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Spatial orientation of nuclei: Mass deformation in 165-holmium
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Measurements of neutron transmission through a rotating, cryogenically aligned holmium target
are reported. From the variation in the transmission yield as a function of alignment angle we obtain
holmium deformation cross sections of —548 +42, —354 6 17, —283 +23, and 248 6 23 mb at neutron
energies 1.5, 1.8, 1.9, and 3.9 MeV, respectively. Coupled channels calculations using deformed
optical model parameters give a quadrupole mass deformation length Pzro ——0.38 6 0.03, consistent
with the literature. In contrast to a recent result from analysis of pion single-charge-exchange
scattering, the data imply similar deformation lengths for the proton and neutron distributions in
holmium.

PACS number(s): 21.10.Gv, 25.40.Dn, 29.25.Pj, 27.70.+q

I. INTRODUCTION

Determining nuclear shapes is a problem of continu-
ing interest in nuclear physics. A particular issue relates
to the question of whether the charge and mass distri-
butions are the same in deformed nuclei. In the past,
they have been considered to be identical. But in a re-
cent pion charge exchange experiment, Knudson et at. [1]
concluded that the quadrupole deformation of the neu-
trons in aligned Ho was 0.84+0.08 that of the protons,
implying signi6cantly different charge and mass distribu-
tions.

In this paper we present measurements of neutron
transmission through a rotating, cryogenically aligned
single crystal Ho target. Whereas the pion charge
exchange mechanism probes the neutron distribution,
and electron scattering and muonic x-ray measurements
probe the proton distribution, neutron total cross section
measurements with an aligned target probe the combined
mass distribution. The nuclei are spatially oriented in-
side the target and rotation of the target allows mea-
surement of transmission yields through different axes of
the nuclei. For deformed nuclei the yield changes as a
function of alignment angle, and a deformation cross sec-
tion can be determined. Coupled channels calculations
are presented which Gt the energy-dependent deforma-
tion effect. The experimental results are in agreement
with previous measurements of the deformation effect in
holmium [2—7]. Our calculations do not confirm the dif-
ference in proton and neutron deformations observed in
the pion experiment.

Two previous nuclear physics experiments have used

rotating aligned holmium targets. A 50 g cluster of 9
single crystals was rotated along with a polarizing mag-
net [8] in a study of the double-peaked giant dipole res-
onance. In Ref. [9], a single crystal of holmium ethyl
sulfate, cooled to 0.29 K, was rotated so that the the op-
tical anisotropy of holmium nuclei could be studied with
10—20 MeV p rays.

II. HOLMIUM NUCLEAR ALIGNMENT

The nucleus Ho is highly deformed and relatively
easy to align. Holmium is antiferromagnetic below 20 K
[10), and at temperatures below 1 K, the large hyperfine
interaction between the magnetically ordered electrons
and the nuclei produces signi6cant nuclear alignment in
single crystals. The direction of orientation is 10' out of
the a-b plane of the hexagonal crystal structure. A turn
angle of 30' exists between successive planes; the nuclear
spins therefore form a spiral conical structure about the c
axis. In a crystal which has not been exposed to external
magnetic Gelds, mirror domains cancel the component of
magnetization along the c axis.

The temperature dependence of the nuclear alignment
is calculated &om an effective Hamiltonian

E /k = —Am+ P[m —sI(I+ 1)],

where m is the magnetic substate quantum number of
the I = 7/2 nuclear spin, i'c is Boltzmann's constant,
A = 0.319 K, and P = 0.004 K [11].

The degree of alignment f2 is defined as

f, = [(m') —I(I + 1)/3]/I', (2)
'Present address: Los Alamos National Lab, Physics Divi-

sion, Los Alaxnos, NM 87545. and for a target in thermal equilibrium, the expectation
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value (m2) is given by

( 2) ) m2 E—/kT
fn=I

—E~/kT (3)

To refer the alignment to arbitrary directions, it is con-
venient to replace f2 by the statistical tensor t2p(I) [12].
Prom the general relation for rank K,

(2I —K)! (2K)!
(4)

with K = /2K + 1, we have t2p(I) = 2.67f2. The align-

ment with respect to the c axis, t2p, is given by a rotation
of 80' out of the a bpl-ane, that is,

tzp ——P2 (cos 80') tzp (I).

III. DEFORMATION CROSS SECTIONS

The total cross section for a nucleus aligned at angle
8 to the beam direction can be factored according to the
statistical tensors describing the orientation:

0T (8) = ) tlap(8)os (6)

For an aligned target with spin I the sum goes over even

values of K & 2I. The o~ for K & 2 are the deforma-
tion cross sections. The t~p here are statistical tensors
describing the orientation of the target with respect to
the beam direction. They are normalized to happ

= 1. All

dependence on alignment axis angle and target temper-
ature occurs in the statistical tensors tlap, not in oa. .

The tlap of Eq. (6) are referred to the beam direction,
whereas the intrinsic alignments tlcp of Eq. (5) are re-
ferred to the c axis. The values are related by

&ap(8) = t~pdpp ——P~(cos8)tap, (7)

Typical temperatures during the experiment were

27Q mK. This gives about 65% of the maximum K = 2

alignment, yielding tgp ——0.46. In principle there are also
Ã = 4 and higher alignments. But at this temperature

&4p(I) is only 28% of its maximum (t4p ——0.06), and as
discussed later, the effects of the higher rank alignments
proved to be unobservable.

IV. EXPERIMENTAL APPARATUS

The experimental setup is shown in Fig. 1. The
holmium. target was a cylindrical single crystal of Ho,
99.8% purity, 2.29 cm in diameter, and 2.8 cm long,
weighing 101.6 g. The crystal was grown by the Ames
Laboratory Material Preparation Center at Iowa State
University, and cut with the c axis oriented radially. The
c axis was located precisely &om x-ray diffraction.

The crystal was cooled to 270 mK in a dilution refrig-
erator constructed to search for a time reversal noninvari-
ant contribution to the forward scattering amplitude in
polarized neutron transmission [13,14]. The refrigerator
provides a cooling power of 85 pW at 110 mK, reaching
a no-load base temperature of 42 mK. It has a central
shaft which connects a room temperature stepping motor
to the copper cold6nger on which the target is mounted.
The holmium cylinder is mounted vertically, allowing the
alignment axis of the holmium single crystal to be rotated
relative to the beam direction without changing the eH'ec-

tive thickness of the target. The target was out-of-round
by less than 4 parts in 10000. The range of rotation was
270, with a reproducibility of one-half of a degree.

The temperature of the holmium target was measured
by two resistance thermometers mounted directly on the
crystal. These thermometers were calibrated against a
standard germanium resistance thermometer. It took 15
s to rotate through 90'. No heating of the target due to
rotation was detected.

The neutron beam was produced by the T(p, n) re-
action. Protons kom a direct extraction negative ion
source were accelerated by the TUNL FN tandem Van
de Graaff, and directed onto a 0.8 Ci/cm tritiated ti-
tanium foil which was mounted on a 1Q pg/cm2 copper
backing. The neutrons transmitted through the holmium
were detected at zero degrees by a heavily shielded de-
tector.

The detector consisted of a 12.7 cm thick, 12.7 cm
diameter organic liquid scintillator and subtended a
solid angle of 5 msr. Signals &om the photomultiplier
tube were pulse-shape analyzed to discriminate against
gamma rays. The count of transmitted neutrons was nor-
malized to the integrated proton beam current. Proton
beams were typically 1 pA, resulting in neutron count
rates of about 700Q/s. The dead time in the electronics
was about 3'%%. The background count rate was 30/h, de-
termined by 61ling the collimator with 25 cm of polyethy-
lene.

Detector

where dpp are the rotation matrices, and P~ are Legendre
polynomials.

As defined by Eq. (6), the deformation cross sections
o~ are independent of the alignment of the target. This
is convenient, but differs &om previous work, where the
deformation effect cross section Ao'g, g (see, for example,
Ref. [2]) is given by

Feedback
Slits /

Holmium

Cryos tat Polyethylene
Collimator

f = C2p02 + C4p04 + (8)
13 cm 42 cm 6cm

The cross section in this form depends on the target tem-
perature and alignment angle, and is therefore less useful
for comparison to theoretical predictions.

FIG. 1. Schematic of the experimenta1 apparatus. The
hoimium target rotates about a vertical axis, and is cut in

the shape of a cylinder with the c axis pointing radiaOy.
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TABLE I ~ Ex crim~ xperimental parameters for the fours or e our measurements of os(E

Incident neutron
energy (MeV)

1.47
1.84
1.92
3.88

Degree of
alignment

47%
67%
65%
60%

Number of
runs used

61
49
132
42

Angle sequence
Limits Increment
+90' 30'
+90' 45'
+135'
+90 45'
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VI. DATA ANALYSIS
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)

O'T' 8, t) = o'p + P2(cos 8)t2p(t)o2 + P4(cos8)t4p t o44p
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Because xg is real, this reduces to 9000 I ~ ~ ~
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where l = 1, . . . , n/2. The deformation effect depends on
P2 ——2(3cos 8J —1) = 4(3cos28J + 1) and is therefore
re6ected in the values of the c~.

In Fig. 3 we show the c~ determined &om the cold
target data of Fig. 2. The large ct found at j = 28 is
the signature of the deformation effect. If the data set
includes m complete oscillations of the +90 to —90' and
—90' to +90' sequence, the deformation effect is found
at j = 2m. Here it also happens that j = n/2 because for
45' steps, the period is n/m = 4. The deformation effect
cross section is given by o'2 ———8c2s/3ntt20. Consistent
with the small K = 4 alignment, no peak is observed at
j = 56 corresponding to a P4(cos8) signal.

The large cz for j small are due to slow drift in neutron
yields which are uncorrelated with the target orientation.
The drift can be removed from the yield data by setting
these c~ = 0 and transforming the filtered c~ back into xI,
by an inverse Fourier transform. The resultant filtered
yields are shown in Fig. 4.

The final extraction of 0'2 and its associated statistical
error was made by directly fitting to the logarithm of
the filtered yield data of Fig. 4 as a function of angle.
Neglecting terms in K = 4,

lnN(8, t) = ln(NIIe "' ') —ntP2(cos 8)t2II(t)trq, (13)

which when plotted against ntP2(8)t20(t) is a straight
line with slope 02. The data are shown in Fig. 5, and the
solid line is a linear least squares fit. The spread in the
abscissa for each of the clusters of points is due to the
fluctuations in temperature, and thus t2O. The spread in

Run Number

FIG. 4. Transmission yield of cold data at 1.8 MeV, after
subtraction of long term gain drifts. The dotted line is a guide
to the eye.

the ordinate for each of the clusters arises &om random
fiuctuation in repeated sampling of those values.

The results for the nuclear deformation efFect o2 are
summarized in Table II. A cr2 was also extracted from
three sets of data for an unaligned target (no such set
was accumulated for the 1.9 MeV time reversal measure-
ment. ) These "warm" o2 values could in principle be
nonzero due to geometric effects such as target out-of
round or target wobble. However, the values are consis-
tent with zero and no corrections were made for warm
asymmetries in the final u2 values.

Although the c axis was precisely located by x-ray
diffraction, the deformation effect data can also be used
to locate the alignment axis of the target crystal. A mis-
alignment of the c axis appears as an offset angle P in
Eq. (13), and shifts the phase of the oscillations in Fig.
4. We fit both the 1.8 and 3.9 MeV cold data sets, search-
ing for the values of P which minimized the y2 in the least
squares fits. We found ltl to be —1.5' 6 3.1' consistent
with zero [14].
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FIG. 3. Fourier transform of the data in Fig. 2. See text
for definitions.

FIG. 5. Logarithm of 1.8-MeV transmission yield as a func-

tion of angle. The solid line is the linear least squares fit to
the data.
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TABLE II. Results of crz measured as a function of incident neutron energy. The geometric a'2

are seen to be consistent with zero and are not incorporated in o.q.

Neutron
energy {MeV)

1.47
1.84
1.92
3.88

(mb)
—548 + 42
—354 6 17
—283 + 23
+248 + 23

Warm target "cry"

{mb)
4+21
14+ 13

—1+10

VII. COMPARISON OF DEFORMATION
EFFECT TO PREVIOUS EXPERIMENTS

The deformation effect in Ho has been measured
previously, by comparing neutron transxnission through
an oriented and an unoriented target [2—7]. The present
results are plotted against past measurements in Fig. 6.
We report the eH'ect in terms of the quantity 0'2 which
is, as mentioned, independent of the degree of alignment.
The previous measurements are renorrnalized by divid-
ing by the K = 2 orientation attained. Some experi-
ments used a polarized target where a small magnetic
field is applied in the crystalline a bplan-e. The semi-
major axis of the mass deformation is then in the a b-
plane —perpendicular to the c axis. These data have been
corrected by division by a geometric factor of —1/2.

Two data sets overlap our results. The present values
are in good agreement with the high precision data of
Fasoli et aL [3], but systematically slightly smaller than
those of Marshak et aL [2], which also have larger statis-
tical uncertainties.

VIII. NUCLEAR DEFORMATION PARAMETERS

The shape deforxnation of a nucleus is described by an
angle-dependent radius R and deformation parameters

R(8) = roA I 1+ ) P&Yio(e)
%=2,4,6

Here Yqo are spherical harmonics. Our pg are equivalent
to the P& de6ned in Ref. [16], which reviews the com-
mon de6nitions. As in Ref. [17] the odd order P~ are
assumed to be zero. The nuclear shape is then reHection
symmetric with respect to the plane perpendicular to the
axis of symmetry. The assumption of axial symmetry is
common in this mass region [18]. Previous calculations
for holmium did not include a hexacontatetrapole de-
formation Ps although a small value was found helpful
in reproducing tr-scattering data [19] on even-even rare
earth nuclei, and in reproducing neutron scattering on
tungsten isotopes [20].

The deformation effect cross sections os are given by
[21]

ote = Re 2z'A K) gg ) TJt(t'j'lp)[btt'bzt' —Sz(Ij ~ l'j')] (i5)
J Lltjj'

Here gz = (2J + 1)/8, Sz is the S-matrix element for the transition from incoming channel (tj) to outgoing channel
(t'j ') and TIc is a combination of angular momentum factors given by

Ttc (l'j 'lj ) = (—1)' t tjj I I(tKOO[I, '0) W (Jj IK; Ij ') W (j 't'j l; sK),
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FiG. 6. Different sets of deformation cross sections, cr2(E).
Key: open circles, present data; crosses [3]; solid squares [2];
asterisks [4]; crossed-box [5]; open diamond [6]; solid diamond

[7]. The present calculation is given by the solid line. For
comparison, the calculation in Ref. [2] is shown as the dashed
line.

4500
0

I

12 16

Incident Neutron Energy (MeV)

FIG. 7. The total cross section for neutrons on holmium.
The data are from Ref. [26]. The present calculation is given
by the solid line. For comparison, the calculation in Ref. [2]
is shown as the dashed line.
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the incident neutron energy.

The 8-matrix elements Sg were derived &om a cou-
pled channels calculation [22] using the code ECI889 [23].
The parameters for the deformed optical model were
taken &om calculations of Young et aL [24] for ~ssHo

and ~ssTm. These calculations reproduced s- and p-
wave neutron strength functions, total cross sections, and
all available angular distributions. The first two excited
states in ~ssHo are coupled explicitly to the ground state.
Imaginary potentials account for coupling to all other
states.

FoHowing Glendenning et al. [25], the optical model
parameters are fixed in the present calculation and the
deformation parameters are varied. The final Pg are
those which result in the best fit to the experimen-
tal oz(E) and the unpolarized target total cross section
lrs(E) in the energy range 1—20 MeV [26].

The hexacontatetrapole deformation proved to have
no effect on the deformation cross section at these ener-
gies and only very small effect on the total cross section.
Setting Ps ——0, we found the deformation parameters
P2 ——0.30 and P4 ———0.02 of Young's parameter set [24]

300

provided the best fits, as illustrated in Figs. 6 and 7.
The agreement is much improved over the adiabatic cou-
pled channels calculation in Ref. [2]. The optical model
parameters are listed in Table III.

To determine how well the deformation effect data de-
termine pz, we show in Fig. 8 a plot lrz as a function of
Pz for neutron energies 1—20 MeV. In these calculations
we fix P4 ———0.02 at the value determined in the previ-
ous searches. We see the deformation cross section varies
strongly with neutron energy and with deformation P2.
Figure 9 is a plot of crz vs P2 at a typical energy 3.9 MeV.
For small P2 (~Pz~ & 0.1) the cross section grows linearly
with deformation. For large P2 the dependence is quite
nonlinear, going through a maximum around Pz ——0.2
and turning toward zero as Pz increases.

As discussed earlier the most precise deformation effect
data are our measurements values and the measurements
of Fasoli et al. [3]. The two data sets are in good agree-
ment with each other and cover the range between 1.5
and 4 MeV where there is a strong energy dependence as
os crosses zero. We use these data to determine Pq values
at each energy by reading off &om cps vs P2 plots as in
Fig. 9. There will be no solution if statistical Quctuation
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I I I I
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I ~ ~ ~
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0.26

500 i . . I . . . . I

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

0..24 I s i i & I i i i i I i i i i I & i i i I i I

15 2 25 3 35 4 45
Energy (MeV)

FIG. 9. The dependence of os on Ps at 3.9 MeV. The cross
section is proportional to Ps in magnitude and sign only for
iP. I

& o.1

FIG. 10. Deformation parameters determined &om the
present mrs measurements (circles) and the crs measurements
of Ref. [3j (crosses} for neutron energies 1.5—4.0 MeV. A
weighted average gives Ps ——0.30 + 0.025.
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TABLE III. Parameters for the deformed optical model calculation. The Woods-Saxon potentials
are volume V, surface imaginary WD, volume imaginary R z, and spin orbit Vso.

Potential strength (MeV)
V = 49.8 —16 ~ —0.325E

Wo(E & 6.5) = 5.0 —8 ~ + 0.51E
Wo(E ) 6.5) = 8.3 —8 ~

—0.09(E —6.5)
Wv(E & 90) =00

Wv(E ) 9.0) = —1.8+ 0.2E
Vso —6.0

Radius (fm)
1.26
1.26
1.26
1.26
1.26
1.26

DifFuseness (fm)
0.63
0.48
0.48
0.63
0.63
0.63

TABLE IV. Quadrupole deformation lengths for the nucleon, proton, and neutron distributions
in '"Ho.
pzrp (fm)

0.38 + 0.03
0.36 + 0.01
0.30 6 0.03

Distribution
nucleons
protons

neutrons

Reference
present experiment
[29]
[1]

results in too large a value of o2. Usually there are two
solutions. We consider the solutions close to P2

——0.3, as
indicated in the previous calculations. The resulting p2 s
are plotted in Fig. 10 as a function of neutron energy.
As expected the deformations are independent of energy.
The weighted average is P2

——0.30 + 0.025, where the
one-sigma uncertainty is determined Rom the spread of
the values.

When comparing deformation parameters &om difFer-
ent experiments, the reduced radius ro must be con-
sidered because cross sections scale with the deforma-
tion lengths Perp, rather than just deformation pararn-
eters. Deformation lengths P2rp f'rom three difFerent
types of experiment are given in Table IV. Our deforma-
tion length is sensitive to the nucleon distribution, the
muonic x-ray experiment of Ref. [27] is sensitive to the
proton distribution, and the pion charge exchange exper-
iment [1] is sensitive to the neutron distribution. For the
present experiment P2 = 0.30 6 0.025, and rp = 1.26 fm.
For the muonic x-ray experiment P2 ——0.32 6 0.01 and
r = 6.15/1651~ = 1.12 fm. For the pion experiment the
deformation length is the muonic x-ray value multiplied
by 0.84+ 0.08.

If we assume the deformation lengths are related by

z N
(P2rp)nucleons = (P2rp)protone + (P2rp)neutrone I (17)

we can use our value and the precise charge distribution
value to infer a neutron quadrupole deformation length.
We find (P2rp) t, , :0.39 6 0.05 fm, which is to be
compared to the value of 0.30+0.03 inferred from Ref. [1].
Although the uncertainties are large, the present data in
combination with the muonic x-ray data do not con6rm

the difference in neutron and proton deformations seen
in the pion charge exchange data.

IX. SUMMARY

We have measured the nuclear deformation effect in a
single crystal, cryogenically aligned Ho target. Neu-

tron transmission through diferent axes of the nuclei was
accomplished by rotating the target, and a deformation
cross section o.2 was extracted &om the angle dependence
of data.

The total cross section and deformation cross sec-
tion between 1 and 20 MeV were reproduced using cou-

pled channels calculations and a deformed optical model
potential. A quadrupole mass deformation length of
P2rp ——0.38 6 0.03 was obtained, similar to the value
obtained in muonic x-ray measurements of the holmium
charge distribution. This implies similar proton and neu-
tron deformations for SHo, in contrast to a recent anal-
ysis of data &om pion charge exchange scattering.
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