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Vibrational properties of Pu and Ga in a Pu-Ga alloy from neutron-resonance
Doppler spectroscopy

J. Eric Lynn, George H. Kwei, Walter J. Trela, Vincent W. Yuan, Barbara Cort, Raymond J. Martinez, and Fidel A.
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

~Received 1 April 1998!

We have determined some of the phonon spectral parameters for Pu and Ga in the ‘‘stabilized’’d phase~fcc!
of the Pu-3.6 at. % Ga alloy by measuring the Doppler broadening of neutron resonances as a function of
temperature. We find the mean phonon energy~first moment of the phonon spectrum! of Pu to be^hn&
58.2260.12 meV and the second moment to be^(hn)2&5(7.260.3)31025 eV2. These moments and the
value of the~21!st moment determined from Debye-Waller factors from neutron powder diffraction are
consistent with a Debye model with a Debye temperature of 127.261.7 K. For Ga in the Pu-Ga alloy,^hn&
516.361.4 meV, which is slightly larger than them1/2-weighted value of 15.3 meV expected from the value
for Pu ~however, the measured value cannot be distinguished from the latter value within experimental error!.
These results show that Pu-3.6 at. % Ga behaves very much like a Debye solid at ambient pressures and low
temperature and that the Ga impurity experiences approximately the same~or a slightly stiffer! force field
compared with the Pu it replaces.@S0163-1829~98!04538-X#
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I. INTRODUCTION

Plutonium sits at a boundary in the actinide series t
separates 5f electron localization and itinerancy. To its le
in the periodic table, thef electrons are delocalized and co
tribute to the bonding; to its right, the electrons are localiz
and do not. Among other things, this results in an extrem
rich structural morphology and instability which is display
in the existence of six allotropic phases before it melts at
K as it is heated at ambient pressure.1 Therefore it is not
surprising that neutron powder diffraction studies across
of its phases indicate the presence of large amounts of
fuse scattering or that the atomic displacement parame
derived from these studies, show the steep temperature
pendence suggestive of low Debye temperatures.2

The face centered cubicd phase of Pu is perhaps the mo
interesting of these because the partial localization of thef
electrons leads to a 17% increase in volume compared
the monoclinica phase. This also leads to a negative co
ficient of thermal expansion. Unfortunately, the partial loc
ization also means that it is one of the least well underst
phases in terms of its electronic structure. The phase is
ally stable from 583 to 725 K, but the stability of this pha
can be extended to lower temperatures by the addition
d-phase stabilizers which enter the lattice substitutionally3,4

Ga is the most commonly used stabilizer and is soluble
about 9 at. %. At concentrations above about 3 at. %, thd
phase is stable to below 10 K. The stabilizedd phase exhibits
a number of unusual properties.~1! Cox et al.5 have reported
an x-ray absorption fine structure~XAFS! study of the struc-
ture of 3.3 at. % Ga doped plutonium alloy. The XAFS stu
ies at the GaK edge showed that its nearest neighbors
well ordered~with a sharp peak!, as are atoms in the secon
and third coordination shells. The PuL III -edge data showed
that the plutonium environment is substantially less well
dered, with the peaks from the second and third coordina
shells completely absent.~2! d-Pu shows evidence of havin
PRB 580163-1829/98/58~17!/11408~8!/$15.00
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a soft-mode instability and has the most anisotropic sh
wave elastic constants known for any fcc metal@C44 is ap-
proximately 7 times greater than C*5~C112C22!/2#, even
though its 5f electrons are mostly localized.6

An understanding of the vibrational properties of fccd-
phase Pu alloys is important to the understanding of the
havior of Pu and for the mechanism ford-phase stabilization.
At present what is known about the vibrational propert
comes from studies of the temperature dependence of
Debye-Waller factors from neutron powder diffractio
studies.2 These results showed that stabilizedd-phase Pu has
an extremely low Debye temperature of 132 K, but t
Debye-Waller factors for Pu and Ga had to be constraine
be the same. Understanding the differences in vibratio
behavior between Pu and Ga should lead to an understan
of the different force fields these atoms experience. T
should be important to understanding the electronic struc
of the alloy and to an understanding of the stabilizati
mechanism.

In this article, we use the Doppler broadening of the
dividual resonances in the neutron cross sections of th
elements to obtain information about the vibrational prop
ties of Pu and Ga, separately, in a Pu-3.6 at. % Ga al
Neutron resonance Doppler broadening techniques were
introduced by Jackson and Lynn7 to compare the width of
the 6.67 eV238U resonances in metallic U and in U3O8.
More recently, Meisteret al.8 have extended this work to
include other resonances in the study of U and UO2. In order
to test the technique for the reliability of the derived Deb
temperatures, we have been comparing measured value
various metals~such as W and Ta! with those obtained from
low temperature heat capacity measurements and, in gen
find good agreement.9 This technique also has been used
the study of vibrational energy in the high-Tc cuprate super-
conductors. Ikedaet al. reported surprisingly high values o
the Debye temperature for the Cu and O vibrations in b
the YBa2Cu3O61d and La22xSrxCuO4 families of
11 408 ©1998 The American Physical Society
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PRB 58 11 409VIBRATIONAL PROPERTIES OF Pu AND Ga INA . . .
superconductors.10 Unfortunately, these did not agree we
with much lower~and more reasonable! values of the Debye-
Waller temperatures derived from neutron powd
diffraction.11,12 Mook et al.13 used these techniques to stu
the CuO2 phonons in single crystals of the Bi2Sr2CaCu2O8
superconductor and observed a sharp decrease of the ph
energy resulting in a steeper temperature dependence o
in-plane phonons in the superconducting state. We stu
the La22xBaxCuO4 system14 which is superconducting ove
the doping range 0.5<x<2.2, except at compositions aroun
x50.125 ~the so-called1

8 doping anomaly!.15 This sensitive
dependence of superconductivity allowed us to study the
brational behavior of superconducting and nonsupercond
ing samples that differed only slightly in composition. W
found that the low-temperature mean phonon energy for
La ions was nearly twice as large for La1.85Ba0.15CuO4 ~su-
perconducting! as it was for La1.875Ba0.125CuO4 or La2CuO4
~both nonsuperconducting!. The stiffening of the lattice in
the superconducting state observed by Mooket al.13 and by
us14 has also been observed for single crystals
RBa2Cu3O61d (R5Y or Er! in ion-channeling experiment
along the crystallinec axis.16 The work reported here is dif
ferent from the other work in that the objective is to explo
how the force fields change when an impurity atom is
serted substitutionally into a host crystal.

II. GENERAL THEORY

The slow neutron cross sections of most heavy nucli
have resonances in their energy dependence that are na
enough to be significantly Doppler broadened. The deta
nature of the Doppler broadening depends on the envi
ment in which the nucleus is embedded, i.e., the solid, liqu
or gaseous state and its temperature. Information on
nuclear environment can therefore be extracted by deta
measurement of the form of the neutron cross section in
resonance region.

The basic papers are those by Bethe17,18 on Doppler
broadening in a gaseous medium, and Lamb19 on the basic
formalism for crystals. The work of the latter has be
developed20 to produce expansions for the Doppler broade
ing function that depend on the moments of the phonon sp
trum of the crystal~or, in a multiatomic compound or alloy
the fraction of the spectrum that resides on the nucleus
rying the resonance!. The effective cross section that can
measured for a nucleus in its material environment is

seff,t~En!5E dE8S~E8!s t~En2E8!, ~1!

wheres t is the true neutron cross section~for a free, station-
ary nucleus! and S(E8) is an energy-transfer function~the
Doppler broadening function! governing the transfer of en
ergy with the environment of the nucleus in the neutron
sorption process. At energies close to a resonance in
cross section the form ofs t is usually well approximated by
the single-level Breit-Wigner formula

s t~E!5p|2f isJGnG r /@~E2El!211/4G2#, ~2!

where 2p| is the De Broglie wavelength at energyE, f i is
the fractional isotopic abundance,sJ is the probability of the
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spins of the nuclear system combining to form the total
gular momentumJ of the resonance state,Gn is the neutron
width, G r is the reaction width~in the slow neutron reso
nances of heavy nuclei this usually comprises the radia
width Gg and the fission widthG f), El is the resonance
energy, andG is the total width. A useful and accurate e
pression for this energy-transfer function is

S~E8!5
1

Dp1/2 exp@2~E82R!2/D2#

3F11 (
n53

`

anHn@~E82R!/D#G , ~3!

whereR is the recoil energy that would be carried off by th
compound nucleus after absorption of the neutron by a f
stationary target nucleus, theHn are the Hermite polynomi-
als, and the ‘‘Doppler width’’ for a crystalline sample is

D5@2R^hn&T#1/2, ~4!

^hn&T5E dnhng~n!coth~hn/2kT!, ~5!

g(n) is the spectrum of phonon frequenciesn carried by the
crystal,k is Boltzmann’s constant, andT the sample tempera
ture. The coefficientsan are functions of the simple eve
moments of the phonon spectrum, the odd moments with
additional Boltzmann weighting factor@as in Eq.~5!#, and
the classical recoil energy resulting from absorption of
neutron by the stationary target nucleus. The first two ter
within the summation of Eq.~3! have the coefficients

a35^~hn!2&/12D^hn&T , ~6!

a45^~hn!3&T/96R^hn&T
2, ~7!

The principal parameter that can be determined by m
surements of the effective cross section isD, the Doppler
width, and hence the first Boltzmann-weighted mome
^hn&T . At very low temperatures this becomes simply t
mean energy of the phonon spectrum. Also at low tempe
tures the additional terms with coefficientsa3 , a4 , marking
departures in skewness and kurtosis from the simple Ga
ian, are significant for low-energy resonances and hence
give information on the second and third moments of
phonon spectrum. Such phonon information, specific to
resonant atomic type, is valuable to the understanding of
vibrational properties of materials.

At high temperatures~generally speaking,>75 K! the
‘‘moment’’ ^hn&T approximates to the temperature

^hn&T52kT1^~hn!2&/6kT2¯ ~8!

while the coefficientsan of the terms beyond the simpl
Gaussian of Eq.~3! become very small. Equation~3! is then
approximated by the classical gas formula of Bethe.17,18

In the work described below the effective total cross s
tion is measured in the transmission mode. The count-
yield at the detector is a fraction of the open beam count-
Co , which includes a background fractionB(E). The ob-
served count-rate is spread in time by the resolution func
Z, giving a final observed count-rate
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C~E!5E dE8Z~E,E8!Co~E8!$@12B~E8!#

3exp@2nseff,t~E8!#1B~E8!%, ~9!

wheren is the thickness, expressed in atoms per unit a
perpendicular to the neutron beam of the transmitting m
rial.

III. EXPERIMENTAL PROCEDURES

Neutron energies are measured by the time-of-fli
method. The pulsed source used in our measurements i
Manuel Lujan Jr. Neutron Scattering Center~MLNSC! target
of the 800 MeV proton linear accelerator at the Los Alam
Neutron Science Center~LANSCE!. The protons from this
accelerator are compressed into triangular pulses of 12
duration~half width at full maximum! by a storage ring and
delivered to the target at a rate of 20 Hz. The MLNSC tar
comprises two separate tungsten cylinders aligned along
proton beam direction surrounded by a complex system
moderators and reflecting blocks of beryllium and nick
High-energy neutrons~several MeV! are produced by the
spallation reaction of the 800 MeV protons with the tungs
nuclei. Many of these are moderated to thermal and epit
mal energies. The reflectors serve to increase intensity in
moderated pulse by returning otherwise lost neutrons to
moderators. Flight path 5 facing onto this target system w
used for our measurements. The moderator material fa
into this flight path is water. Flight path 5 runs at an angle
15° with respect to the perpendicular to the moderator fa

The neutron beam is collimated down to about 1 cm
ameter at about 8 m from the target where the experimen
samples are placed, beyond which it diverges until it reac
the neutron detector situated at approximately 58 m. T
active material of the detector is6Li loaded glass scintillator.
Seven photomultiplier tube modules, each with a 12.5
diameter scintillator, comprised the detector system. Beca
the MLNSC source is so intense~60 mA of proton current is
normally delivered to the target!, neutron detection event
are very closely spaced in time. Therefore most of the m
surements were made in current mode using a transien
corder. The standardXSYS data acquisition and analysis com
puter system at the beam line was used to record the d
The current mode of operation brings with it a set of co
plications relating to resolution~these are detailed below!.
For this reason a set of additional measurements were m
in which discrete events were recorded~counting mode
data!. To reduce the density of detection events sufficien
to allow this, the seven large PMT modules were replaced
a single module with a 5 cmdiameter scintillator.

Ideally, samples are in the form of discs and are place
the neutron beam perpendicular to its direction. Disc thi
nesses~usually expressed as atoms/b! are chosen accordin
to the strength of the resonance that is of interest. If poss
a range of thicknesses is used based roughly on the co
tions 0.1,ns0,10, wheres0 is the peak effective cros
section of the resonance. The principal sample material w
plutonium-gallium alloy containing 3.6 at. % of gallium
This fraction of gallium stabilizes the alloy into the pluto
nium d phase down to temperatures below 10 K. The iso
pic content of the plutonium is immaterial for its materi
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physics properties~excepting long-term radiation damage!,
but is of great significance for analysis of the neutron re
nance data. The assay of the plutonium by coulometry gi
the isotopic data shown in Table I. All samples were roll
and then cut into disks approximately 2.54 cm in diame
and finally annealed. The dimensions of the samples
specified in Table II. The thicknesses were specified so th
detailed measurement of several plutonium and gallium n
tron resonances could be made. The plutonium alloy sam
were sealed in double stainless steel containers which c
be attached with good thermal conductivity to the cold fing
of a temperature controlled closed-cycle He refrigerator.

We made transmission measurements on these pluton
samples at several temperatures from 15 to 303 K and ov
neutron energy range from below 1 to well above 100 e
Two sets of measurements were made, one set with the 8
timing channels set at 100 ns, the other at 1000 ns.
low-energy part of the range~below about 25 eV! was cov-
ered only by the measurements with 1000 ns timing ch
nels. Above 25 eV only the data with 100 ns timing chann
were analyzed. In order to provide information about ba
ground and neutron source and detector characteristics,
energy neutron resonances were measured in a numb
other materials. These included a 0.63 mm238U foil, a 0.1
mm Co foil, and Ta foils 1.0 and 2.0 mm in thickness,
foils 1.0 and 2.0 mm in thickness, and a 2.0 mm In foil. A
latter measurements were done at room temperature~about
300 K!. Total run times of about 1 h at each temperature
were adequate to collect good statistical data on the tra
mission functions with the detector operating in curre
mode. In discrete event mode, run times as long as 8 h were
used.

A major objective of these measurements is to comp
the average quantum vibrational energy of the Ga and the
in the Pu-Ga alloys. In order to make this comparison
needed to make careful measurements of the two neu
resonances in Ga near 100 eV. Thus, neutron resonance
surements were made at about 300 K in a 0.081 cm pure

TABLE I. Isotopic analysis of plutonium.

Isotope Atomic percentage

238Pu 0.0110
239Pu 93.9273
240Pu 5.8847
241Pu 0.1384
242Pu 0.0388
244Pu 0.0000

TABLE II. Details of Pu-3.6 at. % Ga alloy samples.

Sample
No.

Net wt.
~g!

Diameter
~cm!

Nominal
thickness

~cm!
n(Pu)

~atoms/b!
n(Ga)

~atoms/b!

1 0.47 2.543 0.006 2.29631024 8.4431026

2 2.63 2.565 0.032 1.26231023 4.6431025

3 12.60 2.553 0.157 6.10731023 2.2131024

4 24.61 2.550 0.307 1.19531022 4.4131024
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foil and at various temperatures between 300 and 15 K
0.021 cm Ga foil. These foils were fabricated from 99.99
pure orthorhombica-Ga.

IV. EXPERIMENTAL RESULTS

A. The resolution function and background

Our analysis of the data consists essentially of lea
squares fitting of the neutron rate measured by the detect
Eq. ~9!, the variables in the fitting being some or all of th
nuclear resonance parameters and the more important
non moments. The characteristics of the resolution func
Z(E8) are very important in this fitting process, and must
considered carefully. Basic parameters governing the res
a
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tion function are the proton pulse width, the timing chann
width, the angle of the flight path, and the neutron mode
tion characteristics. The first three are all precisely know
More uncertain is the neutron moderation dispersion ti
due to the stochastic nature of the slowing-down proces
the moderator-reflector assembly of the MLNSC target. T
has most recently been studied by Funket al.21 using neutron
transmission by the well-known resonances of238U and a
detector operating in the discrete-event mode. They re
that for flight path 5 the dispersion in time of a neutron
precise energyE can be represented by the function

p~ t !5w1f 1~ t !1~12w1! f 2~ t ! ~10!

the functionsf belonging to the generalx2 family
f n~ t !5@~ t2tn!~n22!/2/G~nn/2!tn
n/2#exp@2~ t2tn!/tn#, t>tn ,

50, t,tn , ~11!
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andw1 denotes a weighting factor. The parameter values

n156.0, ~12a!

t1~ in ms!50.74/E1/2 eV, ~12b!

t1~ in ms!50.49/E1/2 eV, ~12c!

w150.65, ~12d!

n254.3, ~12e!

t255.1/E1/2 ms, ~12f!

t252.2/E1/2 ms. ~12g!

We have used this functional form and these parame
without change in our analysis.

The remaining major factor in the resolution functio
when operating the detector in the current mode is the ph
phorescent decay of the scintillator after excitation. Ba
ground and long-life decay of these optical modes are i
mately connected. They are therefore analyzed togethe
studying the resonances of thick samples placed in the
tron beam.

The best resonances for this purpose are, in general, t
in the cross section of238U, because their resonance para
eters are very well known following decades of study
many groups of workers.22 The 132 eV resonance of coba
is also extremely useful because it is very broad and w
measured. To obtain background information at energies
low the lowest resonance of238U ~6.67 eV!, tantalum, tung-
sten, and indium were used. Finally, plutonium itself pr
vided important self-background data.

From these data, we deduced that the phosphor de
would be described adequately by three exponential de
with the following weights~w! and attenuation periods~t!:
re
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w150.09560.006, t151.7460.3ms,

w250.2560.02, t2514.160.4ms,

w350.10960.001, t35233610ms.

The remainder of the signal is in short decay modes co
mensurate with or less than the proton pulse width. At sh
flight times, resonance transmission dips are no more th
few ms wide, and the longt3 mode can be incorporated int
the background with good approximation. In this case, ba
ground fractions vary from 0.36 at 300ms to 0.19 at 700ms.
At 4000ms with the long decay modes treated explicitly, t
background fraction is 0.048.

B. Gallium resonance parameters and mean phonon energy
of gallium metal

We use the resonances of gallium at 96 eV in the cr
section of71Ga and at 111 eV in69Ga. According to Ref. 22
their widths are known only to between 12 and 25 % ac
racy. In order to elucidate the energy of phonons residing
gallium atoms in the Pu-Ga alloy they need to be known w
much greater accuracy.

Therefore we made measurements of the gallium re
nances at various temperatures between 15 and 300 K
0.021 cm thick foil. From analysis of the 96 eV resonance
the data at 294.8 K we obtain a radiation widthGg5215
66 meV and a neutron widthGn586.660.4 meV. From an
analysis that includes the data at 15, 120, and 200 K
obtain a most consistent solution withGg520964 meV and
^hn&517.460.4 meV for the phonon energy.

Analysis of the 15 K data alone givesGg520566 meV,
Gn584.860.5 meV, and̂ hn&517.960.7 meV. With these
values, we obtain ^(hn)2&53.6(60.4)31024 eV2 and
^(hn)2&53.9(60.8)31024 eV2 from the data at 120 and
200 K, respectively.

A similar analysis for the 111 eV resonance giv
Gg531065 meV, Gn553.260.5 meV, ^hn&517.0
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60.5 meV. The strong observed isotope effect on the ra
tion widths for the69Ga and71Ga was not apparent in earlie
data.

C. Plutonium phonon moments in the Pu-3.6 at. % Ga alloy

The resonances with smallest natural width occur in
cross-sections of the even isotopes of Pu. The prime ca
dates are the extremely strong 1.056 eV resonance of240Pu
('105 b) and the 2.676 eV resonance of242Pu. The reso-
nance parameters of the former have been measured
great accuracy and found to beGg530.2760.06 meV and
Gn52.44960.002 meV.23 The isotopic abundance of240Pu
in the material used in our experiments is appreciable
5.885 at. %, and the best information on Doppler broaden
will be obtained from the thinnest Pu sample studied~sample
No. 1!.

Our best fit for the sample No. 1 data at 303 K is sho
in Fig. 1. For this fit the moment̂hn&T was fixed at 53.06
meV. We fit the data at lower temperatures to the mom
^hn&T . The fit for 14.9 K is shown in Fig. 2. The resultin
moments are tabulated in Table III and shown graphically
Fig. 3. The curve fitted to these results is a calculation fo

FIG. 1. Fit over240Pu resonance at 1.056 eV at 303 K, includi
long decay mode (Y15233ms). Only one data point in five is
shown.

FIG. 2. Fit over240Pu resonance at 1.056 eV and 15 K;^hn&T

58.3 meV.
a-

e
di-
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Debye model of the phonon spectrum with a Debye tempe
ture of QD5127.2 K. The mean phonon energy is^hn&
58.2260.12 meV. The second moment calculated from
60, 100, and 200 K data is^(hn)2&5(7.260.3)
31025 eV2, which is perfectly consistent with a Deby
model of the spectrum.

The isotopic abundance of242Pu in our samples is re
ported as only 0.039 at. %. Even though the 2.67 eV re
nance is also very strong, the large isotopic dilution result
only a minor dip even in the spectrum of the thickest sam
~No. 4!. Therefore, for242Pu we analyzed only the data from
this sample. The resonance parameters are not known t
better than 4–7 %. Young and Reeder24 give Gn51.99
60.08 meV, Gg52561.5 meV. We have therefore carrie
out an analysis similar to that used for the gallium res
nances, determining the radiation width simultaneously w
the phonon moment. Using the neutron width of Ref. 24,
determine from the size of the transmission dip that the
tual isotopic abundance is closer to 0.05 at. %. The va
adopted for the abundance has some effect on the value
radiation width and phonon moment deduced. Usingf 242
50.0005 we find a radiation width valueGg51961 meV
and a mean phonon energy^hn&58.560.5 meV. Thus the
value of the radiation width is considerably smaller than t
given by Young and Reeder,24 and this resonance appears
be the narrowest known amongst all nuclides so far m
sured. The mean phonon energy derived from the242Pu reso-
nance is consistent with the more precise value determ
from the 240Pu resonance.

D. Ga phonon energy in the Pu-3.6 at. % Ga alloy

The gallium resonances at 95.73 and 111.0 eV are v
suitable for measurements of the vibrational energy of g

FIG. 3. Plutonium phonon momentŝhn&T as a function of
sample temperature.

TABLE III. Values of ^hn&T from the analysis of the 1.05 eV
resonance of240Pu.

Temperature~K! ^hn&T ~meV!

15 8.360.12
60 12.660.13
98 18.660.16

100 18.460.15
200 35.260.19
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lium atoms. In our Pu-Ga alloy~which is largely239Pu), the
analysis of the transmission data is complicated in each
by the presence of a neighboring239Pu resonance, at 95.5
and 110.55 eV, respectively.25 Fortunately, the latter reso
nance is very weak, and if the resonance region cro
sections are weighted by the relative atomic abundances,
of similar magnitude to the 111 eV gallium resonance. Co
parison of the positions of prominent resonances in the 9
115 eV region in the gallium and plutonium data sets o
tained with identical flight-path indicate that the actual e
ergy separation of the 111 eV Ga resonance and its c
239Pu neighbor is about 0.45 eV, or only about eight 100
channels.

Our procedure for obtaining the gallium phonon ener
was to calculate the effective cross section, and hence
transmission, over the plutonium resonance and fit the
maining cross section to the gallium resonance using
parameters established in Sec. IV B, the fitted variables
ing the separation of the gallium and plutonium resonan
and the gallium phonon moment^hn&T . One of the best
studies of the239Pu resonance parameters is due to Derr
and de Saussure,25 and we have used the parameters de
mined in that work.239Pu is a fissile nuclide, and the reactio
widths of its resonances contain large fission compone
Fission behaves almost as a single channel in the nuc
reaction process and causes the cross sections to deviate
siderably from the single-level form of Eq.~2!. In calculating
the plutonium cross section we have therefore included
many-level interference effects of the six resonances be
and above the 110.55 eV resonance. The Doppler broade
of this resonance was calculated using the phonon mom
of plutonium determined in Sec. IV C.

In the first stage of fitting the data measured at 303 K w
sample No. 4 the gallium parameters were held fixed at
values determined in Sec. IV B, while the energy of the p
tonium resonance was varied about its estimated pos
below the gallium resonance until an optimal fit w
achieved. With this energy and all other parameters h
fixed the data from sample No. 4 at 20 K were fitted
varying the phonon moment^hn&T . In a fit to all the data
across the transmission dip the resulting value is^hn&T
517.362.0 meV ~Fig. 4!. This value may be distorted b
deficiencies in the representation of the plutonium cro
section~in Ref. 25 no uncertainties are quoted on the par
widths!. Hence we did a second analysis using only the d
across the high-energy wing of the combined transmiss
dip. This yielded the valuêhn&T517.862.0 meV.

This procedure was repeated for the data taken at 6
100, and 200 K. Results for^hn&T were 2063, 2662.5, and
4563 meV, respectively. A fit of these values of^hn&T to a
Debye model giveŝhn&T519.461.7 meV. The 20 K datum
alone gives 17.862 meV. This has only a small mode
dependent correction. The higher temperature data then
cate a much higher second moment of the phonon spec
than implied by a Debye model, but the error on this quan
is large.

Although it is apparent to the eye that two resonan
contribute to the transmission dip, at least at the lower te
peratures, the maximum possible resolution is obviously
sirable. We therefore analyzed carefully the data from
runs with the detector operated in counting mode. The d
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taken at 304 K indicate a resonance separation of 0
60.01 eV. The variables used in the lower temperature r
included both the resonance separationDE and the gallium
phonon moment. Values found wereDE50.45, 0.45, and
0.46 eV, ^hn&T51562, 1962, and 3363 meV for sample
temperatures 15, 100, and 200 K, respectively. The data
fit for 15 K are shown in Fig. 5. These values clearly imp
a lower mean value of the phonons on the gallium atoms
fit of these values of̂ hn&T to a Debye model gives 13.8
61.7 meV. The 15 K datum alone giveŝhn&515
62 meV, and the higher-temperature data a low second
ment. There are clearly significant differences between
higher-temperature data taken with the detector operatin
current and discrete-event modes, and it is not immedia
obvious which are the more reliable. A fit to all the data fro
both detector operation modes gives^hn&516.361.4 meV
and ^(hn)2&5(361)31024 eV2.

V. DISCUSSION

In this work we have used the neutron resonance Dop
broadening to establish the average phonon energies o
plutonium and gallium atoms separately in thed phase of a
Pu-3.6 at. % Ga alloy. This is an application of the neutr

FIG. 4. Gallium and plutonium resonances near 111 eV at 2
~current mode data!.

FIG. 5. Gallium and plutonium resonances near 111 eV at 1
~discrete event data!.
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Doppler broadening technique to investigate the pho
characteristics of different atomic species in an alloy. W
have also measured the phonon energy ofa gallium in an
effort to improve greatly the accuracy of the resonance
rameters of gallium.

The low-temperature mean phonon energy for Ga ina-Ga
is measured to be 17.460.4 meV from the 96 eV resonanc
and 17.060.5 meV from the 111 eV resonance. The seco
moment of the phonon spectrum for Ga ina-Ga is ^(hn)2&
53.760.431024 eV2 based on an average of the high
temperature data from 120 and 200 K. The low-tempera
mean phonon energies from the 96 and 111 eV resona
correspond to Debye temperatures of 27066 and 264
611 K, respectively, with the former value preferred. T
second moment is in agreement with this Debye model
ture of the spectrum. Specific heat measurements giv
value of the effective Debye temperature of 325 K at lo
temperatures~0.02–4.2 K!.26 As is well known, this value is
only valid below aboutQD/50. Inadequacies in the Deby
model in treating the lattice vibrations leads to a sharp d
in the effectiveQD as the temperature increases, followed
an increase~as in NaCl! or no increase at all~as in the case
of Al ! as the temperature rises pastQD/2.27 At a temperature
corresponding toQD/2, the value ofQD is 240 K.27 We do
not know the value ofQD at 15 K, but our value of 264–270
K appears reasonable.

The measured first and second moments of the ph
on spectrum for Pu in thed phase of Pu-3.6 at. % G
alloy @^hn&58.2360.12 meV and ^(hn)2&57.360.4
31025 eV2# are consistent with a Debye model withQD
5127 K. This is consistent with the values of the Deb
temperatures~127 K for Pu-3.3 at. % Ga and 133 K for Pu
5.9 at. % Ga! obtained by extrapolating elastic constan
measured over the 20–300 K temperature range to 0 K.27 It
is also consistent with the value of the Debye-Waller te
perature (QDW5132 K and generally found to be approx
mately equivalent toQD) obtained from neutron powder dif
fraction studies of the temperature dependence of the De
Waller factor.2 The diffraction experiment is equivalent to
determination of the~21!st moment of the phonon spectrum
Thus the Pu behaves as a Debye solid below room temp
ture, at least as far as the~21!st, first and second momen
are concerned.

Both of the gallium resonances are uncomfortably close
resonances of239Pu, thus degrading the accuracy with whi
we could determine the gallium phonon energy in the Pu-
at. % Ga. In this situation resolution is all important. The
fore we analyzed carefully the data taken with the detec
operating in counting mode, even though their statisti
quality are much poorer than those taken with the detecto
current mode. At 15 K the former data yield a mean phon
energy of 1562 meV, and at 20 K the current mode da
give 17.862 meV. The two results are consistent within e
perimental error, giving us confidence that the interfere
from the Pu resonance is being correctly simulated. On
basis of the measured Debye temperature for Pu in Pu
at. % Ga, we would expect, on the basis of weighting by
square roots of the atomic masses, a Debye temperatu
23663 K for the Ga in the alloy. Instead, we measure
slightly higher value of 255622 K. Given the large error
bounds, it is not clear if this difference is real. Unfortunate
n
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the accuracy that we are able to achieve on^hn&T ~approxi-
mately 62–3 meV! is quite insufficient to give us very
meaningful values for the second moment of the phon
spectrum from the data at intermediate temperatures~60–200
K!. Thus we are unable to determine from the present m
surements if the gallium atoms are subject to Debye beha
or are in fact vibrating in a simple local mode. This proble
will be addressed in future experiments in which the plu
nium is comprised largely of the242Pu isotope, thus greatly
ameliorating the interference of the239Pu resonances.

VI. CONCLUSIONS

We have established a reliable method for measuring
tain simple moments of the phonon spectrum with selectiv
for atomic species in multielement materials. Backgrou
calibrations and detector phosphorescent decay modes
established with the use of238U, In, Ta, and W foils that
were thick enough to black out the transmission of neutr
at several resonances in the cross sections of these mate
In addition, the 1.056 eV resonance of240Pu revealed the
existence of a 233ms decay mode that was crucial in inte
preting the data for this resonance to give the Pu pho
moments. In the course of this work, we also have had
determine more accurate values of the resonance param
for Ga and242Pu. For69Ga and71Ga, the measured radiatio
widths show a strong isotope effect that was not apparen
earlier data. For242Pu, the measured radiation width of th
2.67 eV resonance is considerably smaller than earlier
ported, making it to be the narrowest resonance kno
amongst all nuclides so far measured.

Two major conclusions about the vibrational properties
Pu and Ga in the Pu-Ga alloy can be drawn from this wo
~1! The measured first and second moments of the pho
spectrum for Pu in thed phase of Pu-3.6 at. % Ga alloy ar
consistent with a Debye model withQD512762 K. Thus
the Pu behaves as a Debye solid over the temperature r
20–300 K, at least as far as the first few moments are c
cerned.~2! The effective Debye temperature for Ga in th
alloy lies between the expected value based on the Pu De
temperature and the value of 27066 K that we measured fo
purea-Ga. Given the large error bounds, it is not clear if th
means that the Ga in the alloy actually has a higher De
temperature and therefore is experiencing a stiffer force fi
than the Pu it replaces. We were unable to measure the
ond moment of the phonon spectrum of the Ga in the al
with sufficient accuracy to determine if the Debye form
realistic or if a local Einstein mode exists.

Clearly, much better values of the moments for Ga can
obtained by using a Pu-Ga alloy with less of the interferi
239Pu present. For example, with a sample enriched to 9
in 242Pu, the amount of239Pu present is only about 2%. Thi
would then reduce the size of the interfering239Pu reso-
nances by a factor of'50 and would allow a clean measur
ment of both Ga resonances. Given the fact that purea-Ga
has a measured Debye temperature that is only slightly
ferent from what is expected from the Pu Debye temperat
it would be interesting to see how the Debye temperature
In, which is also ad-phase stabilizer and which has an e
tremely low Debye temperature of its own (QD5108 K),28
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is affected by alloying with Pu~where the Debye tempera
ture for Pu would suggest a Debye temperature for In of 1
K!. Both of these experiments are planned for the future
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