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ABSTRACT

A magnetic lens spectrometer has been used in conjunction with
an electrostatic accelerator to study gamma-radiation produced by light-
nuclear reactions. The apparatus and techniques for its use are de-
scribed. Formulas are given which are used in analyzing the data.

A radiative transition in Lib, produced by the (resonant) reac-
tion Be9(p, o.)Lié* was studied in detail. The gamma-ray energy was
found to be 3.572 + 0. 012 Mev, not correcting for a 0.026-Mev Doppler
shift., The internal pair spectrum was strong evidence that the transi-
tion proceeded by magnetic dipole {M1) radiation, but electric quadrupole
(F.2) was not finally excluded. Capture radiation from the same resonance
has energy 8.1 + 0.2 Mev and is 103 times less intense.

The internal pair spectrum from the first excited state of Be10

(produced by Beg(ciljp)Be}'o"=

)} showed the radiation to be E2. The internal
pairs from the 3.60-Mev transition of Bl0 exclude El for that radiation.
Gamma-rays assigned to Blo were measured (without Doppler correc-
tion) as 3.595 + 0.014, 4.44 + 0.03, and 5.98 + 0.04 Mev. The last

named was assigned to the 5.93-Mev level of Blo.

12 4 D% have energies 3.843 + 0.014,

Gamma-rays produced by C
3. 684 10 020, and 0.1682 + 0.001 Mev. On the basis of data presented,
the first two are assigned to levels of those energies in C13 and the last
as a transition between them. Arguments are given that the presence of
this low-energy transition, in conjunction with other data, assigns spins
5/2, even, and 3/2, odd, to the respective levels. The internal pairs
agree with M2 for the higher-energy radiation but definitely exclude

only E1. Internal pair data for the 3. 68-Mev transition is inconclusive,

but suggests E2 or EIl.
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I. INTRODUCTION

A. GENERAL

This thesis describes a series of investigations of gamma-
rays produced by the bombardment of light nuclei. It reports a number
of experimental results which show little evidence of interrelatedness.
Actually, the unifying thread is to be found in Professor T. Lauritsen's
voluminous compilation of the data concerning energy levels of light
nuclei., The present effort has added a few details to the picture
emerging from his work.

In particular, this type of study delineates certain properties
of low-lying excited states, less readily approached by scattering ex-
periments. These are the levels whose features must eventually be
described by some nuclear model, and the accumulation of data has

verynearly reached the point where a detailed comparison will be possible.

B, APPARATUS AND TECHNIQUES

A magnetic lens speclrometer was used to study the spectrum
of secondary electrons produced by gamma-rays originating at its
source point. From such spectra can be inferred the gamma-ray
energy to a few tenths of one percent, the intensity of the gammma-
ray to around ten percent, and sometimes its internal conversion
coefficient (pair or K-electron).

As regards energy measurements, the spectrometer has a
powerful competitor in the rapidly developing scintillation spectrom-

eter. That instrument possesses the twin advantages of extremely



-2-
high sensitivity and comparative ease of operation. The lens spec-
trometer can offer in its defense better resolution, leading to greater
accuracy and increased ability to detect weak lines in the presence of
strong radiation. A case in point is the high energy (capture) radia-
tion from protons on beryllium (II, D) which was inundated, in the
scintillation spectrometer, by the thousand times stronger radiation
following the competing Beg(p, a)Li6* reaction. Another virtue is the
spectrometer's relative insensitivity to a neutron background which
would incapacitate a scintillation counter. It will be apparent later
(III) that the lens spectrometer is not entirely perfect in this respect,
however.

As a practical device for measuring an internal conversion
coefficient, the magnetic spectrometer is unmatched. The relation
between this number and a gamma-ray's multipolarity is well estab-
lished (I, E), and thus the latter, more interesting, quantity is de-
termined by such a measurement. Angular distributions and correla-
tions of reaction products frequently lead to ambiguities in level spin
assignments. Gamma-ray multipolarities resolve these and often
lead to unique spin assignments independent of other data.

The general design.of the instrument (shown in Figure 1) and
its application to gamma-ray energy measurements are described by
Hornyak, Lauritsen, and Rasmussen(l). For more details on con-
struction techniques, the reader is réferred to the theses of the first
and third authors(lbc).

The analysis of experimental data is simplified by the follow-

ing features:
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1. The spectrometer contains no iron; the magnetic field,
and thus the momentum of focussed particles, is directly proportional
to lens current. A helical baffle separates positron and electron com-
ponents.

2. The resolution curve (spectrum of a monoenergetic elec-
tron source) has been made very nearly a gaussian of constant frac-
tional momentum width. For the experiments described below, this
width was 1.9 percent, as measured by the thorium F, I, and X in-
ternal conversion lines.

3. The background of detector counts consists mostly of
scattered electrons, Comptons produced by gamma-rays striking
baffles visible from the source, and sometimes high energy neutrons;
it is very nearly independent of spectrometer current.

4., For gamma energies above a few hundred kilovolts a
scintillatioﬁ counter detector was used, It employed a trans-stilbene
crystal (1-inch cylinder, 1 inch long), 18-inch lucite light pipe, and
RCA 5819 phototube, mounted in a solenoid which balanced out the
spectrometer field. This apparatus is described in detail in C. Wong's
thesis(z), but a few remarks on its usefulness are not amiss here.

For a given current setting, the focussed electrons produced an inte-~
gral bias curve (plot of counts with amplified pulse heights greater
than a certain bias voltage, versus the bias voltage) with an accurately
flat plateau and a well-defined point of departure. It was thus possible
to set the discriminator to the highest bias consistent with counting

all of the electrons of interest and thereby minimize the background

counts. This feature made possible the detection of certain high
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energy gamma-rays which would have been missed otherwise, and
considerably improved experimental results where high background
had made a statistical shambles of data taken with a Geiger counter.
It also made it possible to insure that certain weak ''spectra' had
the energy represented by the lens current and that others were
spurious. (See IV, G, and Wong's thesis(z)). The thousand-fold
higher count rate possible because of shorter dead-time represented
a convenience not available with the Geiger counter.

In the experiments to be described, a beam of bumbarding
particles produced by Kellogg Radiation Laboratory's 3-Mv electro-
static accelerator was magnetically analyzed to an energetic homo-
geneity of about 0.1 percent and focussed on a target in the spectrom-
eter vacuum-chamber. Figure 1 shows the spectrometer and the ex-
perimental geometry.

The target holder was insulated to allow measurement of beam
current, and measured spectra were ordinarily normalized on the
charge collected by means of a standard current integrator accurate
to one percent. Precision required the usual spccial precautions to
insure that only the incident beam contributed to the current (viz., a
negatively charged electron-suppressor ring, and a positive potential
on the target). In addition, the beam was monitored with a shielded
Geiger counter or Geiger telescope which recorded the total gamma-
ray y.ield from the reaction. For non-conducting targets which emitted
positive ions under bombardment (soot, boron), the latter was the only
means of normalization.

A target was customarily several thousandths inches thick -

enough to stop the impinging beam - and was mounted on a disk or
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foil of converter material, aluminum or copper. If a photoelectron
spectrum was desired, a thin thorium foil was pasted on the backing
material with vacuum grease. For convenience, nearly all targets
and converters were made the same diameter - 0.375".
More information on techniques will be found in the descrip-
tiéns of individual experiments. A detailed summary of experimental

procedures in beta-spectroscopy will be found in a monograph by

C. Sharp Cook(4).

C. GAMMA-RAY ENERGY MEASUREMENTS

The calibration constant relating momentum and lens current
was determined by measuriné the spectrum of internal conversion
electrons from Thorium B and C". The best values (in gauss-cm)
for the momenta of the principal lines are: X, 9988.4 + 2, Brown(s);
I, 1754.01 + 0,25, Lindstr8m!®); ¥, 138855 + 0.20, Lindstrom!®),

A different constant was determined by comparing each line
momentum with the lens current cvorresponding to the peak of its
gaussian and the results averaged. The internal consistency was
better than 0.1 percent, and the distribution of values, judging from
several measurements, was random. For all measurements, it was
necessary to correct for the horizontal component of the earth's mag-
netic field, which lay along the spectrometer axis. (The vertical
component was balanced out with a pair of Helmholtz coils.) The
correction was 5.3 gauss-cm, determined by observing the shift of
the ¥ -line with reversal of lens current (sans helical baffle).

A photoelectron spectrum from a thin converter most nearly
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approximates an internal conversion line as being monoenergetic;
that is, the measured spectrum is a near-gaussian curve only slightly
broader than the spectrometer resolution. For this reason, and be-
cause internal conversion lines are notoriously weak for light nuclei,
it gives the most precise possible indication of gamma-ray energy
wherever the photoelectric cross-section is large enough to produce
a measurable spectrum. This includes energies up to 3.5 Mev,
roughly. The Z5 dependence of the cross-section (for energies cus-
tomarily encountered) suggests a heavy element converter; thorium
has been used in Kellogg Laboratory almost exclusively, because of
ease in handling.

To the photoelectron energy it is necessary to add the atomic
binding energy of thorium to find the gamma energy. For the K-shell
this is 109. 63 kev, according to the recent work of Cauchois(7); a
summary of binding energies is given by Hill, Church, and Mihel-
ich(7b).

A further small correction is the photo-peak shift caused by
electron cnergy losscs in the converter. This can be determined
from a graph given by Hornyak, et al. (1) which is based on a study
by Christy and Cohen.

For gamma-rays of higher energies, the Compton spectrum
provides the necessary information. The peaked spectrum from a
thin converter is employed where intensity is sufficient. One tech-
nique of analysis utilizes the spectrum of a known gamma-ray from
a converter of equal thickness to find a relative energy. Close sim-

ilarity between the spectra makes an overall comparison possible
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and produces an accuracy comparable to that resulting from a photo-
peak measurement (IV, B). An alternative technique consists of the
comparison of experimental curve and a theoretical spectrum. The
diffiéulties encountered in this procedure are related in the Appendix
to Part II.

For weaker gamma-rays, or where a yield measurement is
of interest, the thick converter Compton spectrum is studied, Either
mode of analysis is applicable, the latter being somewhat more con-
venient. (See IlI, B). For reasons not altogether understood, the
energy values resulting from theoretical comparisons are uniformly
1.006 times the true values. In the Appendix to II, this is documented,
and possible reasons for it are given.

In no case was it found necessary or profitable to make an
energy or intensity measurement from a pair spectrum.

Finally, it must be remembered that when a gamma-ray is
produced in a nuclear reaction, it may be emitted by a moving nucleus,
and its apparent energy will depend on this motion. Thus, Doppler
effects may produce both a broadening and a shift of the measured
spectrum. Their presence constitutes a statement that the lifetime
for gamma emission is les.s than the time required for the residual
nucleus to be appreciably slowed in the surrounding material. When
it is not clear whether this occurs, an extra uncertainty in the energy
measurement prevails. Quantitative estimates of the effect are given

by Thomas(3).



D. GAMMA-RAY YIELD MEASUREMENTS

This section ie based on the work of Thomas and Lauritsen(S);
it lists several formulas which are used in the analysis of the exper-
iments described in the following sections. The analysis consists of
comparing the experimental spectrum of Comption electrons with a
theoretical one based on the well-established Klein-Nishina cross-
section. Only the upper 5 or 10 percent is compared, leading to much
simplification.

The spectrum of detector counts as a function of electron mo-

mentum, S{Bp), produced by a monochromatic gamma-ray source of

(isotropic) yield Y in an infinitely thin converter is
2, -1 dx
S(Bp) =Yrr "k ~ Nt (sec Q)ﬂ?l [f(xﬂ -7 (1)

where

'rrr2 is the cross section of a classical electron,
0.250 x 1072% cm?.

k is the gamma-ray energy in units of mcz, the electron
rest energy.

Nt is the number of electrons contained in a square centi-
meter of the converter.

(sec Q>ﬂ reflects the influence of converter geometry on
the spectrum. {sec 9> is the average secant of the (polar) angle
of emission of gamma-rays which produce electrons accepted by
the spectrometer. fiis the effective acceptance solid angle (in-

cluding transmission factors and counting effir:iency') expressed

as a fraction of a sphere. The precise treatment of the conversion
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process gives an expression for this product which cannot be
separated. For gamma-rays of energy greater than 2 Mev, how-
ever, it is sufficiently accurate to regard the recoil electron as
being propelled straight forward by the gamma-ray so that 8 is
just the mean acceptance angle of the spectrometer (200). (For
2-Mev gamma-rays, the upper 5 percent of the Compton spectrum
is inside a cone of half-angle 8%.) A consequence for anisotropic
gamma-rays is that Y is 4w times the yield per unit solid angle

at the acceptance angle.

2

1 k™ -2(14k) 1+2k 1

fx) =—>5— + > X+ —— [X>1+2k]
k™ x k™x k

=0 [x(l—}ﬁ]

is the electron energy spectrum as given by the Klein-Nishina

(2)

formula in terms of x =1 - T/k; T is the electron kinetic energy
in unite of the clectron rest energy. 11-1'2 f(x) dx/k is the Klein-
Nishina differential cross-section. The angle between the elec-

tron's momentum and that of the incident gamma-ray is w :
sin®w = [x(1+2k) - 1] /[x® (1-x) + 21

‘}1 is an operator representing the fold of the spectrum with
the spectrometer resolution curve. For the Kellogg instrument,
the curve is a gaussian, exp [-(1.67 ABp/po)Z_], where ABp is
the departure from a given momentum setting, Bp, and pBp is
the full width at half-maximum of the resolution curve at that set-
ting.

dx/dBp = 0.300 ﬁ/kmcz, mc? in kev, Bp in gauss-cm, is the

conversion ratio between the energy and momentum scales, @,
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the electron velocity in units of the speed of light, is taken as
constant; an average value is used.

The redistribution of the electron spectrum due to distributed
energy losses in the converter has been studied, for our geometry, by
Thomas and Lauritsen on the basis of work by N. Bohr(8), A, Bohr(9),
and L. Landau(lo), and I summarize their findings. The most prob-

able energy loss for electrons passing through matter along a path of

length {is
AE= pé= BE[log(2B .emczﬁz\'z/lz)-(l-Fp)ﬁz +0.37] (3)
where /
“1/2
B = 2aNr% mc?/pd; v = (1-%) =1+ T;

I(=1XY))is the average excitation potential of the matter
traversed including polarization effects (which introduce the Y-
dependence);

FP is the fraction of atomic electrons which are essentially
bound by polarization forces (due to the presence of nearby atoms
in the medium).

From a semi-empirical expression for the frequency distribution of
the quantum-mechanical oscillators of aluminum (the usual converter

material), there results the numerical expression
2 -2 2
p(kev/mg/cm™) = 0.0741P [log pr/a + (l-Fp)p + 0.37:] (4)

where
1

/2 1/2
Fo=fu+o0.195v%) 1)/ [+ 0.195v%)

+1]
a is the radius of the first Bohr orbit of an H atom,

-8
0.529 x 10 ~ c¢cm.
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This formula deviates less than one percent from an evaluation of M

(11)

employing x-ray absorption data to find the oscillator distribution.
It gives values of p which agree strikingly well (2 percent) with recent
experimental determinations of Chen and Warshaw(lz), and Kageyama

(

and Nishimura 13), for energies between 500 kev and 2 Mev. Itis
convenient to remember that above 4 Mev, nearly all oscillators are
polarized; Fp = 1 gives p to within 3 percent for £> 5 mg/cmz. A
handy figure for estimates is p~1 kev/mg/cmz, since the first fac-
tor in (4) is between 0. 06 and 0. 08 for most materials.

If we symbolize the effect of the energy loss distribution by

operating on f(x) with ?2, then

X
2 2,
?2 [1x)] = 5%— / ? (55’-1%2‘—1, R +0.05)f(x")ax’ (5)
(1+2k) 7t

where the kernel § is a function derived from the theorectical loss
distribution of Landau(lo). It is nearly constant for values of the
first argument (call it £ ) less than one (i.e., for energy losses less
than the most probable) and falls off roughly as (§ -0. 75)2 for larger
values. The second argument is a parameter depending on a mean
value of the electron energy. The Landau function gives the electron
spectrum resulting when a monoenergetic beam passes through a
foil. The derived function, § , describes the spectrum when such
electrons originate uniformly throughout the foil. Their relationship
is given in Reference 3. The derivation of (5) makes use of p's slow

variation with path length.

An infinitely thick converter is defined as one for which £ { 1
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X

| 2
_ kmc M 1 !
‘}’2 [£x)] = o % (0, & +0.05) f _lf(x )dx
ke (14+2Kk)
) = P‘e-e F{x)
FAx) = f _lf(x')dx’ 6)
(14+2k)
2 1 (1+2k)x 2 2 1.2 1
=2 - + +(l-= - =) log (I42k)x + 5 x° - —5—
kK e2K)? K% ko y2 2 k%%

F (0, 1 0.05) = 0.765 + 0. 0058 (£ + 0.05)
(0.5 B

Mo is called the effective stopping force.

In the application of (}2 to the expression (1), the quantity £
may be taken to equal t (sec 8) . This ignores the increase in path
length caused by multiple scattering, the so-called umweg factor.

As it happens, the angular redistribution of electrons by multiple
scattering cancels this effect to first order, and no correction is
made.

F(x) is a fairly smooth function. Accordingly, away from
the end point its curvature may be neglected and the window fold may

be approximated:
‘}1[F(xﬂ = 1.064 pBp F(x)

Thus, for an infinitely thick converter

Zrnc:2 dx
1.064 pBp 5 F(x) {7)

S(Bp}) = YI) Nur aBp

e
In practice, the top 5- or 10-percent of this spectrum is plotted,

with mean values for the slowly varying quantities e and dx/dBp. The
tail at the end-point of the spectrum is estimated (or computed by nu-
merical evaluation of ?I[F(x)] . A hest fit with the experimental spec-

trum is obtained to determine the value of Y{). f)lis determined
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by following the same procedure with a 0060 source for which Y is
known.

The procedure has been streamlined, somewhat. Lumping

parameters, we may write
YS2 = A(k)S(Bp)/F(x) (8)

A(k) may be identified by comparison of the two expressions for S(Bp).
It is plotted in Figure 2.

An example is the yield measurement of the three gamma-
rays from Flg(p, a')Olé*. The target was a 0.035-inch CaF2 crystal,
and the converter a 0.825 g/cm2 Al disk. A very fine nickel wire
touched the crystal near the beam spot to avoid charge accumulation
and insure complete current collection. Bombarding energy was 1
Mev; each run corresponded to 14.4 microcoulombs, and about one
third were repeated up to three times.

The spectrum is shown in Figure 3. The solid curves are
plots of the corresponding theoretical expressions (Eqn. 7). The
background under the 6.13-Mev line is based on data taken at lower
spectrometer currents and the assumption that all three lines pro-
duce similar spectra. The .nuclear pair yield from the 6.05-Mev
level, being down by a factor of a thousand, affects this estimate
only slightly.

The resultant energies and yields are

6.12 + 0.05 Mev 5.56 %107 v/p
6.89 + 0.08 Mev 0.72x 1077 ¥/p

7.08 + 0.08 Mev 1.10x 107 ¥/p
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The total yield, 7.38 x 10'7 Y/p, differs by only 5 percent from the

(14)(15)

older value , 7.03 x 10'7 Y/p, derived from work at Kellogg

Laboratory. Accounting for the anisotropic distribution of the 6.9

(16) brings the two figures

and 7.1 lines at the 873 kev resonance
even closer together. The difficulty of this experiment and the poar
stétistics on the lines in question preclude any claim to even 5 per-
cent accuracy, however,

Plainly, much of the uncertainty in such a yield measurement
lies in the computation of the effective energy loss M- Two factors
inhibit the use of the thin-converter spectrum in avoiding this diffi-
culty. Foremost is the ten-fold decrease in the count rate when a
converter is used whose thickness is comparable with the spectrom-
eter resolution width., The other results from the target's contribu-
tion to the Compton spectrum. A target '"thick' for an incident deu-
teron beam has a thickness equal to a large fraction of a resolution
width for secondary electrons. Using target as converter presents
the difficulty of assigning a converter thickness when not all gamma-
rays originate at the surface. Solving this by measuring, then sub-
tracting two spectra with slightly different converter thicknesses
presents additional problerﬁs, the chief one again being intensity.

The thin-converter photoelectric spectrum does not suffer from
this handicap. The 25 cross-section dependence assures that the en-
tire spectrum will be produced in the thorium foil appended to the
target backing., Because the photo-electrons are produced in a finite
momentum range it is adequate and convenient to compute only the
integral of the measured spectrum. The variation of window width

suggests dividing each point by its corresponding momentum reading
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before integrating. A fairly rigorous derivation gives:

Yo c‘Nat <sec O) = I—Oi@_p S(Bp) %%E (9)
o

where all terms arc as dcfined under (1) except:
o’ is the total K-shell photo-electric cross-section, given
‘to better than 5 percent at two energies by the numerical computa-
tions of Hulme _c.e_:c'_a_}_!l?) (they neglect only electron exchange and
outer shell screening) and continued to other energies by H. Hall(ls)
and L. H, Gray(lg) (semi-empirical);

Nat is the number of atoms per square centimeter of conver-

ter; and

(sec 0) depends on the angular distribution of the photoelec-

trons.

The last-named factor is the major cause of uncertainty in the
yvield determination. The nearest approach to a rigorous computation
is that of Sauter(zo) who performs a relativistically exact Born-
approximation calculation of the angular distribution. Extended and
fruitless experiments by R. Thomas(3b) and the author have demon-
strated the folly of using Sauter's equation for thorium converters.

It was decided to defermine (sec Q> empirically, using a ser-
ies of sources of known strength and maintaining a constant source
geometry. The configuration used consisted of a 3/8' diameter flat
converter at 1/16'" from the source; it was one for which previous ex-
periments had shown that <sec 9> was independent of converter thick-
ness. The empirical determination of <sec 9) also removes the
residual uncertainties resulting from inaccuracies in the total cross-

section.
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Equation (9) may be placed in a form convenient for analyzing

experimental data:

o0
n 1 (Bp), .
O

where
| t is the thorium converter thickness in mg/cmz,
B(k) may be found by comparing (10} with (9), and
(Bp)o is the momentum of the K-peak; in most cases (Bp)o/Bp
may be taken as 1. B(k) and the empirical values of (sec 0) are

plotted in Figure 4.

E. INTERNAL CONVERSION COEFFICIENTS

1. K-electron Coefficient

(3)

Thomas attempted to measure internal K-coefficients for
two light-nuclear gamma-rays. The effect was so small that his re-
sults were inconclusive. The insignificance of the effect stems from
its dependence on Z3. No K-shell internal conversion coefficients

are reported in this thesis, For the record, accurate relationships

between gamma-ray multipolarity and internal conversion coefficients
(21)

——

are given by Rose et . See Thomas and Lauritsen(3) for a sum-
mary of the experimental problems which arise in the measurement.
2. Pair Coefficient
Much more feasible for light-nuclear transitions is the meas-
urement of the fraction of de-excitations of a level which occur by the

emission of an electron-positron pair. To first order (Born approxi-

mation) the process is independent of Z; in fact, it is just for low-Z
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elements that the Born approximation gives a reasonably correct re~
lationship between gamma-ray multipolarity and internal pair coeffic-
ient. The problem has been solved with this approximation by Rose(zz),
who has 'given the momentum distribution as well as the total coefficient.
It is this distribution which is useful in analyzing beta-spectrometer
data, inasmuch as most reactions produce complex gamma-spectra,
and each pair-distribution can be measured only at the high energy
end,

In most experiments it is obviously more practical to measure
the positron spectrum. Rose's general expression for this has been

(

evaluated by Thomas 3b) for several multipoles in terms of gamma-
ray energy k, positron and electron momentum, p, and p_, and total
energy, W+ and W _, all in units of ch. A form more convenient for
actual computations follows.

Per quantum of electric or magnetic radiation of multipole

order £ , the number of positrons with momentum in the range dp+

atp, is
1
[(?Bhf) (p+) dp+ :W [3+ QE£ (P+) dP+ (11)
(M)
Let
x=W W, Y =PP_

b = (l4x+y) /k.

(Note the identity: (x+1')2 = k2+y2.)

Then the first few Q's, in order of decreasing magnitude, are:
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2
Qpy = (k7 - 2x )logb + 2y
QEZ = (kz -2x -2)logb + 8y(x—1)/3k2
QMI =(kz ~2x - 2)loghb {(12)
Q... = (k% - 2x - 4) log b
E3 2 2, . 4
-2y [1-3(3x-1)/zk -2(3x+3-y )/k_]
2 2
Q= (k" - 2x - 4)logb - 2y ]:1-3(x+1)/k ]

This notation stresses the identity of electron and positron
spectra which one would expect to emerge from the Born approxima-
tion; or, what is the same, the symmetry of each spectrum about its
midpoint.

In the unlikely event that higher multipoles are to be computed

a recursion formula should be used. Define

z

o -2loghb

Kl-Zb/k+4y/k2)'° - (l—Zb/k)'e] |y

1]

zp
Then:

_ £+1 2, 2

Qpgs1) = 2% - QMw_1)—(k2/4)z£+1+(x+1)z£ +(k2/4-x)z‘ _1(13)
Deginning with QEI’ QM]’ and QMZ’ all multipoles can be compﬁted.
Recurrent factors in the recursion formulas make their application
less formidable than their appearance.

Most of the spectrum is smooth enough that the window folding
operation merely appends a constant factor. Thus, for a gamma-ray

(E, £ or M, {) of yield Y, the spectrum of positron detector counts is

Sg g(Bp) = 6.25 10°* vnpse [EL (p) (14)
-since
dp, p
* % - 5.868 x107%

dBp =B_p
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One possible weakness of the method arises from angular
distribution difficulties. The spectrometer measures all yields at

20° with respect to its axis, so that (14) implicitly assumes

palr(total)/Y (total) = p ir(zc)")/yv(zo“)

It is comforting that for gamma energies as large as several times
mcz such should indeed be the case., It is permissible to think of
this as the effect of large (virtual) quantum momentum projecting
the pair components predominanily in a forward direction. Quanii-
tative results await the calculation of the positron angular distribu-
tion.

The assumption of plane waves for electron and positron
should lead to a more accurate answer for this problem than for in-
ternal K-conversion, since both components are in continuum states.
The Coulomb {second order) effect should contribute mainly to a re-
distribution of the positron spectrum toward the higher end, and the
electron spectrum oppositely. Rose and Uhlenbeck(23) have estimated
this for electric dipole and quadrupole radiation. Assuming the elec-
tron to be a spherical outgoing wave, they find, for the end point of

the positron spectrum,

1/2
_2
Qp, = 1o Z (K%+2) [k(k-2)] /
2
2 3 15
Qp, = 1o z (3k°+8) [kik-2)] /3K (15)

Spectra computed from (12') are customarily corrected to match this
ordinate, the ones for higher order spectra being scaled down pro-

portionately. Only the upper 3 or 4 percent is affected.
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An experimental suggestion as to the magnitude of this effect
is gained by a comparison of the electron and positron spectra at the
high energy end. This was performed for the pairs of the 3.57-Mev
gamma-ray of Lié, produced by the reaction Beg(p, a), and appears
in Figure 10. The upper half of the figure shows the electron spec-
truin, which consists mostly of Compton secondaries. The lower half
shows the positron spectrum (dots) and the fraction of the electron
spectrum judged to be pairs (crosses). The comparison is, of course,
at the mercy of the Compton spectrum cxtrapolation; however this ex-
trapolation is least arbitrary at the upper end, where most interest
centers, |

The difference between the two spectra is below the threshold set
by experimental statistics. The apparent discrepancy at the high energy
end is, however, suggestive of the effect of the Coulomb field and hints
that its magnitude is comparable to that indicated by the end point
formulas.

Another example of the art utilizes the 3.1-Mev line from
Clz(d, p)CB*. This measurement, previously performed by Thomas
and Lauritsen, was repeated in order to gauge the advantage of using
the scintillation-counter detector. The experiment was complicated
by the presence of 10-minute positron-emitting N]’3 produced in a com-
peting reaction. This affected the monitor readings primarily, since
the detector bias excluded all annihilation radiation and most of the
positrons (end point 1.2 Mev). At any rate, each run was followed by
an equal counting period with no beam on target.

A 35 mg/cm2 graphite flake was bombarded by 1.46-Mev
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deuterons, and the Compton spectrum produced in 0.7 g/crn2 alum-
inum was measured; each point represented 14.4 microcoulombs.
The positron spectrum from a 12.4 mg/c:m2 graphite flake was meas-
ured (55 microcoulombs per point), and it appears (4 percent time-
dependent background subtracted) in Figure 5. The solid curves are
theoretical spectra (Equations (12) and (14)), for electric dipole and
quadrupole transitions, based on YSL evaluated from the Compton
spectrum. The counts-to-background ratio was increased by a fac-
tor 5/3 over the Geiger counter work.

The excellence of the fit to the electric dipole curve speaks
for itself. The two branches of the theoretical curve are the Born
approximation (12) and a refinement suggested by the end point cor-
rection (15). Folding with the spectrometer window would add a small
tail above the end point and decrease the spectrum slightly in the
region of large curvature. That is, it would cancel a part of the end-
point correction. Figure 5 therefore suggests that the end-point
correction need not be made.

The reaction yield was 27 percent below Thomas' value for
Ey = 1.46 Mev. This might have resulted from a small discrepancy
in the bombarding energlies, there being a resonance for Clz(d,p) at
1.44 Mev(24). This factor did not affect the internal pair conversion

coefficient measurement.
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1. RADIATION FROM Be’+p

A. BACKGROUND

The 3.57-Mev gamma-ray produced by the proton bombard-
ment of beryllium was first reported by Hushley(ZS), who found a
resonance at 2. 56 Mev bombarding energy, for gamma-rays and neu-

trons. Day and Walker(26)

made the first accurate measurement of
its energy, 3.58 1 0.04 Mev, using a Nal(Tl) scintillation counter.
They verified Hushley's suggestion that it followed the reaction
Beg(p, c;.)Li.éz"< by a - ¥ coincidences, improved the figure for the res-
onance energy (to 2.565 + 0.005 Mev), and found the level width to be
39 + 2 kev. They measured the thick target yield at 2.72 Mev as
4.76 x 1070 gamma-quanta per proton (+ 10-15 percent). They found
no other gamma-rays, and estimated the relative strength of any
lower-energy line to be less than two percent, that of any higher-
energy line to be less than one-half percent. Soon after the appear-
ance of their paper, Hahn et al. (27) reported gamma radiation of
energy greater than 6 Mev resonant at 2. 56 Mev, apparently much
less intense than the 3, 57-line.

Above 1.53 Mev, L16 is unstable to decay into an alpha par-
ticle and a deuteron. Thus, the existence of a 3.57-Mev gamma-ray
of great intensity is remarkable. Professor W. A. Fowler has pointed
out, however, that it can be easily understood if the emitting level has
spin zero, even parity. For this assignment, the a-deuteron decay
cannot conserve both angular momentum and parity, and only gamma-

emission can occur. The ground state is known to have spin 1(29),
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so the gamma radiation should be magnetic dipole if the abave analy-

sis is correct.

B. GAMMA RADIATION, 3.57 Mev

Various spectra of secondary electrons from the 3.57-Mev
gamma-ray were observed in the beta-spectrometer. The main pur-
pose was to measure the internal pair coefficient, but it was conven-
ient also to make yield and energy measurements, using the techniques
described in the preceding sections. The target employed throughout
was a 19 n’lg/cm2 Be foil.

Figure 6 shows the photoelectron spectrum from a 23 mg/c:m2
thorium converter, separated from the target by 0.050'" Al. The
gamma-ray energy measured from the mean momentum value of sev-
eral such peaks is 3. 574 + 0. 020 Mev. This includes a 6. 5-kev con-
verter shift(l). Comparison of the thin converter Compton spectrum
with that from the 3. 097-Mev gamma-ray of Clz(d,p)C’.13 (IV, B) gave
an independent value 3.570 + 0.015 Mev. The average is 3.572 + 0.012
Mev.

The maximum possible Doppler shift is 26 kev, but the particle-
group measurements are not available to indicate just how much should be
applied. The expected lifetime, around 10_15 second, is sufficiently
shorter than the stopping time, about 4 x 1(]_13 second, to suggest
that the correction should be made. Thus, comparison of the particle

values with 3, 548 Mev will provide information on the lifetime of the

state. Recoil from the low-energy alpha-particles produced is not
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sufficient to cause measurable Doppler broadening.

The "infinitely-thick' converter Compton spectrum for a bom-
barding energy of 2. 665 Mev appears in Figure 7. The solid curve is
the theoretical spectrum (Equation 8) for Y = 4,27 x 10"6 gammas
per proton. The descent of the experimental points below 11. 2 kilo-
gaﬁss—cm reflects the actual thickness of the aluminum converter -
350 mg/cmz.

Comparison was made between this yield value and that com-
puted from the area under the photo-peak (Equation 10) to find a point
on the (sec 9> curve (Figure 4) used in that measurement.

The variation of the alpha-particle width with bombarding
energy dictates that there be no level plateau on the thick-target yield
curve. Accordingly, it was decided to calibrate the magnetic analyzer
on this 2.565-Mev resonance in order to make a meaningful yield com-
parison with Day and Walker('Z?). Ordinarily, a beta-spectrometer is
a fairly cumbersome instrument for such a task. At any rate, a de-
tailed excitation curve was measured, the spectrometer being held at
a constant current setting corresponding to the broad peak of the Comp-
ton distribution. This setting was checked continuocusly, during the
measurement. In retrospect, slightly better results might have been
obtained had severial points on the Compton curve been taken at each
bombarding energy. The field in the magnetic analyzer was measured
with a null-reading fluxmeter. The zero of this device was checked at
short time intervals to limit the energy drift of the beam to a few kev.

The resulting excitation curve is ghown in Figure 8. Super-

posed is a "thin-target' curve obtained by differentiating the smooth
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curve which best fit the experimental points. The calibration is
based upon this peak falling at 2.565 Mev, The width of the reso-
nance was found to be 53 kev, which does not agree with Day's figure
39 kev. This is regardéd as an indication of the perils of differentia-
ting an experimental curve. At any rate, the yield at 2. 72-Mev is
4.63 x 10-6 gamma-rays per proton, to be compared with Day's
4,76. It comes as a pleasant surprise that a scintillation counter

is capable of such accuracy even with the optimum conditions pro-

vided by this experiment.

C. INTERNAL PAIRS

The positron spectrum was studied with particular care at
the high-energy end and with progressively poorer statistics down
to 0.65 Mev. The precision was limited by the background of scat-
tered electrons and neutrons. To make full use of the scintillation
counter detector and discriminator, the spectrum was studied in
segments of about 20 percent, the bias setting in each case being
such as to count all particles of energy greater than that correspond-
ing to the lower end of the segment. For such a setting, no particles
with less than half that energy would be counted. An idea of the back-
ground problem presented and the adjustments necessary is indicated
by the fact that when the discriminator was set to count all particles
of energy greater than E, the background, in counts per microcou-~

lomb, was, to a few percent,

2
S(E,Mev) =9 [1og (7/E):J /4

at 2. 63 Mev bombarding energy.
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A generous overlap between measured segments was taken
and the background adjusted for a best average fit. It was interest-
ing that in every case the adjustment was equal to the difference in
zero-lens-current background, within statistics.

Because of the sloping yield curve, the magnetic analyzer set-
tiﬁg was checked frequently during the measurement, As a further
assurance against drift, the Compton spectrum (thick converter) was
measured before and after the positron run.

The resulting spectrum for EP = 2,63 Mev is shown in Figure
9. The scale of the theoretical curves (12), (14) is determined by the
yield value 3.94 x 10-6 Y/p. The asymmetry of the spectrum is caused
by the momentum-proportional spectrometer window. As with the
Clz(d,p)CB*, 3.1-Mev pairs, the experimental data suggests that the
end point correction (15') be omitted.

The curve most closely followed by the experimental points
corresponds to magnetic dipole (M1) radiation. Electric quadrupole
(E2) radiation cannot definitely be excluded, but a reduction of 18 per-
cent would be required to match the clectric octopole (E3) curve in
the region above 8 kilogauss-cm, which is outside the estimated ex-
perimental error. Electric dipole is definitely excluded, as is mag-
netic quadrupole and higher multipoles.

A sharper distinction can be drawn between the several multi-
poles by computing a total internél—pair conversion coefficient from
the experimental- spectrum. This was done by computing the area
under the jagged. curve formed by joining adjacent points with straight

lines from 3.5 kg-cm to the end point and comparing with areas under
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corresponding portions of the theoretical curves. The area under
the Ml curve fell 4.4 percent below the experimental curve, that
under the E2 curve 13 percent above it. On the basis of the internal
pairs alohe, therefore, E2 radiation is unlikely but cannot be ex-
cluded with certainty.

One might argue with some justice that the internal pair co-
efficients depend upon the areas under curves from which the spec-
trometer-window fold has been removed rather than those of Figure
9, and that therefore unfolded curves should be compared in finding
the multipolarity of the gamma-ray. The reply is that such a pro-
cedure magnifies the role of the low-energy points, for which statis-
tics are much poorer, and that the present figures reflect more
accurately the true relationship between data and theory. Inciden-
tally, the suggested computation finds the Ml curve 3.5 percent below
experiment and the E2 curve 15 percent above.

A comparison of electron and positron spectra was made to
check the validity of the Born approximation in the theoretical anal-
ysis. This appears in Figure 10 and has been discussed in (I, E).

In the lower half of the figure, dots represent positrons, crosses
represent electrons, minus assumed Compton spectrum. The match

is quite good.

D. CAPTURE RADIATION

The results of Hahn 3332527) prompted a search for the high
energy radiation resonant at this bombarding energy. A 690—mg/cm2

Al converter was attached to the Be foil used in the previous experi-

ment, the bias was set at 6.4 Mev, -and the specirum was surveyed.
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An éxtremely weak Compton spectrum was found, produced by a
gamma-ray of energy 8.1 + 0.2 Mev. The yield was 3 x 10-9 gammas
per proton at 2. 59 Mev, or 1000 times less than the 3.57-Mev line.
The spectrum appears in Figure 12.

Time did not ﬁérmit a simple check that this radiation was in-
deed resonant at 2. 56-Mev, but its energy suggests that it probably
is, and further that it results from a transition from the 8. 89-Mev
state of Bm to the 0.72 state.

In spite of the poor statistics (the rise 20 percent below the
end point was less than a hundred counts for a 55-microcoulomb bom-
bardment) the departure from the theoretical Compton spectral curve
is enough to suggest that two lines are actually present. The second
line is undoubtediy the well-known capture radiation to the ground

(29)

state produced at the 998-kev resonance , and the spectrum has
been drawn to match the known energy (7.4 Mev) of that line. (Its
apparent yield is far below that quoted by Reference 29.) Note that
there are no known resonances(M) other than the one at 2. 56 Mev
from which the 8. 1-Mev line could ériginate. Further experiments

on this line are anticipated, including a search for the 720-kev line

presumed to be in cascade with it.

E. DISCUSSION

It was mentioned above that the forbidden a-d decay of the
3.57-Mev state would follow from the level's having zero spin, even
parity. The internal pair spectrum presented here is unequivocal
in as-signing even parity to it (neither Ml nor E2 radiation involves a

parity change) and, with somewhat less assurance, indicates that
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the :;'adiation is magnetic dipole, supporting the J = 0, even, assign-
ment.

Such support is not altogether superfluous, because an alterna-
tive hypofhesis exists regarding the particle stability of the level. To
the extent that nuclear forces are charge independent, a nuclear state
is ;:haractcrized by an isotopic spin quantum number (T) which will be
conserved in nuclear reactions. Thus, if the 3.57-Mev state has T=l,
it cannot decay into an alpha and a deuteron, each with T=0. (For an
introduction to the lore of isotopic spin, sece E. P. Wignerwo); sce
R. K. Adair(31) for a discussion of its implications in nuclear reac-
tions.) The extent to which the decay is inhibited is determined by
the purity of the state,.

Actually both J = 0, even, and T =1 are now believed to be true.
The 3.57-Mev level lies very near the anticipated location of the ana-
logue of the Heé and Be6 ground states (J = 0, even, presumed). This
mass-6 triad (and in particular, the last mentioned fact) forms a
strong argument for the near charge-independence of nuclear forces.
Charge symmetry alone would imply the existence of the analogue level
but would not determine its position.

Note that T =1 for the 3.57-Mev level implies T =1 for the

' 8.89-Mev level of B0 from which it proceeds. The significance of
the assignment might well be questioned where such a highly excited
level is involved. In this connection it has been remarked that the
ground and first-excited (2.18-Mev) states of Li6 (T = 0) do not show
this resonance, which would follow from T = 1 for the 8. 89-Mev level.
Unfortunately, for the L;i6 ground state (J = 1, even), it would as read-

ily follow from the 8.89-Mev level's having J = 0, even. This
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assignment would likewise forbid the 2.18-Mev state's showing reso-
nance i:i} it has odd spin, even parity or vice-versa. Recent He4+d
scattering experiments by T. Huus and T. Lauritsen (in Copenhagen)
indicﬁte that the 2. 18—Me{r level has J = 3, even (preliminary results,
unpublished). Furthermore, the 8.89-Mev level must have even spin,
even parity, or odd spin, odd parity, in order to produce the 3.57-
Mev level; and zero, even, is a likely choice on the basis of the cross-
section for the (p,a) reaction. Thus it may be that another opportunity
to observe isotopic-spin selection rules in action is subverted by the

operation of ordinary angular momentum and parity selection rules.,
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APPENDIX. THIN CONVERTER COMPTON SPECTRUM

This section contains an account of certain problems arising
in the evaluation of experimental data and has little bearing on the
main body of II.

Figure 11 shows the Compton electron spectrum produced in
a 23 mg/cm‘2 Be foil. This curve proves useful in the analysis of

*
other reactions (see Clz(d,p)C13

, IV, B) and provides an energy
measurement independent of the photopeak data.

An attempt to fit the observed spectrum with a theoretical
one was unsuccessful. The dotted curve is the plot of Equation (1)
with a numerical fold of the 1.9 percent window and a L.andau-Thomas
energy loss distribution function for a converter of thickness
23 x (sec 200) mg/cmz. (200 is the spectrometer acceptance angle.)
The scale was gset to match the peaks. The accurate (rmomentum de-
pendent) value of (sec 8) was used in {1), although the correction
was less than 2.5 percent maximum. The energy-loss distribution
fold shifted the peak of the spectrum 22 kev, about 0.9 times the
most probable energy loss, but contributed almost no broadening.
The same difficulty was encountered by Rasmussen“), who used an
assumed loss-distribution and found it necessary to assume a spec-
trometer window 1. 2 times his measured one. He ascribed this to
a large gamma-source size resulting from imperfect localization of
the incident beam. The discrepancy in the present case is not be-
lieved to be the result of such a phenomenon.

Actually, a large portion of the discrepancy in Figure 11

must be attributed to the breakdown of the approximations of the
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Landau theory of energy losses. The contribution to the spectrum
from the surface layers of the converter cannot be neglected as it
can in a thick-converter yield measurement. In fact, the mean-free
path for single scattering is of the order of 3 rng/crnZ which is more
than 10 percent of the total converter thickness used. An adjustment
for this should eliminate the discrepancy on the high energy side.

Multiple scattering certainly contributes to the low energy
discrepancy, and may explain it entirely.

It is appropriate, before leaving the subject, to mention another
unsolved, and perhaps related, problem. Thick converter Compton
data produce gamma-ray energy values which are almost uniformly
0.6 percent too high. This can be seen in the Clz(d,p)CB:{= data of
Thomas and Lauritsen and is mentioned by Rasmussen (Thesis p. 82).
Figure 7 gives an energy value 3.596 Mev for the L16 gamma-ray
under scrutiny, 22 kev (0. 62 percent) above the accepted photopeak
value. This is outside the expected limit of internal consistency. The
same result obtained for five other gamma-rays reported here - the
only ones for which a check could be made.

This phenomenon is independent of the resolution width as-
sumed and probably arises from distortions of the energy loss spec-
trum suggested by the thin converter data.

It is interesting, but perhaps coincidental, that the peak-match
shown in Figure 11 results in a gamma-ray energy within 5 kev of the
photopeak value. Matching extrapolated edges produces a 23-kev error,
Matching a theoretical peak broadened by folding with an oversize win-

dow would produce a comparable error.
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III. RADIATION FROM Be’ +d

A. BACKGROUND

The first excited state of Belo, at 3.37 Mev, has been studied
¥*
by means of the reaction Beg(d,p) Bem . In particular, the angular dis-
tribution of the proton group from this reaction has been measured at

(14)

bombarding energies up to 14. 5 Mev The mast convincing work
was that of Fulbright et al. (32) who bombarded at 3.6 Mev but extended
their observation of the distribution to smaller angles than had been
studied by previous investigators. Their analysis by the Butler strip-
ping theory(33) showed that both the ground state and the 3. 37-Mev state
are formed by the capture of a neutron of £ =1. Both levels, then,
have even parity and spin &3. The ground state is presumed to have

J = 0, and the angular correlation of short range protons and 3.37-Mev
gamma-rays is consistent with J = 2 for the excited state(34).

The above evidence suggests that the 3. 37-Mev gamma-radiation
is electric quadrupole (E2). The spectrum of internal pairs was studied
by Thomas and Lauritsen(3), but a high background and the presence of
a 3.6-Mev gamma-ray from Beg(d,n)Blo* conspired to make their re-
sults inconclusive. The use of discrimination in the detector unit offered
hope that the background uncertainties might be reduced, and it was
therefore decided that a second measurement be made.

Earlier studies of the gamma radiation from Be9 + d(35) were
made at bombarding energies below 1.6 Mev. A corollary to the re-

measurement of the pair spectrum, then, was a survey of the radiation

produced at higher bombarding energies.



-34-

B. 3.60- AND 3.37-MEV GAMMA-RAYS; COMPTON SPECTRUM

A beryllium target 19 mg/cm2 thick was bombarded by 2. 5-
Mev deuterons. The monitor counter was surrounded with a two-inch
thickness of boron-loaded paraffin in addition to the usual lead shield-
ing in order to count only gamma-radiation from the target. In
addition, extra shielding was placed between the beam-defining slits
and the spectrometer as it was found that the scatter of detector counts
was increased when beam regulation became erratic. Each of these
measures produced a net improvement in the results. The monitor
counting-efficiency was checked with a standard C060 source before
and after each day's run and showed no variation. It was thus possible
to check that current measurements did not change when going from
Compton to positron spectrum,

The Compton spectrum produced in a 350 rng/cm2 Al converter
is shown in Figure 13. The counts-to-background ratio was 30 percent
worse than Thomas' for two reasons: a large fraction of the back-
ground consisted of high-energy neutron counts; also, the higher bom-
barding energy produced relatively more high-energy reaction gamma-
rays whose Compton electrons added 70 percent to the existing back-
ground. In the positron spectrum, where the former effect predominated,
the stilbene excelled the Geiger counter by 10 percent.

In spite of this, the present results bettered the earlier ones
significantly. The seven-fold greater yield at the higher bombarding
energy improved the positron statistics; the higher electron background
was still negligible; and the gamma-ray yield could be found with less

chance for error.
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The last named circumstance arose from the possession of
an excellent experimental Compton spectrum measured with identical
geometry and having almost the same energy as the higher energy line:
the spectrum of the 3. 57-Mev line from Beg(p, a) Lib* (Figure 7). Thus,
the extrapolation of the 3, 60-Mev spectrum in Figure 13 is based on
exﬁerimental data rather than a theoretical formula - which could not
be trusted below 11.7 kg-cm. The success of this procedure is indi-
cated by the overall agreement between the experimental points and
the theoretical spectrum of the 3.37-Mev line drawn above the extrapo-
lated 3. 60-Mev curve.

Use of the 3.57-Mev spectrum provided an accurate energy

measurement, also. Comparison of the curves shows that the two
deuteron-produced lines differ from the original by +23 kev (+8) and
-221 kev (+25) respectively. The Li6 line is at 3.572 + 0.012 Mev
(II, B); the resulting energies and earlier values (from photopeaks,
Ed = 1.2 Mev), are given in Table 1. Yields computed frm;n (8) are
included. It is worth noting that direct energy determinations from
the Compton end points produce values 0. 6 percent high (see II, Ap-
pendix).

Doppler shift corrections have not been made; the current data
~should have up to 9 kev more Doppler shift than that with which it is
compared. The predominantly backward (CM) distribution of the resid-
ual nuclei, characteristic of the stripping process, probably suppresses
any Doppler effect by about 50 percent, however. This estimate is
based on Fulbright‘s(32) measured angular distribution of protons from

Be’ (d, p) Bel?™.
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TABLE 1
Gamma-Ray Energy (kev) Level Position {Yield, Ed=2. 5 Mev
from (10-—6 Y /d)
This experiment |[Reference (35c) |Particle Groups
3595 + 14 3604 + 30 3530 + 60(36) 5.7 40,7
13351 + 27 3380 + 15 3372 + 1337) 20.4 % 2.0

C. 3.37-MEV GAMMA-RAY; INTERNAL PAIRS

The same target was used in both positron and Compton elec-
tron measurements. The precautions to insure consistent current
measurement were described in the previous section. The presence
of a line at 2. 87 Mev limited the amount of the spectrum which could
be studied. Figure 14 contains the results of the best run performed
and the theoretical curves (12), (14) based on the measured yields.
The flat background is well substantiated by considerable data from
different runs not shown.

The points of the 3.60-Mev positrons fall 30 percent below
the electric dipole (El) curve. This is sufficient to exclude El, even
allowing double the statistical error in the assumed background level,
but little more can be said. For the purpose of providing a background
for the 3.37-Mev positrons, the 3.60-Mev transition was taken as Ml.
This choice is discussed in the next section.

Most points represent a 14.4 microcoulomb bombardment;
some represent twice that amount, as is indicated by the rms devia-

tion shown.

The data on the 3.37-Mev line below 8.5 kg-cm can be
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characterized as follows: the deviations of the several theoretical
curves from the experimental one are El, +31 percent; E2, -11 per-
cent; and M1, -21 percent. Expressed somewhat differently, to force
an agi‘eeinent with El, the yield would have to be lowered 26 percent;
to force an agreement with Ml it would have to be raised 26 percent.
The 3-37-Mev transition appears therefore to be E2, and the first
10

excited state of Be has J = 2, even.

Note that a part of the disagreement above 8.5 kg-cm mafr be

attributed to a 20-kev error in the measured gamma-ray energy.

D. DISCUSSION

A Butler analysis of the neutron angular distribution from

*
Beg(d,n)Blo shows the 3.58-Mev state to be formed by the capture
(36)

of protons with £=1 . The parity of the state is therefore even
and the spin is (3. The level decays to both the ground state (J = 3,
even) and the 0.72-Mev state (J probably 1, even), the latter transi-

(35¢e)

tion being 2.7 times as frequent This strongly suggests spin 1

(38)y ' This choice indi=

or 2, with 2 somewhat more likely (Richards
cates magnetic dipole transitions for bolh branches. It is worth point-
ing out that a spin 1 assignment is not entirely unreasonable. This
would make the higher energy transition E2, but it has been shown by

Goldhaber and Sunyar(?’g)

that E2 lifetimes are occasionally much
shorter than indicated by single-particle model formulas. Such an
assignment would only improve the agreement between the E2 curve

and the experimental points of the 3.37-Mev line and would not change

the conclusions of the experiment.
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The (J = 2, even) assignment for the 3,37-Mev state of Be10
confirms the suggestions of the previous particle distribution(32) and
cor:relation(34) experiments. A careful search by Ajzenberg(36) failed
to reveal any states of lower excitation. Bem, then, is the fifty-fifth
even-even nucleus believed to have J = 2, even, for its first excited
stéte(éo). Two are known which have J = 0, even, and a few exist for
which spin 1 has not been finally excluded.

The 1.74-Mev state of Blo is fairly certain to be the analogue
of the Be10 ground state. In Bm, then, a state with J = 2, even; T=1,
should appear at about 1.74 + 3.37 = 5.1 Mev. The attempts to find
9

it are interesting. (Be’ + d) slow-neutron threshold data of Bonner

and Butler(41) reveal levels at 5.11 Mev and 5,17 Mev, Ajzenberg's(36)
angular distribution of a neutron group going to 5.14 Mev connotes odd
parity, but this could represent both levels or one dominant level.
Jones and Wilkinson (in press) have studied the reaction
Li6(a,Y)B10. They find only the upper member of the doublet, at
5.162 + 0. 008 Mev, with a radiation width ol = 0.2ev. The lower
member has cal < 0.004 ev. As is usual with isotopic spin experi-
ments, the results are somewhat ambiguous, even though it seems
clear that one of the levels does have T = 1. The obvious suggestion
is that the lower level has T = 1 and is therefore suppressed, because
T = 0 for Li6 and He4. This is unsatisfactory, since Radicatti(42)
has shown that the Coulomb perturbation introduces a 0.25 percent
intensity of T =1 in the L16 ground state and thereby reduces con-
siderably the discrimination against the formation of a T = 1 state

in the compound nucleus., Accordingly, Jones and Wilkinson suggest

that perhaps the upper state has T = 1 but the lower state has J = 2,
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odd, and that its diminutive width results from the isotopic spin selec-
t.ion rule on electric dipole transitions: no T = 0to T = 0. Measure-
ments discussed in the following section have some bearing on this

question,

E. HIGH ENERGY RADIATION

Chao _e_t_e_l_{.(35d-)

s, bombarding Be at 1.5 Mev, measured thick-
converter Compton spectra of gamma-rays with energies (in Mev):

3.97 +0.08, 4.47 + 0.07, and 5.2 + 0.1, At E, = 3.0 Mev, Meyerhof

d
et al. (43) observed 6.0- and 6.7-Mev gamma-rays.

The region above 3.6 Mev was surveyed at Ed = 2.5 Mev, using
a thick converter (700 mg/cm2 Al). The primary purpose was to find
lines strong enough for internal pair measurements; in this the exper-
iment was unsuccessful. Two lines dominated the spectrum, the 4.4-
Mev line and one at 6 Mev., These were studied in some detail, neither
having been assigned previously to a definite transition. The spectra
appear in Figures 15 and 16. Each point represents 14.4 microcou-
lombs of deuterons.

The end-point measurement of the lower-energy line gave
4.462(1-0.006) = 4. 435 + 0,03 Mev; the yield was 0.99 x 107° y/d.
Comparison with the Compton spectrum of the 3.57-Mev line of Be9+p,
showed the energy difference to be 866 + 20 kev. This gives for the
energy of the line 4.44 + 0.03 Mev, in excellent agreement.

The addition of 4.44 + 0.03 and 0.72 + 0.00 gives 5.16 + 0.03.
A 20- to 40-kev Doppler shift, which depends on the angular distribu-

tion of residual nuclei, robs this datum of its apparent significance.

The initial state must remain unassigned, but the lower member of
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the doublet seems the more likely choice. This assignment and the

(35d)

low intensity of 5.2-Mev radiation , would confirm Ajzenberg's
findings and bear favorably upon Wilkinson's suggestion.

The 6.0-Mev gamma-ray presented a problem of a different
sort: that of assigning an emitting nucleus. A level is believed to

10 (14) " 10 41 the other hand,

exist in the region of 6.2 Mev in Be
has levels at 5,93 + 0.02 and 6.12 + 0. 04 (14). The gamma-ray ener-
gy, from the end point is 6.013(1-0.006) = 5.98 + 0.04. A Doppler
shift of 50 kev is possible, therefore assignment to the 5.93-Mev

level would seem reasonable. 1.6 x 10.6 Y/d is the yield at 2.5 Mev,
Any gamma-ray in the 400-kev interval above this line has an intensity
less than 10 percent of that figure. Over the next 1-Mev interval the
upper limit is 2 percent.

This result left unexplained the radiation from the 6.2-Mev
state presumed to exist in Belo. To get an energy check, {and insure
that the line is single) the thin converter Compton spectrum was meas-~
ured. To the 23 mg/c:rn2 Be target was added 34 mg/crn2 of Al, form-
ing a target about a hali-resolution width thick. The inset in Figure 16
shows the result, with the same units as the complete scales. A com-
parison was made with the 6.110 line from C13+d (not shown), The
target was 17 mg/c:m2 C plus 23 mg/cmz Cu, and bombarding energy
was 1.45 Mev, The best curve match gave an energy difference of
116 + 20 kev (poor statistics produced by a high background caused
most of the uncertainty)., This gives for the energy 6.110-0,116 =
5.99 i—_ 0. 04 Mev, which confirms but does not improve upon the initial

measurement. Finally, an excitation function near threshold was
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attempted in hopes that this might confirm the assignment. The thick-
converter Compton spectrum was not sufficiently sharp to be easily de-
tected, and the thin-converter spectrum was too weak. Accordingly, a
Nal scintillation spectrometer with 10-channel differential discriminator
was employed in place of the beta-spectrometer. This arrangement re-
sulfed from the courtesy of H, H. Woodbury, who was most helpful
throughout.

The counter was set up with crystal about 2 cm from target
along a line perpendicular to the beam. Resolution was found to be 7.3
percent. A 0,070 mg/(:m2 (5.25-kev) Be foil (supplied by Dr. Hugh
Bradner) was the target, backed with 0. 005" tantalum, and oriented at
45° with respect to the incident beam. The 2.62-Mev gamma-ray from
ThC' was used to calibrate the discriminator. The double line result-
ing from pair production in the crystal with escape of one or both anni-
hilation quanta was studied. The gamma-ray energy was measured as
5.93 Mev.

The experiment was not successful in that the presence of a
resonance just above the threshold (the broad 2.1-Mev peak previously

identified by long range protohs“‘})‘

) prevented any conclusion as to
the characteristic shape of the curve at threshold.

The lowest bombarding energy for which a peak was definitely
seen was 1.95 Mev. The threshold for a 5.93-Mev gamma-ray (with
Doppler shift) is 1.92 Mey in B'Y, 1.64 Mev in Be'’. The Coulomb
Earrier is adequate to produce a 300;kev uncertainty in the threshold

of a (d p) reaction, so the datum is not meaningful.

The gamma-ray may tentatively be assigned to the 5.93-Mev
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level. The only basis for this is the excellent energy agreement,
which is unique to this level.
The gamma-ray appears to exhibit a Doppler shift. It is emit-
ted in competition with the Li6 - o decay. These data suggest a high

spin value, probably 3 or 4.
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IV. RADIATION FROM C!? +4

A. BACKGROUND

A controversial level in C13 which had hovered around 3.8 Mev
for many years was shown to be a doublet by Rotblat(44) in 1950, He
used photoplates to measure proton groups from the reaction Clz(d,p)

013*, produced by 8-Mev deuterons, and found the level excitations to

be 3. 683 and 3. 884 Mev. A gamma-ray at 3.65 + 0,05 Mev following
C12 + d was reported by Meyerhof (priv. comm. to Fay Ajzenberg),
who used a scintillation spectrometer. Thermal neutron capture by
C12 produced one at 3. 68 + 0.05 Mev. Bartholomew and Kinsey(45),
who measured it with a pair spectrometer, reported its intensity to
be 0.3 photon per capture and that of any 3.9-Mev line to be less than
0. 06 photon per capture. A more elucidative gamma-ray study of

C12 + d was felt to be possible.

B. COMPTON SPECTRUM

A 40-rng/c:m2 graphite flake was used as target and Compton
converter. A Geiger telescope monitor was used and was adjusted
to be insensitive to the annihilation quanta produced by decaying NB.
The detector bias was set well above the maximum positron energy,
and the search for high-energy radiation was thus free from the cus-
tomary uncertain background usually attributed to circulating N13 gas.
Even so, cooling-off periods were necessary in order that the anni-

hilation radiation should not overly raise the singles rates in the

monitor components.
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The spectrum observed at deuteron energy 2.4 Mev is shown
in Figure 17. Each point represents bombardment by 55 microcou-
lombs. The flat background is extrapolated from points measured
above 14 kg-cm, not shown. The presence of two gamma-lines is
evident, but the detailed analysis of the data requires extra informa-
tion. That is, it is not possible to sketch in the line shapes shown,
using only the experimental curve, without ambiguity.

One solution to the problem utilized the Compton spectrum of
the 3.1-Mev line produced in the same converter. The best curve
through the experimental points was (vertically) scaled to match the
spectrum of Figure 17 in the region of 13.5 kg-cm, making a small
allowance for the change in spectrometer window. The peak of the
curve was traced in and the 3.1-Mev spectrum discarded. The re-
mainder of the high-energy spectrum was then defined by requiring
that the second curve be an exact multiple of the first, comparing
points equal distances below the respective end-points.

The first attempt produced a spectrum with an abrupt level
portion about 6 percent below the peak. This was eliminated when
it was realized that a 3.4-Mev gamma-ray from C13 (1 percent) +d
would produce a rise in this region. The contribution was estimated
from a run using an enriched (50 percent)C13 target; it is indicated
by the dashed line in Figure 17. When this was subtracted, the re-
sulting curve agreed well with the 3.1-Mev spectrum. At a later
time, the Compton spectrum of the 3, 57-Mev line of Beg(p, u')Liﬁ*
was measured, using a Be target-converter 23 mg/c:m2 thick. (See

Section II, Part D, and especially Figure 11'). The agreement with
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the curves of Figure 17 was remarkably good and imparts much confi-
dence in the technique.

In the course of the C13+d measurements, it was established
that neither of the new gamma-rays was produced in such a reaction.

Another approach to the extrapolation problem was tried as a
further check., The spectrum was measured at Ed = 2.07 Mev, where
the relative yield of the two lines was drastically different. The prev-
ious curve (background subtracted) was scaled to match the new one
over the region above 13.5 kg-cm and subtracted from it. As is shown
in Figure 18, the exact line shape was not preserved, but the end-point
and the peak were reproduced unshifted. The relatively greater yield
of the 3.4-Mev line at the lower bombarding energy is in evidence.

Point-to-point comparison of the thin-converter Compton spec-
tra of the 3.1- and 3.57-Mev lines produced an accurate figure for the
energy difference between the two gamma-rays, 469 + 14 kev (taking
account of a 17 + 10 kev difference in Compton converter shifts). The

(3)

use of Thomas and Lauritsen's value for the energy of the lower

line, 3097 + 5 kev (+ 4 + 2 kev extra Doppler shift), gave for the L16
line a new energy value, 3570 + 15 kev, independent of the photopeak
data. The average of these two values was taken as a best value

3572 + 12 kev.

A careful comparison was then made between these two spectra
and those of the new carbon lines. The resulting energies of the new
lines are 3684 + 20 and 3843 + 14 kev, and their energy difference is
160 + 15 kev.

Particle-group measurements of the level energies (in kev) are:
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c'?(d,p), 3683 and 3884, Rotblat!**) (photoplate); c'2(d,p), 3686 + 11,
Van Patter et al. (46). (magnetic spectrometer); Clz(d,p), 3680 + 30
and 3850 + 30, Bockelman et al. (48.); N:l 5((fl, a), 3677 + 5, Malm and

Buechner(47)

, {(magnetic spectrometer). The only disagreement with
' the gamma-ray data is Rotblat's value for the upper level 3. 884 kev.
Hé does not state a probable error. It is interesting that little or no
Doppler shift seems to be indicated for the low energy line; this will
be discussed later.

Thick converter Compton spectra were measured in the course

of the study of the internal pairs; these appear in Figure 19 (700 mg/

cm2 Al converter). The gamma-ray yields at Ed z 2.4 Mev are:

3.84-Mev line 4.3 %1070 Y-quanta per deuteron
3. 68-Mev line 5.8 x 10.6 Y-quanta per deuteron
3.10-Mev line 62 x 10-6 Y-quanta per deuteron

The quality of the fit between experimental and theoretical spectra is
suggested by the energy values {(corrected) determined from this meas-
urement, viz., 3677 and 3838 kev.

An excitation curve (see Part D), Figure 22, gives the yields
at other energies. At Ed = 8 Mev, the upper line is 9 times as intense
as the lower one(44c).

A search for higher energy radiation from C‘.12 +d at Ed =2,7
Mev was unsuccessful. Decause of the large background from CI
(1 percent) reaction gamma-rays, an upper limit on intensity was un-
certain, A survey of the spectrum (at 2.2 Mev) produced the following

~ lines too encrgetic to be produced by Clz(d,p/n): 6.1-Mev, Y = 0.25

x 10-6 Y/d; 6.7-Mev, Y = 0.044 x 10"6 y/d; and 8. 56-Mev,
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Y =0,0233 x 10_6 Y/d. The first two lines are produced by C]’3 +

d,
and further measurements on them will be reported in a separate pub-
lication.

The last line probably follows secondary (fast) neutron capture
in the 700 mg/cmz Al converter. It does not appear when a copper
converter is employed. This would not be the first instance of such
an occurrence. A search for delayed radiation produced by deuterons
on a 0.040" Be disk once revealed a beta-spectrum with a half-life of
the order of a second and an end point at 3.5 Mev. This was attrib-
uted to Heﬁ, produced by the reaction Beg(n, o,)Heﬁ. It disappeared

when a foil of one-tenth the thickness was substituted.

C. PHOTOELECTRON SPECTRUM; 168-KEV GAMMA-RAY

Assuming tentatively that the 3.84-Mev line was produced by
a transition in C13, there was reason to believe that it was magnetic
quadrupole. If so, lower-energy transitions of lower multipole order
might successfully compete with it. Accordingly, the spectral region
around 160 kev was surveyed.

The detector for this experiment was an Amperex 150-C Geiger
counter with a 3.5 mg/cmz mica end-window. The high background
of N13 counts could not be avoided, and alternate beam-on, beam-off
connt readings were necessary.

2 Th

The spectrum of photoelectrons produced in a 3.4-mg/cm
foil is shown in Figure 20. There appear the K-, L-, and M-shell
photopeaks of a gamma-ray whose energy is 168.2 + 1 kev,

To each photopeak energy (computed from a momentum which
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included a 5.3 + 1.2 g-cm earth’s field correction) was added the

{7)

atomic binding energy correction' ', the converter shift, and the
target bias, 0.3 kev. The converter shifts were estimated by ex-
trapolating the Christy-Cohen curves (given by Hornyak et al. (1))
‘and were little more than guesses; they were taken as 0.5 + 0.3 kev
f§r the K-electrons and 0.9 + 0.4 kev f.or the L.- and M-electrons.
The K- and L-peak values for the gamma-energy agreed (fortui-
tously) to 0.1 kev; the M-peak, with poorer statistics, gave a one-
kev higher answer. The lower value, quoted above, was the one
adopted.

A noticeable feature of the photo-spectrum is the much-
reduced K-peak amplitude, compared to those of the L.- and M-peaks.

Recent experimental investigations by K. Marty(49a)

and Kai Sieg-
bahn(49b) indicate that the well-known four-to-one K/(L + M') ratio

is a fair approximation even at this low energy. The difference arises
mostly from scattering effects. The converter and the counter win-
dow are each 3 1/2 mg/cmz thick, which is less than 3/4 transport
mean free path for the Li-clectrons and ncarly 3 transport mean free
paths for the K-electrons. The "transport mean free path'’ is deﬁned(l)
as the distance in which the mean square scattering angle becomes % .
It is approximately equivalent to the "scattering length" of Goudsmit
and Saunderson(so). No electrons with momentum less than 650 gauss-
cm (35 kev) were counted, in fact. Their theoretical range in Al is

2.2 mg/cmz, so this is not surprising. It is thought that these absorp-
tion effects did not appreciably shift the photo-peaks.

Several other difficulties prohibited an accurate yield measure-

ment. A photo cross-section of 640 barns (atomic) was found by
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intefpolating between empirical figures for lead and uranium(sn. In
order to get sufficient counts for an accurate spectrum, the converter
was placed only 0. 005" from the target, making the empirical (sec 0)
curve (Figure 4) inapplicable. Estimates on (sec 0) of 2.1 (K) and
1.8 (L) were found by extrapolating empirical data of Thomas(3) to
the energies involved, A peak was also measured with standard geom-
etry and therefore poor statistics. The computed intensity agreed to
20 percent with the estimate.

The 168-kev line yield is about 2 x 10-6 ¥/d at 2.4 Mev bom-
barding energy, or a little less than half of the weaker of the high
energy lines. The intense background prevented the detection of the
internal conversion peak.

A search was made for radiation which might correspond to a
transition to the 3. 1-Mev level. The scintillation-counter detector
was employed. 2.5-Mev deuterons bombarded the 40 mg/cm2 graph-
ite flake, which was backed by 35 mg/cmz Al and 14 mg/cmZ Th, and
the spectrum was surveyed from EY = 530 to 1120 kev. It was neces-
sary to take alternate beam-off background readings. The result ap-
pears in Figure 21. Dots represent prompt radiation, circles delayed.
The delayed counts (normalized on counting time under near-equilibrium
conditions') were included to show the L-photopeak of the annihilation
radiation, which falls very near one of the anticipated lines, and which
aids the imagination in analyzing the prompt spectrum. The apparent
absence of a prompt photopeak places an upper limit on its yield at
0.2 x 10“6 gamma-quanta per deuteron, or about 3 percent of the ground

state transitions from the 3.68- and 3.84-Mev levels.
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D. EXCITATION FUNCTION; ASSIGNMENT OF THE RADIATION

A beta-spectrometer appears to be able to gather little more
than circumstantial evidence regarding the transition involved for a
measured gamma-ray. The only solution of this difficulty is the amass-
ment of so much evidence of this sort that the conclusion will be ac-
cepted, as it were, by default. It was in this spirit that an excitation
function, or relative yield curve, was measured for each of the lines
under im}estigation. The one whose assignment needed bolstering
was, of course, that at 168 kev, but little harm was done if it was made
certain that no contradictions were entailed in associating the high
energy lines with the C13 levels which matched their energies.

For the 3.68- and 3.84-Mev lines, the procedure was as fol-
lows, The individual Compton spectra, (at Ed = 2.4 Mev) shown in
Figure 14, were regarded as prototypes, f(Bp), g(Bp). At each bom-
barding energy, 15 points were recorded, between 12 and 15 kg-cm,

A background was drawn, and the remaining spectrum F(Bp) was anal-
yzed by a least-squares method to find the amplitudes of f and g relative
to those at 2.4 Mev.

The same procedure was followed with the low-energy line.

The prototypes f and g were the K-shell photopeak and a linear (meas-
ured) background beneath it, shown in Figure 20. Nine measurements
were made at each analyzer setting, and time-dependent background
was subtracted.

The analyzer was calibrated on the 1.757-Mev resonance in
C13 +p. using a scintillation spectrometer to record gamma radiation.

The various excitation functions are plotted in Figure 22. Dots
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and plus-signs represent the 3. 68- and 3,84-Mev lines, respectively;
curves are drawn through these points. Their absolute yield is plotted,
Crosses (x's) are the points for the 168-kev line, normalized to match
the 3.84-Mev line at 2.4-Mev., The circles represent the background
to the 168-kev photopeak., This background consists for the most part
of .low—energy Comptons from the 3.1-Mev line and may be taken as
proportional to its yield. This curve is normalized to match that of
the 3. 68-Mev line at 2.4-Mev.

That the normalization was designed to display the similaritics
of the matched curves goes without saying. That the 168-kev excitation
function will match only that of the 3, 84-Mev line is likewise apparent,
and this is the most important result of the measurement.

There are other features worth noting. The disagreement near
the threshold may be a manifestation of the presence of the 3.9-Mev
line of G123 (d,n). More likely, it is experimental error. The behavior
of the 3.68-curve in the region below 1.9 Mev is indicative of resonance.
Ground-state neutrons (to Nl3) and 3.1-Mev gamma-rays show a broad

([ = 200 kev) resonance at 1.73 MevtZ4)

, and it would appear that this
gamma-ray shows it also, The 3.84-Mev line is too weak at this point
for the detection of any resonant character.

The 3.68- and 3.84-Mev gamma-rays may be assigned as ground—
state transitions from the levels of those energies in C13 without further
comment.

The evidence for regarding the 168-kev line as a transition be-

tween these levels is as follows:
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1. No contradiction is involved.

a. The energy balance is excellent.

b. 7The excitation curves for the lines posited to originate
with the 3. 84-Mev level are identical, within statistics.

c. The intensity of the 168-kev line is definitely less than
that of the 3. 68-Mev line.

2. There exist, as yet, no other energetically possible levels
to which it can be assigned.

a. C]?’ (d, a')BIO* is possible by a mar'gin of less than 70
kev. The occurrence of this reaction would require an
unreasonably large a-particle width; and no such level
is known to exist in Bm

b. It was checked with a C13-enriched target that the initial
nucleus is C12°

c. To be assigned to Nl?’, the line would have to arise from
a level below 1.3 Mev, and no such level has been ob-

4. (14)

serve

d. A search for higher-energy radiation from 013*, with
which this line might compete, was unsuccessful. Such
a level would have to lie below 4.3 Mev,

This assignment is therefore quite reasonable and will tenta-

tively be assumed to be correct,

E., INTERNAL PAIRS

It will be shown in the next part (F) that the presence of the

transition between the 3.84- and 3. 68-Mev levels makes a very strong



-53-
suggestion regarding their spins. An éttempt to verify this sugges-
tion by internal-pair determination of the gamma-ray multipole order
was therefore made. The yield measurement made in conjunction with
this was. described in Part B.

The deuteron energy was 2.5 Mev, an unfortunate choice be-
céuse of a resonance at just that point: a slight drift could cause a
substantial variation in yield.

The positron spectrum appears in Figure 23, Each point rep-
resents 110 microcoulombs bombardment. The theoretical curves
are scaled by the respective yield values and have been shifted an
amount equal to the most probable energy loss in the 4()-»1rx:1g/c:rn2 flake.

The 3.84-Mev line is definitely not electric dipole (El) and
seems unlikely to fit either of the next two curves (E2 and Ml)., E3
and M2, the next two, are equally good choices. There is reason to
believe in the M2 assignment, so this curve has been extrapolated to
serve as background for the other line.

Below 9.4 kg-cm, there is a contribution of positrons from
the 3.39-Mev line, encountered in the thin-converter measurement.
This addition has been estimated, using a yield value suggested by
thin-converter Compton data, and assuming the radiation to be EIl.
The crosses represent the experimental points with this subtracted.

The multipole order of the 3.68-Mev line is in evident doubt.
Possible causes of this are: bombarding energy drift between posi-
tron and electron measurements; incorrect positron background as-
sumed, i,e., M2 instead of E3 assignment for upper line; incorrect

extrapolation of 3,84-Compton spectrum; external pairs (less than
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3 percent); and systematic error in yiéld calculation. Note that the
error in the theoretical spectrum depends not upon the error in the
3. 68-yield alone, but also upon that in the 3. 84-yield. In fact, any
systematic yield errors will be additive, weighted by the respective
values.
In order for the various curves to agree with the experimental

points in the region of 8.8 kg~-cm, the yield should be adjusted by:

El -17.5%0
E2 +17.5%0
M1 +33 %o
E3 +63 /o

There seems to be no choice between El and E2, with M1l much

less likely. In view of the serious disagreement with all curves, how-

ever, it cannot be finally excluded.

F. DISCUSSION

Rolblat's work included a measurement of the angular distri-

bution of each proton group(44c).

The conclusion of his Butler analysis
was: the upper level is formed by the capture of a neutron with £=2,
producing J = 3/2 or 5/2, even; the lower level is formed by the cap-
ture of an £ - 1 neutron, and J =1/2 or 3/2, odd.

The present experiment has shown a 168-kev gamma-ray eman-
ating from the upper level in competition with one which has 23 times
its energy. From the theory of emission probabilities the lower energy

radiation must be of lower multipole order in order to compete. The

choice here, on the basis of Rotblat's assignments is:
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El competing with M2 for spin assignments 5/2, even, and 3/2, odd
M2 competing with M2 for spin assignments 5/2, even, and 1/2, odd

El competing with El for spin assignments 3/2, even, and either.

The first choice is the only one which makes lifetimes comparable with-
in a factor of }.04 according to contemporary models, It would be re-
ma.rkable indeed if even the crudest estimate was off by that factor, and
the first choice is tentatively accepted. The spins of the states in ques-
tion are therefore suggested as being 5/2, even, and 3/2, odd.

The internal pair data confirm the first assignment. They agree
with cither M2 or E3 radiation from the 3.84-Mecy state, and cither of
these may result from a 5/2, even, to 1/2, odd, transition. They dis-
tinctly exclude electric dipole radiation, which is the only other choice
allowed by the Rotblat spin assignments.

It would be expected offhand that the pair data would have no
bearing on the spin of the second state. For either possible assignment,
M1 radiation is possible and is expected to predominate. Thé suggestion
of the data that the radiation is E2 (El is forbidden for either spin as-
signment and will not be considered) is therefore somewhat surprising,
if correct, It is a happy occurrence, however, in that E2 is only slightly
less likely than M1 for a (3/2, odd) to (1/2, odd) transition but is abso-
lutely forbidden for a (1/2, odd) to (1/2, odd) transition. The spin of
the state would therefore be confirmed by that finding.

A valuable line of evidence which has been pointedly ignored in
this analysis is the array of states in the mirror nucleus, N13. This

reticence was occasioned by the desire to develop entirely independent

information on C13 and to let the similarities suppbrt the mirror-equality
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hypothesis, rather than the reverse. Acfually, it is probably a
little late in the season for this attitude; few propositions of nu-
clear theory have more overwhelming evidence in their favor than
- that of the equality of nn and pp forces.

A brief summary of pertinent data on N13 follows. It is
take.n mostly from the reports by the Wisconsin group(sz) on pro-
ton elastic scattering from Clz, though much corroborative evi-

dence from C12 (p,Y) N13 exists(53). A much more detailed survey

(54)

is contained in a paper by Thomas in which the levels are com-
pared and their displacements accounted for.
Table IV compares the first four isotopic spin doublets of

o3 N1,

Resonance widths ([) are center of mass values. The
last column gives the reduced widths in dimensionless units (02)

derived from the observed widths.

TABLE 11

STATES OF ¢ - NP3

cl3 l | N3

E_(Mev) spin, parity | E_(Mev) |[(kev) 0%/2

0 1/2, odd 0 - 0.035 or 0.15%
3.082 - 0.007 | 1/2, even 2.369 31 0. 81
'3.684 - 0.015 | 3/2, odd 3.511 55 0. 047
3.843 - 0.015 5/2, even 3.558 61 0.31

12 (54)

#*from radiative transition widthe in capture of s-wave nucleons by C

The quantity tabulated gives a measure of the extent to which a

level may be described by a configuration involving the interaction of a
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single nucleon with a core. (In the formalism of dispersion theory,
it measures the probability that the nucleon appears at the nuclear
surface(54)). Its value should be of order one for single-particle
levels and much less for levels due to appreciable excitation of the
core. Thus, the 3.1- and 3.85-Mev levels appear to consist of single-
particle configurations, while the 3. 68-Mev level is complex.

The resonant proton capture gamma-radiation from the
(3/2, odd) 3.511-Mev level in N13 is predominantly magnetic dipole,

according to its angular distribution!®3¢Y

, and has a large radiative
widitl.
if the borderline results on the 3,68-Mev line of C13 stand up. The
absence of a Doppler shift may suggest a lifetime some 102 or 103
times greater than that of the mirror transition. (It may, on the
other hand, result from the long lifetime of the 168-kev transition
feeding the level). Taken in conjunction with the internal pair data,
the suggestion is that magnetic dipole radiation is somehow sup-
pressed for this transition in C13 and encouraged in the mirror case.

Such a finding must be explained by the nature of the multi-particle

3. 68-Mev level.
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