
MATRIX ELEMENTS OF p —DECAV IN jj COUPLING
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down. We also give here the factor by which the
transition probability of the single j nucleon should be
multiplied in order to obtain the probability of the
transition considered. The even-even nucleus has T= 1
and T,= 1, say, whereas for the odd-odd nucleus T,=O
and T is either 1 or 0; the transition probability is the
same for the two cases. The factor dered above is

2(2j+1)(2J+1)W(jJjJ' jk)s (11)

where J' is of the initial state and J is of the final state.
In case one of the J, J' vanishes the other must be
equal to 1 (if k=1) and the result is, for initial J'=1,
final J=O: 2(2j+1)/3(2j+1) =—'„and for initial J =0,
final J=1: 2(2j+1)3/3(2j+1)=2. Both of these
factors are of order of magnitude of unity and all such
transitions should be favored. A similar conclusion is
also the result of the supermultiplet theory, and both
these theories account for the cases in which the fl
value is low (He', C", and F")' and both have difhculty

in explaining the high ft values of such transitions as
of P", Cl", and K'.*

The other cases of odd-odd to even-even transitions,
where E/Z in the odd-odd nucleus, are not favored
and should be forbidden according to the supermultiplet
theory. It is interesting to calculate the matrix elements
in jj coupling in the case that in the odd-odd nucleus
there are a j' nucleon and a j hole. The ratio between
the transition probability in this case to the probability
of the single nucleon transition j'—+j is given by

res (2j'+1)(2J+1)W(jJj 'J'; jk)', (12)

where e is the number of nucleons in the closed j shell
—2(2j+1).J must vanish and J' must be equal to 1

(for k= 1) in which case the factor (12) becomes simply
(2j'+1)/3. The only cases to which' this result is
applicable are 8" and N" for which j= ~ and j'=

&

and the correction factor is ~~. This is not enough to
explain the high ft values of these transitions (log fl
=4.17 and )4.3, respectively).

The author would like to express his sincere thanks
to Professor E. P. Q'igner and Professor E. Feenberg
for many helpful discussions.

Pote added r'I proof. Asuper-allow—'ed transition between
the ground states of CP4 and S'4 is reported to have been found
in the E.T.H, , Zurich.
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Measurement of the thermal neutron capture cross section of hydrogen has been effected by a comparison
with boron using the technique of pile oscillation. The 2200-m/sec value obtained, 0.332 b, has a 2 percent
uncertainty resulting primarily from the effect of neutron moderation by hydrogen. However, the result
indicates an exchange moment contribution to the cross section of 6~3 percent.

INTRODUCTION'

'HE thermal n —p capture cross section is of theo-
retical interest' ' in studying the nucleon-

nucleon interaction; ts —. p scattering data from thermal
energies to 5 Mev in conjunction with the deuteron
binding energy allow one to 6x the so-called "effective
singlet and triplet ranges. '" It is the near equality of
m —p and p —p singlet ranges (2.4&0.3)&10 " crn and
2.7&0.2X10 " cm, respectively) that suggests charge

* Now at Brookhaven National Laboratory, Upton, New York.
' H, A. Bethe, Phys. Rev. 76, 38 (1949).
~ J. M. Blatt and J. D. Jackson, Phys. Rev. 76, 18 (1949).' H. A. Bethe and C. Longmire, Phys. Rev. 7?, 647 (1950).
4 J. D. Jackson and J. M. Blatt, Revs. Modern Phys, 22, 77

(1950).' E. E. Salpeter, Phys. Rev. 82, 60 (1951).
Hafner, Hornyak, Falk, Snow, and Coor, Phys. Rev. 89, 204

(1953).

independence of nuclear forces. ts —p capture, in addi-
tion to involving the singlet and triplet range, also
involves an exchange moment. ' This has the eGect of
increasing the I pcapture cross sectio—n by 5 per-
cent. Owing primarily to the large ratio of scattering
to absorption ( 150) the uncertainty in the measured
value of the ts pcapture c—ross section' is also 5 per-
cent. It is the object of the present work to improve on
the accuracy of this measurement in order to better
estimate the exchange moment contribution to the e—p
capture cross section. An improved technique has be-
come available for this purpose since the recent refuel-
irig of the heavy-water reactor at the Argonne National
Laboratory.

' N. Austern and R. G. Sachs, Phys. Rev. 81, 710 (1951).
W. J. Whitehouse and G. A. R. Grahm, Can. J. Research A25,

261 (1947}.
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METHOD

(a) Enriched Heavy-Water Reactor

The Argonne National Laboratory's heavy-water
reactor has recently had its fuel rods of normal uranium
replaced with rods of enriched U"' Al alloy. In addition
to genertting a larger ratio of thermal to epithermal
neutron Qux, a former difhculty in interpreting a pile
absorption cross section for a moderating substance
has been eliminated. A strong moderator, such as
hydrogen, when inserted into a normal uranium fueled
reactor, exhibits an absorption cross section which is
less than its actual value. This is because a fraction of
the epithermal neutrons which would have been ab-
sorbed in the 7-ev absorption resonance of U"' during
moderation is able to escape this energy band and enter
the thermal region where 6ssion can take place. This
phenomenon is termed resonance escape (p), the prob-
ability for which is increased by the presence of a good
moderator. As an example of the magnitude of this
effect, the apparent capture cross section of hydrogen
is 75 percent of its actual value when measured in a
pile in which p is 0.9. In the present enriched reactor,
however, (1—p) is 10 '. This insures that the above
effect is negligible. A smaller moderation effect still
exists, however, and this will be discussed in (d) of this
section.

(b) Pile Oscillator

The pile oscillator' is a mechanical device which
periodically inserts and removes from the pile a sample
to be measured. The resulting oscillating component of
pile Qux is observed via the current it produces in a
BF3 ionization chamber. This is taken as a measure of
sample absorption. Calibration is effected by similarly
oscillating a known quantity of some standard material
such as boron.

The pile Qux is composed of a thermal-Maxwellian
and an epithermal 1/E distribution. A pile absorption
cross section 0-~;&, measured by comparison with a
1/v absorber such as boron is given, therefore, by

ov, i,= 0..&'"&+kC„Z,&"~.

Here k is the ratio of epithermal to thermal Qux; C„ is
the relative statistical weight of resonance to thermal
neutrons; Z ("' is the resonance absorption integral
other than that resulting from 1/v absorption. Only in
the case of two 1/v absorbers is a pile-oscillator cornpari-
son exact. In any other case it is necessary to make sup-
plementary measurements of the resonance absorption
integral.

Since the present work is one of comparing two 1/v
absorbers, hydrogen and boron, no difference in ab-
sorption cross-section behavior exists. However, a
marked difference in scattering cross section o-, and
slowing down power P does exist, and this will be shown

' Harris, Muehlhause, Rasmussen, Schroeder, and Thomas,
Phys. Rev. 80, 342 (1950).

to be equivalent to an effective negative absorption
integral for hydrogen.

(c) Simple Scattering

By "simple scattering" the authors wish to indicate
the effects of elastic scattering other than moderation.
A sample which is not oscillated from the exact Qux
center of the pile generates an in-out scattering effect.
That is, a sample which is off center will make a Grst-
order change in the spatial neutron distribution, which
in turn will cause a first-order change in the spatial
neutron statistical weight. This effect is proportional
to the neutron Qux gradient at the sample in-position.
It can be made equal to zer'o, therefore, by oscillating
the sample from that point in the pile for which the
gradient of the Qux is zero or the Qux itself is a maxi-
mum. The Qux center is determined by oscillating boron
as a function of in-position. The in-position yielding
the maximum absorption effect is taken to be the Qux
center. This is actually the maximum of the product
of the Qux and its adjoint, both of which peak at the
same position.

(d) Moderation

Having determined the proper point in the pile from
which to oscillate in order to eliminate errors resulting
from simple scattering, it is impossible to avoid the
effects of moderation. Moderation makes itself felt by
causing epithermal neutrons to age (i.e., slow down)
faster than they would otherwise age in the absence
of the moderator. An aged neutron counts for more,
i.e., has a higher statistical weight in the pile than it
had in its previous less aged condition. Viewing the
effect of moderation spatially rather than energetically,
it may be regarded as one which pulls thermal neutrons
closer to the center of the pile where they cause greater
reactivity. At any rate moderation increases pile re-
activity via the slowing down power $, the epithermal
scattering integral Z„and the change in statistical

. weight 6C, effected by the moderation collisions.
Let us assume that at most a single scattering takes

place. Then the moderation cross section 0. is given by

~ =k&C,Z„ (2)
\

where "k" is the quantity defined in (1) and 6C, is the
change in statistical weight C caused by one collision.
The pile cross section of a moderator which is also a
1/v absorber is given, therefore, by

Opile=oa Mom.(gh) l

The statistical weight C is given in terms of the
geometry of the reactor and the reactor moderator,

C= 1—E'v.

where E' is the so-called buckling constant, and 7 is the
age to thermal energies in the reactor moderator in
question. The Argonne heavy-water reactor is in the
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shape of a right cylinder, so that E' is given by

+2 ~2/ jj2+ (2 405)2/g2

where H is the effective height (including reflector
savings) and R is the effective radius (includes reflector
savings). "For the reactor in question, E' has the value
6.96&10 4 cm ' and

r= ro log(e/e„, ),

where v-0 has the value 7.15 cm'.
Therefore

-f&'ro5,

o = —kK'ro)Z, .

Equation (8) is an approximation and should. only be
used to indicate that o varies as gZ, for different, sam-

ples. Experimentally one should observe 0. for H' and
He' and scale the results to the H' case. It is impractical
to oscillate liquid He4, and the results on H' presented
below are sufFiciently inaccurate to make them useless
in determining 0- for H'. Another approach would be
to change E', but the small changes permissible are not
worth while. Therefore (8) is used to estimate o (H').
The authors consider this estimate to be their primary
source of error.

APPARATUS

(a) Mechanical

The mechanical apparatus consists of a motor-driven
cam and rocker-coupled arm which is periodically
raised and lowered to two fixed positions. The ampli-
tude of the end of the arm to which is attached a hanger
rod and sample can is Qve feet. The total period is
twenty seconds, during which time the sample rests in
the in-position for 9.3 sec, transits out for 0.7 sec, rests
in the out-position for 9.3 sec, and transits in for 0.7 sec.

The moving parts which enter the active portion of
the pile are made of low neutron absorbing materials:
hanger rod and sample can of Dow metal PS—1,
bearings of graphite, hanger rod to sample can clamp
of zirconium, and sample container bottles of either
quartz or Tefion.

(b) Electrical

The detection system consists of a large enriched Bl'
&

ionization chamber placed in the thermal column of the
reactor. The current resulting from neutron absorption
is conducted into the bridge circuit shown in I'ig. 1.
The high sensitivity galvanometer shown is used as a
null indicator for adjusting E&. A system of relays
adds R~ to Eo during the sample in-time and shorts E~
during the sample out-time. Except for a second har-
monic, balance may be achieved by adjusting Rj. Not

"S. Glastone and M. C. Edlund, The Eiemerzts of Ãucleur
Reactor Tlzeory |,'D. Van Nostrand Company, Inc. , New York,
1952).

t00

to

R()= 95K

i'ro. 1. Ilridge circuit for measuring Ai/i.

shown are other switches controlled by relays which
rectify the current through the galvanometer. E&, there-
fore, is a measuring of Dz%, i.e., the ratio of oscillating
to mean current value.

SAMPLES

(a) Containers

Good sample containers for general use are con-
structed of a material which is low in neutron absorp-
tion and also noncorrosive. Quartz (SiOz) and Teflon
(CF,) satisfy these conditions. Most of the measure-
ments presented herein employ sealed quartz bottles in
the shape of a right cylinder of inside diameter 1.5 cm
and of active length 15 cm.

(b) Boron Standards

Calibration material is taken from the Argonne stock
of primary standard boric acid."This boron is known
to have a 2200 m/sec absorption cross section of
755~3 b. Since the relative abundance of B"and B"
may vary depending upon the source from which it is
obtained, it is important to employ a boron standard
whose cross section is known from an absolute trans-
mission measurement.

A known amount of boric oxide is prepared by ig-
niting some boric acid. This is added to a known amount
of high purity heavy water to make a known-concentra-
tion stock solution. The stock solution is then diluted
by various amounts with additional heavy water to
make the various boron standards to be used in the
oscillator. A typical standard has a total macroscopic
absorption area of 0.5 cm'.

(c) Hydrogen Samples

Hydrogen is obtained in the form of multiply dis-
tilled light water from the Biology Division of the Ar-
gonne National Laboratory. This material is diluted by
various amounts with heavy water to make the diferent
hydrogen samples.

' Kimball, Ringo, Robillard, and Wexler (unpublished Argonne
National Laboratory data).
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(d) Background Samples

Empty quartz bottles and quartz bottles with pure
heavy water are also made available for "background"
determinations.

TECHNIQUE OF MEASUREMENT

(a) Oscillation Point

The central thimble or axi'al hole is chosen for oscilla-
tion measurements. Three samples are oscillated as a
function of depth or in-position in this hole. These are:
(1) a boron standard, (2) a heavy-water sample, and (3).
an empty quartz bottle. From these the net effect of
boron is calculated, and that position is chosen for
which the effect of boron is a maximum. The exact
location of this position is not critical but may be de-
termined to within half an inch.

(b) Determination of fr

k in (1) is determined essentially by measuring the
cadmium ratio Rcg (total activation over epithermal
activation) of very thin gold ((0.1 mg cm '). Two one-
mil iron foils on which the gold is evaporated are placed
in the pile. at the oscillation point. One foil is covered
with cadmium; the other foil is uncovered. The activity
(Au"') ratio is observed.

In addition, it is necessary to know the cadmium
ratio of a 1/v absorber. This is measured by observing
the cadmium ratio of' a BF3 counter in a beam outside
the reactor, and in the same beam also observing the
cadmium ratio for gold. Since the ratio (Roq(Au) —1]/
I Ro„(B)—1] is invariant, the cadmium ratio for boron
in the thimble may be calculated. 0 is then given by

0."'~ (Au) 1

Z &"'(Au) Roy(Au) —1 Roy(B) —1

The measured results are Rod(Au)=5. 63, Rcq(B)
= 133 0.„&"'(Au) is taken to be 94 b, and Z, '"'(Au) to
be 1180b. This results in a k value of 0.0166.

(c) Check on K'

A rough check on the calculated value of E' is made

by making both' axial and transverse static measure-

TABLE I. The apparent cross section of hydrogen
uncorrected for moderation.

ments of both the R.ux and the product of the Aux and
its adjoint. These data are fitted to the proper Bessel
functions, and result in a value of E' of 6.8)&10 ' cm '.
Within the limits of error this value agrees with the one
calculated from (5).The latter value is the one employed
to calculate 0- .

(d) Sample Measurements

Four different hydrogen samples are available: three
as H20 —D20 solutions, and one as a 8203—H20 —D20
solution. This latter sample is used to observe a possible
local two-collision process; that is, to observe whether
the presence of a moderating agent (H') increases the
absorption by boron. Such an effect is expected to be
small, and none is observed.

In all, eight complete runs of all hydrogen, boron, and
blank samples are available, the measurements having
taken place during two oscillator sessions which were
over a month apart. This represents about thirty hours'
observation time since each sample takes from twenty
to thirty minutes to achieve balance. This much time
is needed to eliminate pile drift during the measurement
(i.e., while balancing the bridge). In effect it is neces-

. sary to first make a static balance and then a dynamic
balance. The latter is about ten times more sensitive to
the sample than the former, which is a major advantage
of the oscillation method.

TREATMENT OF RAW DATA

(a) Electrical

Since E~ of Fig. 1 is in the circuit for one half of the
cycle, it is necessary to convert R& to R&' in order to
obtain a value proportional to Ai/i R& is giv. en by

Ri' ——10'R,/(Ro+ —,'R, ), (10)

where Ro=—95 0000 and Rq 2000 to 70000.

(b) Pile Power

Though R, is nearly independent of pile power (i),
it is not entirely so. Observations are made always
within 5 percent of the same mean current value, but
when the mean current is purposely altered by 10 per-
cent, a change of 1 percent in E~ is observed. This is
used to correct observations made at slightly different
settings from the mean ( 200 watts).

(c) Pile History

Run

1
2
3
4
5
6
7
8

Average

Cross section
(barns)

0.3127
0.3125
0.3069
0.3145
0.3106
0.3139
0.3149
0.3061
0.3115~0.003

Observations are usually begun at the beginning of a
week following a two-day shutdown from a high power
( 250 kilowatts). The decaying "source strength" of
the reactor causes a drift in the observed sample read-
ings. Over any one day, measurements repeat to about
a half-percent, but over the course of a week a drift in
all readings of about 2 percent occurs. A "time correc-
tion" is made, therefore, by scaling daily sets to a
"standard day. "In this manner a high relative accuracy
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is preserved, and at the same time proper averaging of
sets is made possible.

TABLE II. Shape independent e-values for various
assumed values of r0, .

(d) Nonlinearity

Since the samples are not infinitely dilute, a small but
observable amount of self-protection exists. Readings
(i.e., ohm values) are corrected on the basis of the
following formula:

r0s &10» Cm

2.6
2.5 ,

2.4
2.3

D &10» cm

1.080
1.055
1.030
1.005

7.9
6.7
5.5
4.3

Equation (11) is similar to the one used to correct for
the dead time in counters. R„ is a parameter which
should have the significance of being that number of
ohms which corresponds to blackbody absorption by
the sample. That is, E„))E1',and should be given by

R„=A~(dRi'/da)ni =p,

where A„ is the projected area of the sample and
(dRi'/da)&ri =p is the initial slope in ohms cm ' of the
boron calibration curve (ohms r&s cm' absorption).

R„and (dR'/da) iri =p are determined by fitting the
boron calibration data to (11).The value of R„ is then
checked by calculating 2„ from the bottle shape
(18.55 cm') and multiplying this by (dpi'/da)zi =p.
The two figures agree to within 5 percent, E„being

105 0000. Such agreement is good for a correction
term which is always &7 percent and usually 4
percent.

EXPERIMENTAL RESULTS

(a) Deuterium

The application of (8) to deuterium in which the
scattering cross section of deuterium is taken as constant
and equal to 3.33 b from cadmium cutoR (~0.5 ev) to
mean fission energy (1.5 Mev) yields a value for
o.„(H') of —3.0 mb.

The observed pile cross section must be corrected
for (1) the absorption cross section of deuterium, (2)
the absorption of a trace amount of hydrogen ( 0.15
percent), and (3) the eRect of displacing nitrogen in the
atmosphere for the sample-in position. These correc-
tions make for a considerable error in o (H'), the result
being —2~1 mb.

(b) Hydrogen

The apparent cross section of hydrogen uncorrected
for moderation is given by the average of the eight men-
tioned complete runs shown in Table I. The average
value is 0.3115b. The internal error in this number as
obtained from the mean deviations is only ~1.0 per-
cent. However, application of Eq. (8) for the evalua-
tion of o (H') yields the value —0.0205 b. This gives
for the 2200-m/sec absorption cross section of hydrogen

fo' i (H )v)p is the zero-range approximation of
o,i'"&(H')r, and has the value 6.52X10 " cm'/sec, and
y=2.318)&10"cm ' is the so-called "reciprocal radius
of the deuteron. " a, = —23.68)&10 " cm is the singlet
n —p scattering length; rpr=1. 720X10 " cm is the
effective triplet e—P range; and 2.6X10 is)rp, )23
X10 "cm is the eRective singlet &s—p range. Also

D—s (rp, +rpr).

Substituting the observed value of o.,&'~&(H')i& into

(13) yields

(»)D~0.915+2.1e,

where D is now in units of 10 " cm. Combining (14)
and (15) for diRerent values of r„yields Table II,
where e is expressed in percent.

Inspection of Table II with consideration for the
error in o &'"&(H')v indicates that e 6&3 percent. If,
in fact, e is only 1 or 2 percent, the intrinsic singlet
ranges' of the rs —p and p—p interaction are outside the
experimental limit of being equal. The inclusion of a
variety of possible nuclear potentials in the above cal-
culations only slightly increases the spread in e-values.
The authors. are indebted to Dr. G. Snow for a discus-
sion of this last point.

is Hamermesh, Ringo, and Wexler, Phys. Rev. 90, 603 (1953).

the value 0.332 b, which is 6 percent higher than the
uncorrected value.

The 6nal boron-to-hydrogen ratio is 2274, which
compares favorably with the values of 2270 and 2292
reported elsewhere. ' " Considering the uncertainty in
estimating 0, however, the uncertainty in our figure
is at least 2 percent. That is,

a i'" (H ) =0.332+0.007 b.

The important theoretical quantity is not the cross
section but the product of the cross section, and the
corresponding velocity

o i'"&(H')v=7.30X10 "cm'/sec.

EXCHANGE MOMENT

If e is the fractional contribution of the exchange
moment to the capture cross section, '

t o i'"& (H')r&](1 —e)
L1—ya +y'a, D)'

= [(r &'"&(H')i&jp . (13)
(1—7 .)'(1-v o )


