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ABSTRACT

Neptunium-237 nuclei were aligned when a monocrystalline sample

of neptunyl rubidium nitrate was cooled to 0.2 - 4.2°K. The rotatable

sample was placed in a capsule filled with helium-3 gas for heat trans

fer. Also in the capsule were a germanium surface-barrier alpha-particle

counter, a thermometer, and rotation indicators. The capsule was in ther

mal contact with l/2 mole of manganous ammonium sulphate hexahydrate

for cooling by adiabatic demagnetization. At all temperatures in the

range studied, the alpha particles were observed to be emitted preferen

tially perpendicular to the crystalline c axis. Comparison of the temper

ature variation of the anisotropy with predictions from an experimentally

determined spin Hamiltonian made possible an unambiguous assignment,

A < 0, P > 0, of the signs of the hyperfine coupling constants in

neptunyl rubidium nitrate. These sign assignments and the experimentally

observed preferred direction for alpha-particle emission place current

ideas about the electronic structure of uranyl-like ions in conflict

with a simple barrier-penetration picture of alpha-particle emission.
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CHAPTER I

INTRODUCTION

1 2
In previous work, ' the number of alpha particles emitted by

neptunium-237 nuclei oriented by the crystalline field in a monocrystal-

line sample of neptunyl rubidium nitrate was found to be enhanced in the

direction perpendicular to the crystalline c axis. This result placed

current ideas about the electronic structure of the neptunyl ion in con

flict with a simple barrier-penetration picture of alpha-particle

emission. The present work was undertaken to clarify the matter.

In this experiment, the nuclear alignment was produced by cooling

a sample to a temperature low enough that the hyperfine levels were

unequally populated. The hyperfine coupling in neptunyl rubidium nitrate

has been determined from paramagnetic resonance experiments by Bleaney,

3 4
et al., ' who expressed their results in terms of a spin Harniltonian

H=AIS + B(l S +IS)+Pz z x x y y' i* - iid +1) (i)

J. W. T. Dabbs, L. D. Roberts, and G. W. Parker, Physica XXIV,
S.69 (1958).

2
L. D. Roberts, J. W. T. Dabbs, and G. W. Parker, Proceedings of

the Second International Conference on the Peaceful Uses of Atomic Energy
15, 322 (1958).

3
B. Bleaney, P. M. Llewellyn, M. H. L. Pryce, and G. R. Hall,

Phil. Mag. 45, 992 (1954).

P. M. Llewellyn, thesis, St. John's College (England), 1957,
Chap. 4.
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with the experimentally determined values,

A = + 0.16547 + 0.00005 cm-1

|B| = 0.01782 + 0.00003 cm"1

P = + 0.03015 + 0.00005 cm"1

Only the relative sign of A and P was determined experimentally. The

upper signs, A > 0, P < 0, were thought more probable on the basis of a

theory of the electronic structure of uranyl-like ions given by Eisenstein

and Pryce. In this theory, the bonding electrons of the linear uranyl

ion are thought to form a "column of charge" along the oxygen-uranium-

oxygen axis. The extra electron in the neptunyl ion probably lies in a

5f, orbit, as far away as possible from the central charge column, but

it has less influence upon the nuclear alignment than the column of charge.

The neptunium nucleus, presumably prolate in this region of N and Z,

would thus be aligned with its symmetry axis parallel to the oxygen-

neptunium-oxygen axis. Since all the neptunyl groups are parallel in

7
this crystal, cooling a monocrystalline sample would align the nuclei

parallel to the crystalline c axis.

5
J. C. Eisenstein and M. H. L. Pryce, Proc. Roy. Soc. (London)

A229, 20 (1955).

6
B. R. Mottelson and S. G. Nilsson, Mat. Fys. Skr. Dan. Vid.

Selsk. 1, No. 8 (1959).

7
J. L. Hoard and J. D. Stroupe, cited in G. H. Dieke and A. B. F.

Duncan, Spectroscopic Properties of Uranium Compounds (McGraw-Hill Book

f,Co., Inc., New York, 1949), p. 15



The angular distribution of alpha particles emitted by oriented

spheroidal nuclei was predicted by Hill and Wheeler. They pointed out

that the potential barrier is both lower and thinner at the "tips" of a

prolate nucleus, and that the probability for barrier penetration is a

rapidly-varying function of barrier height and thickness. On this basis,

and assuming that alpha particles are formed with a probability which is

uniform over the nuclear surface, it would be expected that they are

emitted preferentially along the nuclear symmetry axis. This prediction,

taken together with the direction of nuclear alignment given by Eisenstein

and Pryce's theory, led to the result that the alpha-particle emission

was expected to be enhanced along the crystalline c axis when a mono-

crystalline sample was cooled to temperatures comparable to the over-all

hyperfine splitting of about 0.65°K. The earlier experimental results

were in disagreement with this prediction, and the alpha particles were

observed to be emitted preferentially perpendicular to the c axis.

The uneven spacing of the energy levels made it possible to

determine unambiguously the signs of the hyperfine coupling constants A

and P by studying the alpha-particle anisotropy as a function of temper

ature over a suitable temperature range. In the present experiment,

this was done over the temperature range 0.2-4.2°K.

In Chapter II, the emission of alpha particles from oriented non-

spherical nuclei is discussed theoretically both in its nuclear aspects

and, more generally, using angular momentum theory. The following chapter

D. L. Hill and J. A. Wheeler, Phys. Rev. 89, 1133 (1953)
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treats the hyperfine coupling and nuclear alignment in neptunyl rubidium

nitrate. The experimental arrangement used is described in detail in

Chapter IV, and the data and results are given in Chapter V, together

with estimates of errors. Finally, in Chapter VI, the results are discussed

and compared to relevant theories.



CHAPTER II

EMISSION OF ALPHA PARTICLES BY ORIENTED NUCLEI

The theory of alpha-particle emission by oriented nuclei may be

discussed in terms of a nuclear model. A simple model, which considers

only the effect of penetration through a potential barrier, is discussed

in Section I. Using a different approach, one can calculate the angular

distribution of the alpha particles more generally using the angular

momentum formalism. In this treatment, which is given in Section II,

the form of the result may be derived without knowledge of the amplitudes

and phases of the partial waves, which are left as undetermined constants.

I. NUCLEAR THEORY BASED ON THE BARRIER PENETRATION MODEL

9
It was first pointed out by Hill and Wheeler that the effect of

the potential barrier on alpha-particle emission by non-spherical nuclei

would lead to an anisotropic angular distribution of the alpha particles.

The barrier penetrability for alpha-particle emission, estimated from a

one-dimensional WKB integration, is

x 1exp j- !/ 2[2m(V-E) Pdxj (2)

where V is the barrier potential and x„ - x is its thickness. This

approximate expression predicts that small changes in V with direction

will give rise to a large angular anisotropy. For a prolate spheroidal

9
Ibid.
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nucleus, the barrier is both lower and thinner at the "tips," so the

effect of the variation of barrier penetration with angle would cause

the alpha particles to be emitted preferentially along the nuclear

symmetry axis. Again, uniform probability of alpha-particle formation

has been assumed. This problem has also been studied by Christy, who

used a three-dimensional WKB approximation. His calculation predicts a

large anisotropy of the same character.

II. ANGULAR MOMENTUM THEORY

A generalized theory of alpha-particle emission from oriented

nuclei has been given by Rose. The Harniltonian for alpha-particle

emission is, most generally,

Here X stands for all nuclear co-ordinates. The irreducible tensors

TLM(X) thus contain all details of alpha-particle formation within the

nucleus, barrier penetration, and interactions between the alpha particle

and the residual nucleus. The unit vector k is directed along the alpha-

particle propagation vector k. The quantum numbers L and M characterize

the emitted alpha particle.

R. F. Christy, Bull. Am. Phys. Soc. 30, No. 1, 66 (1955).

"m. E. Rose, Elementary Theory of Angular Momentum (John Wiley
and Sons, Inc., New York, 1957), pp. 176-1867 See also J. A. Spiers,
Nature 161, 807 (1948).
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The angular distribution of the emitted alpha particles is

proportional to the transition probability for alpha emission as a

function of k. This is in turn proportional to the square of the matrix

element of the Harniltonian for alpha emission, H , averaged over initial

states and summed over final states. The angular distribution, W, is

thus given by

w(e, 4>) «ZZg(i)|<f|H |i>|2 (4)
f i ' '

where i and f stand for the initial and final states, respectively. The

numbers g(i) are the normalized statistical probabilities that the system

will be initially in the i**1 state; they are given by

C) t(i)e-E(i)/kT _
S(l) =v -E(i)/kT ^

i

where E(i) is the energy and t(i) is the statistical weight of the i**1

state. The energies E(i) are for this case the eigenvalues of the spin

Harniltonian [Equation (l), page 1], and 0 is then the angle between the

crystalline c axis (z axis in the spin Harniltonian) and the alpha-particle

propagation vector. Because of the "B" term in the spin Harniltonian,

the energy matrix is not diagonal in the representation which diagonalizes

I, I , and S, S . The energy matrix is diagonal in some other represen-

tation, with quantum numbers a and b, and eigenfunctions \(r . which are

given by the equation

*i =*ab = Ztf^V^W^W65' (6)ityn 'HE ' S

where the last two factors are the uncoupled wave functions in the nuclear
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and electronic spaces, respectively. The unitary matrix U relates the

two representations.

In a similar way, the final state may be characterized by quantum

numbers c and d, and the final state wave function is

V
L

'l'mS'

where the primed quantities refer to the final states.

If the expressions for ty. and i|/ , Equations (6) and (7), are

substituted into Equation (4), the angular distribution is then

W(0,(J>)k Yi E S(^) E E Utab,!^)
cd ab nMn m ,m ,

XV(cd,mI,mx,)|<I'mI,S'ms,|Ha|lmISms>j2. (8)

Since H does not operate in the electronic space, the electronic integral

is, immediately,

fde i|r* t|t =6 , 6m (9)J S'ms, Sms SS' msmgi

When this is applied to Equation (8), and the squared factor expanded,

the angular distribution becomes

W(e,4>)* Yj E S(ab) E E E U(ab,nyn )
cd ab nwnq euhl. m^nL.,

XU^ah,!^) V(cd,m;[fmg) V^cd,^,^)

X<I'mj, | HQ | Imj.) <I'5II | Ha | ISj) *. (10)

All final states are equally probable, since nuclear spin-lattice

relaxation times are long compared to the time for alpha emission.

Since V is unitary, the cd sum is then 6 _ 6 _ .

+f =*cd = L Vtcd^.mg.) tr (X) * (e), (7)
m,,m„, i S



The matrix elements may be expanded by substitution from

12Equation (3) and application of the Wigner-Eckart theorem to the

irreducible tensors in H :

<I^.|HaK> - 2 2 (-!>%.„ <A*>
L M

Xc(lLI';mIMmi,) <I'||TL||l> . (ll)

The last factor is a reduced matrix element which does not depend upon

magnetic quantum numbers. Evaluation of these reduced matrix elements

would depend upon the nuclear model which was used, and is not attempted

here. The factor c(lLI';m_MmTl) is a Clebsch-Gordon coefficient for the

addition of angular momenta.

Since the spin Harniltonian has cylindrical symmetry, W(9,<|>) must

be independent of 4». The § integral gives 6 _ .

By using symmetry relations for Clebsch-Gordon coefficients,

expansion series for spherical harmonics, and angular momentum recoupling

coefficients, one can reduce the angular distribution to the form

w(cj>) = E All. E Gi/(T)c(LL'y;00)w(lILL';^I,)P^(cos9) (12)
LLr v

The numbers A_T, give, for L = L', the intensities of the groups

of alpha particles with angular momentum L; for L / L', they are a measure

of interference terms in groups of mixed L. The numbers W(IILL'jvl')

are Racah coefficients for the addition of three angular momenta. The

angular distribution is thus expressed as the sum of Legendre polynomials

P (cos9). The coefficient C(LL'i>;00) is zero unless L + L' + v is an

Ibid., p. 85.
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even integer. Since parity is assumed to be conserved, L and L1 are

either both odd or both even, depending on the spins and parities of

the initial and residual nuclei, and v must be even or zero. The maximum

value of v must be less than L + L', from c(LL'djOO) in Equation (12),

and also less than 21, from c(IdI;bl.O) in Equation (13) below.

The quantities G (T) are given by

G^(T) =J S(ab) E Utab,:^)2 cUuIjulO)
ab hljii-

(13)

and they contain all of the alignment information; the variation of g(ab)

with temperature gives the variation of alpha-particle angular distri

bution with temperature. In accordance with the Wigner-Eckart theorem,

the Clebsch-Gordon coefficient may be thought of as the matrix element

of an operator with unity reduced matrix element; thus

Cd-uIjn^O) =(Im^jlmj) . (l4)

The operators T are elements of irreducible tensors of rank v: for
Vq >

v - 0, 2, and 4 they are given by

Too = >/2I + 1

rn - /180 (21 -2)7
T20 V (21 + 3)! I2 - |I(I + 1)

61(1 + 1) - 5

3I2(I + l)2 - 1(1 + 1)

*I(I + 1) }

(15a)

(15b)

(15c)
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The decay scheme of neptunium-237, as given in the review of

13
Strominger, Hollander, and Seaborg, is shown in Figure 1. Too little

is known about the spins and parities of the levels in protoactinium-233

to permit a detailed analysis of the angular momenta of the various alpha

- 14
groups. Since the spin of neptunium-237 is I = |, the maximum allowable

value for v is 4, and the angular distribution can involve only Po, P2

and P4, with the form

W(9) = 1 + a2G2(T)P2(cos9) + a^G^TjP^cose), (l6)

where the coefficients a2 and a.^ are unknown combinations of reduced

nuclear matrix elements, Clebsch-Gordon coefficients, and Racah

coefficients.

Geometry correction. The observed angular distribution will differ

from W(9) because of the finite size of both source and counter. For a

circular uniformly illuminated source and a counter whose sensitivity is

15
symmetric, Rose has shown that if the true angular distribution is

W(9) =1+ E B^cosg), (17)

then the observed angular distribution will be approximately equal to

13
D. Strominger, J. M. Hollander, and G. T. Seaborg, Revs. Modern

Phys. 30, 585 (1958).

14
K. L. Vander Sluis and J. R. McNally, Jr., J. Opt. Soc. Am.

44, 87 (1954).

15M. E. Rose, ORNL-2050 (1956) (unpublished).
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Figure 1. Decay scheme of neptunium-237, from Strominger, Hollander,
and Seaborg, Revs. Modern Phys. 30, 585 (1958).



w (e) « i +
VfO W I Ko +

1 + ). b B P (cos6),
hi. v v v 'VfO

X-2 + 34X (4) 3.
64 K° " 8X Ko2)

13

H (cose)

(18)

where

X = v{v + l)

K02) =(ra2 +r2a)/2L2

K04) =(irx4 +ira* +nV)/L*
ri = radius of source

r2 = radius of counter

L = distance from source to counter.

The only change is a multiplying factor b for each component in the

original angular distribution. For this experiment, ri = 0.42 cm,

r2 = 0.48 cm, and L = 2.0 cm. The multiplying factor for the P2 term is

b2 = 0.93; for the P4 term it is b4 = 0.80.

Although the assumptions on which this geometry correction is

based are only qualitatively fulfilled for this experiment, the calculation

is thought to be a fair estimate of the necessary correction.



CHAPTER III

NUCLEAR ALIGNMENT IN NEPTUNYL RUBIDIUM NITRATE

Llewellyn has studied ' the microwave paramagnetic resonance

spectrum of neptunyl rubidium nitrate at 13 K. He found that the results

were consistent with a spin Harniltonian

H=g„ PHZIZ + g±P(HxIx -;• HyIy) +MzSz +B(lxSx + IySy)

(19)I2 - |I(I + l)

with the following parameters

gn = 3.405 + 0.008

g± = 0.205 + 0.006

7 = + 2.4 + 0.6

A = T 0.16547 + 0.00005 cm-1 = + 0.2380l°K

|B| = 0.01782 + 0.00003 cm"1 = 0.02563°K

P = + 0.03015 + 0.00005 cm-1 = + 0.04337°K.

The energy levels and eigenfunctions of this experimentally

determined spin Harniltonian in zero external magnetic field are given

in Table I and shown in Figure 2, for the sign choice A < 0, P > 0. For

the other sign choice (A > 0, P < 0), the figure should be inverted. Of

particular interest is the "B" term, which admixes states of equal

K (K = m_ + m ), and removes the degeneracy of the state in which K = 0.

y y z z x x y y

+ P

Bleaney, Llewellyn, Pryce, and Hall, loc. cit.

17
Llewellyn, loc. cit.



TABLE I

a
ENERGY LEVELS AND EIGENFUNCTIONS OF THE SPIN HAMILTONIAN IN NEPTUNYL RUBIDIUM NITRATE'

Level

Number
m. m,. K E-E0

(°K)
E-Ei

(°K)

1
+ 3

2

±1
2

±2 -0.20867 0

2 ±1
2

±1
2

±1 -0.17915 0.02952

3 ±5

I
±1
2

±3 -0.15294 0.05573

4 +1

2

_1
0 -0.09459 0.11408

5 +1

2

-1
4-
2

0 -0.01771 0.19096

6
±3

2
+-

2

±1 +0.15359 0.36226

7 ±5

2 4 ±2 +0.44333 0.65200

Eigenfunction

0.9991 i'(±?,±l) + 0.0440 \jr(±|,:fi)

0.9939 i|'(±i,±|) + 0.1096 +(±§,+3)

0.0039 t(±-,+i) + 0.1096 \|r(+i +i)
2,+2 2' 2

0.0001 *(±|,^i) + 0.0440 ijr(±|,+i)

Degeneracy

2

2

2

1

1

2

2

a
Calculated from the spin Harniltonian, Equation (l).

The quantum numbers m and m are only approximately constants of the motion; the
quantum number K = il. + m is a constant.

Eo is the unperturbed, 12-fold degenerate, ground-state energy.

ine decoupled wave functions are ijr(m ,m ).
1 D
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+ 0.44210 +0.44333

{mj,ms) (±5/2,+V2)
* = 2

+ 0.14457
+ 0.14960 + 0.15359

/(±3/2,+V2)
* = 1

-0.02891

\-O.H565

A = -0.23801°K

\b\ = 0.02563°K
P = +0.04337°K

s' = V2

-0.05615

'{tVz.+Vz)

-0.15294

\(±%.±^)
-0.17516

\{±%.±%)
-0.20743

(±3/2,±V2)

-0.01771
• k = 0

k = 0

* = 3

k=\

* = 2

-0.09459

-0.15294

-0.17915

-0.20867

V -AIzS'z+B[lxS; +I,S'y] +/°[^2-V3/(/ +1)]

Figure 2. Hyperfine energy levels in neptunyl rubidium nitrate.
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The energy levels given in Table I and shown in Figure 2 have been used

to calculate the alignment parameters G2(T) and G^(t), which are shown

as a function of temperature in Figures 3 and 4, for both choices of

the signs of A and P. These values of G2 and G4 are thus derived

directly from the experimentally determined values of the hyperfine

coupling constants. In Figure 3, the ordinate is a2G2(T) , normalized

so |a2G2(l.l6°K)
+ lS; 19measurements. '

= 0.0634. This value was determined in earlier

20
Also in earlier work, the magnetic susceptibility of samples of

pure neptunyl rubidium nitrate was measured over the temperature range

1.2 - 4.2 K. This was done to confirm, at least insofar as the g factors

are concerned, that the Harniltonian obtained from microwave data at 13°K

and 20 K is valid at lower temperatures. Also, since the microwave work

used a dilute sample, it was of interest to examine a pure sample. The

susceptibility results for a 7.8 g powder sample gave g2. + 2gj_ =

11.26 ± 0.1, in good agreement with the result from microwave data of

11.64 ± 0.3. The susceptibility of a single crystal sample weighing 3.3 g

was measured to be g|( - 3.45 ± 0.07, which agrees with the microwave

value of 3.405 ± 0.008. The small measured Weiss constant of 0.04°K

18
Dabbs, Roberts, and Parker, loc. cit.

19
Roberts, Dabbs, and Parker, loc. cit.

20
J. W. T. Dabbs, L. D. Roberts, and G. W. Parker, Bull. Am.

Phys. Soc. II, 2, 185 (1957).
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0.6

0.4

0.2

0

0

i/r.K

UNCLASSIFIED
ORNL-LR-DWG 44412

Figure 3. The alignment parameter G2 as a function of temperature,
normalized so that a2G2(T) = 0.0634 at T = 1.16°K.
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20

suggests that the spin Harniltonian is valid down to temperatures of the

order of 0.1°K.

From the observed line width in the paramagnetic resonance

21
experiments, Llewellyn inferred that the spin-lattice relaxation time

was short at 13 K. No effect of a relaxation time was observed during

22the course of the measurements on magnetic susceptibility at temper

atures as low as 1.2 K, or in the course of these experiments in the

temperature range 0.2 - 4.2 K.

The crystal structure of uranyl rubidium nitrate has been studied

23
by Hoard and Stroupe, and the atomic arrangement is shown in Figure 5,

which has been taken from their work. The linear uranyl groups all lie

parallel to the c axis of the crystal, each surrounded by three nitrate

groups in the equatorial plane. The U-0 distance in the (U02)++ ion was

estimated by Hoard and Stroupe to be 1.58 A; Zachariasen has suggested

a value of 1.63 A, based on an empirical correlation of bond length and

bond strength in (X02) ions. This is in any case very much smaller

than the distance («*2.7 A) between the uranium atom and its next nearest

neighbors, the six oxygen atoms in the N03 groups. Neptunyl rubidium

nitrate is known to be isostructural with the uranyl compound, so the

Llewellyn, loc. cit.

22
J. W. T. Dabbs, L. D. Roberts, and G. W. Parker, Bull Am. Phys.

Soc. II, 2, 185 (1957).

23
Hoard and Stroupe, loc. cit.

24
W. H. Zachariasen, Acta Cryst. 7, 795 (1954).
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Figure 5. Atomic arrangement in uranyl rubidium nitrate. The atoms
are drawn approximately to scale; the numbers are displacements
along the crystalline c axis, expressed as fractions of the lat
tice period. This drawing was reproduced from Hoard and Stroupe,
loc. cit.
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atoms in the (Np02) ion may be assumed to have essentially the same

locations as those in (U02)

25
Eisenstein and Pryce have given a theory of the electronic

structure and magnetic properties of uranyl-like ions. In uranyl, two

of the six uranium electrons outside the radon core have been lost,

and the remaining four are used to form covalent bonds with the oxygen

atoms. The electronic states are expected to be hybrids of the avail

able states 5f, 6d, 7s, and perhaps 7p. In the simplest model, all

bonding orbital states have m. =0 (a bonding), and "the electronic

charge cloud of the bonding electrons is axially symmetrical and heavily

concentrated in a column around the axis. Two of the bonding electrons

are in 5f states, and the other two, in hybrid 6d - 7s states.
a ' 'a

The chemical and structural similarity of (Np02) " to (U02)

suggests that they have the same bond structure, and that the extra

electron of (Np02) goes into a 5f, orbit (m. = +3), as far away as

possible from the central charge column.

On this basis of this model, Eisenstein and Pryce calculated

theoretical expressions for the hyperfine coupling constants A, B, and P.

The results of their original calculations are as follows:

A=+27P(3n <*"3>5f ^s+ \ >/§q. + Aq2 +K(l + p2 - q2)

X (1 + p2 + q2)"1 (20)

25
Eisenstein and Pryce, loc. cit.

26
Ibid., p. 23.



B=27PPn< r"3>5f §- I J6q\ - 2K

23

(1 + p2 + q2)"l (21)

5> + S a* <r~3>/5f + 7U N r ' 6d (22)
3e2Q

41(21 - 1)
i|a I) <r->

Q = nuclear quadrupole moment

7 = nuclear gyromagnetic ratio (units of e/2Mc)

P = Bohr magneton

f3 = nuclear magneton

p = admixture of 5f .(j = ± ?) into 5f ,(j = +|) ground-state
cp z 2 q> z 2 "

doublet, caused by Vg6 crystal field; p « 0.069

q. =admixture of 5±"6(jz =±§) into 5f,(jz =±|) caused by spin-

orbit interaction; q_ « 0.2

K = non-dimensional parameter giving the effect of unpaired spin

density at the nucleus (unpaired s-electron effect); K » 0.7

a = probability that a 5f bonding electron is in the neptunium

state, rather than on the oxygen atom; a « 0.5

a' = probability that a 6d bonding electron is in the neptunium

state, rather than on the oxygen atom; a' < 0.5.

27
The numerical estimates were given by Llewellyn, who also

estimated that n1*-3)^ =30A"3 and ^r~3)6d!as 75A-3. These values of
the parameters gave satisfactory agreement between the theoretical

values and the experimentally determined magnitudes of the g-factors and

the hyperfine coupling constants.

27
Llewellyn, loc. cit.
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Since neptunium-237 has an odd number of protons, its magnetic

dipole moment is expected to be positive (7 > 0), and the theory in its

original form predicted A > 0. The microwave paramagnetic resonance

experiments showed that A and P are of opposite signs, so on this basis,

P < 0. This was in accord with the expected positive quadrupole moment,

Q, of neptunium-237, and with Equation (22), which requires P to be of

opposite sign to Q.

Since the alpha-particle experimental results reported here have

28
been obtained, Pryce has pointed out an error in these calculations.

Except in very simple systems, the effective electron angular momentum,

S, is not truly the resultant of the spins of the valence electrons, but

rather it is some fictitious spin operator, chosen so that the multi

plicity of the ground state of the ion may be set equal to 2S + 1. In

a system with two states (orbital singlet), the basic states are the

eigenstates for S = ±|. If the axis of quantization is also an axis of

cylindrical symmetry, then only one of the two possible choices of basic

states will be available, since interchanging the two destroys the

symmetry. In their original paper, Eisenstein and Pryce neglected this

point, and chose the basic states incorrectly. The corrected results of

this theory now predict A < 0, P > 0, but the theory still requires P to

be of opposite sign to Q.

28
M. H. L. Pryce, Phys. Rev. Letters 3, 375 (1959)

29
Eisenstein and Pryce, loc. cit.



CHAPTER IV

EXPERIMENTAL ARRANGEMENT

In an early attempt to make this measurement, a monocrystalline

sample was mounted mechanically in contact with a paramagnetic salt for

cooling. The alpha particles were counted at a fixed angle as a function

of temperature in the region below 1 K, the change in counting rate at

a known angle being a measure of the anisotropy of alpha-particle

emission. The results of that experiment were consistent with the

results reported here, but their validity was doubted because it was not

possible to determine reliably the temperature of the surface of the

sample crystal. Accordingly, the experiment described here was designed

to cool the crystal surface with helium-3 gas, which has an appreciable
on

vapor pressure —and hence thermal conductivity—even at 0.2°K. Since

the low-temperature (< 1 K) parts of the equipment had to be thermally

isolated, the entire alpha-particle experiment was located within an

isothermal enclosure filled with helium-3 gas. This enclosure contained

the rotatable sample, the alpha counter, the rotation indicators, and a

resistance thermometer, and was in thermal contact with a paramagnetic

salt which could be cooled by adiabatic demagnetization. This assembly

was mounted on cotton threads in a vacuum enclosure inside dewar vessels

30
E. F. Haramel, in C. J. Gorter (ed.), Progress in Low Temperature

Physics (North-Holland Publishing Co., Amsterdam, 1955), I, 84.
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for liquid nitrogen and liquid helium. The experimental data were the

observed alpha-particle counting rates as a function of the temperature

and of the angle 9 between the crystalline c axis and a line joining

the sample and the counter. Schematic diagrams of the experimental

apparatus are shown in Figures 6 and 7, and photographs of it are shown

in Figures 8 and 9.

I. EXPERIMENT CAPSULE

The basic experiment was housed entirely within a cylindrical

copper container 9.5 cm long and 4.1 cm in diameter, shown schematically

in Figure 6. The sample in its holder was located here, attached to a

vertical shaft mounted in small ball bearings so the sample could be

rotated. The sample was mounted with the crystalline c axis horizontal,

perpendicular to the axis of rotation. The interaction of a small

permanent magnet, mounted on the sample holder, with external, rotatable,

Helmholtz coils, provided the force to rotate the sample assembly and to

hold it at any desired angle. Measurement of the capacitance of an

assembly of fixed and rotating condenser plates furnished a means of

determining the angular position of the sample. Fixed stops at angles

of exactly 0 and 90 were electrically insulated, so that an electrical

continuity check could determine that the sample was actually at these

angles.

A heater of manganin wire in thermal contact with the capsule

provided means for increasing its temperature while the experiment and

refrigerator assembly was thermally isolated.
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Counter. The alpha particles were counted by a germanium surface

31
barrier counter developed by F. J. Walter, et al. This counter was

made from a piece of pure germanium 1 cm x 1 cm x 0.045 cm. The sur

faces were lapped and etched, and gold was evaporated onto the two flat

faces only. Walter, et al., have given a theory of operation of these

counters. At the surface of the germanium, the band structure is

altered by the presence of surface states, and a large equilibrium

voltage gradient can exist there. The slope and depth of this voltage

gradient can be increased by impressing a suitable bias voltage across

the counter. An alpha particle striking the counter will produce an

electron-hole pair for each 3 ev which it loses within the germanium;

if these charge carriers are within the region of high voltage gradient,

or if they can diffuse into it, their motion through the potential

difference will induce an electrical signal pulse which is proportional

to the total charge collected, and inversely proportional to the total

capacitance of the counter and the amplifier input circuit.

At 77 K, the bulk resistivity of the germanium is sufficiently

low that appreciable voltage gradients can exist only within the barrier

region, estimated for the counter used to be 10"3 cm thick. This is

32comparable to the range of 4.8 Mev alpha particles in germanium. The

effective capacitance of the counter is then just the capacitance of the

barrier region, which is high because the barrier is thin. At 77 K, the

31
F. J. Walter, J. W. T. Dabbs, and L. D. Roberts, ORNL-2877

(1960) (unpublished).

T7. H. Brattain and G. L. Pearson, Phys. Rev. 80, 846 (1950)
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measured capacitance of the counter used was 600 pf (l pf = 10"12 f).

At 4.2 K and below, the intrinsic resistivity of purified

33
germanium is very high. The applied voltage produces a gradient

across the entire counter, and the barrier plays a less important role

in pulse formation. The effective thickness is now the entire physical

thickness of the germanium wafer, and the effective capacitance of the

counter was correspondingly reduced at 4.2 K and below, to less than

100 pf, including the stray and lead capacitances. The observed alpha-

particle pulse height was therefore larger at 4.2°K than at 77°K by the

ratio of the capacitances. In the case of a particle whose range in

germanium is large compared to the barrier thickness, the ratio of the

observed pulse height at 4.2°K to that observed at 77°K, is even larger

than the capacitance ratio, since the long-range particle can lose more

energy within the larger effective thickness of the counter.

The characteristics of this counter were measured in collaboration

with F. J. Walter. In Figure 10 is shown the voltage-current curve

observed at 77 K. There was evidently a barrier on both faces; the one

for negative applied voltage (front face) showed breakdown at higher

voltage than the one for positive applied voltage (back face). The

observed pulse height is shown as a function of applied voltage in Figure 11.

The counter was tested for the effect of a magnetic field. A

field of 160 gauss (the field produced by the Helmholtz coils with 20

33
S. H. Koenig and G. R. Gunther-Mohr, J. Phys. Chem. Solids 2,

268 (1957).
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amperes flowing) had negligible effect at 77°K, 4.2°K, and 0.2°K. At

4.2°K and below, a field of 5000 gauss (the field of the refrigerator

magnet) rendered the counter inoperative. All counting data were

therefore taken with the refrigerator magnet turned off.

Thermometers. An accurate knowledge of the sample temperature

was essential. The basic temperature standards used were helium vapor

pressure (1.2 K < T < 4.2 K) and magnetic susceptibility of the para

magnetic salt (T < 1.2 K). However, these measured only the equilibrium

temperature of the entire experiment and refrigerator assembly. In

addition, a resistance thermometer was installed within the sample capsule.

34
A radio resistor with the insulation ground off was glued into a copper

block roughly approximating the size and shape of the sample. This was

then mounted so that there was a high thermal resistance between the

copper block and the other parts of the experiment. The thermometer

was therefore cooled only by the helium-3 gas. The measured temperature

rise, when the input power was increased from a negligible amount to the

calculated alpha-particle heating of the sample, was an estimate of the

temperature difference between the sample and the rest of the experiment.

The resistance thermometer had, of course, to be properly calibrated

against the basic temperature standards mentioned above.

Sample. The heating due to the high alpha activity made it

impractical to use a single crystal of neptunyl rubidium nitrate. A

34Allen-Bradley Co., Milwaukee, Wisconsin, Type AB-j.
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sample weighing 1.4 grams (the weight of the base crystal actually used)

would be a heat source of 10* ergs per minute, and would be difficult

to cool to sufficiently low temperatures. A thin layer of neptunyl

rubidium nitrate was therefore grown onto a base crystal of the isomorphous

compound uranyl rubidium nitrate, whose alpha-particle heating is 2000

times smaller.

35
In earlier work, x-ray diffraction studies by R. D. Ellison

have confirmed that the base (uranyl) crystals are indeed single crystals,

and that the neptunyl "coating" grows in the same lattice, oriented in

the same direction. A small chip fractured from such a sample was studied

using Laue reflections from several points on the "outside" (neptunyl)

and "inside" (uranyl) exposed surfaces. All showed the same structure

and orientation. This was confirmed using "precession" diffraction

photographs. The x-ray studies were made after the sample had been

cycled repeatedly to low temperatures. For samples several months old,

no evidence was found of thermal or radiation damage leading to dis

orientation of the crystal. Some samples a year old or more have a

milky appearance, with a light-colored matte surface, and may be dis

oriented to some degree.

The sample crystals were grown from a saturated solution of uranyl

rubidium nitrate in 16 M. nitric acid at approximately 50°C. The base

crystals were seeded mechanically on the tips of platinum wires, which

were then rotated slowly in the solution. For coating with the neptunium

35
R. D. Ellison, Oak Ridge, Tennessee, private communication.
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salt the dry, warm crystal was dipped briefly in warm 16 M. nitric acid,

then immediately placed in a warm saturated solution of neptunyl

rubidium nitrate and rotated slowly for the required time. The neptunyl

salt coating rate was approximately 1 mg per minute.

The crystal which was used in this experiment had large cap faces

and small prism faces. It showed essentially perfect form, with few

visible imperfections. There was one crack about one-third through the

center, which did not impair the usefulness of the sample. The crystal

showed no evidence of any sort of damage (radiation or otherwise) when

it was examined after the conclusion of the experiment. A sample from

the base crystal of uranyl salt was checked in an alpha-particle energy

analyzer, and was found to consist of uranium-234, -235, and -238 as

expected in normal uranium. The total alpha-particle heating of the

base crystal was calculated to be 6.1 erg/min.

When thin coatings are grown on such a crystal, it is difficult

to determine the amount of salt in the coating layer by weighing, since

an etching process precedes the coating. Therefore, the crystal was

covered with thin aluminum foil, and the alpha particles emitted through

a hole of known area by a typical cap face and a typical prism face were

counted. From these data and the measured surface area of the crystal

the total quantity of neptunium-237 present was inferred. In this way

it was determined that there was 2.0 mg of neptunyl salt, whose alpha-

particle heating was calculated to be 5.7 erg/min. The coating thickness

was 0.75 mg/cm2, an appreciable fraction of the alpha-particle range in
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this material, which is estimated to be 5 mg/cm2.

The betas emitted by the sample were studied with a scintillation

counter and absorbers, and the sample gamma radiation was analyzed

using a scintillation spectrometer. The energies and intensities of

the observed radiations were consistent with the amounts of uranium

and neptunium laiown to be present, and their radioactive decay products.

There was no evidence of any radioactive contamination.

Only one sample was used in this experiment. The earlier work

has made it clear that such data are reproducible from sample to sample.

II. EXPERIMENT AND REFRIGERATOR ASSEMBLY

The low temperatures required for this experiment were attained

37by using adabatic demagnetization of a paramagnetic salt. Manganous

ammonium sulfate hexahydrate crystals (l87 gm) were tamped into a brass

cylinder 14.4 cm long and 4.0 cm in diameter, around and between five

copper fins (l| mm thick) which were silver-soldered to the experiment

capsule (see Figure 7, page 28). The salt crystals had diameters ranging

roughly from 0.1 to 1.5 mm. The interstices between the salt particles

were then filled with toluene to increase heat transfer to the fins.

The assembly of experiment capsule and paramagnetic salt was suspended

36
H. A. Bethe and J. Ashkin, in E. Segre (ed.), Experimental

Nuclear Physics (John Wiley and Sons, Inc., New York, 1953), I, 222.
37

D. DeKlerk and M. J. Steenland, in C. J. Gorter (ed.), Progress
in Low Temperature Physics (North-Holland Publishing Co., Amsterdam,
1955)7 I, 273.
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by cotton threads in a space which could be pumped to a fairly high

vacuum. The pressure measured at the room-temperature end of the

pumping line was about 2 x 10"6 mm Hg whenever the experiment temper

ature was below IK. It should be noted that helium adsorption and

condensation on the outside surface of the demagnetized assembly would

reduce the pressure in the exchange gas space to a very low value.

This was confirmed by the long warmup times (> 10 hours) which were

observed.

Eight electrical connections had to be made to the experiment

capsule. In order that these should not constitute a serious heat leak,

they were made of constantan alloy wire, 0.005 cm in diameter and about

1 meter long. The wires were coated with a very thin layer of tin-lead

solder, which would be superconducting at temperatures below about 7 K.

They were then wound into solenoidal coils 3 mm in diameter, which were

stretched axially so that adjacent turns did not touch. The wires thus

had essentially zero electrical resistance, but conducted heat very

poorly, as required.

When it was desired to bring the experiment and refrigerator

assembly into good thermal contact with the liquid helium bath, helium-4

gas could be admitted into the vacuum space, as shown in Figure 6, page 27.

This exchange gas was used during calibration of the susceptibility

coils and the resistance thermometer in the temperature range 1.2-4.2 K.

On the other hand, for the adiabatic demagnetizations, thermal contact

was made—and disconnected—by means of a "heat switch" based on the work
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of Webb and Wilks, and of Berman. A pair of jaws operated by a

pullrod could be opened, or closed to pinch a copper post which was part

of the experiment capsule. The jaw tips were connected thermally to the

liquid helium bath. The post and jaws were gold plated to increase the

thermal conductivity of the junction. By using the heat switch, it was

possible to proceed with the entire demagnetization process without using

exchange gas; this resulted in a reduction in the time required, and,

more important, in the residual exchange gas heat leak.

III. DEWARS AND REFRIGERATOR MAGNET

The experiment was contained in a double dewar vessel, with liquid

nitrogen in the outer space and liquid helium in the inner space. The

liquid helium space was connected via a large pipe to a Kinney mechanical

pump whose capacity was 40 standard liters per second. Suitable manome

ters filled with mercury and with dibutyl phthalate were installed to

read the helium bath vapor pressure. The temperature of the liquid helium

could be reduced to 1.14 K; the loss rate varied between 80 and 120 cm3

per hour.

A large electromagnet was used to produce the magnetic field em

ployed in the adiabatic demagnetization process. Current to the magnet

38
F. J. Webb and J. Wilks, Proc. Roy. Soc. (London) A230,

549 (1955).

39
R. Berman, J. Appl. Phys. 27, 318 (1956).
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was supplied by a motor-generator set, excited by an amplidyne generator,

which was manually controlled. Only 5000 gauss was needed to attain

0.2 K; this was easily produced at a current of 40 amperes. The magnet

could be rolled on rails to get it out of the way when it was not in use.

IV. SAMPLE ROTATION

The magnetic field for rotating the sample was produced by a pair

of vertical Helmholtz coils which could be brought into positions on

opposite sides of the dewar vessels, and which could then be rotated

mechanically about an axis which coincided approximately with the axis

of rotation of the sample. The angular position of the Helmholtz coils

could be set and read to + 0.1 . This magnetic field produced a torque

on the permanent magnet attached to the sample holder. (The assembly was

made so that the large field of the refrigerator magnet would align the

sample at about 9 =45 .) Current for the Helmholtz coils was obtained

from a bank of large storage batteries, and was regulated manually using

rheostats.

The basic measurement of sample rotation angle was made using the

condenser plates. These were set up—in their bearings—in a dividing-

head goniometer and the function c(9) determined. The measurement of

this capacitance in the experiment was complicated by the extra capaci

tance of the long leads involved (« 150 pf) and by the fact that the ca

pacitance measurement upset the counter and perhaps the thermometer as

well. For this reason, it was not possible to use capacitance measure

ments to determine rotation angles while counting. Accordingly, the
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relationship between the sample rotation angle and the Helmholtz coil

angle was determined once, using the condenser, as a function of the

current in the Helmholtz coils. At a current of 20 amperes, the angular

error was no more than + 1 . All angular distributions were therefore

done at 20 amperes.

The situation was different for counting at 0 = 0° and 0 = 90°.

As was previously mentioned, there were electrically insulated stops at

these angles, and a simple check of electrical continuity through the

stops to the grounded sample holder confirmed that the sample was actually

at these positions. For counts at these angles, the Helmholtz coils were

rotated past the desired point by an appropriate amount (3-5° at 20

amperes, 30 at 5 amperes) and the position was confirmed with a conti

nuity check.

V. INSTRUMENTATION

A block diagram of the instrumentation is shown in Figure 12. The

pulses were amplified in a special low-noise preamplifier designed by

40
E. Fairstein, the output of which was connected to an A-ID linear ampli-

41
fier. The pulse height selector in the amplifier produced an output

pulse each time the amplified input pulse exceeded the preset discrimi

nation level. In order to study the variation (if any) of the anisotropy

40
E. Fairstein, Oak Ridge, Tennessee, private communication.

41
P. R. Bell and C. C. Harris, Oak Ridge, Tennessee, private

communication.
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with discrimination level, an additional pulse height selector was

used, and both sets of output pulses were counted. Bias voltage for

the counter was supplied by a simple dry cell-voltage divider arrange

ment. The pulse height distribution curves of runs 25, 26, and 27 were

43
obtained using a 200-channel pulse height analyser.

The voltage across and the current through the resistance thermom

eter were measured using a Type K3 Potentiometer. The current supply

for the measurement was a dry cell and voltage divider, with suitable

series resistors for current measurement and current limiting.

The magnetic susceptibility of the paramagnetic cooling salt was

measured by detecting changes in the mutual inductance of coils wound

around the salt volume. An identical mutual inductance was connected in

opposition. The measurement was made using a ballistic galvanometer.

The primary current was measured to + 1 part in 10* with a portable po

tentiometer.

The capacitance of the condenser plates was measured with an "L C

n45
.ieter which places the unknown reactance in an oscillator resonant

circuit and measures the frequency with a heterodyne detector. The capac

itance could be read to + | pf.

42
J. E. Francis, Jr., P. R. Bell, and J. C. Gundlach, Rev. Sci.

Instr. 22, 133 (1951).

43
Radiation Instrument Development Laboratory, Inc., Chicago

Illinois, Model 34-9. '

44
Leeds and Northrup Company, North Wales, Pennsylvania, Model 7553,

45
Tektronix, Inc., Portland, Oregon, Type 130.



CHAPTER V

EXPERIMENTAL PROCEDURE AND RESULTS

I. COUNTING

All counting was done either with two pulse height selectors set

at different discrimination levels, or with the multichannel analyser

and one pulse height selector. The data for runs 2-14 consisted of

series of counts at 0 = 0 , 90 , 90 , 0 in that order so that any

possible slow drifts would be cancelled. In order to minimize friction

heating in the bearings, these rotations were performed by turning off

the current to the Helmholtz coils, rotating them to the new position,

and slowly increasing the current until the electrical contact indicator

showed that rotation was complete. The current in the Helmholtz coils

was left on during the counting.

For the angular distributions of runs 15-25, the current in the

Helmholtz coils was maintained at 20 + 0.5 amperes at all times; the

coils were rotated slowly with the current on. The counting sequence

was Q = 0°, 15°, 30°, —, 75°, 90°, 90°, 75°, —, 0°. In this way at

least two separate counts were taken at each angle for each run, again

in such a way as to cancel any slow drift.

II. TEMPERATURE MEASUREMENT

Vapor pressure. Whenever helium-4 exchange gas coupled the sample

capsule thermally to the liquid helium bath, the temperature was best

determined by measuring the vapor pressure over the helium bath and
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correcting, at temperatures above the X point, for the weight of the

liquid helium above the sample. The vapor pressure-temperature scale

46
used was T55E, as compiled by Clement. The manometer height could be

read to + 0.05 mm; this gives an accuracy of + 0.001°K or better.

Magnetic susceptibility. At temperatures below 1.14°K, the temper

ature was determined by measuring the magnetic susceptibility of the

paramagnetic salt. This method was also used whenever the temperature

was above 1.14 K, without exchange gas present. The magnetic thermom

eter was carefully calibrated against helium vapor pressure at several

points between 1.14°K and 4.2°K, with exchange gas present. The cali

bration curve is shown in Figure 13.

The corrections which must be made to susceptibility data are

discussed by Casimir and by Kurti and Simon. The "local" magnetic

field at the atom is given by

TT _ TT , 4jt M (V 4fl 1-f ] M ,„-S
h - Ho +T v - Vae +T —) V (23)

BL = Local magnetic field

H_ = Applied magnetic field

M = Magnetization

46
J. R. Clement, J. K. Logan, and J. Gaffney, Phys. Rev. 100,

743 (1955), see note added in proof.

47
H. B. G. Casimir, Magnetism and Very Low Temperatures (University

Press, Cambridge, England, 1940), pp. 9-13.

48
N. Kurti and F. Simon, Phil. Mag. 26, 849 (1938).
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V = Volume

a = Ellipsoid demagnetization factor

f = Powder filling fraction.

This equation is valid only for ellipsoidal-shaped salt samples with H.

along one of the principal axes, since only for this case will H_ and

IL be in the same direction. The thin slabs of salt were approximated

by ellipsoids of the same aspect ratios (b/a = 0.516, c/a = 0.0297); the

49
demagnetizing factor given by Osborn is a = 0.201. The powder

fraction was determined from the measured weight of salt used, the

50
available volume, and the crystalline density of 1.83. The result is

f = 0.683. Susceptibility data are conventionally corrected to the

susceptibility which would be measured if the salt were a solid sphere

4ji
3

at the same temperature. For this case, IL = H„, since a = — and
' L 0' e -\

®
f = 1.0. The magnetic temperature T is then defined by

T® = 2 = _C ,
X sphere x meas e 3 f

4jt
3

= — + 0.056°K = —- + A, (24)
X meas x meas ' v '

where xmeas is the apparent susceptibility as measured and A is a

calculated correction. Finally, there is a constant multiplier to

relate galvanometer deflection to susceptibility and a subtraction for

49
J. A. Osborn, Phys. Rev. 67, 351 (1945).

50
J. W. Mellor, Comprehensive Treatise on Inorganic and

Theoretical Chemistry (Longmans, Green and Co., London, 1932~and 1942)
XII, 415.
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residual mutual inductance when x = 0. A least-squares fit to all

calibration points gives

T8 "°-°56 •D^IV <25>
where D5 is the measured deflection in cm at a primary current of 5.000 mA.

A measured relationship between T and the thermodynamic temper-

51
ature T is given by Cooke, Meyer, and Wolf; these data were used to

determine T from magnetic measurements.

Resistance thermometer. Measurements were made with the resistance

thermometer for each run where the temperature was below 1.2 K. At

temperatures below 0.5 K, the temperature of the resistance thermometer

increased measurably above its surroundings when its electrical heat

input was set to 0.02 microwatts, which was the calculated sample

alpha-particle heating rate. These data are plotted as a function of

temperature in Figure 14, for all runs except Run 27. Electrical break

down invalidated this measurement for Run 27. The smoothed curve of

Figure 14 was used to estimate an upper limit for the sample temperature

for each run.

Heat transfer in helium-3 gas. The temperature rise of the

sample above its surroundings may also be estimated by calculating the

o 52heat transfer of the helium-3 gas. At a temperature of 0.2 K, DeBoer

51
A. H. Cooke, H. Meyer, and W. P. Wolf, Proc. Roy. Soc. (London)

A233, 536 (1956).

52
J. DeBoer, in C. J. Gorter (ed.), Progress in Low Temperature

Physics (North-Holland Publishing Company, Amsterdam, 1955), I, 401.
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gives the coefficient of heat conduction as 200 erg/sec cm K. A spher

ical sample with a heating rate of Q = 0.02 nwatt and a radius of 0.46 cm

will be only 2 x 10~* K above its surroundings at this temperature. This

calculation assumes that the mean free path of a helium molecule is short

compared to the dimensions of the system. A classical estimate of the

mean free path at 0.2 K is roughly 1 cm; ' quantum effects will

decrease this.

The measured temperature rise of the resistance thermometer at

Q = 0.02 uwatt was at least an order of magnitude greater than the

temperature rise calculated on the basis of helium-3 thermal conductivity.

55
Clement and Quinnell give an empirical relationship for the

temperature rise of 1-watt Allen-Bradley resistors in the temperature

range 1-4 K:

dQ/dT = 2.5 x 10"* T watt/degree. (26)

If one assumes that this relation holds at T = 0.2 K, then for

Q =2 x 10"8 watt, the result is AT = 10"* °K at this temperature. The

thermal conductivity of the G. E. 7031 cement and of the carbon resistor

56
itself might be expected to decrease markedly when the temperature was

53
R. D. Present, Kinetic Theory of Gases (McGraw-Hill Book Co.,

Inc., New York, 1958), p. 32.

54 / \
Charles D. Hodgraan (ed.), Handbook of Chemistry and Physics

(Chemical Rubber Publishing Co., Cleveland, Ohio, 1958), 40th ed.,
p. 3373.

55J. R. Clement and E. H. Quinnell, Rev. Sci. Instr. 23, 213 (1952)
5fi
J. C. Wheatley, D. F. Griffing, and T. L. Estle, Rev. Sci.

Instr. 27, 1070 (1956).



52

reduced to 0.2 K. The measured temperature rise at low temperatures

was therefore presumably due to reduced thermal conductivity of the

resistance thermometer, and gave only an upper limit to the sample

temperature rise.

III. PULSE HEIGHT ANALYSIS

In Figure 15 are shown typical pulse height distributions under

various conditions. The data were obtained using a 200-channel pulse

height analyser. The variation of counting rate with channel number is

the differential pulse height distribution; the total number of counts

is the sum of the counts in all the channels. Conventionally, the

summation is done only over channels above a certain voltage, denoted

the discrimination level. This is done because pulses of low height

may be due to noise in the counting system. The variation of this sum

(the integral counting rate) with discrimination level is the integral

pulse height distribution. The pulse height selectors in the A-1D

amplifier and the single-channel analyser (see Figure ll) give one out

put pulse each time an incoming pulse exceeds a preset discrimination

level; the counting rate from these instruments is therefore just the

integral counting rate defined above.

At 77 K, counters of the type used in this experiment are known57

to count alpha particles with a resolution of about 200 Kev, and with

a peak pulse height proportional to the alpha-particle energy. The 77°K

57
Walter, Dabbs, and Roberts, loc. cit.



(x103)
4

UNCLASSIFIED
ORNL-LR-DWG 44516

c

"E
o

"- 3
CD
a
a
o
sz

u

i_

<L>
Q.

if)

"E 2
o
o

Ld

^ 1

ID
o
o

0

!

° T=77°K

a 7"=2°K

• 7~=0.2°K >?f^^
a BETAS, r=4.2°K

\

| r/-j>
v/A

/ • 9

A i / 7

\y 1\
A N,

^A

>w^
>*>^

i—i

CHANNEL
WIDTH

1*\ •

0 4 6 8

PULSE HEIGHT (arbitrary units)

10 12

Figure 15. Typical pulse height distributions at 9 = 0°.



5U

pulse height distribution shown in Figure 15 is therefore presumably

representative of the spectrum of alpha particles emerging from the

sample. Alpha energy analysis of the same sample in a gridded ionization

chamber gave a pulse height distribution in satisfactory agreement with

the shape of the 77 K pulse height distribution shown in Figure 15.

The pulse-height distributions at 2°K and at 0.2°K shown in

Figure 15 show that the shape of the distribution was substantially

changed at low temperature. The resolution was poorer—as evidenced by

the decrease of the slope at the high-energy end of the distribution—

and there was a group of small pulses which did not appear at 77°K.

58
The increase in resolution width has been observed previously by Walter.

Beta rays. The small pulses were hypothesized to be due to beta

rays, whose range in germanium is comparable to the thickness of the

counter, and which could therefore be counted with good efficiency when

the bulk resistivity of the germanium was high, but which would produce

negligibly small pulses when the counter temperature was 77°K. A source

of 2.3 Mev beta rays existed in the material of the base crystal, in the

beta decay of the isomeric state of protoactinium-234.

A beta experiment was performed by admitting sufficient helium-4

gas into the experiment capsule to stop all the alpha particles before

they could reach the counter. This "gas shutter," whose thickness was

5 mg/cm2, had a negligible effect upon the 2.3 Mev betas, whose range is

58
F. J. Walter, Oak Ridge, Tennessee, private communication.



55

about 1 gm/cm2. The results of this experiment are shown in Figures 16

and 17. The betas were isotropic, and the integral counting rate was

an exponential function of the discriminator setting, as would be

expected for a thick source. The beta pulse height distribution is

compared with the observed alpha pulse height distributions in Figure

15. It is evident that the extra small pulses observed at 4 K and at

0.2 K were not due to beta rays. At the discrimination levels used,

the beta counts were merely an isotropic "background" of altogether

negligible effect. They were ignored in all further work.

Extra pulses. Portions of integral pulse height distributions

are shown in Figure 18, for 9=0° and 90°, at T = 77°K and 2°K. Taking

the 77 K data as the true counting rates, the counting rates at T = 2 K

should have been decreased by about 4 per cent at 9 = 0 , and increased

by 2 per cent at 9 = 90 , due to the effect of the nuclear alignment.

The curves in Figure 18 show that this was so, very approximately, at

high discrimination levels. However, as smaller pulses were added to

the integrals, the counts at 2 K increased markedly relative to the

counts at 77 K. At low discrimination levels, the small pulses increased

the counts at 2 K to about 1.1 times the amount expected on the basis of

the counts at 77 K.

The extra pulses appear to have had their origin in some mechanism

in the germanium counter, since they did not appear in the data taken at

77 K, when everything but the sample and counter temperatures was the

same as for the low-temperature data.
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In spite of the fact that the "extra" pulses are of undetermined

origin their number was shown to be proportional to the number of "real"

alpha counts, by considering the ratio of the integral counting rate at

0.2 K to the integral counting rate at 2°K. At each angle, this ratio

was substantially independent of the discrimination level. The integral

counting rate at low temperatures could therefore be taken as a measure

of the true alpha emission rate, albeit with a scale factor, independent

of 9 or T, whose value of about 1.1 had to be determined experimentally.

IV. ANALYSIS OF ANGULAR DISTRIBUTIONS

The observed angular distribution is expected to have the form

(neglecting P<;):

W'(9) =V(9,D) ll +b2F(T)P2(cos 9) (2?>

where

V"(9,D) = angular and integral pulse height distribution of alpha

particles at high temperature

D = discrimination level

i>2 = correction for finite source and counter

F(T) = experimentally determined anisotropy coefficient, which is

expected to be proportional to G2(T).

If the counter characteristics were the same at all temperatures of

interest, V"(9,D) would be given directly by the data at 77°K, since F(T)

is negligible at this temperature. However, the change in resolution

between 77 K and low temperatures, and the appearance of the "extra"
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pulses, make this only a crude approximation. The angular distributions

for Runs 26 and 27, determined in this way, are shown in Figure 19,

where the ratio

W' (low temperature) ,„._.»
W(77°K) (28)

is plotted against P2(cos 9). Although a correlation is present, the

scatter of the points is much worse than would be expected on the basis

of counting statistics alone.

Since W'(77 K) is not a good approximation for the value of V(9,D)

applicable to the low-temperature data, the quantity V(9,D) must be

inferred from the data taken at low temperatures. This was done using

Runs 4, 5, 10, 11, 12, 13, 14, 18, and 21, all of which were performed

at temperatures in the range 1-4 K, and all at the same two discrimi

nation levels, Di 2* From these data, estimates of v(9,Di 2) were

calculated using the equation

V<9.D^> 'i+»£&£<£. o) • <»>
For each of these runs, the size of the quantity b2F(T) was estimated

from the curves of a2G2(T), normalized to earlier data, given in Figure 4.

The estimates of V(9,Di 2) agreed with each other within the expected

statistical variation. Their average at each angle, weighted according

to the statistical variance of each estimate, was used for v(9,Di 2)•

The values of W'(9)/v(9) were then fitted by least squares to Equation (27)

Some angular distributions calculated in this way are shown in Figures

20 and 21. As will be shown below, the scatter of the points is just
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what might be expected from counting statistics.

Since Runs 24, 26, and 27 were performed with discrimination

levels not equal to Di 2, analyses using V(9,Di 2) might be expected

to show greater scatter of points around the best fit to 1 + b2F2P2(cos 9),

and they do (see Table ll). For Run 24, the fit is adequate, since one

of the discrimination levels used was very nearly equal to Di. To

determine whether an error could be introduced by improper choice of V,

V'(9,D26) was calculated from the data of Run 26 and the appropriate

value of b2F(T). Runs 19, 20, 21, and 27 were then analysed using both

V(9,Di>2) and V"(9,D26) . The least-squares values of b2F(T) obtained in

the two ways are given in Table II. The values calculated for b2F(T)

are evidently not sensitive to the choice of V or V'.

A summary of all results, including errors, is given in Table II.

The values of b2F(T) determined for all the runs are shown as a function

of temperatures in Figure 22, along with the two theoretical curves for

a2G2(T), normalized at 1.16 K. The data are clearly in agreement with

the theoretical curve for the signs A < 0, P > 0, and the choice A > 0,

P < 0 is excluded.

V. ERRORS

A statistical analysis was made of Runs 15-21, 24, 26, and 27

analysed with V(9,Di,2) and Runs 19-21 and 27 analysed with V'(9,D26)•

For each run, estimates of cr(bF), the standard deviation of b2F(T),

were made using the deviations of the individual counts from the least-

squares best fit line. These were found to be in satisfactory agreement
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with the standard deviation inferred from the counting statistics. The

results are tabulated in Table II.

VI. POSSIBLE P4 TERM

The angular distribution at the lowest temperatures show no

evidence for a possible contribution from the term a^G^Tjp^cos 9).
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Figure 22. Size of anisotropy as a function of temperature, compared
with the normalized theoretical curves of a2G2(T) for the two pos
sible sign choices for A and P.



CHAPTER VT

DISCUSSION OF RESULTS

In Figure 22, the experimentally determined alpha-particle ani

sotropy [coefficient of P (cos 9)] is plotted as a function of sample
2

temperature, over the temperature range 0.2 - 4.2 K. Also shown In

Figure 22 are two curves of the anisotropy predicted from the experi

mentally determined spin Hamiltonian, for the two possible sign choices.

It is evident that the data are in satisfactory agreement with the curve

for the sign choice A < 0, P > 0. The alternative sign choice A > 0,

P < 0, is clearly excluded. Figure 2, page 16, is therefore drawn

correctly (rather than inverted).

At the absolute zero of temperature, all of the nuclei would be

in the state given by the first line of Table I, page 15, which is pre

dominately a state for which m =+-|. At 0.2°K, however, the lowest

three substates have substantially equal populations, since their total

splitting is only 0.06 K. At this temperature, the states with m_ = + 4

contain 40.4 per cent of all nuclei; the states with m_ = + -f and + -|

contain 35.9 per cent and 23.7 per cent respectively. The alignment at

0.2 K is therefore preferentially into the states with hl. = + -|, with

the angular momentum vector directed approximately perpendicular to the

crystalline c axis. The observed enhancement of alpha emission in this

direction leads to the conclusion that the alpha-particles are emitted

preferentially in the direction of the nuclear angular momentum vector.
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This result follows directly from two experimental determinations—the

microwave resonance measurements and the present experiment—and holds

regardless of any assumptions about nuclear shapes or the mechanism of

alpha-particle emission. Under the usual assumption for this region of

the Periodic Table that the nuclear angular momentum vector is oriented

59
along the nuclear symmetry axis, the experimental result means that

the alpha particles are emitted preferentially along the nuclear symme

try axis.

The electric quadrupole moment of the neptunium-237 nucleus has

not been measured. In the neighboring nuclides uranium-233 and -235,

optical hyperfine spectra have been interpreted as giving evidence

for Q > 0 in both cases. Considerations based on nuclear systematics

predict a positive quadrupole moment for these uranium isotopes and for

neptunium-237. In a recent summary of energy-level assignments in the

region A > 225, Stephens, Asaro, and Perlman have correlated known data

64
with the level diagrams which were calculated by Nilsson for nuclei

59
F. Villars, Annual Review of Nuclear Science 7, 223 (1957).

60
Vander Sluis and McNally, loc. cit., and also private communi

cation.

A. G. Zimin and N. M. Iashin, Soviet Phys.--Doklady 1, 419 (1956)
zip

N. I. Kaliteevskii and M. P. Chaika, Optika i Spektroskopiya 1,
809 (1956).

F. S. Stephens, F. Asaro, and I. Perlman, Phys. Rev. 113, 212
(1959).

64
S. G. Nilsson, Kgl. Danske Videnskab. Selskab, Mat.-fys. Medd.

29, No. 16 (1955).
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with large deformations. Stephens, et al., conclude that the model is

generally reliable, and that "in no case were accurate data available

that indicated an assignment significantly at variance with the expec-

tations of the theory." This theory and its agreement with experi-

mental data have also been reviewed recently by Mottelson and Nilsson.

The theory predicts that all nuclei in this region are prolate, and its

wide range of agreement with experimental data may be taken as support

for Q > 0 for uranium-233 and -235, as well as for neptunium-237. If

the quadrupole moment of neptunium-237 is indeed positive, then the

experiment has shown that the alpha particles are emitted preferentially

from the "tips" of the prolate nucleus, in agreement with the barrier

penetration picture. However, this is inconsistent with the "column-

68
of-charge" model of the electronic structure of the neptunyl ion,

which predicts that P and Q are of opposite sign.

69
In a recent publication, Pryce has suggested that neptunium-237

has a negative quadrupole moment. This would reconcile the experimentally

determined sign of P with the "column-of-charge" picture. In this case,

however, the experimental result would have to be interpreted as showing

alpha-particle emission preferentially from the "flat" sides of the

f)5
Stephens, Asaro, and Perlman, op_, cit., p. 214.

Mottelson and Nilsson, loc. cit.
en

Hill and Wheeler, loc. cit.

68
Eisenstein and Pryce, loc. cit.

Pryce, loc. cit.
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oblate nucleus, contrary to the predictions of the barrier penetration

theory. It can thus be seen that the experimental results on the sign

of P and the direction of preferential alpha-particle emission place

the two theories in direct conflict. If barrier penetration is the

controlling factor in alpha emission, then the electronic configuration

in the neptunyl ion cannot be the simple "column of charge" given by

Eisenstein and Pryce. On the other hand, if the chemical and electronic

arguments are correct, then barrier penetration cannot play the deter

mining role in alpha emission.

When uranium-233 and -235 nuclei were aligned by cooling a sample

of uranyl rubidium nitrate, the alpha particles from these nuclei were

70 71
also emitted preferentially perpendicular to the crystalline c axis. '

The hyperfine coupling in the uranyl salt has not been measured, but it

is presumably of purely quadrupolar character [A = 0 in Equation (l)],

72since the uranyl ion is essentially nonmagnetic. The "column-of-

charge" model would also predict that P is opposite in sign to Q in the

uranyl ion, so the experimental results on the two uranium isotopes also

place the two theories in conflict.

70
Roberts, Dabbs, and Parker, loc. cit.

71
J. W. T. Dabbs, L. D. Roberts, and G. W. Parker, Physica

XXIV, S.69 (1958)

TSisenstein and Pryce, loc. cit.
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