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We have determined some of the phonon spectral parameters for Pu and Ga in the “staldijsrexbgfcc)
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 eneffijst moment of the phonon spectryimf Pu to be(hv)
=8.22+0.12 meV and the second moment to {{@v)2)=(7.2=0.3)x 10 ° eV2 These moments and the
value of the(—1)st moment determined from Debye-Waller factors from neutron powder diffraction are
consistent with a Debye model with a Debye temperature of ¥27.2 K. For Ga in the Pu-Ga alloyhv)
=16.3+1.4 meV, which is slightly larger than the'>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 (earaeslightly stiffey force field
compared with the Pu it replacd$0163-18208)04538-X]

[. INTRODUCTION a soft-mode instability and has the most anisotropic shear
wave elastic constants known for any fcc mdtal, is ap-
Plutonium sits at a boundary in the actinide series thaproximately 7 times greater than*&(C;;—C,,)/2], even
separates 6 electron localization and itinerancy. To its left though its § electrons are mostly localiz&d.
in the periodic table, théelectrons are delocalized and con-  An understanding of the vibrational properties of féc
tribute to the bonding; to its right, the electrons are localizedphase Pu alloys is important to the understanding of the be-
and do not. Among other things, this results in an extremelhhavior of Pu and for the mechanism féphase stabilization.
rich structural morphology and instability which is displayed At present what is known about the vibrational properties
in the existence of six allotropic phases before it melts at 914omes from studies of the temperature dependence of the
K as it is heated at ambient presstir€herefore it is not Debye-Waller factors from neutron powder diffraction
surprising that neutron powder diffraction studies across alktudies’ These results showed that stabiliz&éghase Pu has
of its phases indicate the presence of large amounts of dian extremely low Debye temperature of 132 K, but the
fuse scattering or that the atomic displacement parameterBebye-Waller factors for Pu and Ga had to be constrained to
derived from these studies, show the steep temperature dbe the same. Understanding the differences in vibrational
pendence suggestive of low Debye temperattires. behavior between Pu and Ga should lead to an understanding
The face centered cubi&phase of Pu is perhaps the most of the different force fields these atoms experience. This
interesting of these because the partial localization of the 5should be important to understanding the electronic structure
electrons leads to a 17% increase in volume compared witbf the alloy and to an understanding of the stabilization
the monoclinica phase. This also leads to a negative coef-mechanism.
ficient of thermal expansion. Unfortunately, the partial local- In this article, we use the Doppler broadening of the in-
ization also means that it is one of the least well understoodividual resonances in the neutron cross sections of these
phases in terms of its electronic structure. The phase is usg@ements to obtain information about the vibrational proper-
ally stable from 583 to 725 K, but the stability of this phaseties of Pu and Ga, separately, in a Pu-3.6 at. % Ga alloy.
can be extended to lower temperatures by the addition dileutron resonance Doppler broadening techniques were first
S-phase stabilizers which enter the lattice substitutiorlly. introduced by Jackson and Lyhto compare the width of
Ga is the most commonly used stabilizer and is soluble tdhe 6.67 eVZ# resonances in metallic U and inyOg.
about 9 at. %. At concentrations above about 3 at. %,5the More recently, Meisteret al® have extended this work to
phase is stable to below 10 K. The stabilizéphase exhibits include other resonances in the study of U and,J@ order
a number of unusual propertigd) Cox et al® have reported to test the technique for the reliability of the derived Debye
an x-ray absorption fine structu(¥AFS) study of the struc- temperatures, we have been comparing measured values for
ture of 3.3 at. % Ga doped plutonium alloy. The XAFS stud-various metalgsuch as W and Tawith those obtained from
ies at the G&K edge showed that its nearest neighbors ardow temperature heat capacity measurements and, in general,
well ordered(with a sharp peak as are atoms in the second find good agreemenitThis technique also has been used in
and third coordination shells. The Ry,-edge data showed the study of vibrational energy in the high-cuprate super-
that the plutonium environment is substantially less well or-conductors. Iked&t al. reported surprisingly high values of
dered, with the peaks from the second and third coordinatiothe Debye temperature for the Cu and O vibrations in both
shells completely absen®) 5Pu shows evidence of having the YB&CuwOg.s and Lg_,Sr,CuQ, families of
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superconductor¥. Unfortunately, these did not agree well spins of the nuclear system combining to form the total an-
with much lower(and more reasonab)lgalues of the Debye- gular momentund of the resonance statE,, is the neutron
Waller temperatures derived from neutron powderwidth, I', is the reaction width(in the slow neutron reso-
diffraction21? Mook et al® used these techniques to study nances of heavy nuclei this usually comprises the radiation
the CuQ phonons in single crystals of the Bi,CaCyOg  width I',, and the fission width's), E, is the resonance
superconductor and observed a sharp decrease of the phonemergy, and” is the total width. A useful and accurate ex-
energy resulting in a steeper temperature dependence of tipgession for this energy-transfer function is

in-plane phonons in the superconducting state. We studied
the La_,Ba,Cu0Q, systent* which is superconducting over
the doping range 05x=<2.2, except at compositions around
x=0.125(the so-calledt doping anomaly!® This sensitive
dependence of superconductivity allowed us to study the vi-
brational behavior of superconducting and nonsuperconduct-
ing samples that differed only slightly in composition. We . } )
found that the low-temperature mean phonon energy for thhereR s the recoil energy that would be carried off by the
La ions was nearly twice as large for LaBa, 1:Cu0;, (su- compound nucleus after absorption of the ne_zutron by a free,
perconductingas it was for LagdBag 1,6Cu0;, or La,Cu0,  Stationary target nucIeus, thé, are the Hermite polynqml—
(both nonsuperconductingThe stiffening of the lattice in als, and the “Doppler width” for a crystalline sample is

the superconducting state observed by Metlal.™” and by B U2

ust* has also been observed for single crystals of A=[2R(hw)7]™ )
RBa,Cu;05, s (R=Y or Er) in ion-channeling experiments

along the crystalline axis® The work reported here is dif- <hV>T:f dvhvg(v)coth hv/2kT), (5)
ferent from the other work in that the objective is to explore

how the force fields Change when an |mpur|ty atom is in-g(,,) is the spectrum of phonon frequenciesarried by the

S(E')= —,21 exd —(E'—R)?/A?]
At

x| 1+ 23 aH.[(E'—R)/A], 3

serted substitutionally into a host crystal. crystal,k is Boltzmann's constant, anithe sample tempera-
ture. The coefficients,, are functions of the simple even
Il. GENERAL THEORY moments of the phonon spectrum, the odd moments with the

additional Boltzmann weighting factdas in Eq.(5)], and

The slow neutron cross sections of most heavy nuclidege classical recoil energy resulting from absorption of the
have resonances in their energy dependence that are NarmrW ,ron by the stationary target nucleus. The first two terms
enough to be significantly Doppler broadened. The detailediinin the summation of Eq3) have the coefficients
nature of the Doppler broadening depends on the environ-

ment in which the nucleus is embedded, i.e., the solid, liquid, a3=<(hy)2>/12A<hy>T, (6)

or gaseous state and its temperature. Information on the

nuclear environment can therefore be extracted by detailed a4=<(hy)3>T/96R<hy>.2r, (7
measurement of the form of the neutron cross section in the

resonance region. The principal parameter that can be determined by mea-

The basic papers are those by Béthé on Doppler surements of the effective cross sectionAisthe Doppler
broadening in a gaseous medium, and L&hdn the basic width, and hence the first Boltzmann-weighted moment
formalism for crystals. The work of the latter has been{hv);. At very low temperatures this becomes simply the
develope® to produce expansions for the Doppler broaden-mean energy of the phonon spectrum. Also at low tempera-
ing function that depend on the moments of the phonon specdures the additional terms with coefficiersts, a,, marking
trum of the crystalor, in a multiatomic compound or alloy, departures in skewness and kurtosis from the simple Gauss-
the fraction of the spectrum that resides on the nucleus caian, are significant for low-energy resonances and hence can
rying the resonangeThe effective cross section that can be give information on the second and third moments of the
measured for a nucleus in its material environment is phonon spectrum. Such phonon information, specific to the

resonant atomic type, is valuable to the understanding of the
e , vibrational properties of materials.
‘Te“vt(E”):J' dE'S(E)o(En—E"), (1) At high I[t)erTE)perature:{generally speaking=75 K) the
_ ) _ “moment” (hv); approximates to the temperature

whereo, is the true neutron cross sectior a free, station-
ary nucleug and S(E’) is an energy-transfer functiotihe (hv)r=2kT+{((hv)?)/6kT—"-- (8)
Doppler broadening functiorgoverning the transfer of en-
ergy with the environment of the nucleus in the neutron a
sorption process. At energies close to a resonance in t
cross section the form af, is usually well approximated by
the single-level Breit-Wigner formula

byvhile the coefficientsa,, of the terms beyond the simple
hCé‘aussian of Eq(3) become very small. EquatigB) is then
approximated by the classical gas formula of Béth¥.
In the work described below the effective total cross sec-
tion is measured in the transmission mode. The count-rate
o (E)= X2, T, [ (E—E, )2+ 1/4'2], ) yield at the detector is a fraction of the open beam count-rate
C,, which includes a background fractid(E). The ob-
where 27X is the De Broglie wavelength at ener@y f; is  served count-rate is spread in time by the resolution function
the fractional isotopic abundancs, is the probability of the Z, giving a final observed count-rate
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TABLE I. Isotopic analysis of plutonium.

C(E)=f dE'Z(E,E")C,(E"){[1-B(E")]

Isotope Atomic percentage
xXexd —noes(E")]+B(E")}, 9) 2380, 0.0110
wheren is the thickness, expressed in atoms per unit area  **%u 93.9273
perpendicular to the neutron beam of the transmitting mate-  2*%Pu 5.8847
rial. 2py 0.1384
2%py 0.0388
lll. EXPERIMENTAL PROCEDURES 24Py 0.0000

Neutron energies are measured by the time-of-flight

method. The pulsed source used in our measurements is tBﬂ ; : ; -~

) . ysics propertiegexcepting long-term radiation damage
Manuel Lujan Jr. Neutro_n Scattering Centst.NSC) target but is of great significance for analysis of the neutron reso-
of the 800 MeV proton linear accelerator at the Los Ala.mosnance data. The assay of the plutonium by coulometry gives
Neutron Science CentQLANSCE). _The protons from this the isotopic data shown in Table I. All samples were rolled
accel_erator are compressed into triangular puIse; of 125 d then cut into disks approximately 2.54 cm in diameter,
dur'at|on(half width at full maximum by a storage ring and and finally annealed. The dimensions of the samples are
dellver_ed to the target at a rate of 20 _HZ' The _MLNSC targel e cified in Table II. The thicknesses were specified so that a
comprises two separate tungsten cylinders aligned along th?f

ton b directi ded b I i etailed measurement of several plutonium and gallium neu-
proton beam direction surrounded by a complex SyStem O, resonances could be made. The plutonium alloy samples
moderators and reflecting blocks of beryllium and nickel.

. were sealed in double stainless steel containers which could
High-energy neutrongseveral MeV are produced by the

. ; . be attached with good thermal conductivity to the cold finger
spallqtlon reaction of the 800 MeV protons with the tungsteny o temperature controlled closed-cycle He refrigerator.
nuclei. Many of these are moderated to thermal and epither- We made transmission measurements on these plutonium

mal energies. The reﬂectorg serve to !ncrease intensity in th?amples at several temperatures from 15 to 303 K and over a
moderated pulse by returning otherwise lost neutrons to thﬁeutron energy range from below 1 to well above 100 eV

moderators. Flight path 5 facing onto this target sys_tem Wag 0 sets of measurements were made, one set with the 8192
used for our measurements. The moderator material fac'nﬁ‘ming channels set at 100 ns. the ofher at 1000 ns. The

into this flight path is water. Flight path 5 runs at an angle Oflow-energy part of the rang@elow about 25 eYwas cov-
15° with respect to thg perpgndlcular to the moderator fac.eered only by the measurements with 1000 ns timing chan-
The neutron beam is collimated down to about 1 cm di

ter at abdu m f the t t where th , ¢ l'nels. Above 25 eV only the data with 100 ns timing channels
ameter at a m from the target where the expenmental o o analyzed. In order to provide information about back-
samples are placed, beyond which it diverges until it reache round and neutron source and detector characteristics, low-

the. neutron.detector situated qt approximately_5$ m. Th nergy neutron resonances were measured in a number of
active material oflthg detector f&i loaded glass.scmtlllator. other materials. These included a 0.63 rA#U foil, a 0.1
Seven photomultiplier tube modules, each with a 12.5 ¢ m Co foil. and Ta foils 1.0 and 2.0 mm in thickness. W
diameter scintillator, comprised the detector system. Becausgq 1 ¢ anc,j 2.0 mm in thic.kness aﬁd a 2.0 mm In foil ,AII
the MLNSC source is so inteng80 pA of proton current is latter measurements were done ,at room temperaalreut

normally delivered to the targetneutron detection events 300 K). Total run times of abdul h ateach temperature

are very closely spaced. in time. Therefore most of th? Medyere adequate to collect good statistical data on the trans-

fission functions with the detector operating in current
mode. In discrete event mode, run times as loa@ & were
flsed.

A major objective of these measurements is to compare
; " he average quantum vibrational energy of the Ga and the Pu
For this reason a set of additional measurements were made 1 b/ ca alloys. In order to make this comparison we

Idn t\ghllc':h dldscretttah e\éents_twefred rtecct)'rdedount;ng rfr;_ode " needed to make careful measurements of the two neutron
alg. 10 reduce the density ot aetection events sutliciently, oo, 55 nces in Ga near 100 eV. Thus, neutron resonance mea-

to allow this, the seven large PMT modules were replaced b)éurements were made at about 300 K in a 0.081 cm pure Ga
a single module wit a 5 cmdiameter scintillator. '

Ideally, samples are in the form of discs and are placed in
the neutron beam perpendicular to its direction. Disc thick-
nessequsually expressed as atomsHAre chosen according

corder. The standanxbkys data acquisition and analysis com-
puter system at the beam line was used to record the dat
The current mode of operation brings with it a set of com-
plications relating to resolutiothese are detailed below

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

. . h Nominal
to the strength of the resonance that is of interest. If possibl ample Net wt. Diameter thickness  n(Pu) n(Ga)
a range of thicknesses is used based roughly on the con "No © (cm) (cm) (atoms/b  (atoms/b
tions 0.k noy<10, whereo, is the peak effective cross i
section of the resonance. The principal sample material was a 1 0.47  2.543 0.006 2.29610 4 8.44x10°®
plutonium-gallium alloy containing 3.6 at. % of gallum. 2 2.63  2.565 0.032 1.26210°° 4.64x10°°

This fraction of gallium stabilizes the alloy into the pluto- 3 12.60 2.553 0.157 6.16710°% 2.21x10°*
nium & phase down to temperatures below 10 K. The isoto- 4 2461 2.550 0.307 1.19510°2 4.41x10°4
pic content of the plutonium is immaterial for its material
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foil and at various temperatures between 300 and 15 K in &éion function are the proton pulse width, the timing channel
0.021 cm Ga foil. These foils were fabricated from 99.99%width, the angle of the flight path, and the neutron modera-

pure orthorhombia-Ga. tion characteristics. The first three are all precisely known.
More uncertain is the neutron moderation dispersion time
IV. EXPERIMENTAL RESULTS due to the stochastic nature of the slowing-down process in

the moderator-reflector assembly of the MLNSC target. This

has most recently been studied by Futlal?* using neutron
Our analysis of the data consists essentially of leasttransmission by the well-known resonances?$U and a

squares fitting of the neutron rate measured by the detector ®etector operating in the discrete-event mode. They report

Eqg. (9), the variables in the fitting being some or all of the that for flight path 5 the dispersion in time of a neutron of

nuclear resonance parameters and the more important phprecise energ¥ can be represented by the function

non moments. The characteristics of the resolution function

Z(E") are very important in this fitting process, and must be P =wafy (1) +(1—wy)fa(t) (10

considered carefully. Basic parameters governing the resoluhe functionsf belonging to the generaf? family

A. The resolution function and background

fo()=[(t—t) " 22T (v, /2) 7% exd — (t—t,)/ 7], t=t,,

=0, t<t,, (17
|
andw, denotes a weighting factor. The parameter values are w;=0.095+-0.006, 7,=1.74+0.3us,
v1=6.0, (129 w,=0.25+0.02, 7,=14.1+0.4us,
m(in us)=0.74E2 eV, (12b w3=0.109+0.001, 73=233*=10us.
_ The remainder of the signal is in short decay modes com-
ty(in us)=0.49E2 eV, (120  mensurate with or less than the proton pulse width. At short
flight times, resonance transmission dips are no more than a
w;=0.65, (120 few us wide, and the longz mode can be incorporated into
the background with good approximation. In this case, back-
v,=43 (120 ground fractions vary from 0.36 at 3Q to 0.19 at 70Qus.

At 4000 us with the long decay modes treated explicitly, the
background fraction is 0.048.

,=5.1EY? ys, (12f)
1o B. Gallium resonance parameters and mean phonon energy
t,=2.2EY? us. (129 of gallium metal
We have used this functional form and these parameters We use the resonances of gallium at 96 eV in the cross
without change in our analysis. section of!Ga and at 111 eV if°Ga. According to Ref. 22

The remaining major factor in the resolution function their widths are known only to between 12 and 25 % accu-
when operating the detector in the current mode is the phogacy. In order to elucidate the energy of phonons residing on
phorescent decay of the scintillator after excitation. Back-gallium atoms in the Pu-Ga alloy they need to be known with
ground and long-life decay of these optical modes are intimuch greater accuracy.
mately connected. They are therefore analyzed together in Therefore we made measurements of the gallium reso-
studying the resonances of thick samples placed in the netpances at various temperatures between 15 and 300 K on a
tron beam. 0.021 cm thick foil. From analysis of the 96 eV resonance in

The best resonances for this purpose are, in general, tho#ee data at 294.8 K we obtain a radiation width=215
in the cross section &, because their resonance param-=*6 meV and a neutron width,=86.6+ 0.4 meV. From an
eters are very well known following decades of study byanalysis that includes the data at 15, 120, and 200 K we
many groups of worker&. The 132 eV resonance of cobalt obtain a most consistent solution with,=209+4 meV and
is also extremely useful because it is very broad and wel{hv)=17.4£0.4 meV for the phonon energy.
measured. To obtain background information at energies be- Analysis of the 15 K data alone givés,=205+6 meV,
low the lowest resonance 8f%U (6.67 eV), tantalum, tung- I',=84.8-0.5meV, andhv)=17.90.7 meV. With these
sten, and indium were used. Finally, plutonium itself pro-values, we obtain{(h»)?)=3.6(x0.4)x10 % eV? and
vided important self-background data. ((hv)?)=3.9(=0.8)x10™* eV? from the data at 120 and

From these data, we deduced that the phosphor deca00 K, respectively.
would be described adequately by three exponential decays A similar analysis for the 111 eV resonance gives
with the following weights(w) and attenuation periods): I',=310+5 meV, I',=53.2-0.5 meV, (hv)=17.0
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3500 T T TABLE IIl. Values of (hv); from the analysis of the 1.05 eV
resonance of*%Pu.
3000
o TemperaturgK) (hv)1 (meV)
5 2500
= 15 8.3:0.12
3 2000 60 12.6£0.13
@ 1500 98 18.6-0.16
£ 100 18.4-0.15
2 4000 200 35.2:0.19
500 = ] Debye model of the phonon spectrum with a Debye tempera-
o | ! | | ture of ®,=127.2K. The mean phonon energy {bv)
3600 3800 4800 4200 4400 =8.22+0.12 meV. The second moment calculated from the

60, 100, and 200 K data is((h»)?)=(7.2+0.3)
X 10 % eV?, which is perfectly consistent with a Debye
FIG. 1. Fit over**%u resonance at 1.056 eV at 303 K, including model of the spectrum.

long decay mode X;=233us). Only one data point in five is The isotopic abundance df%u in our samples is re-
shown. ported as only 0.039 at. %. Even though the 2.67 eV reso-

nance is also very strong, the large isotopic dilution results in

+0.5 meV. The strong observed isotope effect on the radia@nly & minor dip even in the spectrum of the thickest sample

tion widths for the®Ga and’Ga was not apparent in earlier (NO- 4. Therefore, for*®Pu we analyzed only the data from
data this sample. The resonance parameters are not known to be

better than 4—7 %. Young and Reedegive I',=1.99
) _ +0.08 meV,I' ,=25+1.5 meV. We have therefore carried

C. Plutonium phonon moments in the Pu-3.6 at. % Ga alloy ot an analysis similar to that used for the gallium reso-

The resonances with smallest natural width occur in thehances, determining the radiation width simultaneously with

cross-sections of the even isotopes of Pu. The prime candibe phonon moment. Using the neutron width of Ref. 24, we
dates are the extremely strong 1.056 eV resonand®ti  determine from the size of the transmission dip that the ac-
(=10 b) and the 2.676 eV resonance ¥fPu. The reso- tual isotopic abundance is closer to 0.05 at. %. The value
nance parameters of the former have been measured wigifloPted for the abundance has some effect on the values of
great accuracy and found to bg,=30.27-0.06 meV and radiation W'dth and phqnpn moment deduced. Usfng,
I, =2.449+0.002 meV? The isotopic abundance 3f%Pu =0.0005 we find a radiation width valug,=19=1 meV

in the material used in our experiments is appreciable ofZl, 2 TENFROROR SO (S BATST TP S
5.885 at. %, and the best information on Doppler broadenin y

: . ; %iven by Young and Reedét and this resonance appears to
will be obtained from the thinnest Pu sample studisample be the narrowest known amongst all nuclides so far mea-

No. D). sured. The mean phonon energy derived from?fieu reso-

_ Our best fit for the sample No. 1 data at 303 K is shownpance s consistent with the more precise value determined
in Fig. 1. For this fit the momenthv); was fixed at 53.06  from the 24%u resonance.

meV. We fit the data at lower temperatures to the moment
(hv)1. The fit for 14.9 K is shown in Fig. 2. The resulting D. Ga phonon energy in the Pu-3.6 at. % Ga alloy
moments are tabulated in Table Il and shown graphically in
Fig. 3. The curve fitted to these results is a calculation for a

Time-of-Flight (us)

The gallium resonances at 95.73 and 111.0 eV are very
uitable for measurements of the vibrational energy of gal-

5 T T T T | 1 I |
0.05
2 S 0.04
g @
I A
3 = 0.03
o o
2 £
s £ o002
[
Q
= Z
V 0.01
o | | 1 | o ! ! | I |
3600 3800 4000 4200 4400 4600 0. 50 100 150 200 250 300
Time-of-Flight (us) Temperature (K)
FIG. 2. Fit over®%u resonance at 1.056 eV and 15{Ky)+ FIG. 3. Plutonium phonon momenthv); as a function of

=8.3 meV. sample temperature.
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lium atoms. In our Pu-Ga allogwhich is largely?*®Pu), the 14000 l
analysis of the transmission data is complicated in each cas
by the presence of a neighborifg’Pu resonance, at 95.51
and 110.55 eV, respectivefy.Fortunately, the latter reso- £ 10000 _
nance is very weak, and if the resonance region crosst
sections are weighted by the relative atomic abundances, it iS sooo|- .
of similar magnitude to the 111 eV gallium resonance. comS
parison of the positions of prominent resonances in the 95 t& 6000~ 7
115 eV region in the gallium and plutonium data sets ob-
tained with identical flight-path indicate that the actual en-c
ergy separation of the 111 eV Ga resonance and its clos
23%u neighbor is about 0.45 eV, or only about eight 100 ns
channels. 0 I I I
Our procedure for obtaining the gallium phonon energy 394 3% 3% 307 398
was to calculate the effective cross section, and hence th. Time-of-Flight (us)
trar.ls.miSSion’ over .the plutonium _resonance and fit .the re- FIG. 4. Gallium and plutonium resonances near 111 eV at 20 K
maining cross section to the gallium resonance using th?current mode daja
parameters established in Sec. IV B, the fitted variables be-

ing the separation of the gallium and plutonium resonances - .
9 P g P faken at 304 K indicate a resonance separation of 0.48

and the gallium phonon momerhv);. One of the best . .
studies of the®®¥®u resonance parameters is due to Derrieni 0.01 eV. The variables used in the lower temperature runs

and de Saussufé,and we have used the parameters deterlnclud‘ad both the resonance separatith and the gallium

mined in that work23%Pu is a fissile nuclide, and the reaction phonon moment. Values found weteE=0.45, 0.45, and

widths of its resonances contain large fission componentg.'46 eV, (h);=15-2, 19+ 2, and 333 m_eV for sample
Fission behaves almost as a single channel in the nuclei@mperatures 15, 100, 'and_ 200 K, respeciively. The d?‘ta and
reaction process and causes the cross sections to deviate ¢ for 15 K are shown in Fig. 5. These values (_:Iearly imply
siderably from the single-level form of ER). In calculating a fower mean value of the phonons on the galhu_m atoms. A
the plutonium cross section we have therefore included thgt of these values ofhv)y to a Debye moc_iel gives 13.8
+1.7 meV. The 15 K datum alone give$hv)=15

many-level interference effects of the six resonances below ,
+2 meV, and the higher-temperature data a low second mo-

and above the 110.55 eV resonance. The Doppler broadeni
PP rFg’ent. There are clearly significant differences between the

of this resonance was calculated using the phonon momenh h p K ith the d L
of plutonium determined in Sec. IV C. igher-temperature data taken with the detector operating in

In the first stage of fitting the data measured at 303 K withcurrent and discrete-event modes, and it is not immediately
sample No. 4 the gallium parameters were held fixed at th bvious which are the more reliable. A fit to all the data from
values determined in Sec. IV B, while the energy of the plu-"th detezctor ogeratlon 7rrlodezs givglsr) =16.3+ 1.4 meV
tonium resonance was varied about its estimated positiof"d{(N¥)%)=(3+1)x10"" eV~
below the gallium resonance until an optimal fit was

12000 — -

elat

4000

2000

achieved. With this energy and all other parameters held V. DISCUSSION
fixed the data from sample No. 4 at 20 K were fitted by .
varying the phonon momerthv);. In a fit to all the data In this work we have used the neutron resonance Doppler

across the transmission dip the resulting value(lis’) broadening to establish the average phonon energies of the
—17.3+2.0 meV (Fig. 4. This value may be distorted by Plutonium and gallium atoms separately in th@hase of a
deficiencies in the representation of the plutonium crossPu-3.6 at. % Ga alloy. This is an application of the neutron

section(in Ref. 25 no uncertainties are quoted on the partial

widths). Hence we did a second analysis using only the data 25000 T J I T T
across the high-energy wing of the combined transmission

dip. This yielded the valuéhv);=17.8-2.0 meV. 20000

This procedure was repeated for the data taken at 61.2,
100, and 200 K. Results fghv); were 20t 3, 26+ 2.5, and 2
45+ 3 meV, respectively. A fit of these values @fv) to a §15°°°
Debye model giveshv);=19.4+1.7 meV. The 20 Kdatum §
alone gives 17.82 meV. This has only a small model- %10000— .
dependent correction. The higher temperature data then indi-Z
cate a much higher second moment of the phonon spectrum g0l
than implied by a Debye model, but the error on this quantity
is large.

Although it is apparent to the eye that two resonances
contribute to the transmission dip, at least at the lower tem-
peratures, the maximum possible resolution is obviously de-
sirable. We therefore analyzed carefully the data from the FIG. 5. Gallium and plutonium resonances near 111 eV at 15 K
runs with the detector operated in counting mode. The datéliscrete event data
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394 385 308 397 308 309 400
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Doppler broadening technique to investigate the phonoithe accuracy that we are able to achieve(bn); (approxi-
characteristics of different atomic species in an alloy. Wemately =2—-3 me\j is quite insufficient to give us very
have also measured the phonon energyrd@allium in an  meaningful values for the second moment of the phonon
effort to improve greatly the accuracy of the resonance paspectrum from the data at intermediate temperat{f@s 200
rameters of gallium. K). Thus we are unable to determine from the present mea-
The low-temperature mean phonon energy for Ga-Ba  surements if the gallium atoms are subject to Debye behavior
is measured to be 17+40.4 meV from the 96 eV resonance or are in fact vibrating in a simple local mode. This problem
and 17.6:0.5 meV from the 111 eV resonance. The secondwill be addressed in future experiments in which the pluto-

moment of the phonon spectrum for GadaGa is((h»)?)  nium is comprised largely of th&?Pu isotope, thus greatly

=3.7£0.4x10 * eV? based on an average of the higher ameliorating the interference of tf8%u resonances.
temperature data from 120 and 200 K. The low-temperature

mean phonon energies from the 96 and 111 eV resonances
correspond to Debye temperatures of 28 and 264
+11 K, respectively, with the former value preferred. The
second moment is in agreement with this Debye model pic- We have established a reliable method for measuring cer-
ture of the spectrum. Specific heat measurements give t@in simple moments of the phonon spectrum with selectivity
value of the effective Debye temperature of 325 K at lowfor atomic species in multielement materials. Background
temperature$0.02—4.2 K.% As is well known, this value is calibrations and detector phosphorescent decay modes were
only valid below about®,/50. Inadequacies in the Debye established with the use 6f%U, In, Ta, and W foils that
model in treating the lattice vibrations leads to a sharp dropvere thick enough to black out the transmission of neutrons
in the effective®, as the temperature increases, followed byat several resonances in the cross sections of these materials.
an increaséas in NaCJ or no increase at allas in the case In addition, the 1.056 eV resonance #Pu revealed the
of Al) as the temperature rises p@ss/2.2” At a temperature  existence of a 233:s decay mode that was crucial in inter-
corresponding t® /2, the value of® is 240 K>’ We do  preting the data for this resonance to give the Pu phonon
not know the value 08 at 15 K, but our value of 264—-270 moments. In the course of this work, we also have had to
K appears reasonable. determine more accurate values of the resonance parameters
The measured first and second moments of the phorfor Ga and?*?Pu. For®®Ga and’’Ga, the measured radiation
on spectrum for Pu in thed phase of Pu-3.6 at. % Ga widths show a strong isotope effect that was not apparent in
alloy [(h»)=8.23+0.12meV and ((h»)?)=7.3+0.4 earlier data. Fo?*®Pu, the measured radiation width of the
X10°° eV?] are consistent with a Debye model wiéy 2.67 eV resonance is considerably smaller than earlier re-
=127 K. This is consistent with the values of the Debyeported, making it to be the narrowest resonance known
temperature$127 K for Pu-3.3 at. % Ga and 133 K for Pu- amongst all nuclides so far measured.
5.9 at. % Ga obtained by extrapolating elastic constants Two major conclusions about the vibrational properties of
measured over the 20—300 K temperature range to?0l1K. Pu and Ga in the Pu-Ga alloy can be drawn from this work.
is also consistent with the value of the Debye-Waller tem+1) The measured first and second moments of the phonon
perature Ppw=132 K and generally found to be approxi- spectrum for Pu in thé phase of Pu-3.6 at. % Ga alloy are
mately equivalent t® ) obtained from neutron powder dif- consistent with a Debye model witBy=127=2 K. Thus
fraction studies of the temperature dependence of the Deby#he Pu behaves as a Debye solid over the temperature range
Waller factor? The diffraction experiment is equivalent to a 20—300 K, at least as far as the first few moments are con-
determination of thé—1)st moment of the phonon spectrum. cerned.(2) The effective Debye temperature for Ga in the
Thus the Pu behaves as a Debye solid below room temperalloy lies between the expected value based on the Pu Debye
ture, at least as far as tlje-1)st, first and second moments temperature and the value of 276 K that we measured for
are concerned. pure a-Ga. Given the large error bounds, it is not clear if this
Both of the gallium resonances are uncomfortably close taneans that the Ga in the alloy actually has a higher Debye
resonances of°®Pu, thus degrading the accuracy with which temperature and therefore is experiencing a stiffer force field
we could determine the gallium phonon energy in the Pu-3.8han the Pu it replaces. We were unable to measure the sec-
at. % Ga. In this situation resolution is all important. There-ond moment of the phonon spectrum of the Ga in the alloy
fore we analyzed carefully the data taken with the detectowith sufficient accuracy to determine if the Debye form is
operating in counting mode, even though their statisticatealistic or if a local Einstein mode exists.
quality are much poorer than those taken with the detector in Clearly, much better values of the moments for Ga can be
current mode. At 15 K the former data yield a mean phonorobtained by using a Pu-Ga alloy with less of the interfering
energy of 152 meV, and at 20 K the current mode data 23®Pu present. For example, with a sample enriched to 95%
give 17.8-2 meV. The two results are consistent within ex- in 24Pu, the amount of**®Pu present is only about 2%. This
perimental error, giving us confidence that the interferencevould then reduce the size of the interferifgfPu reso-
from the Pu resonance is being correctly simulated. On th@ances by a factor 6£50 and would allow a clean measure-
basis of the measured Debye temperature for Pu in Pu-3Ment of both Ga resonances. Given the fact that pufea
at. % Ga, we would expect, on the basis of weighting by théhas a measured Debye temperature that is only slightly dif-
square roots of the atomic masses, a Debye temperature ferent from what is expected from the Pu Debye temperature,
236+3 K for the Ga in the alloy. Instead, we measure ait would be interesting to see how the Debye temperature of
slightly higher value of 25%22 K. Given the large error In, which is also as-phase stabilizer and which has an ex-
bounds, it is not clear if this difference is real. Unfortunately, tremely low Debye temperature of its owf =108 K),?3

VI. CONCLUSIONS
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