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Measurements are made of the maximum energies of gamma-rays emitted on neutron capture by a
number of elements. Values so obtained are in rough agreement with semi-empirical formulas for neutron
binding energies. Evidence is presented to show that gamma-rays carrying nearly the maximum energy
are observed much more frequently than would be expected on statistical theories. The yield of gamma-rays
on neutron capture is studied and found to show a variation, on the elements examined, of +30 percent

about a mean.

INTRODUCTION

HE earliest measurements of gamma-rays emitted
upon neutron capture®? were severely limited by
the low intensities of natural sources, permitting only a
rough estimation of the capture gamma-energies. With
the higher fluxes obtainable from the D—D reaction,
Kikuchi, Husimi, and Aoki® were able to determine
capture gamma-energies from an end-point measure-
ment. They were also able to make some estimates of
the relative cross sections for gamma-excitation.

The greater fluxes available with the Argonne heavy
water pile again made the study of capture gamma-rays
expedient.* Higher intensities permit study of weak
absorbers, and collimated neutron beams provide
better geometry than was previously available.

The number of capture gammas emitted is a measure
of the total radiation cross section a(n,v), abbreviated
in the following as o,. Our experiments measured their
intensity by observing the number of Compton elec-
trons which they produced in an aluminum radiator,
and the maximum energies of the gamma-rays were
measured by the absorption method. Also, the geometry
was good enough to permit discernment of the general
features of the spectrum of capture gammas emitted.

Figure 1 shows the geometry used for detecting
gamma-rays. The unmoderated neutron beam was
incident on the target at 15° to the surface to give a
large effective target thickness with a minimum mul-
tiple scattering. Capture gamma-rays produced at the
target passed through a thick boron absorber before
striking the aluminum radiator. Neutrons which were
scattered off the target were prevented from entering the
cylindrical shield directly by this 1-in. absorber, which
had the constitution:

B19: 2.16 g/cm?; B!: 0.15 g/cm?;

The aluminum walls of the Geiger counters were 4.6 mils
thick. These counters were used both singly and in

S: 0.96 g/cm?.

1 F. Rasetti, Zeits. f. Physik, 97, 64 (1935).

2 R. Fleischmann, Zeits. f. Physik, 103, 113 (1936).

4 Kikuchi, Husimi, and Aoki, Proc. Phys. Math. Soc. Japan 18,
188 (1936).

4Such studies of gamma-rays from iron and cadmium were
made by H. Lichtenberger using a beam from the original graphite
pile, but because of the low intensities the results were only
preliminary.

coincidence; they resolved accidental coincidences
separated by more than a microsecond. Irradiations
were monitored by a fission counter mounted fully
above the beam at the wall of the pile.

QUANTUM ENERGY MEASUREMENTS

Except for the light elements, the energy liberated
on neutron capture is 6-10 Mev. This energy may be
emitted in a single photon, or there may be a cascade
involving several quanta of lower energy. The dis-
tribution of quanta among the various possible schemes
of decay has been studied only very little. Some theo-
retical arguments, based on considerations of statistics,
would indicate that the maximum energy is rarely, if
ever, concentrated in a single quantum. If that were so,
a measurement of the maximum energy in the spectrum
would yield an energy considerably less than 6-10 Mev.

Previous measurements have been indecisive on this
point because of the low intensities of, and the high
backgrounds associated with, the sources. The energies
which Kikuchi, Husimi, and Aoki found by the end-
point method lay between 4 and 7 Mev. Although these
values are undoubtedly low, they are, in general,
greater than the corresponding values obtained through
half-thickness measurements by Rasetti and by Fleisch-
mann.

The technique of the present measurement corre-
sponds closely to the measurements mentioned above
for measuring gamma-ray energies by the method of
the range of the recoils; successively thicker absorbers
are interposed between the two G-M counters, and the
thickness of absorber which would eliminate the coin-
cidences altogether gives the energy of the hardest
Compton electron.

All absorption curves show a steep decrease, breaking
over abruptly into a tail of lesser slope. OQur interpreta-
tion of the latter effect is that fictitious coincidences not
associated with energetic gamma-rays or electrons may
be generated in at least two ways: (a) A single gamma-
ray may produce Compton electrons in both counters.
(b) Brehmsstrahlung from a weak electron in the first
counter may fire the second. In either case, the hard
component is composed of soft gamma-rays and not
hard electrons. The observed absorption coefficients for
this component are consistent with gamma-rays of
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several hundred kev energy, although there is a rather
large variation in this absorption coefficient among the
various cases. Since in all cases the second component
appears to be exponentially absorbed, the procedure
has been to extrapolate it exponentially toward zero
thickness, then subtract it from the total counting rate.
The resultant curve is associated with the desired
secondary radiation.

When the end point has been determined, there is
added to it the thickness of two counter walls and the
air between them (0.07 g/cm?). From the range so
determined, the gamma-ray energy is obtained using
the formula R=0.46E, where R is the range in Al in
g/cm? and E is the gamma-ray energy in Mev. This
formula fits, within experimental error, the data of
Curran, Dee, and Petrzilka,® obtained over the range
2-17 Mev by a method similar to the one employed in
this experiment.

For each absorber thickness, a subtraction of back-
ground must be made. Backgrounds are taken by inter-
posing in the beam an enriched boron plug (approxi-
mately 2 g/cm? B'®) which stops the neutron beam but
passes practically all the pile gamma-rays whose effect
on the system is part of the background. Also, there is a

8 Curran, Dee, and Petrzilka, Proc. Roy. Soc. 169, 287 (1938).
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in place, the lowest curve the measured background rate. The
abscissa does not include counter wall thicknesses.
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TaBLE I. Maximum energies of capture gamma-rays.

Corrected Gamma-ray Neutron Probable
range energy binding capturing
Target (g/cm? Al) (Mev) energy nucleus
S 3.50+0.2 7.6 £0.4 9.1+0.9 (S®)
Cl 4.4940.2 9.8 £0.4 8.24+0.95 (Cl13)
K 3.32+0.2 7.2 04 7.1+0.9 (K#)
Mn 4.1040.2 89 0.4 (7.0 (Mn55)
Fe 3.60+0.3 7.8 £0.7 8.3+1.6 (Fed8)
Co 3.5240.1 7.7 £0.2 (7.4) (Co®)
Cu 3.52+0.2 7.7 £04 (7.8) (Cut3)
Ag 3.00+0.35 6.5 +£0.7 6.9) (Ag'®)
Cd 3.2240.1 7.0 £0.2 8.5) (Cdus)
I 3.20+0.2 7.0 £0.4 (6.2) (I27)
Sm 3.03+0.15 6.6 0.3 (7.8) Sm1#
Gd 2.90+0.2 6.3 0.4 (8.6) (Gds7)
w 3.274+0.2 7.1 £0.3 (6.9) (W1ss)
Ir 2.37+0.1 515402  (6.1) (Trior)
Au 3.37+0.2 7.3 £04 (6.9) (Au?)
Hg 3.2840.2 71 £04  (6.6) (Hg)

negligible contribution due to the capture of neutrons
in the Al target holder. Figure 2 shows a typical ab-
sorption curve, for the case of iridium, with subtraction
of background detailed.

Table I summarizes the results as regards maximum
gamma-ray energy. The second column gives the
secondary electron end point plus 0.07 g/cm? The
third column gives the gamma-ray energy derived
from this. Estimated probable errors are given. These
errors arise chiefly in the subtraction of the exponential
tail.

The last column gives independent estimates of the
neutron binding energies in the isotope assumed to do
the capturing. For four elements (S, Cl, K, Fe) the
relevant masses are sufficiently well known to permit
the assignment of probable errors. In the remaining
cases, the use of a semi-empirical mass formula must be
resorted to. Such values, enclosed in brackets, were
calculated from®

M(A, Z)+n—M(A+1,Z)
=0.015044-0.014[ A¥— (44-1)¥]
(4/2=2)* (4+1)/2-2)
4t ]
+0.000627 [ A~ — (A+1)"V]+5,

+0.083[

where

—1. Z even
§=70.0364 L A CVCH{Z odd

=40.036(4+1)"% A Odd{g g\é(én

and 4 is the mass number, Z the atomic number.
The maximum gamma-ray energies found in this

experiment do not, on the whole, seem to be lower than

the estimated neutron binding energies. In fact, con-

6 N. Bohr and J. A. Wheeler, Phys. Rev. 56, 426 (1939); G. B.
von Albada, Astrophys. J. 105, 393 (1947).
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sidering the uncertainty attached to the two quantities
being compared, one is tempted to say that they are
identical. If this point of view is substantiated it will
make possible the determination of mass differences in
many cases where no other technique is available.

A comparison has also been made with the semi-
empirical theory of Feenberg.” In this formulation, the
neutron binding energy is written as (Q1+Qs+Qs).
Q1 is the binding energy that would exist for the nucleus
of most stable Z for a given 4, (Z4*), when even-odd
differences are neglected. A plot of Q,, taken from
Feenberg’s paper, appears in Fig. 3. Q. takes account
of the displacement of Z from its optimum value:

Q2= (80/4)(Z— Z¥443) ma.

Qs is a quantity similar to §, in the Bohr-Wheeler
formulation, but slightly different in numerical values.

From the measured gamma-ray energies, E,, and
from the calculated values of Qs and Q3, we obtain the
quantity (E,—Qs—Qs) which should be equal to Q; if
E, is the same as the binding energy, and if the Feen-
berg theory is correct. The values obtained in this way
are shown as the circled points in Fig. 3.

For comparison, we also plot values of (Ey—Q;—(Q3)
obtained in an analogous way from measurements of
photo-neutron thresholds with the 22-Mev betatron.?
All of the previous considerations apply if by 4 we now
mean the atomic weight of the product nucleus. Such
points are indicated by triangles.

Considering the experimental errors, the over-all
agreement is not unreasonable, but there are several
cases where the discrepancies are fairly marked, notably
Fe® and Mo® on the high side, as well as Cd"3, Sm!4?,
Gd¥7, and Ir'® on the low side. It is probably the case
that considerations based on shell structure will be
necessary to give a detailed account of neutron binding
energies throughout the table.
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Fi1c. 4. Absorption curves
I(x) and spectral distributions
N(x) of capture gamma-rays
assuming a sharp range. The
dotted curve in Fig. 4(d) rep-
resents the spectral distribution
on the assumption of linear
absorption of secondary elec-
trons.
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SPECTRUM OF CAPTURE GAMMAS

The absorption method will, in principle, give some
information as to the spectrum of gamma-rays emitted
on neutron capture. The following analysis is based on
idealized conditions only partially realized in our set-up.

For “high” geometry, the Compton recoils reaching
the absorber and counters from the radiator will have
been ejected in the forward direction. Let & be the
gamma-ray momentum, measured in units mc, where
m is the electronic mass. The corresponding range in
g/cm? is R(k). If N(k)dE is the number of gamma-ray
lines per capture within dk, then the number of electrons
incident on the front face of the absorber is

I(0)= f dkCN (k)p(R)R(k),

where ¢(k) is the differential cross section for Compton
scattering in the forward direction and C is a constant
of the apparatus. As absorber is added the contribution
of any particular £ to the integral decreases linearly
until absorber of amount R(E) is reached. Hence, at
absorber thickness x g/cm?,

g

I(x)= dkCN (k)¢(R)R(E)[1—x/R(R)]. (1)

kmin

The lower limit is determined by R(Rmin)=x.
Since kmin is a function of x,

@I /dx*=CN (km)p(km)(dknm/dx)
or, suppressing the subscript,
N(k)=[(&*I/dx*))/[Co(k)(dk/dx)],

where R(k)=x. Experimentally we know that (dk/dx)
is essentially constant in the range under consideration
(1—8 Mev). ¢(k) is obtained from the Klein-Nishina
formula and is proportional to

1 1
[1+ ]
AL aktdy

Using the formula previously quoted for the relation
between energy and range, this becomes

N(E)=C’(x-+0.118)[140.25(x+0.118)2 a2 /da2. (2)

Formula (2) will be limited in its application because
of the fact that electrons, particularly of low energy, do
not have a sharp range. The effect of this will be to
introduce a finite resolution to the spectral analysis.
The resolution width will be that interval of % cor-
responding to the range straggling.

Other limitations are due to the non-exclusion of
some recoils which must have originated elsewhere than
in the radiator, and the contribution from pair electrons.
These effects can be shown to be unimportant, to the
accuracy of our analysis. The contributions from
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photo-electrons in this experiment were entirely neg-
ligible since the counter walls and air between them
stopped all electrons below 0.15 Mev.

Finally, the data must be very accurate and complete
in order that the curve may be subjected to two dif-
ferentiations with assurance. Only in a few cases did we
consider the application of this method justified, and
there only for distinguishing outstanding features of the
spectral distribution. These absorption curves for the
elements Cd, Ir, Au, and Co with their calculated dis-
tributions are shown in Fig. 4.

Within the above limitations we note that these
elements have maxima between 1.5 Mev and 2.5 Mev.
The positions of these maxima agree with those pre-
dicted by Bethe for the radiation emitted in the capture
process itself.® Bethe’s theory is based on the statistical
theory of energy level density and on the assumption
that the dipole moments for all possible transitions are
of the same order. Because of the rapid increase of level
density with energy on this model, transitions from the
capture level all the way to the ground level (or nearly
all the way) are highly improbable as compared to
transitions of about a third that energy. This implies
that the distribution curves N(x) in Fig. 4 should show
a high order of contact at the upper energy limit.
However, the experimental distributions, in fact, show
many quanta near the maximum energy. Thus, the

*H. A. Bethe, Rev. Mod. Phys. 9, 233 (1937),
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TasLE II. Summary of experimental results.

Target g/cm?  (A¢)a or ot G./Ge Y A%
I. Very strong absorbers
Rh 0.1115 0.243 110 115 1.13 4
Ag 0.0424  0.945 45 50 1.05 4
Cd 0.0222  0.055 2260 2266 All 141 3
Cd 0.01537 0.055 2260 2266 less 1.39 3
In 0.0229 0.89 140 145 than 0.96 4
Ir 1.092 0.062 300 300 0.001 0.89 4
Au 0.2632  0.246 72 78 0993 3
Au 0.2632  0.246 72 78 0992 3
Au 0.0566  0.89 72 78 1.010 3
Hg 0.2411  0.246 370 370 1.08 3
II. Strong absorbers
CusCl 0.591 0.055 25 30 0.020 1.46 8
Mn 0.532 0.246 9.4 119 0.011 1.23 4
Co 0.470 0.194 25 30 0.009 1.32 4
Ta 0.398 0.166 19 24 0.029 0.73 5
' 0.236 0.945 10 17.5  0.029 1.16 4
Pt 0.494 0.246 8.1 16.1  0.001 1.19 5
III. Weak absorbers
Mg 0.574 1.0 0.30 32 053 047 12
Al 0.850 1.06 0.17 1.6 019 105 11
S 0.726 0.246 0.4 1.9 009 1.52 7
Fe 0.474 1.06 19 129 0.15 1.53 7
Fe 0.989 0.246 1.9 129 018 1.53 7
Ni 0.709 0.246 3.3 188 0.12 1.86 6
Cu 1.50 0.246 3.0 10.8 0.08 1.34 5
Cb 0.0974 0.591 1.3 63 017 118 17
Sn 0.233 1.06 0.49 549 023 1.26 7
IV. Very weak absorbers
Pb 3.65 1.06 0.13 1.1 073 146 16

assumptions mentioned above are thrown seriously in
doubt.

We could carry out an alternative analysis assuming
that monokinetic electrons, instead of showing a sharp
range, decrease linearly in penetrating the absorber.
This assumption is known to describe fairly well the
absorption of electrons of energy about 1 Mev. In the
energy range being studied, the absorption would be
intermediate in character between these two cases.

With the assumption of linear absorption, it is neces-
sary to carry out three differentiations to obtain a
spectral distribution. In general, the result is to
emphasize the high energy end, moving the maximum
slightly toward higher energies and strongly intensifying
the number of quanta near the high energy limit (by
about a factor of two compared to the number in the
peak). The dotted curve in Fig. 4(d) gives this altern-
ative distribution as derived from the data for Au.

While it is clear that quantitative conclusions re-
garding the spectral distribution can hardly be obtained,
it is also clear that the number of high energy quanta
present is far greater than the statistical theory of
nuclear energy levels would predict.

Absorption curves for gold were made using thermal
and epi-cadmium neutrons, respectively, and are shown
in Figs. 4(d) and 4(e). Within experimental error the
curves have the same shape and the same end point.
The evidence is, therefore, that the decay of radioactive

KUBITSCHEK AND S.
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gold nuclei formed in the 5-ev resonance level involves
the same radiative processes as for those gold nuclei
formed by capture of thermal neutrons.

GAMMA-RAY YIELD MEASUREMENTS

Gamma-ray yield measurements were made in a
survey of targets of a number of materials. A beam of
neutrons of energy below the cadmium cut-off (here-
after called thermal for convenience) was permitted to
fall on each target and the corresponding counting rates
were observed in the Geiger counters inside the shield.
These rates were compared with the rates of neutron
capture calculated for the various targets from tabu-
lated neutron cross sections. The ratio thus obtained is,
as will be shown, approximately proportional to the
total number of gamma-rays emitted on neutron
capture. The constancy of this ratio would indicate a
similarity in the spectra of capture gamma-rays for the
various targets. However, some deviation from con-
stancy is to be expected because of the variation of
neutron binding energy among the substances studied.

For each target the following measurements were
taken both with Geiger-Miiller counters and with a
boron trifluoride counter located directly adverse to
the G-M counters and in a standard position about
three feet from the target.

Ny: counting rate with the sample in open beam; sample
mounted on and behind a thin aluminum holder,

N,: holder alone in open beam,

Ns: sample in beam blocked off with Cd filter,

Ny: holder in Cd-filtered beam.

For thermal neutrons the significant rate for the G-M
counters is

Go=(N1—N,y)— (Ns—Ny) 3)
and may be compared with a calculated number
K=K+ K+K.. 4)

K is the number of neutrons captured from the beam
on first traversal of the target. K; is the number of
additional captures in the sample for neutrons scattered
on first traversal, and is of significance only when the
substance is such a weak absorber that a considerable
thickness is necessary for counting. K, is a contribution
arising from neutrons scattered by the target which are
subsequently captured in or near the shield producing
detectable gamma-radiation. This contributes a fic-
titious absorption cross section and is dominant for a
weak absorber such as graphite.

If a beam with flux ¢ falls on a target at an angle 6
with the normal, then the rate of initial radiative
capture is

Ki=A¢ cosb(o,/a.)(1—exp(—Nlo,sech)), (5)

where NV is the number of atoms/cm?, [ is the thickness
in cm, ¢, is the radiative capture cross section, o, the
total cross section, and A the area of the sample.
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Furthermore, the secondary term K; becomes for
samples thin compared with a diffusion length (a valid
approximation for all our samples),

Kq=A¢ cosb[ 2/ (¥*—2)]B(v), (6)
where

v=No,secd; x=N(30,0,)*(1—0.420,/5,),
B(x)=(1—e7)(0.71Xsec.8—1)+x/2(1+¢72).

A plot of B(x) for 6="75° is shown in Fig. 5.
Finally, the number of scattered neutrons leaving the
target is K,=K(o,/0,) to very good approximation.
We define a yield ¥V as

Gy is the net Geiger counting rate, given by (3). G is
that part of the Geiger counting rate due to neutrons
scattered out of the beam by the target; shielding made
this term small but not negligible. The numerator of
(7) is therefore the counting rate due solely to captures
in the target. The denominator is the predicted rate of
captures, calculated from tabular cross sections.

The magnitude of the correction G, was determined
in two independent ways,

(A) We may write G,=mK,, with K, calculated as
above from tabular cross sections. # is a constant of the
apparatus which may be determined empirically by
using as a target an element whose capture cross section
is so small that the observed count in our set-up is due
to scattering entirely. Carbon is such an element.
Carbon targets of various sizes were used to determine
corresponding values of m above for each size and for
each counter.

(B) We may also write G,=nBs,, where By is the net
rate of counting of the BF; counter obtained, as in (3),
by a difference of four measurements. By is proportional
to the actual number of scattered neutrons, hence to G,
and # is another constant of the apparatus. Bismuth
was used as the standard for this measurement. The
values of # were found to be 0.200, 0.123, and 0.0394,
for the fore singles counter, the rear singles counter, and
the coincidences, respectively, for the standard foil. It
follows that the effect of scattered neutrons was more
important for the near counter than for the far one.

Any serious deviation between the values of G, as
determined by (A) and (B) would imply error either in
the BF; counting or in the tabular cross sections. In
fact, the agreement was reasonably good for almost all
the cases. Our final tabulation of yield uses an average
G;, obtained as the average of (A) and (B). Deviation
between the two values is taken account of in the
probable error. Only in the case of aluminum is this the
dominant contributing factor to the probable error.

The measurement of {(4¢)a, the integrated neutron
flux striking the target, was made by cutting Cd and
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brass dummies of the same areas as the various targets
(which varied in size from a circle 1 in. in diameter for
Cd toarectangle 53 in.X 11 in. for Pb)and inserting these
into the neutron beam. The highly emissive Cd dummy
targets could be counted only with the pile operating
at reduced intensity. These values of (4¢)s were then
referred to a standard value of unity for 4-in.X9-in.
targets, and are recorded in Table IT in the appropriate
column.

EXPERIMENTAL RESULTS

Table II summarizes the experimental results. The
elements are divided into four groups according to the
ascending importance of the scattering contribution G,.
However, this contribution is predominant in the last
group only. The term Kj is negligible compared to K;
over most of the table, reaching a value about 10 percent
of K; only in the last group. The columns indicate the
following:

Target: the element or compound used, normalized to one
atom of the capturing element.
(A¢)m: the relative neutron flux intercepted by the target.
ar: the radiative capture cross section in barns, essen-
tially taken from Table 9.5 of The Science and
Engineering of Nuclear Power, Coryell, et al. (Ad-
dison-Wesley, 1947), and corrected to an assumed
Mazxwellian distribution at 400°K,
a¢: tabular cross section in barns from the above table.
(Gs/Gp): the fractional Geiger counting rate due to neutrons
scattered out of target (average of two independent
methods of determination).

Y: relative gamma-ray yield. This is the yield defined
by (7), but referred for convenience to gold as having
the value unity. Included here are the data from the
fore singles counter, the rear singles counter, and the
coincidence circuit; the yield as measured by each is
divided by the corresponding one for gold and the
three resulting numbers averaged with the coin-
cidence data given half-weight.

A: the probable error in the relative gamma-ray yield.

DISCUSSION

With a few exceptions, the yields occupy the range of
0.9 to 1.6. That is to say, the variation about the mean
is =30 percent; the chosen standard, gold, seems to
have a yield considerably below the mean.

No marked correlations of yield with other parameters
seem evident. Extreme cases are magnesium with a
yield of 0.47 and nickel with 1.86.

Referring to the previous analysis and reasoning
leading to Eq. (1), we see that the yield measured by
this experiment is, to a fair approximation, proportional
to the total number of gamma-rays emitted on neutron
capture. In the expression for 7(0), the product R(k)¢(k)
is about constant, and the quantity being measured
becomes proportional to J'dkN (k). This conclusion is
independent of any special assumption as to the fashion
in which the secondary electrons are absorbed.



