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The interaction of neutrons with ferromagnetic ma-
terials has been investigated through a number of experi-
ments. Because of the dependence of the interaction upon
the spin orientation of the neutron relative to the magnetic
field of the atom, and the effect of this spin dependent
perturbation on the nuclear scattering, a beam of neutrons
transmitted through or scattered from a magnetized iron
plate becomes polarized by selective scattering.

This resultant neutron polarization has been studied
most thoroughly through the increase in intensity of a
neutron beam transmitted through a single iron plate
when magnetized. The dependence of observed polariza-
tion on thickness of iron has been shown to agree within
the limits of error with the theories of Bloch and Schwinger.
The dependence of magnetic interaction on neutron energy
was studied by the use of an effective "howitzer" for the
production of low energy neutrons. The interaction in-
creased rapidly for lower energy neutron energies, as wouM
be expected, since the form factor for the interaction
increases for longer neutron wave-lengths. The effective
cross sections of iron for neutrons of spin +-,' and ——,

'
have been determined to be 13.7X10 '4 cm' and 10.3
&&10 cm' for ~300'K neutrons, and 14.1X10~ cm
and 9.9)&10 24 cm~ for ~120'K neutrons. Considering the

uncertainty in the values to be expected theoretically,
these cross sections are probably in reasonable agreement
with the theories.

The intensity of neutrons scattered from a single iron
plate has been shown to decrease- when the plate is mag-
netized. Neutron polarization has also been studied through
the change in neutron intensity when a beam of neutrons
partially polarized by transmission through one plate of
magnetized iron is scattered from or transmitted through
a second iron plate magnetized parallel or antiparallel to
the first. (Polarizer-analyzer action. )

These experiments show definitely the existence of non-
adiabatic transitions of the magnetic spin quantum
numbers of the neutron in rotating or precessing magnetic
fields whose frequency is of the same order as the Larmor
precession frequency, gpH/h, for the neutron.

The sign and the approximate magnitude of the neu-
tron's magnetic moment have been determined by an
experiment which. depended on measuring the probability
of nonadiabatic transitions in a controlled precessing
magnetic field. This experiment was dependent only on
the neutron properties in free space. The neutron magnetic
moment has been shown to be negative in sign, and to be
2+1 nuclear magnetons in magnitude.

INTRODUCTION

~ N the assumption that the neutron has a
magnetic moment, Bloch's original'inves-

tigations' showed that there should be an appre-
ciable magnetic interaction between a neutron
and an atom of ferromagnetic material. This
interaction arises from the atomic magnetic
forces which, though small, are of long range in
comparison with nuclear forces. Bloch made his
calculations treating the atomic magnetic field
as that due to an equivalent dipole of the electron
currents and showed that the interaction should
depend upon the relative orientation of the
neutron with respect to the atomic magnetic
field; i.e., it should be spin dependent. Schwinger'
carried out a similar calculation in which he
treated the atomic magnetic field as that due to
the Dirac electron currents.

p 1&—nxio (1+@)~1&—nxia(l —p)
2 +2

=e "*' cosh nox, p —magnetized

and P=e " ' —demagnetized. (2)

For p different from zero, i.e., cosh nox~p) 1,
a beam of neutrons transmitted through mag-
netized iron should not only become "polarized, "

The calculations indicate that if 0. is the total
neutron cross section of demagnetized iron for
"slow" (strongly absorbed in Cd) neutrons, then
for magnetized iron the cross section becomes
o(1+p) and o.(1—p) for neutrons which have
spin components of +2 and —-', in the direction
of the field (or vice versa), where p is a constant
whose predicted value is of the order of 0.07 to
0.3.'—4 If a beam of neutrons passes through a
magnetized iron sheet of thickness xi, and atomic
density n, the fraction P transmitted (i.e., IjIo)
should be:

* Publication assisted by the Ernest Kempton Adams
Fund for Physical Research of Columbia University.' Bloch, Phys. Rev. 50, 259 (1936).

~ Schwinger, Phys. Rev. 51, 544 (1937).

' Schwinger, Phys. Rev. 52, 1250 (1937).
4 Housman, Livingston and Bethe, Phys. Rev. 51, 214

(1937).
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and

or

P = e ""'+*"cosh pno. (x~ —xm)
—magnetized antiparallel (4)

y ~
—no (Z1+X2}

It is evident that if x~=x2, the antiparallel case
should give the same transmitted intensity as
with the iron plates demagnetized. Thus one
should expect the maximum intensity when two
plates are magnetized in the same direction and
the minimum intensity when they are mag-
netized antiparallel; however, the latter should
be the same as if both plates were demagnetized.
The second plate may be considered to be an
"analvzer. "

A variety of configurations are possible in
which measurements of intensities may be used
to study neutron polarization. These may be
grouped into six general types.

1. Single transmission. Change in number of
oeutrons transmitted through a single plate of
iron when magnetized.

2. Single scattering. Change in number of
neutrons scattered from iron when magnetized.

3. Double transmission, . Change in number of
neutrons transmitted successive'y through two
iron plates when the plates are magnetized
parallel and antiparallel to each other.

4. Transmission scattering. Change in number
of neutrons which are first transmitted through
one plate and then scattered from a second iron
plate whose directions of magnetization are
parallel or antiparallel to that in the first.

but should also have greater intensity than with
the iron demagnetized, since the transmission in

that case would be only e "*' . This increase in
neutron transmission through magnetized iron
provides one of the simplest methods for ob-
serving neutron polarization. In principle the dif-
ference between the two cross sections for the two
states arises from the interference between the
nuclear scattering and the electronic scattering.

If a partially polarized neutron beam be
allowed to pass through a second magnetized
plate of thickness x2, then, depending on whether
the magnetization in the second plate is parallel
or antiparallel to that in the first plate, the
transmitted intensities should be, respectively:

P = e
—"'*&+"'&cosh &no(x~+x2)—magnetized parallel (3)

5. Scattering transmission. Change in number
of neutrons which are first scattered from one
iron plate and then transmitted through a
second iron plate whose magnetization directions
are parallel or antiparallel.

6. Double scattering. Change in number of
neutrons which are scattered successively from
two iron plates when they are magnetized parallel
or antiparallel to one another.

Quantitative experiments of types 1, 2 and 3
have been performed and will be separately dis-
cussed. Types 4 and 5 have been performed with
less accuracy because of the- low intensity of
the scattered neutron beam. Regardless of the
intensity of the primary neutron beam, the slow
neutrons are always superimposed on an ever-
present background of faster neutrons for which
Cd does not have a large absorption cross section;
i e., neutrons above the Cd resonance level
('above 0.3 ev) which are also detected by the
boron trifiuoride ion chamber. Type 6, involving
double scattering, has been found impossible to
perform satisfactorily with the present neutron
sources.

SINGLE TRANSMISSION EXPERIMENTS

Dependence of neutron polarization on (a) thick-
ness of iron, and (1) neutron energy

The most complete investigations of neutron
scattering in magnetized iron have been made
with experiments of the single transmission type,
since they are simpler and involve less possibility
of disturbing effects. Fig. 1. shows the essential
experimental arrangement used to study the
magnitude of the observed neutron polarization
as a function of (a) thickness of iron, and (b)
neutron energy. Preliminary results were re-
ported earlier. ' ~

Neutron source for -300'X and 1ZO'X
neutrons. —For measurements with neutrons with
an energy distribution corresponding to 300'K,
mean energy 0.037 ev, ' "Rn —Be sources of

' Powers, Carro]l and Dunning, Phys. Rev. 51, 371
(1937).

'Powers, Carroll and Dunning, Phys. Rev. 51, 1112
(1937).

~ Dunning, Powers and Beyer, Phys. Rev. 51, 382 (1937).
Dunning, Pegram, Fink, Mitchell and Segre, Phys.

Rev. 48, 704 (1935).
'Fink, Dunning, Pegram and Mitchell, Phys. Rev. 49,

103 (1936).
"Fink, Phys. Rev. 50, 738 (1936).
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FIG. 1. Schematic arrangement of apparatus for investi-
gation of magnetic scattering in iron as a function of
thickness of iron and neutron energy. For measurements
with low energy neutrons, the "howitzer" shown in Fig. 2
was used.

300 to 650 mC strength were placed in a paragon
"howitzer" of the usual type, as shown in Fig. 1.
For measurements with lower energy neutrons,
the special "howitzer" shown in Fig. 2 was con-
structed in a Dewar Hask. The paraffin could be
continuously and uniformly cooled by the cir-
culation of liquid nitrogen through the imbedded

copper tubing and a minimum amount of ma-
terial was placed in the neutron beam. The
Rn—Be source was placed in a small Dewar
with a heater element and thermocouple so that
it might be kept at room temperature and thus
prevent changes in neutron intensity due to non-

uniform condensation of the radon in the various
parts of the source.

The temperature of the paraffin was normally
maintained at approximately 105'K as measured

by two thermocouples imbedded at different
points. The "effective temperature" of the
neutrons under these conditions was determined

by a measurement of the absorption of the
neutrons in boron, first with the "howitzer" at

300'K and then at 105'K. On the basis of the
1/v law for boron, " the absorption cross section
should increase by (300/105) ' or 1.70 for the low

temperature if complete equilibrium were ob-
tained. The average observed increase for a
number of measurements was 1.60, hence from
(300/T, ~~)'=1.60, T,~q= 117'K. The average
energy then corresponds to 0.015 ev. This
approach to equilibrium is the most complete
yet obtained. "

» Rasetti, Mitchell, Fink and Pegram, Phys. Rev. 49,
777 (1936).

"A series of measurements of the cross sections of a
number of other. elements with this "howitzer" has already

DEWAR
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FIG. 2. Neutron source arrangement for lower energy
neutrons. The paraffin was cooled by circulating liquid
nitrogen through the imbedded copper tubing. An average
temperature of ~105'K was maintained, and the "eff'ective
temperature" of the neutrons approximated ~120 K,
corresponding to an average energy of ~0.015 ev.

been reported. "The "howitzer" was also used by Dunning,
Brick&edde, Manley and Hoge in the experiments on the
scattering of neutrons by ortho- and parahydrogen. '4 "

"Powers, Goldsmith, Beyer and Dunning, Phys. Rev.
5a, 947 (1938).

'4 Dunning, Manley, Brickwedde and Hoge, Phys. Rev.
52, 1076 (1937).

'~ Dunning, Hoge, Manley and Brickwedde, Phys. Rev.
53, 205 (1938).

"Brickwedde, Dunning, Hoge and Manley, Phys. Rev.
54, 266 (1938).

17 Dunning, Rev. Sci. Inst. 5, 387 (1934).

Detection system. —The sensitivity necessary
for these experiments was obtained by a boron-
trifluoride pressure ion chamber (see Fig. 3),
connected to a linear amplifier system and scale-
of-two thyratron recorder. "

This chamber represents nearly the maximum
feasible size because of the difficulty in achieving
sufficiently small collection time and sufficiently
small recombination of the ions produced in BF3
under pressure. The type of collector system
shown makes possible the effective collection of
ions throughout the large volume, but the in-
creasing capacitance sets an upper limit on the
usable size. A pressure of two atmospheres of
BF3 was the maximum which could be used and
still give ionization pulses which were sufficiently
large and sharp for proper recording with a col-
lection potential of 1650 v. Under these condi-
tions, a maximum of 35 percent of the incident
slow neutrons were detected. With quartz insu-
lation, this type of chamber has an indefinite life,
some chambers having been in service over two
years.

I.IGyID AIR 'HOWITZER'
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The ionization chamber was magnetically
shielded with 0.65 cm iron. Tests showed that
under the conditions of the experiments the
effects of stray magnetic fie'ds on the detection
of the neutrons was not larger than 0&0.20
percent.

The ionization chamber was also shielded by
05 cm Cd, and by a 1 cm layer of 84C, to
eliminate the slow neutrons and a large fraction
of the faster neutrons just above the Cd absorp-
tion limit (i.e. , above 0.3 ev). The neutron
beam was well collimated by Cd from source to
detector so that the probability of a scattered
neutron reaching the chamber was small.

Magnetization of the iron samples A.s—shown
in Fig. 1, the neutron beam was usually trans-
mitted through one or more plates of unan-
nealled Armco iron, each 10X12.5 cm in area,
which were placed between the pole pieces of a
large electromagnet. "The plates were accurately
machined and surface ground so that an excellent
magnetic circuit was maintained, and because of
the large ratio of core area to plate cross-sectional
area, high values of magnetization were at-
tained. The value of the magnetizing field cor-
responded to approximately 1600 oersteds. The
flux density within the iron was measured by a
coil which was wrapped around one of the plates
and connected to a fluxmeter or ballistic gal-
vanometer. 8—H averaged approximately 21,000
to 21,500 gauss for the Armco iron samples.

Procedure and results. —The magnetic inter-
action was investigated by the change in trans-
mitted neutron intensity first with the plates
magnetized and then with the plates carefully
demagnetized.

The collected results for a large series of runs
are shown in Table I. A series of runs were taken
with 0.80, 1.30 and 1.95 cm total thickness of
iron for 300'K neutrons and with 1.30 and 1.95
cm thickness of iron for 120'K neutrons. The
final result for the 1.95 cm thickness and 300'K
neutrons also includes additional data obtained
under the same conditions in other experiments
in the laboratory and hence has higher precision.
A total of about 3,000,000 neutrons were counted

"Multiple separated plates with a Cd shielded channel
were used in place of one thick plate in order to reduce
multiple scatteririg, since earlier experiments had shown
single thicknesses greater than one mean free path to
give smaller polarization effects.
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in the experiments. The fast neutron background,
taken with 0.5 mm Cd interposed in the beam,
has been subtracted so that the readings of a
number of neutrons per minute refer only to the
slow neutrons below the Cd resonance absorption
limit.

The last two columns in Table I include cal-
culations of p and the values of o(1+p) and
o(1—p), the eA'ective cross section of iron per
atom for neutrons of spin +—', and ——', in the
direction of the field (or vice-versa). The dif-
ference between the effective cross sections of the
iron for the two spin orientations is actually
large: 13.7 as compared to 10.3/10 '4 cm' for

300'K neutrons and 14.0 as compared to
9.9 &&10 '4 cm' for 120'K neutrons.

The total cross section (capture and scattering)
for iron has been determined as 12.0~0.2 X10 '4

cm' for 300'K neutrons and 12.0~0.7X10—'4

cm' 120'K neutrons;" " hence there is no
change in total cross section for lower energy
neutrons beyond experimental error. The capture
cross section for iron is probably about 3.5 X10—"
cm' from the measurements of Fink, " Gold-
haber, ' and Whittaker and Beyer."The normal
scattering cross section is thus approximately
8.5&(10 " cm', and considered from this basis
"Dunning, Pegram, Fink and Mitchell, Phys. Rev.

48, 265 (1935).
'0 Goldhaber and Briggs, Proc. Roy. Soc. A102, 127—143

( j.937)."Whittaker and Beyer—in process of publication.

5 CNI

FyG. 3. Boron-trifluoride pressure ionization chamber for
detection of slow neutrons. The cage-type collector with
a re-entrant high potential electrode minimizes recombina-
tion of ions, and reduces ion collection time. Use of quartz
insulation (skirt type on high potential) avoids deteriora-
tion of insulation in BF3. Picein is satisfactory as sealing
compound.
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the difference between cross sections for the two
spin values is still larger.

DePendence of magnetic scattering on neutron

energy. —The change in scattering cross section
should be proportional to the form factor,
J' exp (i(ko —k)r)m(r)dr, where ko and k are
the propagation vectors of the incident and
scattered neutrons respectively and m(r) is the
magnetization density. ' ' Since this expression
becomes larger for slower neutrons which have
longer wave-length, " the percentage increase in
transmission should also become larger.

The results in Table I and Fig. 4 show that
the change in transmission for 420'K neutrons
is approximately 1.57 times that for 300'K
neutrons, while the average value of p increases
by a factor of 1.27 for the lower energy neutrons.
The magnetic scattering cross section for lower
energy neutrons is thus in accord with the
trend expected. The change in magnetic scat-
tering cross section with lower neutron energy
is thus appreciable —increasing for one spin
orientation, decreasing for the other. Although
the total cross section for demagnetized iron
changes inappreciably, because of this differen-
tial change for the two spin values, and the
exponential dependence, the change in trans-
mission for magnetized iro'n shows a 57 percent
increase for the low energy neutron distribution.

Experimentally, however, the neutron polar-
ization is observed only through the differential
effect of two exponential curves which decay at

"Mitchell and Powers, Phys. Rev. 50, 486 (1936).

different rates, and hence even though the two
cross sections for the two spin values differ con-
siderably, the observed changes in transmission
are a small fraction of the total number of
neutrons transmitted.

DePendence of magnetic scattering on thickness

of iron. —Fig. 4 shows a plot of the experimental
points, superimposed on the theoretical curves,

cosh noxp, expected from Eq. (t) in which
the average of the P values given in Table I for.
each neutron temperature are used. The change
in transmission with thickness does not disagree
with the theoretical curves in Fig. 4, beyond the
limits of error. However, the systematic trend
of the experimental values strongly suggests that
increasing thicknesses do not give quite the
expected increase in transmission. This departure
is what would be expected if there were tendencies
for the neutrons to be depolarized within the iron
and the possible reasons for such depolarization
will be discussed later. Since each cm of iron
transmits only about 0.36 of the incident
neutrons, it is not practical to increase the
thickness much beyond that used in this ex-
periment because the intensity becomes too
small in comparison to the fast neutron back-
ground.

Comparison with theory. The magni—tude of
the magnetic scattering to be expected on the
basis of the present theories, is uncertain, pri-
marily because it depends on the value of the
form factor for the interaction. The form factor
is not accurately known and depends on ques-

TABLE I. Dependence of magnetic scattering of neutrons on neutron energy and thickness of iron. *

EFFEcTIVE
NEUTRON
TEMP ERA-

TURE

IRoN
THICK-
NESS IN

CM

NUMBER NEUTRONS/MIN.
TRANSMITTEDOO INCREAS E

IN No.
TRANS"
MITTED

% INCREASE
IN

TRANS-
MISSION

EFFECTIVE CROSS
SECTION( FOR SPIN +g

AND —.$ ()(10 ~4 CM2)

DEMAGNETIZED M AGN ETIZED (1+~) (1—p)

~300'K
~300 K
~300'K

0.80
1.30
1.95

719.5 ~1.0
440.3+0.6
221.08~0.24

725.0~1.0
448.2 ~0.7
228.41 +0.25

5.5 w1.4
7.9~0.9
7.33~0.35

0.76~0.19
1.78&0.20
3.32 &0.16

0.150&0.018
0.142 ~Q.008
0.130&0.003

Average:
0.135&0.008

13.8
13.7
13.6

10.2
10.3
10.4

~120'K
~120'K

1.30
1.95

417.5 ~1.2
209.3 &0.6

429.2 ~1.2
221.0 &0.6

11.7 ~1.6 2.8~0.4
11.7 a0.8 5.6a0.4

0.178~0.012
0, 158&0.005

Averaf e:
0.171~u.duo

14.1
14.0

99
10.0

*Unannealed Armco iron. In all of these experiments the precision has been calculated by use of the conventional statistical fluctuation equal to
+ Qn, where e is the number of neutrons counted for any particular configuration.

**Only the percent increases in transmission are accurately comparable for the 300'K neutrons and 120'K neutrons, since the absolute
values for the two cases have been calculated separately.

t The total neutron cross section, o, (scattering and capture) for iron has been taken as 12.0)&10 24 cm'.
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tionable assumptions as to the ratio of the
neutron wave-length to the range of the atomic
forces, and as to the radius of the 3D-electron
shell. The greatly increased magnetic scattering
for longer neutron wave-lengths shows the im-
portance of the form factor in determining the
magnitude of the observed effects in this region
of neutron energies.

The observed results are within the rather
wide limits estimated by Bloch. The experi-
rnental values should be somewhat less than
those based on the more detailed calculations of
Schwinger for zero energy (infinite wave-length)
neutrons. Bethe's rough approximation of the
form factor for iron, by extrapolation from the
case for copper, gives values of the same order
as those observed. A reasonable value for the
form factor can thus be chosen to give good
agreement with these experiments, and perhaps
the value for the form factor may be most satis-
factorily determined through such experiments.
On consideration of the elementary. state of the
present theory and the possibility of disturbing
experimental effects pointed out in a later
section, the observed magnetic scattering is
probably in as good agreement with the present
theory as could be expected.

Test for small angle scattering Depen. dence of
observed magnetic scattering on collimation of the

neutron beam. —In the experiments just described
the intensity of the transmitted neutron beam
increases when the iron is magnetized, but as will
be shown in a later section the intensity of the
scattered neutron beam decreases. If'here will thus
be some compensating effect present in the
experiments, but it should be small since the
geometrical condi tions are quite good and
probability of detection of a scattered neutron
therefore is small, provided that the scattering
is approximately spherical. However, if consider-
able small-angle scattering frere present, this
compensation might be appreciable.

In order to test this possibility, the experi-
ments were repeated with a much higher degree
of collimation. As indicated in Fig. 1(b), four
circular symmetrical cadmium channels were
arranged so that neutrons scattered through an
angle greater than about 6' could not be de-
tected. Under these conditions, the observed
increases in neutron transmission with the iron

Z0
V)
CA

X
co2
K,
I-

I20

Eat

th+2
ut
K
O
X

I

0
0 0.5 I.O I.5 2.0

THICKNESS OF IRON IN GM

FIG, 4. Dependence of magnetic scattering on thickness
of iron and neutron energy. The points represent the
observed changes in neutron transmission. The curves
represent the theoretical trend' expected from Eq. {1),~ cosh noxp, in which the average p values from Table I
for the two neutron temperatures are used.

2.5

magnetized were 3.5 percent&0. 3 percent for
the 1.95 cm thickness iron, and 1.7 percent&0. 3
percent for the 1.30 cm thickness. These show
no appreciable increase over the previous
results, and it must therefore be concluded that
the collimation first employed was already suf-
ficiently good so that multiple scattering was not
affecting the results markedly, and that within
these limits there is no large amount of small
angle scattering.

Single transmission experiments with a small
magnet. —The measurements for magnetic scat-
tering made with a small magnet constructed by
Dr. J. H. Manley and kindly loaned for this
experiment are of interest, since magnets of this
type were used in the experiment on the sign
of the neutron magnetic moment to bg described
later. The design of the magnet is shown in Fig. 5.
Instead of solid Arrnco iron plate, seven strips of
Swedish iron, each of 0.65 cm&1.30 cm cross
section were placed side by side on the yoke with
Cd strips interposed. The neutron beam, 7.5)&4.5
cm in area, thus passed normally through 1.3 cm
of iron while the Cd strips served both to reduce
multiple scattering and to make the direction of
the field in the iron parallel to the strips. In such
a design, with only one thickness of iron for the
neutrons to traverse, depolarization effects due
to non-uniform fields outside the iron cannot
affect the results. An excellent magnetic circuit
was produced by careful surface grinding of all
contact surfaces, @nd as a result a value of 8 —H
in the iron strips of approximately 20,000 gauss
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FIG. 5. Small type magnet designed by Dr. J. H. Manle
Swedish iron strips 0.65 em&1.30 cm are placed side by
side on the yoke, with Cd strips interposed. The Cd
re uces multiple scattering and makes direction of field
definitely parallel to strips.

was attained with relatively sma11 power dis-
sipation.

The observed increase in neutron transmission
for the small magnet with 1.30 cm Swedish iron
was 1.7 percent+0. 3 percent. This is in good
agreement with the value of 1.78 percent&0. 2
percent previously observed, with the Armco
iron of the same thickness. (See Table I.) Thus
the single transmission experiments give con-
sistent polarization effects.

Dependence of magnetic scattering on intensit
of magnetization ofiron Beyer, C.—arroll, Witcher
and Dunning" have shown that the Armco iron
samples do not show appreciable neutron polar-
ization until a sharp' threshold is reached which
is very near complete saturation. Above this
field value the observed polarization is practicalla y
constant. The measurements described here on
Armco iron were all made with fields above this
critical value.

Swedish iron, however, was shown to have a
broader threshold. The observed polarization
was appreciable with much lower magnetizinizing
fields and approached its maximum more gradu-
ally. Thus the small magnets which were used
in the experiments described here are able to
produce practically the maximum polarization
for the Swedish iron samples, but they were not
effective with Armco iron.

The maximum polarization observed for the
two types of iron, however, is seen to be prac-
tically the same. Theoretically, the observed
polarization should vary approximately as the
square of the intensity of magnetization. T'hat

"Beyer, Carroll, Witcher and Dunning, Phys. Rev.
53, 947 (1938).

the polarization depends on the composition and
nature of the iron and does not follow such a
simple function is additional evidence of the
complexity of the phenomena.

This points again to the conclusion mentioned
previously in connection with Fig. 4 and Table I,
that neutrons may be depolarized through non-
adiabatic transitions in domains within the fer-
romagnetic material. See next section for further
discussion.

DQUBLE TRANsMIssIoN ExPERIMENTs

TABLE II. Observation of magnetic scattering
through double transmission experiments. —i.e.,
analyzer" action. Averaged resu/ts. ~

of neutrons
"polar' zer-

EFFECTIVE
THICKNESS

OF
IRON

(a) 1.30 cm

(b) 1.95 cm

M AGNETIZA-
TION OF

IRON
PLATES

Parallel
Antiparallel
Zero

Parallel
Antiparallel
Zero

NUMBER OF
NEUTRONS/

MIN.
TRANSMITTED

358.0&0.8
354.8 ~0.7
351.6 &0.7

181.11~0.40
178.82 ~0.40

.175.10+0.39

DIFFER-
ENCE IN
TRANS-
MISSION

6.4 ~1~ 1
3.2 ~1.0

0

6.01&0.56
3,72 &0.56

0

PERCENT
INCREASE
IN TRANS-

MISSION

1.8 ~0.3
0.9 &0.3

0

3.44 &0.32
2.12 ~0.32

0

+ The fast neutron background obtained by inter osin Cd ' h
beam has been subtracted.

erposing In t e

'4 Dunning, Powers and Beyer, Phys. Rev. 51, 51 (1937).

A number of experiments' '4 have been per-
formed to investigate the neutron polarization
phenomena through the use of two iron plates
which could be magnetized parallel or anti-
parallel by two separate magnets and in order
to secure the "polarizer-analyzer" action dis-
cussed in the introduction.

The essential arrangement is shown in Fig. 6
Two types of variations have been made:
(a) Two diferent thicknesses of iron plates,
totalling 1.30 and 1.95 cm, respectively, have
been used and (b) first one and then both iron
plates have been inclined at an angle of about
60' to the neutron beam in order to test the
variation of polarization with the angle between
neutron direction and the field direction. The,
thicknesses of iron used for oblique incidence
were chosen so that the effective thickness was
also approximately 1.30 or 1.95 cm.

The procedure used in making the observations
was to take successive runs with (A) "polarizer"
plate magnetized parallel to "analyzer" plate;
(B) "polarizer" magnetized antiparallel to "ana-
lyzer, " and (C) demagnetized.
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No significant variations outside experimental
error were found between oblique incidence and
normal incidence for the same effective thickness
of iron, so the results have all been reduced to
the same basis and averaged together. Table II
shows the collected results. With both plates
magnetized parallel, the experiment corresponds
to those of single transmission types described
previously; and the percentage increases in
transmission agree very well with those in
Table I.

The results for the antiparallel case, however,
disagree seriously with what is to be expected.
As pointed out in the introduction (Eq. (4)), if
the thicknesses are equal, the transmission when
antiparallel should be the same as when de-
magnetized. Instead, the antiparallel readings lie
between the parallel and demagnetized readings.

Nonadiabat~c transitions between ~he neutron
states.—These experiments show quite conclu-
sively that nonadiabatic transitions between the
neutron states occur between the iron plates in
the antiparallel case. The neutron beam is
partially polarized after leaving the first plate;
i.e. , the number of neutrons having spin cornpo-
nents +-z, is different from the number having
——', in the direction of the field. However, with
respect to a moving neutron between the plates,
the magnetic field must effectively rotate, since
at some point the value is zero. The frequency
of this rotation under the conditions here is of
the same order of magnitude as the Larmor
precession frequency of the neutron, AH/h, and
transitions would be expected to occur between
the neutron states. " '~ This amounts to a
reorientation of the partially polarized beams
parallel to the second plate. The antiparallel
case thus becomes similar to the parallel case
and an increase in neutron transmission is to be
expected compared to the demagnetized case.
The magnitude of this increase depends on the
transition probability which must be reasonably
high, since of the order of 50 percent of the
neutrons are reoriented. Evidence that such
transitions occur has been confirmed by Frisch,
von Halban and Koch.""

"Guttinger, Zeits. f. Physik 'V3, 169 (1931).
26 Majorana, Nuovo Cim. 9, 43 (1932).
'~ Rabi, Phys. Rev. 51, 652 (1937).
'8 Frisch, von Halban and Koch, Nature 139, 756 (1937).
'9Frisch, von Halban and Koch, Phys. Rev. 53, 719

(1938).
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A double transmission experiment was also

performed by Hoffman, Livingston and Bethe4
in which measurements were taken for the
parallel and antiparallel cases, but not of the
demagnetized case. They reported an increase
in transmission of 1.8 percent~0. 54 percent for
the parallel case, which is probably consistent
with our results. A comparison of the parallel
and antiparallel cases given in Table II (b)
shows a difference of only 1.32 percent~0. 32
percent. Since their results did not include the
demagnetized case the amount of reorientation
cannot be established.

Xonadiabatic transiti ons within the iron. —The
possibility of depolarization of the neutron
within the iron has already been pointed out in
connection with the systematic trend of the
results on polarization as a function of thickness
of iron, and the results of Beyer, Carroll,
Witcher and Dunning" o'n the polarization as a
function of magnetization intensity of the iron.
Multiple scattering will, of course, account for
some depolarization within the iron, but in
view of the experiments described previously,
testing this point, and of the excellent geo-
rnetrical conditions prevailing in all experiments,
is does not seem likely that multiple scattering
plays a large role.

The microscopic field which the neutron "sees"
as it passes through the iron atoms, the iron
crystal structure, the crystal boundary regions
and the atoms of the impurities present is by no
means certain. However, in regions where 8 is
high, the Larmor precession frequency is high,
and transitions (i;e., depolarization) should occur

''
lOCM

FIG. 6. Schematic arrangement of apparatus for study
of neutron polarization by transmission through two
successive iron plates which can be magnetized either
parallel or antiparallel to each other by means of separate
magnets. Measurements were made with two thicknesses
of iron. Studies were also made with one and with both
plates inclined at an angle of 60 with respect to the
neutron beam.
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within very small regions. " The passage of
polarized neutrons through incompletely oriented
"domains" (whose number becomes less as the
magnetization approaches saturation as deter-
mined by temperature as well as magnetizing
field), may thus give rise to nonadiabatic
transitions, and hence depolarization. Disturbing
effects may also occur at crystal boundary
regions, and the presence of impurities may also
complicate the phenomena. Especially in regions
below saturation, one might well expect polar-
ization effects to depend considerably on the
type of iron used.

It has not been the purpose of these experi-
ments to investigate this phase of the phe-
nomena, and the Armco iron and Swedish iron
samples used have been magnetized to as high
values as feasible with the various magnets.
Strictly speaking, however, the results given

apply only to these iron samples, under these
conditions of magnetization, and the results are
in general very consistent.

POLARIZATION OF NEUTRONS BY SCATTERING

As shown in the previous experiments, the
direct neutron beam transmitted through a plate
of iron increases when the iron is magnetized.
Conversely, the scattered neutrons should decrease
in intensity when the iron is magnetized. Two
methods utilized for measuring the changes in
scattered neutron intensity are shoe. n in Figs. 7

and 8. In Fig. 7, the ionization chamber was
placed outside the direct transmitted neutron
beam at an angle of approximately 23' so that
neutrons scattered through small angles could

"Frisch, von Halban and Koch (Nature 140, 360
(193.7)) have shown that transitions may be made to
occur in very thin strips of magnetized iron where the
8 value is high.

be detected. In Fig. 8, a small magne't was
arranged so that the back scattering at an angle
of 90' could be measured. The beam was inclined
at 45' to the iron. Both the "howitzer" and the
ionization chamber were in the plane of -the
magnetized strips.

The results obtained are shown in Table III.
Both experiments show definitely that the
scattered neutron intensity decreases when the
iron is magnetized. Because of the low intensity
of the scattered neutron beam compared to the
residual fast neutron background, the probable
error is necessarily large, but in both cases it is
less than one-third the observed change.

The difference between the observed magnetic
scattering for the two angles is not considered
significant.

THE SIGN AND MAGNITUDE OF THE MAGNETIC

MOMENT OF THE NEUTRON

The investigations of the scattering of neutrons
by ferromagnetic materials under various con-
ditions are in reasonable agreement with the
simple theories. However, the theories are only

TABLE III. Scotteri ng of neutrons from mogneksed iron.

ARRANGE-
MENT

Fig. 7

~23
Scattering

Fig. 8

~90o
Scattering

READINGS

Magnetized
Demagnetized
Background

with Cd

Magnetized
Demagnetized
Background

with Cd

NUMBER OF
NEUTRONS/

MIN.
RECORDED

123.4 &0.2
124.4 ~0.2
99.6

111.61~0.18
112.41&0.18
80.3

DIFFER-
ENCES DUE

TO SCAT-
TERING

-1.0+0.3

PERCENT-
AGE

DECREASE
. WITH IRON

MAG-
NETIZED

4.0~1.2%

(24.8 Slow
neutrons)

—0 80~0.25 2 5 ~0 8%

(32.1 Slow
' neutrons)

FIG. 8. Arrangement for studying amount of neutron
polarization by scattering through a mean angle of ap-
proximately 90'.



836 P H I LI P N. PO%'E RS

BFS ION IRON 'HOWITZER'

CHAMBER
STRIPS

I

I!
I

~ r

4 WIRES FOR
PREGESSING FIEI.O Rn-Be

'
IOGM ''

FIG. 9. Arrangement of apparatus for determination
of sign and approximate magnitude of the neutron mag-
netic moment.

approximate, and in order to measure the
magnitude of the neutron magnetic moment it is
therefore important to use methods which are
free from doubtful assumptions as to the exact
nature of the complicated processes occurring
within the ferromagnetic material. Furthermore,
the sign of the neutron moment is not uniquely
determined by the scattering in magnetized
materials.

In order to determine the sign and magnitude
of the neutron moment, it is therefore intrinsi-
cally desirable to perform experiments dependent
only on the properties of the neutron in free
space. Since slow neutrons have been shown to
make non adiabatic transitions in a rotating
magnetic field, ' ""this is clearly possible.

Rabi" has suggested a method through which
these transitions may be controlled by a pre-
cessing magnetic field. A preliminary report of
an experiment in which this method was used
has already been published Rabi ~ 3' and
Schwinger" have made calculations of the
transition probability for a neutral atom in a
precessing field which show that the probability
depends upon the sign of rotation of the rotating
component of the magnetic field, relative to the
Larmor precession.

Thus a method is given which is applicable to
the. neutron for determining the sign of its
magnetic moment (direction of the magnetic
moment relative to the spin) as well as its
magnitude. The transition probability is given
by:

h2co2 sin
P g~ ——

)

0p.'R 2+ (p.~2+&~/2) '&

. , (I
&& sin2

)
—

[ Pp.'IIP+ (P.~2+@~/ )'0
&25~

3i Rabi, Phys. Rev. 51, 683 (1.937).
'~ Powers, Carroll, Beyer and Dunning, Phys. Rev. 52,

38 (1937).
3' Schwinger, Phys. Rev. 51, 648 (1937).
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FIG. 10. Schematic diagram showing how the constant
component, Hs (the stray field) is combined with a ro-
tating component, IIi, due to the field from the two
parallel wires carrying current in opposite directions, in
order to approximate a precessing field (with respect to
the moving neutron), of the proper direction to. induce
the maximum amount of transitions.

where Hi is the rotating component of the
precessing field', H2 the constant component of
the field; 0 the angle between the resultant field
and H2., co the angular velocity of the rotating
component; t the time the neutron spends in
the field, and p„ the neutron magnetic moment.
Since the transition probability depends on the
relative signs of p and cu, the sign of the neutron
moment is determined by the direction of cv

which produces maximum transitions. Further-
more, since this expression depends o n the
magnitude of the precessing field, i.e., Hi and
H2, the magnitude of the neutron moment is in
principle determined by the optimum values of
Hi and H2 for a given configuration.

The arrangement of apparatus finally adopted
for the experiment is shown in Fig. 9. The two
sets of iron strips were magnetized in a direction
parallel to a normal drawn outward from the
paper, by means of two separate small magnets
of the type shown in Fig. 5. The neutron beam
was partially polarized after passing through
the first set of magnetized strips. The precessing
field in the region between the two magnets was
formed by the resultant of the constant compo-
nent H2 produced by the stray field of the two
magnets, and H~, the rotating field (with respect
to the moving neutron) caused by the two
parallel wires carrying current in opposite
directions. Fig. 10 shows diagrammatically the
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TABLE IV. Experimental data —sign and magnitude of
neutron magnetic moment.

POLAR IZING FIELD
(MAGNETS)

(a) Demagnetized
(b) Magnetized +
(c) Magnetized +
(d) Magnetized +
Background vritb Cd

CURRENT IN
ROTATING

FIELD
(WIRES)

Zero
Zero—90 Amperes
+90 Amperes

NUMBER OF
NEUTRONS/

MIN.
TRANS-
MITTED

439.3 &0.9
447.0 &0.9
441,8 ~0 9
446.5 &0.9
2 13.3

% iNCREASE
IN TRANS-

MISSION

0 %0.30
3.43 a0.30
1.08 ~0.30
3.2 1 &0.30

way in which the resultant precessing field is
produced. The nonadiabatic transitions between
the neutron states induced by this precessing
field between the two sets of magnetized strips
are in the end observed through testing the
subsequent polarization of the neutron beam,
i.e., by the change in transmitted neutron

'

intensity through the second set of magnetized
strips. The transitions produced in the partially
polarized neutron beam by the controlled
precessing field may thus be determined, and
hence the sign and approximate magnitude of
the neutron moment, without. the specific
interaction of the neutron with the iron. coming
into consideration.

Such an experiment may be in principle as
accurate as desired. At the present stage of
development, the sign may be determined
unequivocally, but compromises must be made
which greatly reduce the accuracy of measure-
ment of the magnitude of the moment. Unfortu-
nately, with the present neutron sources and
detection methods, a wide aperture is necessary
to secure sufficient intensity compared to the
background, and it is not possible to secure
uniform optimum conditions for complete re-
orientation of spins over such a large region.
The approximate Maxwellian velocity distribu-
tion of the neutrons further complicates the
situation. However, assuming p 2 n.m. , as
might be expected from the values of the proton
and deuteron magnetic moments, Mr. Julian
Schwinger showed that the conditions could be
made reasonably suitable over a large part of
the region. By adjusting the distance between
the magnets, introducing strips of iron just
outside the beam, and shielding the coils, the
stray field parallel to the strips was made to
range from 8 to 14 gauss, and over the greater
part of the region it averaged from 10 to 12

zz0
ui th
cn

K cri

Kgl-

- IOO

I
I I.50 +50

CURRENT IN PRECESSING FIELD WIRES
+IOO

Fr@. 11. Plot showing experimental points —Determi-
nation of sign and approximate magnitude of neutron
magnetic moment. With the precessing field in the proper
direction for a negative moment, the observed transmission
is greatly reduced, but a precessing field in the opposite
direction produces no observable change.

gauss. This field provided the constant compo-
nent, II2. The distance between the plates was
7 cm. For a Maxwellian velocity distribution of
the neutrons, the average value of t was then
approximately 3X10 ' sec.

On the basis of a neutron moment of 2 n.m. ,
under these conditions a current of 90 amperes
in each wire should result in optimum values of
IIi (and II2) in the center of the beam; i.e., a
component is produced, rotating through ap-
proximately 180' with respect to the neutron,
of very nearly constant magnitude ( 10 gauss)
and constant angular velocity. (See Fig. 10.)
From the average neutron velocity, cv can be
calculated.

Runs were taken successively with (a) both
magnets demagnetized and zero wire field;
(b) both magnets magnetized and with zero
wire field —thus (a) and (b) correspond to the
parallel double transmission case; (c) both
magnets magnetized and wire current in the
direction to give transitions for a negative
neutron moment; (d) the same as (c) but with
the current in the wire reversed so that transi-
tions should not occur. Approximately 2,500,000
neutrons were counted in the course of the
experiment. The averaged results for a series of
60 runs are given in Table IU.

The change in transmitted intensity from (a)
to (b) in Table IV with no precessing field agrees
fairly well with that in the earlier experiments of
the parallel double transmission type and the
single transmission type for approximately the
same iron thickness.
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The sign of the neutron moment T.—he effect
of the precessing transition field on the proba-
bility of transition, and hence of the observed
neutron transmission through the two sets of
magnetized strips, is clearly shown in Fig. 11.

D'ith zero current in the wires, i.e., no pre-
cessing field, the maximum polarization is
observed, with an increase in transmission over
the completely demagnetized case of 3.43~0.30
percent.

With the direction of current in the wires
negative (see (c) in Table IV), the percentage
change in transmission decreases to about one-
third the value with no precessing field, showing
that a considerable fraction of the neutrons made
transitions, and were in effect reoriented. With
the direction of the current in the wires reversed
(see (d) in Table IV), the precessing field clearly
has little effect on the neutrons.

Hence the results prove that the neutrons are
reoriented when the angular velocity of the
precessing field has the proper sign. The sign of
the neutron moment is therefore definitely
nego, ti ve.

The magnitude of the neutron magnetic moment.—As pointed out, this experiment cannot be
expected to yield a highly accurate value for the
magnitude of neutron moment, because of the
lack of uniformity in magnetic field conditions
over the large beam area necessary for intensity,
and because of the velocity distribution of the
neutrons. However, since a large fraction of the
neutrons were reoriented, the average magnetic
field conditions, i.e. , III and H2 must have been
very near the optimum values. A rough numerical

integration has been made taking into account
the magnetic field values over the region of the
beam, and it shows that the results are consistent
with a value of —2 nuclear magnetons for the
neutron moment. Considering the averaging
involved, and the probable errors, the neutron
moment must be within —2+1 n.m. , and is
probably within —2 +0.5 n.m.

An experiment performed by Frisch, von
Halban and Koch, '0 is in good agreement. With
the use of a solenoid they produced a small field,
H, between the "polar'izer" and "analyzer, "
parallel to the direction of the neutron beam.
The neutrons precessed about this field with an
angular velocity proportional to H. Thus, with
varying values of H, the depolarization of the
neutron beam varied in the direction indicating
the neutron moment to be negative. The
conditions for complete depolarization (preces-
sing through 90') was reasonably consistent with
the assumed magnitude of 2 n.m. The percentage
changes which they observed were smaller than
those observed here, although this would be
expected from the configurations used.

The author wishes to express his appreciation
to Professor John R. Dunning for suggesting
the problem and for invaluable advice. I am
much indebted to Professor I. I. Rabi and
Mr. Julian Schwinger for interesting and helpful
discussions, and for assistance in some of the
calculations. Mr. Henry Carroll and Mr. H. G.
Beyer were of great assistance in the laboratory.
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in supplying quantities of Norton Boron Carbide
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