THE FIRST EXCITED STATES OF Be7 - Li7
DIFFERENCES OF THE EXTRA-NUCLEAR WAVE FUNCTIONS

DUE TO THE

There is a L9-~kev shift of the first excited states of Li7 and Be7(h8).

Part of this shift may be due to the differences of the extra-nuclear wave
functions for the various modes of decompositicn. The most loosely bound

3 + a in the case of Li7 and He3 + a in the case of Be7. In order

mode is H
to estimate the shift due to these particular modes in the external region,
it is necessary to know their probability or reduced width. There is no
available information of this kind, so for an upper limit we take 02 = 2
which corresponds roughly.to a pure model of a + HeB,or H3, in the internal
region. |

The logarithmic derivatives at the nuclear surface, which we arbitrarily
13

assume to have a radius R = 3.4 x 107~ cm, can be obtained fairly accurate-
2
ly from the WKB-G4+4L) approximation, Equations (36) and (37). We assume

the reduced widths of the four levels in concern to be equal; according to
(3) with 6° = 2, - 4% %
(- df/dE) = K /MRT

and the apparent shift of the first excited states is approximately
ANE =~ M* = ‘P_a'_i:_i’&? = 0-26-0.27 Mev

with £ = 1 for the +r/e°]L.aE‘b)ive o::-bita(ffl fn@m‘g;um This shift is of the wrong
sign and negliglble compared to the observed shift. Some error is expected
from the WKB method, and a relatively small difference of the reduced widths
for the excited and ground states could result in a significant shift.

The observed shift has been acccunted for by Inglis(l)* as due in part
to the differences of the electromagnetic spin-orbit interactions for the

odd particles and in part to nuclear volume expansion with excitatione

# See also E. Feenberg, Phys. Rev. 81, 6Ll (1951).
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16
H., S-WAVE PROTON AND NEUTRON INTERACTIONS WITH O

The s-wave proton and neutron interactions with 016
are similar to the respective interactions with 012. The energy
levels of F17 and C1r7 below 5-Mev are shown in fig. (6); the
thresholds for decomposition into O16 n, p are obtained from the

Q velues of the reactions

(49)
0'“+ aa @ O+ P+ 1920% 006
0 + & — FTen — 1616 * .0105) @)
(wg
n+ p —s d +wl&a§i~OOQf) Mev,
The Q vseslue of the dn reaction is consistent with the less
27 o (51)
accurate F [3-decay end-point determination . The data on
16
the scattering of protons by 0O is from the work of Laubenstein
(52) 17
et al . The position of the first excited state of O was

found by messurement with a beta-ray spectrometer (1.9% resolu-
2

tion) of the electrons from a 25-mg/cm thorium photoelectric

converter ejected by the gamma-radiation from the bombardment of

Si02 with deuterons; the spectrum is shown in fig. (7) together
with the L-line spectrum from the 713-kev gamma-ray of Blo. The
energy of the gamma-ray was determined to be O.BVli:;OO3 Mev, no
Dopvler shift correction being made as it is not known whether
or not the radiastion takes place on the average before or after
the recoil nucleus stops in the target material. The thick-
target (S8109) yield from 1.36-Mev deuterons is about 6xlo_b?'/d
as determined by the thick-converter Compton method. The measure=-
ment by Buechner et 317 of the ~nergy of the O16 (dp) 017 proton
groups yields 0.876% .009 Mev for the level position. Further
details concerning the leyel diagrams are given in the survey
article of Hornysk et 31(05).

By means of en analysis of the angular distribution of
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16 (54)
protons from the bombardment of O with 8-lev deuterons »
17
Butler concludes that the ground state of O is a d-state%
(55)
and the first excited state is an s-state . There is no

published measurement of the ground-state spin although the

weak guadruvpole moment observed bv Low and Townes indicates

(55),x»
J=%, but they admit that J=3/2 cennot be excluded . Fig.
(11)
(8) is a reproduction from the survey article by Adair of
16
the O low-energy neutron scattering data. There is appar-

antly a non-resonant background scattering that is larger than

potential scattering (~1 barn) similar to the situation with
12
C + n. The most acurate slow-neutron scattering cross section
(57)
is the velocity spectrometer measurement of Melkonian , U=

3.753% ,04 barns from 1 to 500 ev., which gives a value of

-13
Q:J?%:SNS%wcﬁfor the zero-energy scattering length and =-5.54

m
for the respective value of-po=“dé%L at a nuclear radius of ,
__15 - %3
4.25 x 10 cm. Since d¥%/dES0 and for s bound s-state ¢A=—[JNB/kj
.

B=
where B is the binding energy, there must be a bound s-state

associated with this scattering, If it is the 0.871 level,

" »
tﬂen'Pb = -1.629. The rate of variation of f with respect to

-1
excitation energy is aporoximstely (Fz- -}':)/(E’;‘—-E':'):—-, $83 Mev

which corresponds to a reduced width of 1éﬁib= /39§ according to

(26); this reduced width 1s nearly the same as that obtained
12
for C + n using the same nuclear radius which indicates that a
16
potential typs of interaction is also involved with O +n in an

s-state. Using for the veriation of § with respect to excitation

energy,

£E) = - 1¢29 — 593 (E -.871), ©5)

%See footnote on page /92 ,
%% The pround-state spin of 017 has recently been determined to

be J=5/2 by Alder and Yu, Physe Reve 81, 1067 (1951),
See also: Geschwind, Gunther-Mohr, Townes, Bull. Am. Phys. Soc.26~%
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and the s-wave scattering formula of FPW,
z _ pSinx\* g o Gl
Uge = UTR" (cos X 'F",{')/(X2‘+F)) x=-hR, 0
the neutron scattering cross section is determined end plotted
in fig. (8). The fit to thes 'non-resonant' background is seen
to be satisfactory.

If nn and pp nuclear forces are equal, we would expect
1%
that the quentity f(E) is the same in F at the same nuclear

excitation energies nrovided that we have selected for R the
proper nuclear radius beyond which the nuclear forces may be
neglected and within which the Coulomb potential cen be consid-

ered as a constant which is equal to the ground-state Coulomb
17 L7
energy difference for O and F , From the Q values (64) this

ground state energy difference is 3.953 Mev; on the assumption of

a uniform distribution of Coulomb charge throughout a volume of
radius R::rOAl/5 , this corresponds to a value ro= 1.52 x 1™
cm which is somewhat larger than the value 1.46 that best fits

most of the ground-state Coulomb energy difference data of the

light nucleil with Z>5., This increase of r, o rresponds to a

O

Coulomb energy diminution of about 150 kev so that we might

expect an anomalous ground-state shift of this amount and the
. 4% 17
relations between the 0 and F excitation energies corres-

pondingly uncertain. Nevertheless, we will simply assume the

ground states to be unshifted by any of the effects mentioned
13 13
in the discussion of the C -N ; consequently the quantity'ﬁfZE)

17 - . 17
for F is assumed to be the same as F (E)given by (65) for O,

vig, .pF(E) =-/].629 - .83 (E‘“-97I) : (‘97)
By using this expression we can compute the s-wave scattering
cross section for OIQ-p m d the expected position of the bound

or virtual s-steste which has not been observed.
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From (39) the phase shift of the scattering is given
Xe'-F6)
(§F-XF')
regspect to the argument K= ’&’é. . If G is eliminated by means

by coty where the prime denotes differentiestion with
of the Wronskian relation, F's —6&'F:=1, this phase shift may be

expressed in terms of Breit's tabulated auxiliary functions as

t V' 1 /2 32 LR . (&9)
ot 8o = - {(0.F)+(F- ) /K BT, xR,
If we neglect the spins of the colliding particles by consider-

ing only one phase shift for each partial wave which 1s scatter-

ed, the nuclear scattering amplitude is given in terms of the

(58)
h hift 0
’ &iic_ilcafz)"g @4+ nexp@is)[exp@iSy)=1] Fy (es6) 69

wheve Qigp = L+l /(L-in)! ,7:2%’8;\4/—@){2,

and the Coulomb scatfering amplitude is o)
~N . - ' | 'o—’
o, = = (€% /2mcv™) e587(6/2) €XPra‘/’lﬁ°}Sm(&/z)+2c a3l

The total differential scattering cross section, which is obtain-

ed by adding the above amplitudes, is given by

S, ~ '2_
d'U' = I \Fhuc,. + C’oul.-l d—YL . (7‘)
Only the relative Coulomb phase shift enters into (71); it may
. (59) Y,
e written as )
ap- @ = 2, tan (U/s). (72)
S=1/

Neglecting all but the s-wave nuclear scattering, the ratio of

total to Rutherford scattering is

(2)

I"Enuc."' _Ec°“‘\z_: | — ;C\;uc' cos| §,+ 2 «@ sin(6/2)|+ ﬂ‘“c'
erGul'lz- ’fcoq' S[ i '»( 09/ ):l P('cu'

The scattering of protons by oxygen has been measured
by Brown and Fowler (unpublished) at two energies with a heavy
particle magnetic spectrometer at 138° (lsboratory). The ex-
perimental results and the cross sections calculated using (68), (1),

and (73) are: Hda(lab) - perns

Ep(lab) Observed Calculated Rutherford
T 800 TT{4.5) 3,91 Be 18

1,240 1.83 1le43 880
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The p-wave and higher phase shifts have been neglected in the
above calculation since they are not known. For potential
scattering from a hard sphere of radius R, the phase shift iS§
aﬂ£2=—ﬁg), and the p-potential scattering amplitude is abéut
1/10 th of the s-wave amvnlitude at these energies and shifted
about 900 in phase so that it can be neglected.

The calculation of the quantity Pffbr the bound s-
state of Flv is simplified by using,the'approximate WKB formula,
eq. (37). The position of the bound state is given as the solu-
tion of the equation

fleey = £,(®)
where the binding energy, B= 0.615-E Mev acording to fig. (6),
and £T(E) 1s given by (67) with R=4.25 x 10-13 cm. The solu-
tion to this equation is E= 0.40 Mev above the ground state.
No such stete in F17 has been observed, although it is not clear
whether eny experiment has been pefformed which could have de-
tected it if it actually exists. Since the calculated ratio of
total to Rutherford cross section at Ep:-l.24 Mev is below the
observed value, it is probable that there is a significant ground-
state level shift, and this would put the s-state at a higher
excitation energy by perhaps several hundred kev,

We have plotted in figs. (9) and (10) the ratio of

total to Rutherford cross section for ©=138° at the two proton

energies as a function of the cuantity -ﬁ at a nuclear radius

D

. 1S
which we take to be R=4.25 x 10 cm. The curves are typical
portions of resonance functions with interference effects. Fig
P *
(11) is a plot of F (For E-6ISX0) or £, (For E-.6IS>0) using the

WKB approximation, ea. (37). From the observed cross section
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of 1.85 barns at Enp=1.24 liev, one finds-ﬁ:-l.S@. Assuming a
linear variation of # with dfdE=- 583 Mev as sugrested by the
s-wave neutron data, the position of the bound or resonant s-
state is found as the intersection with curve-P:Q of the
straight line of slope =-.583 which passes through the point
($=~139,E= ({—_(,’)I-Z'-l Mev) . The solution in this case is approxi-
mately E-0.615=0.6 Mev; no such resonant state has been found

(52)

with incident protons of energy greater than .600 Mev , and

the scattering cross section has not been studied below this
energye. Actually the approximation of assuming df/dE 2 con-
stant may not be very good; rather, we would expect the reduced

width to be larger, and therefore ’d{/d}il smaller, at the lower

nuclear excitatlon energies where ]¥| is smaller,
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Pig. (2). Reciprocal of the reduced widths a8 a
function of radius of the Cl2+ p resonsnces, Nuclear
redil obtained in various ways are indicated at the
top of the graph: 1) Neutron scattering at 95 Mev
(DeJuren and Knable, Phys, Rev., 77, 606 (1950) );

2) From thi/ground-state Coulomb energy difference,
R.= 1l.46 A x 1013 em; 3) Neutron scattering at

oF Mev (Feshbach and Welsskopf, Phys. Rev 76, 1550
(1949) )
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Fic. 8 (1) Vields, Russell, Sachs, and Wattenberg, Phys. Rev. 71, 308 (19475, (2) Adair, Barschall, Bockel-
man, and Sala, Phys. Rev. 75, 1124 (1949). (3} C. K. Bockelman (unpuhlished). (4) Freter, TFulk, Lampi,
and Williams, Phys. Rev. 78, 508 (1950).
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