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The nuclear y resonances for 2*U, U, and ?**U in the compound (UO,)Rb(NO,); have been
observed using sources of PuO, and PuAl,. Nuclear deformations of the U isotopes are observed to
change through the ratios of the electric quadrupole moments. Using previous B(E2) measurements the
electric field gradient at the uranium site has been calculated for this compound from our data. The
isomer shift of U has been measured for (UO,)Rb(NO,); and for the two sources PuO, and PuAl,.
Calculations of electronic charge density changes at uranium nuclei between source and absorbers give a
fractional decrease in the rms nuclear radius in the transition from the ground to the excited state of

@(ray/srdy ),,.U=(— 122%5.9) X 1078,

1. INTRODUCTION

The y transition from the 2* excited state to the
0* ground state in the even-even isotopes of the ac-
tinide elements has been recognized for several
years as a M8ssbauer resonance!’? and consequent-
ly a tool for the study of their nuclear and solid-
state properties. The experiments prove difficult
for several reasons: Both sources and absorbers
are radioactive; the high isotopic purities required
for successful experiments are expensive and
scarce; and the heavy elements are extremely toxic
in general. Moreover, the large internal-conver-
sion coefficients of the resonant v rays seriously
decrease the source y-ray intensity and the reso-
nant-absorption ¢ross section. Finally, nuclear
recoil and/or radiation damage in the source may
affect the MYssbauer resonance whether the excited
state is reached by Coulomb excitation®* or by a
decay. 8

We have obtained MYssbauer spectra for three
uranium isotopes using radioactive decay from
plutonium parents. The a decays of #*Pu, *puy,
and 2#*Pu populate the 2* rotational states of #*U,
238y, and #*U, respectively, about 25% of the time.
The subsequent E2 transition to the 0* ground state
occurs with the emission of an ~45-keV y ray about
once in every 650 events. Comparative nuclear
parameters of all three isotopes are tabulated in
Refs. 9 and 10.

II. EXPERIMENTAL

One of the source materials used in this study
was the compound PuO, which is cubic, 1 and non-
magnetic, ! and thus should produce an unsplit y-
ray emission line.”® Both PuO, and UQ, exhibit
the face-centered cubic fluorite (CaF,) structure.®
There are four plutonium and eight oxygen atoms
per unit cell. The oxygen atoms are in a simple
cubic packing within the unit cell which is bounded
by plutonium atoms at the cell corners and face-

centered positions.

Another y-source material, PuAl,, was also used
in this study. This intermetallic compound exhibits
the body-centered orthorhombic UAl, structure!*
and has four formula units per unit cell. The lat-
tice constants for PuAl,'® are within experimental
error equal to those for UAlL,.** Although the Pu
site in this compound does not possess cubic sym-
metry, Gregory et al.'® have shown that #°PuAl,
sources produce an even narrower line than #*pu0,

sources for the M8ssbauer resonance in 243Am.
Typically about 0.6 g of finely powdered source

material was doubly encapsulated in aluminum con-
tainers with 0. 01-in. -thick windows. " A 0.030-
in. -thick beryllium plate was placed between the
two containers to provide added strength. The di-
ameter of the inner container was approximately

1 in. and thus gave sources with a thickness of
about 90 mg/cm? of plutonium for each source.

As an absorber material we chose the nonmag-
netic uranyl rubidium nitrate [(UO,)Rb(NOg);] which
is known to have a large electric field gradient at
the uranium site.®*%° The chemical oxidation state
of the U ion in this compound is nominally +6 rela-
tivé to the free ion. The crystal is a member of
the hexagonal system (rhombohedral division).

The primitive rhombohedron contains two stoichio-
metric molecules.?! X-ray intensity data show
that both uranium and rubidium lie on body-centered
rhombohedral sublattices and that the origins of
the two sublattices are separated by ic along the
unique axis. The linear uranyl groups all lie par-
allel to the ¢ axis of the crystal, each surrounded
by three nitrate groups in the equatorial plane.
Recent Raman and infrared spectroscopic studies®
confirm that the uranyl ion is linear, and x-ray
studies® find the uranium-oxygen bond length in
the uranyl ion to be 1.78 A. This bond length is
much smaller than the distance of 2.72 A between
the uranium atom and its next-nearest neighbors,
the six oxygen atoms in the nitrate groups. The
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nitrates are thus thought to have little effect on the
strong uranyl bonding. A schematic of the mole-
cule is shown in Fig. 1. Due to the high degree of
symmetry of the molecule, the antisymmetry term
of the quadrupole interaction has been neglected in
the data analysis.

About 1. 3 g of finely powdered (UO,)Rb(NO,),
was combined with about 2.0 g of finely powdered
lucite and pressed into a disk of 1.375-in. diam-
eter. The absorber thickness was thus on the order
of 60 mg/cm? of uranium. Isotopic purities of the
242py, #%py, and **Pu sources and #%U, 2%y, and
B4y absorbers were 99.99%, 98.30%, and 79.53%, and
99.98%, 99.68%, and 86.61%, respectively. These
were the best available from the Atomic Energy
Commission at that time.

M8ssbauer measurements were made at 4.2 °K
in a metal Dewar with thin beryllium windows. vy
rays for the 45-keV resonance were detected by a
7-cm? Ge(Li) detector with a resolution of 2.3 keV
at 60 keV. A sine-wave electromechanical trans-
ducer driven at resonance (~15 Hz) with a feed-
back circuit was used to Doppler shift the absorber
with respect to the source. The M&ssbauer spec-
tra were collected in a 1024-channel analyzer op-
erating synchronously with the absorber in the
multiscale mode. At the high velocities required,

A
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FIG. 1. Structure of the uranyl rubidium nitrate mole-
cule. The three nitrate groups are shown lying in a
plane perpendicular to the collinear O-U-O entity.
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the velocity scale was determined by a specially
constructed pickup coil surrounding a magnet mov-
ing with the absorber. The coil was designed to
give an output voltage both linear in velocity and
insensitive to sidewise motion of the transducer to
one part in 10° and was calibrated using an Fe-
metal M8ssbauer spectrum. The pickup voltage
was fed to a voltage-to-frequency converter and the
resulting pulses were multiscaled in the second
bank of 1024 channels in the multichannel analyzer
which were stepped synchronously with the first.
Thus a check on the quality of the velocity wave-
form was obtained. For the purpose of accurately
determining the zero of velocity in isomer-shift
measurements, a Co-in-Cu source was attached to
the top end of the transducer rod which moved the
uranium absorber. In this way room-temperature
Mb8ssbauer spectra for an unsplit stainless-steel
absorber could be collected simultaneously at the
top of the Dewar system. These data were stored
in the second set of 1024 channels for the case of
isomer-shift runs and provided a reference point
for the velocity of — 0. 375+0.010 mm/sec. Al-
though it is possible for the sinusoidal variation

of velocity at one end of a transducer to lag or lead
the sinusoidal variation at the driven end of a trans-
ducer (the top end in our case), an error in an iso-
mer-shift determination brought about by this ef-
fect will to first order be canceled when one aver-
ages the upward-swinging velocity spectrum with
the downward-swinging spectrum. In all spectra
reported here, this effect was considered and was
consistent with a lag of ~1 channel out of 1024.

III. HYPERFINE INTERACTIONS

Md&ssbauer hyperfine spectra for nonmagnetic ab-
sorbers and single-line sources can be described
by a spin Hamiltonian for purely electric multipole
interactions.?*# The electric monopole term leads
to different shifts of the energy of both the excited
and ground states of a nucleus involved in the emis-
sion or absorption of a ¥ ray and in first-order per-
turbation theory is given as

E:L'LZ'J;GPH(?")[J: J(,]zv J;r"pe('fe)

11
x(r" - )df,] dr,, (1)

where p,(T,) is the electronic charge-density distri-
bution, p,(T,) is the nuclear charge-density distri-
bution, and a is the maximum extent of the nuclear
charge. Usually one evaluates these integrals by
assuming that p,(T,) is constant over the dimensions
of the nucleus (i.e., for |T,l<a) and that p,(F,) is

a spherically symmetric total charge Z le| distrib-
uted over the volume of a sphere of radius R;=a.
Under this set of assumptions the electric monopole
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term [Eq. (1)] leads to a shift of the excited and
ground states (E* and E) of both the source and ab-
sorber nuclei and results in an energy shift 6,5
=(E* = E)gource = (E* = E) apsorber Of ¥ rays in a reso-
nant process. This energy shift (the isomer shift)
is then expressed as

5:s=-%1r|eIA|zp(0)I26(rb , (2)

where A19(0)1%=p3(0) - p2(0) = | $(0) 1 Zpurce

= 19(0) 1 Zporper and 5¢r2)=((r2)*~(r2)). Here
r2)=[8p,r,)r2dr,. Inasmuch as Ford et al.?®
have shown that this nucleus is highly distorted
and since the relativistic electron charge density
falls off significantly within the U nucleus?’ (~18%
between 7,=0 and 7, =a), the validity of the above
set of assumptions should be examined.

Bohr and Weisskopf?” have suggested that the
major and minor components of the relativistic
electron wave-function interior to a uniformly
charged sphere of radius R, leads to a radial de-
pendence of the electron charge density for s elec-
trons which is given by

Pe ('re)=— \el |¢(0)I2

7 \2 4
o) @) -] o
where a=3(#72)? and v=- (o -2 a?).

For the case of U(Z=92), a=0.225andy = - 0.041,
and we may conveniently approximate the electron
charge-density fall off by retaining only terms
through (v ,/R,)* in Eq. (3). With this function and
Eq. (1) the isomer shift is given by

815 =3nle|aly(©)]?

x6{r2 [1-a &0 /Ry)? -v4 (r,/RY!]) , (4)
where

a(0)|2=p(0) - p4(0)
= ‘ ‘1’(0) | ic.urco = ‘ IL’(O) l ihsorbor ’

asbefore, and 5¢. «.)=({+++)* =(c++)) as in Eq. (2).
In contrast to Eq. (2) the {..-) is given by

(eoe)= foa .71 - a &, /R,)?
-y4 0, /Ry 1 2dr, .

In order to compare the departure of Eq. (4) from
the value given in Eq. (2) we have computed the
integral involved in (. .+) in both expressions under
the further assumption that the nuclear charge Zlel
is spread uniformly over the volume of an axially
symmetric object of revolution whose radius is
given by R=R[1 + B,Y,0(0) + B,Yo(6) +++ ). The
Y;(6) are the normalized spherical harmonics. In
the evaluation of these integrals we have required
a constant nuclear volume in order that only the ef-
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fects of nuclear distortion play a role in the result.
Figure 2 shows the results of these computations
for several possible values of 3, and $,. In the re-
sults shown in this figure B, B;, ... were all set
=0. In a separate calculation with g# 0, the vari-
ation of this ratio with g; was of much less signifi-
cance than with either of the B, or g, variations.
Calculations of Nilsson ef al.2® would suggest val-
ues of |B;1<0.02 so that the effect of this term ap-
pears to be negligible.

If one chooses the values 8, =0.223+0.006 and
By=0.123+0.022, as measured by Bemis et al.?®
for the **U nucleus, the resulting departure of
Eq. (4) from the value given in Eq. (2) is seen from
the single data point of Fig. 2 to be less than 2%
and we shall neglect it in the following discussion.

The quadrupole term of the electronic-nuclear
interaction leads to a splitting of the nuclear states
and is described by the Hamiltonian

TerD [(B872-72) + in(12+1%)] , ()

where eQ is the spectroscopic nuclear quadrupole
moment of the =2 excited state, g=-8E,/0z is
the negative of the electric field gradient at the
uranium nucleus in the absorber, I, f,, I,, and I_
are the usual angular momentum operators; and

_[9E, oE,\ /9E,
= o9x 2y /82
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FIG. 2. Results of calculations of the ratio of the iso-
mer shift for U nuclei obtained through two techniques:
(a) a contact interaction which accounts for a uniformly
distributed nuclear charge over a distorted nuclear shape
and a radially dependent relativistic electron wave func-
tion; (b) a contact interaction obtained for the more
idealized case of a spherical nuclear charge density and
a flat relativistic electronic wave function. As seen from
the ..gure, no nuclear distortion (8,=8,=0) produces a
4. 5% difference in the isomer shift calculations due to
radial electron charge-density falloff.
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is the asymmetry parameter. Noting that the O-
U-0 bond in (UO),Rb(NOy), is linear® 2 and axially
symmetric, we have chosen the quantization axis
along this bond axis and therefore assumed that the
n term is negligible. Thus the 2" state splits into
three degenerate substates positioned at the ener-
gies E,,=%4eqQ, E, =-1eqQ, E,=-4eqQ relative to
the unsplit energy. The resulting three-line M§ss-
bauer spectrum should have an energy splitting
ratio of 3: 1 and relative line intensities of 2: 2: 1.

We have investigated the importance of a hex-
adecapole interaction in the spin Hamiltonian and
(excluding an unreasonably large Sternheimer fac-
tor) find it to be beyond the limit of accuracy of our
measurement.

IV. RESULTS

The uranium Md&ssbauer absorption spectrum for
2347 in (UO,)Rb(NO,); at 4.2 °K is shown in Fig. 3.
These data are similar to all the uranium measure-
ments to be presented with respect to the number
of measured points and the quality of the fit of a
theoretical line shape to the data. However for
2%y and 2%y lower specific activity of the parent
Pu isotopes resulted in fewer accumulated counts
and hence reduced the accuracy with which the hy-
perfine interactions could be determined. The solid
curve in Fig. 3 is a least-squares fit of the full
transmission integral to a pure symmetric electric
quadrupole interaction (7=0). The line positions
have been constrained to the theoretical splitting

1.000 Id
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©
o
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0.985

0.980
-100 -50 [¢] 50 100
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FIG. 3. Mdssbauer spectrum of 2**U in (UO,)Rb(NOj),
following a decay of **¥Pu in PuAl, at 4.2°K. The solid
lines are a theoretical fit to the data using the full trans-
mission integral. The positions and intensity ratios were
constrained to represent the degenerate levels of a pure
symmetric electric quadrupole interaction as described
in the text.
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ratio of 3: 1 and the line intensities have been con-
strained to the ratios of 2: 2: 1. The parameters
obtained from all three uranium spectra are shown
in Table I. Dispersion effects® have been neglected
in the data analysis since the transition energy falls
below the K-x-ray absorption edge, and therefore
are thought to be outside the accuracy of our mea-
surement.

As may be seen from the data of Table I, the
isomer shift 6;5 of Eq. (2) has been experimentally
determined within the limits of error for only the
isotope 2*U. The negative isomer shifts, Table I,
indicate that the y-ray transitions are more ener-
getic in the sources used than in the absorber.

From Eq. (2) and a knowledge of A1y(0)|2 be-
tween either of the two sources used and the
(UO,)Rb(NOQ,); absorber we may evaluate 6(r2) for
2% and place an upper limit on 5(r2) for 23U and
2%y, In order to estimate A[(0)|2, calculations
of the electronic charge density at the nucleus for
several free-ion configurations of 2**U and also
237Np have been made by means of a relativistic
Hartree-Dirac wave-function code with Slater-Lat-
ter exchange.® These computations are summa-
rizedin Table II and changes in |$(0)12 for these two
isotopes are shown plotted as a function of the for-
mal chemical oxidation state in Fig. 4. The vari-
ous electronic configurations of 2**U and #*"Np were
imposed upon the code in order of decreasing bind-
ing energy of the least tightly bound electrons. In
every case between the +0 and +6 chemical oxida-
tion state the least tightly bound electron is the
same for Np and U since the 5f electrons are the
most tightly bound. We find from our wave-func-
tion computations for all U isotopes that the re-
moval of two 5f;5,, electrons between +4 sources
and +6 absorbers would produce an increase in the
electron charge density at the origin of

Alp(0)|2=28.5x10% cm™

due to the loss of screening of s electrons by these
f electrons.

Assuming oxidation states of +4 for the PuO,
sources and +6 for the (UO,)Rb(NO;); absorbers
the change in nuclear radius between the ground
and excited states of the various U isotopes is given
by

(-4.7£1.3)x10"® for 2%y,

(-11£11)x10®  for 2%y,
(-12+15)x10"®  for

ora _
rw

v n
238y

The weakness of this argument lies in the uncer-
tainty of the valence state of the PuO, source and
the (UO,)Rb(NOy); absorber, and for the metallic
PuAl, source there is an even less clear choice
of oxidation state. We may, however, compare
our measurements of isomer shift with the results
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TABLE I. Measured M8ssbauer parameters for (UO,)Rb(NO,); absorbers at 4. 2 °K.

Intensity (%) Toxp
Source (Total for all FWHM?* 2eqQ O1s
Nucleus material three lines) (mm/sec) (mm/sec) (mm/sec)®
By PuAl, 3.4 36.5+ 0.3 -60.1+0,3 -1.620.2
By PuO, 3.4 48.3+ 0.4 -58.8£0.3 -0.7%0.2
Béy PuO, 1.4 46.2+2.6 -58.1+2.6 —-1.6+1.6
88y PuO, 6.1 48.6+ 3.8 —65.4%3.9 -1.8+2.2

2Full width at half-maximum.
bEstimated systematic errors have been included in the data.

for similar #'Np compounds and alloys, if we as-
sume a similar electronic response to a changing
chemical environment for these two neighboring
elements in the Periodic Table. In drawing such

a correlation between the isomer shifts we assume
that the additional 5f;,, electron of Np in these
substances has at most a linear effect upon changes
of 1(0)12 brought about by changes in the chemical
oxidation state. Support of this contention is seen
in the computational analysis shown in Fig. 4. The
existence of the extra 5f;,, electron for the Np
ions and the larger central attractive charge of the
Np nucleus causes on the average a 9% larger
change in 19(0)|%, than for corresponding oxidation
states of U, but aside from this scaling the shapes
are similar.

One isomer-shift study of 2'Np compounds has
shown that effects of covalency are smaller than
changes in formal chemical oxidation state.® A
more recent study by Dunlap ef al.3® which com-
pares neptunium fluoride absorbers to
(NpO,)Rb(NOy), indicates a much lower oxidation
state of ~+5.1 for this compound and hence sug-
gests a stronger covalency effect.

TABLE II,
24y ang BTNp,

We show in Fig. 5 how isomer shifts between
similar source materials and similar absorber
materials for the #'Np and #**U isotopes compare.
The least-squares fit of a straight line, passing
through the origin, to the data of Fig. 5 yields
(in energy units)

015, u=(+0.030+0.013)8:5,n,(Ey, v/Ey,np)

and from Eq. (2) we see that
(6(r2)/{r2))y=(0.025+0.011)(6(r2)/(r 2y,

where we have used the values Al9(0)1%,/a19(0)1%
=1.09, E,, uv/Ey xp=0.13, Zy,/Zy=1.01, and
r2)np/r2)y=1.01. Using the results of Dunlap
et al.® for (6(r2))y,=(~27+5)x10" tm? and (r2)
=(1.2A4'® tm)? we conclude that

5re)/(r2)=(-12.2+5.9)x10® for #U.

This value is larger in magnitude than the pre-
viously determined value from the PuO, source
alone in part because of the smaller estimate of
A19(0)1%, used by Dunlap et al. as suggested by
the fluoride results. The value is also influenced

Relativistic values of the electronic probability density at the origin for

24y configuration #"Np configuration

Oxidation  (In addition to the (In addition to the 19(0) 12y 190 1%,
state Radon core) Radon core) (107 a. u, ®P) (107 a. u, ®°)

(0) 75%d!5p8 7s%6d'5F4 7.88930 8.57385
19) 7s%5f3 7525f4 7.889 44 8. 57400
(I 75573 7s'574 7.88923 8.57377
(1) 5f3 5f* 7.888 97 8.57348
Iv) 572 53 7.88919 8.57372
V) 5f! 572 7.889 44 8.57399
(VD 57! 7.88972 8.57430
(VD) 8.57463

%One a.u. is equal to 0.538x 10** cm==1/(4ma}).
bThe “equivalent” radius of the uniformly charged U nucleus was 6.7675x 10~* cm.
°The equivalent radius of the uniformly charged Np nucleus was 6.7963x 10°'3 cm,
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FIG. 4. Changes in the relativistic electron probability
density at the origin with chemical oxidation state for 234U
and ®'Np. One a.u. is equal to 0.538x 10** cm==1/
(4nal).

by the relatively larger measured isomer shift
(Fig. 5) for the PuAl, source. We favor this larg-
er number due to the increased information used
in its computation.

A similar computation for the other isotopes
gives

(-21+21)x10™ for 2%y,
6(r2) _

o

These values are substantially below a theoreti-
cal value of +31.2x10 for the 2**U nucleus which
was calculated by Marshalek® using a self-consis-
tent cranking model with Coriolis antipairing and
centrifugal stretching of the nucleus. More im-
portantly the sign of 5(r2)/{(r2) is negative and
hence indicates a shrinking of the nucleus in the
transition from its 0* ground state to its 2* first
excited state. However, Meyer and Speth®® show
that a more dominant role for the Coriolis anti-
pairing effect occurs in a second-order cranking
model. This term leads to shrinking of charge

[ (-23+28)x10™ for ®%U.
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radii for many deformed nuclei in the region below
Pb but calculations have not been made for the ac-
tinides.

The ratios of the quadrupole moments of the
three isotopes may be determined from the quad-
rupole coupling constants (3e¢qQ) listed in Table I.
Since the same absorber material was used in each
experiment, ¢ may be assumed to be a constant.
For the PuQ, data this gives the ratios

Qus6/ @234 =0.9920.05 , Qpg0/Qpg,=1.11£0.07.

These values agree fairly well with others recently
determined by M8ssbauer measurements®® and from
B(E2) values.? The ratios differ slightly from
those previously reported by the authors*®* due to
the fact that the full transmission integral was used
to fit the data reported here instead of the Lorentz-
ian approximation, which was used in our earlier
analysis.

Since the spectra were asymmetric, both the
magnitude and the sign of the quadrupole coupling
constant can be determined. The intrinsic quadru-
pole moment of the #*U nucleus is known from
B(E2) values® to be Q,=(10.19+0.13)x10"% cm?®.

20
/]
/
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UAl4 /
m 1.5 NpAlq

_$ lr

22 /
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£ /
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=

L /
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RELATIVE TO Np IN (NpO,)Rb(NO3)3

FIG. 5. Md0ssbauer isomer shift of the 43. 5-keV vy ray

of 24U and UA], and UO, relative to (UO,)Rb(NOy); vs the
Méssbauer isomer shift of the 59, 6-keV v ray of 2'Np in
NpAl, and NpO, relative to (NpO,)Rb(NO;); at 4.2°K. The
straight line is a least-squares fit to the data.
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The spectroscopic quadrupole moment in the strong
coupling model is given by

[3M% - 11 +1)][3K2 - 11 + 1)]

QU, M,K)=Q, II+1)(21-1)(2K +3)

(6)
Thus,

Q =Q(29 2: 0) = "';Qo= (" 2.91:0. 04))(1.0"'24 cm2

for the U nucleus. Using the value 3eqQ = (- 60.1
£0.3) mm/sec (Table I)one obtains ¢ =(8.14+0,13)
X10' V/cm?. This negative electric field gradient
at the uranium nucleus which is directed parallel
to the crystalline ¢ axis (the O-U-O axis) is evi-
dence that the bonding produces a concentration of
electronic charge in the x-y plane in confirmation
of results from previous nuclear orientation stud-
ies.?°

Lattice parameters of Pu compounds have been
reported* to increase continuously with time when
the compounds were kept sealed at room tempera-
ture. This increase might be thought of as due to
the displacement of atoms to interstitial sites by
the recoil from a emission. It has been estimated*

J. A. MONARD, P. G. HURAY, AND J.
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that as many as 1500 of these defects (Frenkel
pairs) are produced per a disintegration for PuO,
and that the exponential-growth time constant

for the resulting lattice parameter is 3. 68 days.
The resulting saturation concentration of Frenkel
defects would be one-half to one defect pair per
unit cell and would possibly lead to distributions
of electric field gradients at the Pu site. These
effects could lead to quadrupole interactions in the
PuO, sources and produce asymmetric broadening
of the spectral lines. Lattice parameters of PuAl
alloys have also been found** to increase after a
10-yr storage at room temperature. Self-irradia-
tion damage and subsequent annealing in the PuAl
alloys might however be expected to produce a low-
er saturation concentration in this intermetallic
compound than in the insulator PuO,.

Such effects (if present) have not been observed
to significantly change the Mdssbauer absorption
lines with time. Successive spectra were analyzed
for such broadening effects after sources were
kept four months at room temperature and after
four days at 4.2 °K with statistically insignificant
results.
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FIG. 1. Structure of the uranyl rubidium nitrate mole-
cule. The three nitrate groups are shown lying in a
plane perpendicular to the collinear O-U-O entity.



