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Transmission experiments were carried out with polarized-monochromatic neutrons and polarized Ho165 

nuclei using polycrystalline samples of holmium-ethyl sulfate and holmium metal. The spins of the two 
excited states of the compound nucleus corresponding to the neutron resonances at 3.92 and 12.8 ev have 
been assigned as / = / + J = 4. The nuclear polarization obtained for the metal sample has the same sign 
and magnitude as in the holmium-ethyl sulfate. The hyperfme constant A/k was calculated to be 0.61 
±0.06°K for the ethyl sulfate and 0.65±0.08°K for the metal. The depolarization of the neutron beam 
in passing through the magnetized samples has been studied at thermal energies. 

I. INTRODUCTION 

FEW reliable methods exist for measuring the total 
angular momentum / of the compound-nuclear 

states which correspond to resonances in slow neutron 
(7=0) cross sections. Although a small cross section due 
to resonance scattering is always present, the cross 
section at such resonances is predominantly due to 
radiative capture. In principle, / can be determined 
from precise measurements of both the total and the 
scattering cross sections through the resonance region; 
however, in only a few favorable cases1-2 is the scattering 
cross section sufficiently large to yield data of the 
required precision. Assignments of / values based on 
the spectrum of capture gamma rays emitted at the 
resonance must, for the present, be regarded with 
skepticism, except in rare instances3 where special con­
straints permit a unique choice. 

The most straightforward method for measuring the 
J values of resonances makes use of polarized neutrons 
and polarized-target nuclei. The transmission of a 
monochromatic polarized neutron-beam through a 
sample containing polarized nuclei will depend on the / 
value of the resonance and on the relative polarization 
of the neutrons and the nuclei; e.g., if / = / + J (where 
/ is the spin of the target nucleus and / is the spin of 
the compound state) the transmission will be lower for 
neutron and nuclear spins polarized parallel than for 
antiparallel polarization. Hence, the / value can be 
determined by observing the change in transmission 
which occurs when the relative polarization is changed 
from parallel to antiparallel. Experiments of this type 
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1B. N. Brockhouse, Can. J. Phys. 31, 432 (1953). 
2 H . L. Foote, Jr., dissertation University of Utah, 1954 (un­

published); R. E. Wood, Phys. Rev. 104, 1425 (1956); J. A. 
Moore, ibid. 109, 417 (1958). 
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have already been done with Mn55, In115, Sm149, Eu151, 
and Gd155'157 resonances.4'5 

In this paper we shall report the initial results ob­
tained with equipment designed to make transmission 
measurements with polarized-monochromatic neutron 
beams and polarized-nuclear samples. Two resonances 
in the Ho165 cross section, at 3.92 and 12.8 ev, have been 
investigated. In addition, we have studied the depolari­
zation of the neutron beam which results from the 
magnetic structure of the samples, and several interest­
ing features relating to the hyperfme interactions in 
holmium-ethyl sulfate and holmium metal. 

I t is known from paramagnetic resonance experi­
ments6 that the hyperfine splitting is extremely large in 
the case of diluted holmium ethyl sulfate. Thus, reason­
ably large nuclear polarization of Ho165 in holmium-
ethyl sulfate can be expected at temperatures which 
can be achieved with a liquid-helium bath; i.e., ~ 1 ° K . 

When the present work was started, very little was 
known about the hyperfine splitting in holmium metal. 
Spectroscopic measurements7 indicated that the hyper­
fine splitting of the ground state was large. As will be 
seen, our transmission measurements on holmium metal 
at 0.95 °K confirm this, and, in fact, yield a quantitative 
value for the hyperfine-interaction constant. This value 
is consistent with the recent specific heat measurements 
on holmium metal by Gordon, Dempesy, and Soller.8 

When the neutron beam passes through the mag­
netized samples it is partially depolarized as a result of 
the gross-magnetic structure of the crystallites. I t was 
necessary to make a careful study of the depolarization 
effect for proper interpretation of the data. The varia -

4 S. Bernstein, L. D. Roberts, C. P. Stanford, J. W. T. Dabbs, 
and T. E. Stephenson, Phys. Rev. 94,1243 (1954); J. W. T. Dabbs, 
L. D. Roberts, and S. Bernstein, ibid. 98, 1512 (1955); L. D. 
Roberts, S. Bernstein, J. W. T. Dabbs, and C. P. Stanford, ibid. 
95, 105 (1954). 

5 A. Stolovy, Phys. Rev. 118, 211 (1960); Bull. Am. Phys. Soc. 
5,294 (1960); 6, 275 (1960). 

6 J. M. Baker and B. Bleaney, Proc. Phys. Soc. (London) A68, 
1090 (1955). 

7 V. B. Belionin, Optics and Spectroscopy 5, 236 (1958). 
8 J. E. Gordon, C. W. Dempesy, and T. Soller, Phys. Rev. 124, 

724 (1961). 
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tion of the depolarization with neutron velocity, with 
sample thickness, and with magnetizing field yields 
some information on the domain size in the crystallites. 

II. EQUIPMENT 

The equipment used in the experiments9 consisted of 
a crystal spectrometer for obtaining monochromatic, 
polarized neutrons by Bragg reflection, and a cryostat 
for cooling the nuclear sample. The cryostat was 
positioned on the spectrometer "arm," and had 
evacuated re-entrant windows to permit the Bragg 
reflected-neutron beam to pass through the polarized 
nuclear sample. The monochromating crystal, which 
served also to polarize the reflected neutrons,10 was a 
face-centered cubic single crystal11 of the alloy 92% 
Co-8% Fe. Most data were taken with the (111) 
reflection which ideally yields approximately 100% 
neutron polarization; however, some data were taken 
with the (220) reflection which yields better energy 
resolution at the cost of decreased intensity and polari­
zation (~85%) . The reflected neutrons are polarized 
parallel to the direction of magnetization of the crystal. 

The polarization direction of the reflected beam is 
adiabatically rotated from vertical to horizontal by 
means of a magnetic guide field as it passes along the 
arm of the spectrometer. This rotation is necessary 
because the nuclear target in the cryostat is polarized 
in the horizontal direction. The rotation can be made 
either to the right or the left by means of a mechanical 
device which links together the successive-permanent-
magnet elements of the guide field. 

The polarization of the reflected beam can be meas­
ured by installing an analyzer unit in place of the 
regular BF3 detector. The analyzer consists of a small 
Bragg spectrometer containing a Co-Fe crystal similar 
to the monochromating crystal. The polarization is 
measured by comparing the intensity of the second 
Bragg reflection when the first and second crystals are 
magnetized successively parallel and antiparallel. The 
intensity of the second reflection drops off rapidly with 
neutron energy, and, hence the beam polarization can 
be measured by this means only for energies ^0 .5 ev. 
The polarization for the (111) reflection was normally 
about 0.95; and the efficiency (j> for changing the neutron 
polarization from parallel to antiparallel was about 0.98. 

Although the cryostat was designed for cooling 
samples to temperatures of ^0.01° to 0.1 °K, this 

9 A complete description of the spectrometer and cryostat will 
be submitted to the Review of Scientific Instruments in the near 
future. Brief descriptions were given by H. Marshak, C. A. 
Reynolds, F. J. Shore, and V. L. Sailor, Bull. Am. Phys. Soc. 3, 17 
(1958), and V. L. Sailor, H. Marshak, F. J. Shore, C. A. Reynolds, 
and H. Postma, ibid. 6, 275 (1961). 

10 R. Nathans, C. G. Shull, G. Shirane, and A. Andresen, J. 
Phys. Chem. Solids 10, 138 (1959). 

11 The authors are grateful to Dr. R. M. Bozorth and Dr. A. J. 
Williams of the Bell Telephone Laboratories for growing and 
cutting the first Co-Fe crystal used in this experiment. A second 
specimen was purchased from the Virginia Institute for Scientific 
Research, 2820 Grove Ave., Richmond 21, Virginia. 

feature was not used in the present measurements since 
adequate nuclear polarizations were obtained at the 
liquid-helium bath temperatures. The liquid-helium 
bath could be maintained at a temperature of 0.95 °K 
by pumping with an oil diffusion pump, and a me­
chanical pump. The samples were mounted on a lifting 
device, and could be moved in and out of the beam. 
Thus absolute transmission measurements could be 
made at the low temperature. 

The spectrometer and cryostat will be described more 
completely in a separate paper.9 

III. SAMPLES 

Deuterated-holmium-ethyl sulfate, H o ^ H s S O O s 
•9D20, was made from holmium oxide supplied by 
Lindsay Chemical Company. The oxide contained at 
most 0 . 1 % impurities; mainly Dy- and Er-oxide. The 
crystals of holmium-ethyl sulfate contained at most 2 % 
normal water. Hence, the scattering of neutrons due to 
hydrogen atoms has been substantially reduced. A 
powdered sample of holmium-ethyl sulfate 5.0-cm high, 
2.4-cm wide, and 0.95-cm thick was prepared. 

The holmium metal, which was also obtained from 
Lindsay, had the same impurities as the above-men­
tioned oxide. The metal was remelted in a tantalum 
boat using a vacuum furnace. The transmission experi­
ments were carried out with a slab 1.6-cm high, 2.4-cm 
wide, and 0.137-cm thick. The depolarization was 
studied with samples 0.032- and 0.062-cm thick. All 
these samples were carefully cut from the same melt. 

IV. TRANSMISSION OF POLARIZED NEUTRONS 
THROUGH SAMPLES OF POLARIZED NUCLEI 

A. The Case of Monoenergetic Neutrons 

The polarization of the neutron beam is defined by 

fn= (w+—w-)/(w++w-), (1) 

where w+ and W- are, respectively, the numbers of 
neutrons parallel and antiparallel to the applied mag­
netic field Ho. As the beam passes through the nuclear 
sample neutrons in both spin states are lost by capture 
or scattering. In addition, some neutrons can change 
from one spin state to the other due to magnetic inter­
actions within the sample, especially in polycrystalline 
samples with strong anisotropic-magnetic properties. 
The losses of neutrons from the beam are given by the 
simultaneous-differential equations: 

dw+= Z—w+Na(l+pfN) — D(w+—wS)1dx, 

du>-= [_—W-.N(r(l—pfN)-\-D(w+—wJ)']dxy 

where A,r is the number of target nuclei per cm3, a is the 
appropriate total cross section, p is a statistical weight­
ing factor which has the value —1 or I/(I-\-l) depend­
ing on whether the spin associated with the cross section 
is I—\ or I + J , fN — {Iz)/I is the nuclear polarization 
along the direction of the polarizing field Ho, and Z>_1 

is the mean free path for spin reversal. 
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Equation (1) can be solved for w+ and W- by straight­
forward methods: 

w±= e~at{w±°[coshKFFr s i n n / c ^ + m ^ sinh/c^}, (3a,b) 

where t is the sample thickness, a^Nv+D, /c= (N2cr2p2 

+D2)*, r=Ncrp/K, V=D/K, and P=PJN. The intensities 
of the two spin components of the neutron-beam inci­
dent on the target are w+° and wJ*. 

The initial polarization of the neutron beam is 
defined as: 

fn° = (w+° - wJ)/ (w+°+wJ). (4) 

After passing through the target the polarization of the 
neutron beam, obtained from Eqs. (3a,b), is 

_ / » 0 - ( T + ^ n ° ) t a n h ^ 

l-(rfn°-v) tanh*/ ' 

If N<rp<^D, Eq. (5) reduces to 

/ » = / n ° e x p ( - 2 Z ) 0 , 

(5) 

(5a) 

which affords the means for measuring D directly at an 
energy where the nuclear cross section a of the sample 
is negligible. 

Let Tp and 'Ta denote the transmissions of the sample 
for the two cases where the neutrons are polarized, 
respectively, parallel and antiparallel to the external-
magnetic field HQ at the sample. Now 

1 P,a 

(w++wJ)P,a Cp,a 

w+°+wJ Co' 
(6) 

where Co is the counting rate obtained with no sample 
in the beam, and Cp and Ca are the counting rates 
obtained with the neutrons polarized, respectively, 
parallel and antiparallel to Ho. Substituting Eqs. (3a,b) 
into (6), we obtain for the transmissions: 

and 
Vp= e~at\jcoshKt— (rfrP—v) sinh/d], (7a) 

^ a = e-«tZcashKt+ (rcj>fn0+ v) sinhjrf]. (7b) 

In these formulas, /»° denotes the neutron polarization 
if the beam is polarized parallel to Ho. If the neutron 
polarization is reversed with respect to this external 
field, the beam polarization is given by —<l>fn0, where <f> 
is the efficiency for reversing the neutron polarization. 

In the following sections we will make use of the 
transmission effect, defined by 

s= (rp-ra)/(rp+ra)= (cP-ca)/(cP+ca). (8) 
Combining Eqs. (7a,b) and (8), we obtain 

Kl+0)/n°Ttanhjtf 
S=- . (9) 

l - " B ( l - 0 ) / n ° - ^ ] t a n h / c / 

If K / « 1 , Eq. (9) reduces to 

§= -i(l+<t>)fn°(l-Dt)N<rpt; (9a) 

or if Z)=0, and <£~1, Eq. (9) reduces to 

1 + 0 
8= fn° tenh(N*pt). (9b) 

2 

B. Effect of Spectrometer Resolution 

The preceding equations were derived on the assump­
tion that the neutron beam is monoenergetic. However, 
the Bragg reflected beam of the spectrometer contains 
a distribution of energies given by the normalized 
resolution function 

R(E'-E) = E'-*exp 
r 41n2 

L (AE)2 
(E'-E)* (10) 

The quantity AE is the width of the distribution deter­
mined primarily by the collimation of the beam. The 
term Ef~~v takes account of various intensity factors in 
the system which are energy dependent; e.g., detector 
sensitivity, reactor spectrum, and crystal reflectivity. 
For this spectrometer in the energy range 0.5 to 15 ev, 
f] varies from 2 to 2.5 and can be determined for each 
energy from a curve of the open beam counting rate 
as a function of energy. 

The corrected expressions for T"p, ST0, and 8 are 
obtained from a convolution of (10) with Eqs. (6) and 
(8). The resulting formulas are somewhat complicated, 
and need not be presented here because simpler approxi­
mations are adequate for most resonances. 

The transmission (T) for unpolarized neutrons pass­
ing through a target of unpolarized nuclei is given by 

<*> R(E,-E)e~N"tdEt R(Ef-E)dE'. (11) 

For the case where Dt<£\ and <£«1 the transmission 
effect may be written in the form 

<«>=-4(1+0) (i-z»)/.« 

R(E'-E)e-Nat smh(N<rpt)dE' 
J a 

X — 

R(E'-E)e~m" cosh(N<rpi)dE' 

(12) 

For small values of p, this expression, to good approxi­
mation, can be written as 

< « > = - i ( i + * ) ( i - i » ) / ^ 

X) 

R(E'-E)e-N"lNatdE' 

X-

R{E'-E)e~N"idE' 

(12a) 
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I t should be noted that a is a function of Ef, and, in the 
case of a neutron resonance, is the Doppler-broadened 
Breit-Wigner cross section. The integrals in Eqs. 
(11), (12), (12a) must be evaluated numerically. 

V. POLARIZATION OF HO166 

A. Polarization of Ho Nuclei in 
Holmium-Ethyl Sulfate 

The electronic ground state of Ho3+ in holmium-ethyl 
sulfate is a non-Kramers doublet. Its hyperfine splitting 
is described by the following spin Hamiltonian with 
effective spin S'= \ : 

W^gnHBHtSZ+AS/L+W, (13) 

where 3C' contains terms which are small compared to 
the first two. These small terms describe the splitting of 
the non-Kramers doublet due to the electric-crystal 
field, the nuclear-quadrupole interaction, the interaction 
between the Ho3 + ions, and the direct interaction 
between the external magnetic field and the nucleus. 
From paramagnetic resonance experiments6 on Ho3 + 

incorporated in yttrium-ethyl sulfate, Baker and 
Bleaney found that gn = 15.36, 1=7/2, and A/k 
= 0.48°K. They concluded from a detailed study12 that 
the sign of A is positive. This conclusion also follows 
from the theory of rare-earth ions,13 if one assumes the 
large nuclear magnetic moment of Ho165 is positive. 
Hence, the nuclear spins are polarized parallel to the 
applied magnetic field. If a large external field is applied, 
the nuclear polarization can be calculated to a reason­
able degree of accuracy from the first two terms of the 
spin Hamiltonian. We used a field of 10 koe in our 
measurements. This gives an electronic magnetization 
close to saturation for most of the crystallites of the 
holmium-ethyl-sulfate sample. The nuclear polariza­
t i o n ; ^ is then given by 

/ /gn^sHo co s0 \ \ 
/ i v = 5 j ( ^ / 2 ^ r ) ( c o s ^ t a n h ( ) ) , (14) 

\ \ IkT I'm 

where 0 is the angle between the c axis of a crystallite 
and the external magnetic field Ho. The Brillouin func­
tion Bi(f3) is given by 

2 / + 1 / 2 / + 1 \ 1 / /3 \ 
Bi(fi) = coth fi1 coth - ], (15) 

2 / \ 2 / 2 / \ 2 / 

where the argument j3 = A/2kT. 
Equation (14) contains an averaging over the random 

orientation of the crystallites which must be done 
numerically. Using Eq. (14), the nuclear polarization 
at temperature of 0.95 °K can be calculated using the 
values of A/k, and gu given above. The calculated 

12 J. M. Baker and B. Bleaney, Proc. Roy. Soc. (London) A245, 
156 (1958). 

13 R. J. Elliott and K. W. H. Stevens, Proc. Roy. Soc. (London) 
A218? 553 (1953). 

value at 0.95°K is 

/Ar=0.493JBJ(0.252) = 0.l76. (16) 

I t will be seen in Sec. VII that this result is in qualitative 
agreement but slightly lower than our experimental 
value. 

B. Nuclear Polarization in Holmium Metal 

If we assume that the hyperfine splitting of holmium 
metal can be described by the same effective-spin 
Hamiltonian Eq. (13), the nuclear polarization in the 
metal will be expressed as 

fN=BMM/M^ (17) 

Here M is the magnetization of a polycrystalline-metal 
sample and Mw is the saturation magnetization of a 
single crystal along an axis of easy magnetization. 

VI. DEPOLARIZATION OF THE NEUTRON BEAM 

A. Theory 

The equations derived in Sec. IV show that it is 
important to determine the loss in polarization of the 
neutron beam as it passes through the sample, i.e., to 
measure the parameter D. Within a sample, which is 
not completely magnetized, the most important cause 
of depolarization arises from the crystal-magnetic 
anisotropy and the random orientation of the crystal­
lites or domains. As a neutron progresses through the 
sample, it encounters internal fields which are oriented 
in random directions relative to the external-field 
direction. Thus each crystallite or domain will have a 
finite component of internal field at right angles to the 
external field about which a new precession will occur. 
A classical treatment of the resulting depolarization is 
given by Halpern and Holstein.14 In this theory two 
general cases are considered: (1) The neutrons make a 
small part of one Larmor precession in each domain or 
(2) they make more than one. The first case leads to 
the following approximate expression of the depolariza­
tion parameter D: 

B^WW^UM (48) 
where fxn is the neutron magnetic moment, Bn is the 
component of the induction Bi within domain i perpen­
dicular to the original beam polarization, 5 is the domain 
size, n is the number of domains per unit length along 
the neutron flight path, and v is the neutron velocity. If 
the neutrons perform more than one Larmor precession 
in each domain, the depolarization is approximately 
given by 

D~{Bi?/B*)wn. (19) 

The obvious difference, which one should expect, be­
tween these two equations is that the former is energy 
dependent, i.e., D is inversely proportional to the neu-

14 O, Halpern and T. Holstein, Phys. Rev, 59, 960 (1941). 
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tron energy, while the latter is energy independent. The 
theory of Halpern and Holstein is only approximately 
correct, since it neglects atomic periodicities in the 
induction within the domain and the demagnetization 
fields. 

B. Experimental Results 

The beam polarizations, fn° with the sample out of 
the beam and / „ with the sample in, were measured by 
means of a Bragg reflection from a second Co-Fe crystal. 
The reflected intensity decreases rapidly with neutron 
energy and, hence, the depolarization can only be 
studied in the range from thermal energies up to ^ 0 . 5 
ev. Consequently, it is necessary to obtain the depolari­
zation at the Ho resonances (3.92 and 12.8 ev) from an 
extrapolation of data taken at much lower energies. 

Measurements of the depolarization were done at 
0.062 ev for two foils of holmium metal, 0.032- and 
0.062-cm thick. These foils at a temperature of 0.95 °K 
were magnetized in a field of 17.9 koe. At 0.062 ev the 
neutron cross section is small for holmium. The values 
of D obtained for both foils were the same within the 
experimental errors, the average value of D being 
17.3±0.9 cm -1. The depolarization of the thicker 
sample was measured at various neutron energies. I t 
turned out that the observed depolarization depends 
strongly on the neutron energy E as is indicated in 
Fig. 1. For the highest energies ln(/w//w°) tends to vary 
inversely with E. This variation is in agreement with 
formula (18). The linear extrapolation of the highest 
energy data gave D=1.67/E cm-1, where E is in elec­
tron volts. An estimate of the domain size 8 can be 
obtained from these depolarization measurements with 
the aid of formula (18). In the domain i the induction 
Bi= H 0 + 4 7 T M ^ 3 8 koe is obtained from the magnetiza­
tion data of a holmium single crystal,15 in which we 
have made the approximation that the magnetization 
of a domain is confined to an easy direction in the basal 
plane, which is at random in the polycrystalline sample. 
The averaged value of Bu2 is then approximately 
0.61Bi2. Under these conditions, the domain size is found 
to be ~0.4X10- 4cm. 1 5 a 

The depolarization in the holmium-ethyl-sulfate 
sample, at a temperature of 0.95°K, was measured at 
0.062, 0.117, and 0.267 ev as a function of the applied 
magnetic field Ho. The ratio fn/fn° is plotted in Fig. 2 
as a function of H0. As expected, it was found that the 
depolarization decreased when Ho was increased. The 
ratio fn/fn is, within the errors, the same at 0.062 and 
0.117 ev, while it was found that at 0.267 ev the 
depolarization is somewhat less. These experimental 
data indicate, that the depolarization is negligible at 
the two Ho resonances of 3.92 and 12.8 ev if an external 
field of 10 koe or more is applied. 

15 B. L. Rhodes, S. Legvold, and F. H. Spedding, Phys. Rev. 
109, 1547 (1958). 

15a Note added in proof. The average grain size in this sample was 
4.5 X 10~2 cm; thus, there are approximately 109 domains per grain. 
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FIG. 1. The ratio fn/fn, measured for holmium metal at various 
neutron energies. All the data were taken for an external field of 
17.9 koe and at a temperature of 0.95°K. 

The large depolarization in the polycrystalline sample 
of holmium-ethyl sulfate must be explained primarily 
in terms of the internal fields of the crystallites. How­
ever, it is not possible to explain the data with the aid 
of formulas (18) and (19) with reasonable values of the 
internal field. Probably this sample constitutes a case 
which falls between the two extremes expressed by 
formulas (18) and (19). 

VII. TRANSMISSION EFFECTS AT THE RESONANCES 

The transmission of unpolarized neutrons, measured 
as a function of neutron energy for the polycrystalline 
sample of holmium ethyl sulfate, is shown in Fig. 3. The 
two resonances at 3.92 and 12.8 ev were clearly resolved. 

i.o 
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ioc io* rcr 

EXTERNAL MAGNETIC FIELD IN OERSTED 

FIG. 2. The ratio /«//«°, measured for holmium-ethyl sulfate 
as a function of the external field. The data were taken for three 
neutron energies at a temperature of 0.95 °K. 
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TABLE I. Transmissions and transmission effects for the holmium resonances. Columns 3 and 6 list the experimental values. Column 5 
lists the transmission calculated from Eq. (11), which takes account of the spectrometer resolution. The good agreement between columns 
3 and 5 gives confidence to the values of p which we derived with the aid of Eq. (12) from the (S) measurements listed in column 6. 

Neutron 

energy 
(ev) 
3.92 

12.8 

Sample 

Ho-ethyl sulfate 
Ho metal 

Ho-ethyl sulfate 
Ho metal 

meas 

0.62 ±0.02 
0.378=b0.015 

0.61 ±0.06 
0.50 ±0.05 

AW 

9.30 
42.9 

Wcalc 

0.648 
0.386 

\ o/meas 

-0.040±0.003 
-0.079±0.005 

-0.065±0.028 
-0.052±0.017 

/ 
4 

4 

solid, the Doppler broadening depends on an effective 
temperature Teu rather than the actual temperature. 
In the limit of very low temperatures,18 reff~ f® where 
© is the Debye temperature, which for Ho metal19 was 
taken to be 161 °K. Calculated transmissions listed in 
column 5 of Table I are seen to be in reasonable agree­
ment with the observed transmissions which are listed 
in column 3. 

The transmissions measured for holmium-ethyl 
sulfate must be corrected for the attenuation of the 
beam due to the presence of the ethyl-sulfate groups 
and the heavy-water molecules in the sample. The 
attenuation due to these components was measured at 
2.42 and 2.38 ev, where the cross section of holmium is 
relatively small. The measurements yield the values 
0.508±0.010 and 0.492d=0.010 for the (111) and (220) 
reflections, respectively. As expected, these transmis­
sions are equal to within the statistical uncertainty. The 
experimental value is in reasonable agreement with an 
estimate obtained by adding cross sections of the nuclei 
in the ethyl-sulfate groups and the heavy water, which 
yields the value of 0.530. 

In order to obtain the transmission-effects (8), as 
defined in Sec. IV, we measured the intensity of the 
transmitted beam polarized alternately parallel and 
antiparallel to the external field Ho. The external field 
was 10 koe in case of holmium-ethyl sulfate and 17.9 koe 
for the holmium metal. Background intensities were 
determined by rotating the monochromating crystal 2° 
off the Bragg angle. The values obtained for {&) are 
listed in column 6 of Table I. From the values of (8) 
listed in the table, some conclusions can be made 
directly. Both resonances showed transmission effects of 
the same sign. Thus, the spins of the two resonances are 
the same. Since the Ho nuclei are polarized parallel to 
the applied field, the spins20 must be / = 7 + ^ = 4. 

To obtain the value of p[_— (7/9)yV] corresponding 
to the measured value of {£), we have computed a 

18 W. E. Lamb, Jr., Phys. Rev. 55, 110 (1939). 
19 B. C. Gerstein, M. Griffel, L. D. Jennings, R. E. Miller, 

R. E. Skochdopole, and F. H. Spedding, J. Chem. Phys. 27, 394 
(1957). 

20 Due to an error made during the tune-up period of the equip­
ment, the spins of these-resonances were erroneously reported to 
be J —I—1 = 3. The values for both resonances listed in the paper, 
H. Postma, H. Marshak, V. L. Sailor, F. J. Shore, and C. A. 
Reynolds, Bull Am. Phys. Soc. 6, 275 (1961), should be corrected 
to read / = / + § = 4, 

The resonance at 3.92 ev was found with neutrons 
reflected from either (111) or (220) planes of the cobalt-
iron crystal. The 12.8 ev resonance could only be ob­
served with the (220) reflection, because the resolution 
was too poor with the (111). In addition, with Co (111) 
the Bragg angle corresponding to 12.8 ev is only 1°7' 
which results in a very large background from the 
splatter of the unreflected beam. 

At these resonances, the reflected beam is not mono-
energetic due to the finite resolution of the spectrometer 
[see Eq. (10)]. At 3.92 ev the width of the resolution 
function was AE=0.970, and 0.594 ev for the (111) and 
(220) reflections, compared to the natural width16 of 
the resonance, r = 0.087 ev. Thus, Eqs. (11) and (12) 
must be used in the analysis of the measured values of 
(1*) and (8). In computing the resolution-corrected 
values of (?) and (8) with Eqs. (11) and (12), the 
Doppler-broadened cross section must be used.17 In a 

1 I F I I T T T 
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—o— 220 REFLECTION 

Ho(C2H5S04)3.9D20 

J L J I I 1 
0.1 0.2 0.4 0.6 I 2 4 6 8 10 20 

NEUTRON ENERGY IN ev 

FIG. 3. Transmission of holmium-ethyl sulfate as a function 
of neutron energy. The sample thickness was Nt = 0.994X1021 

holmium nuclei per cm2. The Co (220) reflection gives a lower 
transmission than the Co (111) at the 3.92-ev resonance since it 
gives better resolution. The dot-dashed line gives the calculated 
transmission of the ethyl sulfate and D2O components of the 
sample. 

16 Parameters for the 3.92-ev resonance in Ho165 were measured 
by R. I. Schermer (unpublished). The parameters are: #0 = 3.924 
±0.010 ev; o-0-9360±200 b, r - ( 8 7 ± 2 ) X l 0 3 ev; r n =(2 .2 
±0.1)X10-3 ev; r 7 = (85±2)X10~3 ev. 

17 A recent discussion of Doppler broadening of neutron reson­
ances may be found in the paper Br. A. Bernabei, L. B. Borst, 
and V. L. Sailor, Nuclear Sci. and Eng. 12, 63 (1962). 
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family of curves of (S) as a function of p and iW02 for 
the 3.92-ev resonance. The resonance parameters given 
in reference 16 were used in the calculations, as well as 
the constants AE=0.970 ev, /n°=0.95, and 0 = 1 . For 
holmium-ethyl sulfate D/=0, while for the polycrystal-
line metal the value Dt=0.058 was obtained from a 
linear extrapolation of the data in Fig. 1. The theoretical 
relationships between (S) and p as calculated for the 
two samples are shown in Fig. 4. Also the experimental 
values of (§) are given in this figure. 

For the holmium-ethyl sulfate, the experimental 
value of (S) with the aid of the computed curve yields 
the result ^=0.168db0.013. From this, the hyperfine 
splitting ^ / ^ = 0.61±0.06°K is obtained. 

In order to calculate the hyperfine splitting constant 
for the metal, it is necessary to know the value of 
M/Mw. From a magnetization curve of polycrystalline 
holmium, as given by Henry,21 the magnetization at 
17.9 koe is estimated to be 0.80 of saturation; however, 
unpublished data on our sample indicate that 0.66 is a 
more realistic value.218. This value is corrected for a small 
demagnetization field. The apparent-saturation mag­
netization of a polycrystalline sample is approximately 
f that of a single crystal, if one assumes that the mag­
netization of a domain is confined to one of the axes of 
easy magnetization in the basal plane, which is ran­
domly oriented. Hence we can conclude, that M/M* 
—0.49. From the experimental value of (S) we de­
rived £=0.177±0.013. Using the estimated value of 
M/Mn, we finally obtain the hyperfine splitting con­
stant i4/* = 0.6S±0.08oK. 

VIII. CONCLUSIONS 

One of the objectives of spin assignments of resonance 
levels is to determine whether there are relationships 
between the spins and other resonance parameters, 
especially the radiation width I \ . At the moment, such 
a comparison is not possible in the case of Ho166, since 
the resonance parameters have not been measured 
accurately for the 12.8-ev resonance. On the basis of the 
multiplicity of capture gamma rays, Draper and 
Springer22 suggested that the spin of the 3.92-ev 
resonance might be J=I—J = 3. This is in disagreement 

21W. E. Henry, Phys. Rev. 117, 89 (1960). 
21a Note added in proof. Justification for this value is contained 

in V. L. Sailor, R. I. Schermer, F. J. Shore, C. A. Reynolds, 
H. Marshak, and Hans Postma, Phys. Rev. (to be published). 

22 J. E. Draper and T. E. Springer, Nuclear Phys. 16, 27 (1960). 

FIG. 4. The transmission effects (8) versusp\_— (7/9)/#] for the 
two samples of holmium-ethyl sulfate and holmium metal. The 
shaded regions give the experimental values of (8). 

with our experimental result. However, it is unlikely 
that one can distinguish between the two spin states on 
the basis of gamma multiplicities. 

The hyperfine splitting constants, A/k = 0.61 ±0.06 
and 0.65zb0.08°K, obtained for concentrated holmium-
ethyl sulfate and holmium metal are equal within the 
errors. The specific heat measurements8 on holmium 
metal gave the value of ^4/&=0.618°K. Apparently, the 
hyperfine splitting constant is larger for the concen­
trated holmium-ethyl-sulf ate and the metal as compared 
to those of diluted-holmium-ethyl sulfate and diluted-
holmium chloride.6,28 From the gu values of the diluted 
salts it has been concluded that the | ±7) ground state 
doublet of Ho3+ is admixed with | ± 1) and | ±5).12 The 
larger values of A/k can be understood if the ground 
state of holmium is a | ±7) or a | ±8) doublet, instead 
of the given mixture. Since A depends linearly on gu in 
the case of the rare earth ions, the values of A/k 
expected for these states are 0.55 and 0.62°K. The latter 
agrees best with the experimental values. 
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