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We have measured the liquid structure factor S(k) for liquid He and for liquid He by x-ray
diffraction. Our results for liquid He agree withtheFeynmanformula Sk/2mc intherange 0.3
& k & 0.6 A. , in contrast to previous measurements of S(k) which fell about 25% below Rk/2mc
in this range. The peak in the pair distribution function g(r) derived from the scattering data
occurs at greater interatomic distance and is lower, broader, and less symmetrical for
liquid He than for liquid He, in agreement with predictions based on variational calculations.
However, the experiments indicate slightly more structure in both liquids than the calculations
predict. We have also measured S(k) for He vapor at 4.2 K, 0.98 atm. For He vapor, g(r)
shows a distinct nearest-neighbor shell and probably a second-nearest-neighbor shell.

I. INTRODUCTION

k is the momentum change experienced by the
scattered x-ray photon, and is given by k = (4v/X)
(sin —,8). k has units of A ' and is determined by
the scattering angle if the wavelength is known.
S(k) is related to the pair distribution function g(r)
by a Fourier transform'

S(k) =I+(4vp/k) J [g(r) —I] rsinkrdr . (2)

For liquid helium, the behavior of S(k) for small
k is of considerable interest. S(k) is the Fourier
transform of density fluctuations present in the
liquid and expressed ing(r). Long-wavelength
density fluctuations in a liquid are longitudinal
sound waves. Hence a relationship exists between
the structure factor S(k) and the propagation of
sound with wave vector k. If E(k) is the excitation
spectrum for phonons,

S(k) = k 'k /2m E(k) (3)

where m is the mass of one atom in the liquid.
This expression was derived by Bij14 and

Feynman' using a variational wave function. It
can also be derived using sum rules on the spectral
function S(k, &u). 6 The derivation using sum rules

%e have been studying the structure of liquid
helium by x-ray diffraction. In anx-ray diffraction
experiment, monochromatic x-rays of wavelength
X impinge on the sample and the scattered x-ray
intensity is measured as a function of scattering
angle e. The liquid-structure factor S(k) is de-
fined to give a measure of intermolecular corre-
lations'

Diffraction from N atoms in sample
Diffraction from N isolated atoms

assumes that S(k, u&) can be factored into a product
of the form S(k, u) =S(k)5(E —Ro).

If the excitations are simple phonons, one would
expect that E(k) = a'ck, where c is the speed of
sound. For liquid He', the excitation spectrum
has been measured by inelastic neutron scattering. '
The data show that for k&0. 6A ', E=Sck within
experimental error of a few percent, implying that
S(k) = %/2mc.

The foregoing is strictly true only at absolute
zero. At finite temperatures, S(k) must converge
to S(0) = pkETKT, where kE is Boltzmann's constant
and ET is the isothermal compressibility. At
temperatures around 1 K, this correction is un-
important for k greater than 0. 3 A '. ' Thus, one
would expect S(k) = ak/2mc t boe valid for 0. 3 & k
&0. 6A ' at T-1 K.

The structure factor for liquid He' has been
measured by x-ray diffraction' and by neutron
diffraction. " The results are reproduced in Fig.
1. The experimental S(k) fall about 25/q below
%/2mc. The disagreement between theory and
experiment is especially disturbing because the
theory seems so straightforward.

By considering the neutron diffraction data only,
it was predicted"' '2 that S(k) would show a hump
at k-0. 7 A ' and would converge to ak/2mc for
k-0. 5A '

In order to try to resolve the problem, we set
out to remeasure S(k) for liquid He' for small k.

By Fourier inversion of S(k), one can obtain
g(r), the pair distribution function. The structure
of a given liquid is determined by the balance of
kinetic energy and intermolecular forces; hence
g(r) is related to the intermolecular forces. If
one assumes that intermolecular forces can be
adequately represented by a pair potential, static
thermodynamic properties for a cl.assical Quid
can in principle be calculated from the pair dis-
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I"IG. 1. Liquid-structure factor of liquid He for
small k. &, Gordon, Shaw, and Daunt (Ref. 8). ~,
Henshaw {Ref. 9).

tribution function and the intermolecular potential.
Alternatively, the pair distribution function and
thermodynamic properties can be determined
variationally for a given choice of pair potential. ~

Similar variational calculations are possible
for quantum fluids. From a given pair potential
and a variational wave function the pair distribu-
tion function and properties such as the bi~ding
energy can be obtained. However, knowledge of
the pair distribution function and the pair poten-
tial is not sufficient to determine the binding en-
ergy; for a quantum fluid, the wave function is
needed to calculate the zero-point energy. "

He is a boson fluid boiling at 4. 2 K, becoming
superfluid below 2. 2 K, withbinding energy —7. 14
K/atom. He is a fermion fluid boiling at 3. 2 K,
with binding energy -2. 53 K/atom. '4 The inter-
atomic potential depends on electronic structure
and should be the same for He' and He'. Thus,
a comparison of He' and He' properties sheds
direct light on the effects of quantum statistics.

Several variational calculations of the pair dis-
tribution function and binding energy for He4 and
He' have recently been reported. " " Calcula-
tions for He4 and for a hypothetical mass-3 boson
fluid were made using Jastrow trial wave func-
tions" and Lennard- Jones (LJ) 6-12 pair poten-
tials. Solutions for fermion He' were obtained
from the boson He' results using cluster-expan-
sion techniques developed by Wu and Feenberg. "

Massey" obtained solutions for He4 and for
boson He' by means of the Bogoliubov-Born- Green-
Kirkwood- Yvon equation. " He adjusted the LJ
pair potential for He4 to obtain agreement with
experimental values for the density and binding
energy at absolute zero. This adjusted LJ pair
potential was then used for the boson He' calcu-
lation. Woo" used Massey's boson He' results
in his calculation for fermion He'.
McMillan" reported Monte Carlo calculations

for He4 using a LJ potential determined from
virial coefficients by DeBoer and Michels. "
Schiff and Verlet" used the same LJ potential in
molecular dynamics calculations for He4 and for
boson He'. From these boson He' results, they
calculated various properties for fermion He'.

Massey and Woo" have repeated their calcula-
tions using the DeBoer-Michels potential chosen
by Schiff and Verlet, obtaining results very close
to those of Schiff and Verlet. The results are
more sensitive to choice of potential than to the
method of calculation. Sim and Woo" have re-
cently evaluated corrections to the Kirkwood
superposition approximation numerically.

The pair distribution functions obtained in the
calculations cited above are in good agreement.
The results indicate that the peak ing(r) will be
lower and broader, and will occur at greater r
for He' than for He'. This is due in part to the
lighter mass and greater zero-point energy of
He' and in part to the effective repulsions of
Fermi statistics.

We set out to measure S()'i) for both He' and
He4 at low temperatures using the same apparatus
in order to compare the pair distribution func-
tions empirically.

II. EXPERIMENTAI.

In the experiment, a monochromatic x-ray beam
impinges on a sample of liquid or gaseous helium,
and the scattered intensity is measured as a func-
tion of scattering angle. The sample is main-
tained at cryogenic temperatures by using a He'
refrigerator (see Fig. 2). The cryostat and x-

He X-RAY CRYOSTAT

Liquid N2
Jacket

He
Both
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Cel I

FIG. 2. He x-ray cryostat.
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ray monochromator were first constructed by
Narahara, who has published preliminary results
of x-ray scattering from liquid He'. " We have
been able to make considerable improvements
based on his experiences.

The sample cell consisted of a copper chamber
with windows transparent to x rays. For mea-
surements over a wide angular range, we used a
cell with cylindrical walls of 0.002-in. Mylar. For
small-angle measurements, a cell with flat Be
windows was used. Sample temperature was
measured by a carbon-resistor thermometer
attached to the copper wall of the cell. The ther-
mometer was calibrated against the vapor pres-
sure of He4 or He' in the cell, using an Octoil-s
oil manometer.

The cell is surrounded by heavy copper radia-
tion shields anchored to the He' chamber and the
nitrogen jacket, respectively. X-ray transpar-
ency is provided by 0. 002-in. Be windows sealed
to the radiation shields and the outer vacuum
jacket with Epoxy. A more detailed description
of the apparatus is available. "

The eryostat is mounted on a goniometer in such
a way that the center of the cell coincides with the
axis of the goniometer. A copper target x-ray
tube is energized using a constant potential, current-
stabilized power supply (typical settings were 50
kV-11 mA). Scattered x rays are detected using
a Li I scintillation detector, a single-channel
pulse-height analyzer, and pulse counting circuitry.
The odometer of the goniometer reads one hun-
dredths of a degree. The goniometer arm is motor
driven, and the system can be set to stop auto-
matically at 1' intervals, count for a preset time
of number of pulses, print out time and counts,
and go on to the next angle.

In order to determine 0 = (4&/&) sin —,
' 8, the scat-

tering angle and the wavelength must both be well
defined. For measurements over a large angular
range, we obtained a monochromatic, focused
Cu Ea x-ray beam using a bent Li F monochro-
mator constructed by Cohen and Morrison of North-
western University. " For the small-angle mea-
surernents, we used a beam that was well eolli-
mated by an arrangement of slits. To ensure
monochromatic x rays, we used a Ni filter 0. 0018
in. thick to filter out the EB line and apulse-
height analyzer to discriminate against the short-
wavelength white radiation.

IH. DATA ANALYSIS

X rays are scattered by the electrons in matter,
so the scattering depends on the electronic struc-
ture. Some of the scattering is incoherent, which
means that the x-ray photon is scattered with ran-
dom phase. Diffraction requires phase coherence;
therefore incoherent scattering does not contribute
to diffraction, and corrections must be made.

Structural information is contained in coherent,
or in-phase, scattering. The coherent scattering
stems from the electron density distribution for
the whole sample, and can be factored into intra-
atomic and interatomic contributions. When cor-
rections have been made for incoherent scattering
and for intraatomic coherent scattering, one
can obtain information about interatomic distri-
butions.

For a system of isolated atoms, ' ' the number
of x-ray photons scattered with momentum change
}t = (4v/X} sin& 8 is proportional to

V(8)p[~F „(&)~'+Ft,(&)]0 „A(8).

In this expression, cath is the Thomson scattering
cross section for a free electron, and is given by

o =(e'/2m'c')(I +cos'8).
th

If a monochromator crystal is used, the beam
is polarized before it impinges on the sample,
and

o = (e' /2mc')( I+cos'8cosp )/(1+ 2cosp ), (5)
th m m

where P is the Bragg angle for the monochro-
mator.

V(8) is the number of atoms in the sample
volume illuminated by the main beam and ac-
cessible to the detector slits. While the angular
dependence of V(8) can be calculated for ideal-
ized slit configurations, "these calculations as-
surne conditions of slit resolution, beam uni-
formity, and physical alignment that may not be
realized in practice. For greater accuracy, we
have determined V(8) by empirical means, which
will be discussed below.

A(8} compensates for intensity loss due to ab-
sorption or multiple scattering of x rays by the
sample. In passing through & in. of liquid helium,
a Cu Ea x-ray beam suffers intensity loss of
only 3%, so A(8) can safely be evaluated using
standard formulas for a uniform thin x-ray beam. "

Fcoh(}t) is the atomic form factor and Fine(k) is
the incoherent scatteriag function. They can be
obtained from a variational ground-state wave
function for a given atom.

For a system of atoms with spatial correla-
tions, ' ' the scattering is proportional to

V(8}p[~F „(}t)j'S(k) F. (I )]o „A(8).

As long as free atom wave functions can be used
to describe the atoms in the sample, the free-
atom values for Fcoh and Fis canbe used.
This assumption is reasonable since the inter-
atomic interaction energy is negligible compared
to the electronic binding energy of the atom. If
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the free-atom Fcoh and Einc can be used and the

sample is isotropic, the equation

S(k) = 1+(4'/k) f [g(r) —1]rsinkrdr

can be derived without any assumptions about

three-body and higher interactions.
Ie (8) is the experimental intensity in counts/

sec o served at angle 8, less scattering from
the empty cell at that angle.
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I (8) = V(8)p[l Z (k)I'S(k)+F. (k)]&(8).
(3)

V(8) can be determined empirically by mea-
suring scatteriag from an ideal gas, for which
S(k}=1.00. For the ideal gas, we used neon at
77 K, 1 atm, for which we calculate S(0) = 1.005
from virial Coefficients. ' The scattered intensity
from neon gas at 77 K, 1 atm was of the same
order of magnitude as that from helium gas and
helium liquid. This is because the atomic scat-
tering cross section varies roughly as the square
of the atomic number, so the greater scattering
per atom for neon compensated for the lower den-
sity of neon gas at 77 K, 1 atm. Incidentally, for
small angles, the total scattering from either
neon gas or helium gas exceeded that from liquid
helium; scattering from the liquid is proportional
to S(k), which becomes very small for small k.
The absorption correction for the neon sample
was about 4%, compared with 3% for the liquid-
helium sample.

For helium, we used Fcoh and Einc calculated
by Kim and Inokuti from the 20-term Hylleraas
wave function. ' For neon, values of Fcoh and

Fine calculated by Tavard, Nicolas, and Roualt"
from the Clementi Hartree- Fock self-consistent-
field (HF-SCF) wave function were used. Densi-
ties were obtained from published PVT data for
neon, '9 liquid He', "liquid He', "and He' gas. ~
%'e determined absorption corrections using pub-
bshed attenuation coefficients for He and for Ne."

In a typical experiment, we would measure x-
ray scattering from the sample and from the emp-
ty cell at 1' intervals, counting for at least 10'
counts at each scattering aagle. As a check
against drift in the x-ray generating and detect-
ing apparatus, we recounted at various angular
positions during the course of each run, and com-
pared cell background levels from day to day.

To determine S(k) for liquid He' for small k,
we used a filtered collimated x-ray beam and the
flat cell with Be windows. The full width at half-
height of the beam profile was 0.3 . The counter
slits were 50 mil wide, and the over-all angular
resolution was about 0.5'. We measured x-ray
scattering from liquid He4 at 1 K and from neon

gas at 77 K, 1 atm, and determined S(k) for liq-
uid He4 directly. The neon-gas measurements

ANGLE

FIG. 3. Calibration of scattering volume correction
obtained from the neon-gas experiment. [pNeV(e)]
in relative units is plotted as a function of scattering
angle.

extended to k=2.5 A '. Scattering from He4 gas
at 4. 2 K 0.98 atm, was also measured for kup
to 2. 25 A ', and S(k) for He' gas was determined
using the neon data for calibration.

The calibration curve pNe V(8) obtained from the

neon scattering experiment is shown in Fig. 3.
Our measurements of S(k) for He' gas at 4. 2 K,
0. 98 atm, are shown in Fig. 4. The quantity

lim S(k) = pkTK
k-0

30—

S(k}

20
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FIG. 4. S(k) for He gas at 4.2 K, 0.98 atm.

was calculated from the Leiden virial coeffi-
cients. " A smooth curve is drawn through the ex-
perimental points. Despite the scatter in the data,
it is quite clear that S(k) is considerably greater
than unity for small k. Furthermore, S(k) seems
to dip below unity at k 1.1 A ' and to peak slightly
at k-1.8A '. Gordon, Shaw and Daunt' calibrated
their apparatus using He' gas at 4. 2 K, 0.46 atm,
for which we calculate S(0}= 1.3 from the Leiden
virial coefficients. If the apparatus is calibrated
using a gas for which S(k) is greater than unity,
the values of S(k) obtained for the liquid sample
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will be too small.
S(k) for He' gas at P-0. 5 atm, T=4. 0 K has

been calculated by Lee using integral equation
methods developed for quantum fluids. " These
results are consistent with our data. We wish to
thank Dr. Lee for making his unpublished results
available to us.

We used S(k) for He' gas at 4. 2 K, 0. 98 atm to
compute the pair distribution function g(r), shown
in Fig. 5. Because of the scatter in the data, the
smooth curve for S(k) is uncertain by about +2%%uq

of S(k). For 0. 5&k&2. 5A ', this amounts to

+20%%uo

err in S(k) —1. g(r) is obtained as the
Fourier transform of S(k) —1, so the uncertainty
ing(r) is considerable. However, the qualitative
similarity between our g(r) for He' gas and the
results of Mikolaj and Pings" for argon gas at
f =-125 'C, p=0. 280 g/cc is striking.

To measure S(k) for liquid He' and for liquid
He' in the range 0.3&k&4A ', we useda LiF mono
chromator and the cylindrical cell with Mylar
walls. Because of the divergence of the main
beam, the angular resolution was about 1 . To
normalize the liquid data, we measured scatter-
ing from He4 gas at 4. 2 K using the same experi-
mental configuration. Later, when we realized
that S(k) for He' gas deviates very seriously from
unity, we used the experimental S(k) for He' gas
determined via the neon-gas experiments to cor-
rect the liquid He' and He' results.

RESULTS

We have measured S(k) for liquid He' for small
k in the flat cell in order to check the apparent
deviations from Feynman's theory. Earlier mea-
surements by x ray and by neutron diffraction'
indicated that S(k) falls about 25% below Nk/2mc.
Our data appear in Fig. 6. For 0.3&k&0.6A ',
they confirm Feynman's theory within experi-

S(I )

I

.2 .3 4 5 6 7 8 .9

k A

FIG. 6. S(k) for liquid He for small k. T=1.l K.

mental error of a few percent. The most likely
reason that our S(k) differ from the previous mea-
surements is that we determined the scattering
volume correction V(8) empirically, using a really
ideal gas.

For 0.5 & k & 1.0 A ', our data fall slightly be-
low kk/2mc. From perturbation calculations
Lee" obtained the result E(k) = (1-0.334k')Rk/
2mS(k), implying that S(k) & hk/2mc(1 —0.17k').s'

Our measurements are consistent with this expres-
sion, but a systematic error sufficient to produce
the observed deviation from gk/2mc cannot be
ruled out. We measured S(k) throughout the range
0. 3k& 1.0A ', but we found no evidence for the
hump in S(k) predicted in this range by Miller,
Pines, and Nozieres, "and by Massey. "

Our other main objective was to obtain and
compare the pair distribution functions for liquid
He' and liquid He4. We measured x-ray scatter-
ing for angles up to 80 to obtain S(k) for k
greater than 4. 0A ', using the Mylar cell and the
LiF monochromator. Our results for S(k) are
shown in Figs. 7 and 8. The peak in S(k) occurs
at k=2. 05A ' for He and at k =1.90A ' for He'.
The blank spaces were experimentally inaccessible

I.5— l5

i 0-
g(r)

lO—

~ 0 ~

~ ~
~ ~

I

4 5 6 7 8 9 IO
0

r A

~0

l l I I l l

5 lO l 5 20 25 30 35 40
k A

FIG. 5. gb') for He gas at 4.2 K, 0.98 atm. FIG. 7. S(k) for liquid He . T=0.56 K.
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TABLE I. S(k) for liquid He, T=0.79 K.
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FIG. S. S(k) for liquid He . T=0.79 K.

because of Mylar peaks in the cell background.
Narahara's preliminary data for liquid He~ ~ are
consistent with the present results, but his data
are considerably less precise.

For k greater than 3, there is considerable scat-
ter in the data. This is because, for large k, the
total x-ray scattering becomes very small and
largely incoherent, so that the coherent scattering
is only a small fraction of a small value.

g(r) is obtained from S(k) by the equation

g(r ) =1+(2w'/rp)f [S(k) —1]k sinkrdk . (9)

f ' [S(k) —1]k sinkrdk
k,

analytically for each interval. The smoothed val-
ues of S(k) obtained for He' and for He' are listed
in Tables I and II. In Table III, the peak height
and peak position of S(k) for He~ are compared with
earlier measurements by other authors.

The Fourier integral has an infinite upper limit,
and the true S(k) undergoes diminishing oscilla-
tions in the limit k —~. In practice, the integral
must be terminated at some finite value of k. The
effect of this so-called termination error is to in-
troduce spurious ripples ing(r) for small r 2For.
r less than an at. diam, g(r)=0, so we can iden-
tify and reject the ripples as having no physical
meaning. For r &2 A, no such ripples were ob-
served.

The pair distribution functions we obtained for
He' and for He4 are presented in Fig. 9 and in
Tables IV and V. For purposes of comparison,

In order to get a meaningful Fourier transform
we drew a smooth curve through the graph for S(k),
in effect averaging the statistical scatter. Since
sinkr can sometimes do strange things when it is
approximated by a polynomial, we partitioned the
curve into increments small enough so that S(k)
was locally linear, and we evaluated

0
0.20
0.40
0.60
0.80
1.00
1.20
1.30
1.40
1.50
1.60
1.70
1.80
1.90
1.92
1.94
1.96
1.98
2.00
2.04
2.10
2.12
2.20
2.30
2.40
2.45
2.50
2.60
2.70
2.80
2.90
3.00
3.10
3.20
3.30
3.40
3.50
3.60
3.70
3.80
3.90
4.00

4.10
4.20
4.30
4.50

0.027
0.075
0.135
0.185
0.230
0.285
0.345
0.380
0.435
0.525
0.675
0.850
1.025
1.240
1.280
1.300
1.310
1.320
1.325
1.330
1.323
1.320
1.260
1.175
1.085
1.040
1.016
0.983
0.970
0.945
0.933
0.927
0.921
0.920
0.921
0.923
0.929
0.933
0.940
0.950
0.958
0.968
0.980
0.997
1.000
1.000

the results of Massey" and Vfoo" are reproduced
in Figs. 1Q and 11.

Our data show that the first maximum ing(r) is
lower, broader, and occurs at greater r for He'
than for He', in excellent qualitative agreement
with the theoretical calculations.
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TABLE IV. g(r) for liquid He, T=0.56 K. TABLE V. g(r) for liquid He, T=0.79 K.

2.00
2.10
2.20
2.30
2.40
2.50
2.60
2.70
2.80
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-1.129
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—0.291
—0.163
-0.051

0.044
0.119
0.175
0.212
0.232
0.238
0.233
0.221
0.203
0.1S2
0.166
0.139
0.117
0.097
0.077
0.058
0.039
0.020
0.002

-0.016
—0.034
—0.050
—0.064
-0.075
-0.083
-0.088
-0.089
-0.086
-0.081

6.00
6.10
6.20
6.30
6.40
6.50
6.60
6.70
6.80
6.90
7.00

7.10
7.20

7.30
7.40
7.50
7.60
7.70
7.SO

7.90
8.00
8.10
8.20
8.30
8.40
8.50
8.60
8.70
8.80
8.90
9.00
9.10
9,20
9.30
9.40
9.50
9.60
S.70
9.80
9.90

g(r) -1
—0.073
—0.063
—0.052
-0.041
-0.029
-0.018
—0.008

0.000
0.008
0.014
0.018
0.022
0.024
0.026
0.027
0.027
0.026
0.025
0.024

0.022
0.020

—0.016
—0.020
-0.023
—0.024
—0.024
—0.023
-0.020
—0.017
—0.013
—0.010
-0.006
—0.003

0.000
0.002
0.004
0.005
0.006
0.006
0.006

2.00
2.10
2.20

2.30
2.40
2.50
2,60
2.70
2,80
2.90
3.00
3.10
3.20
3.30
3.40
3,50
3.60
3.70
3.80
3.90
4.00
4.10
4.20
4.30
4.40
4.50
4.60
4.70
4.80
4.90
5.00
5.10
5.20

5.30
5.40
5.50
5.60
5.70
5.80
5.90

g(~) -1
-1.061
—1.033
—0.968
-0.869
—0.744
—0.599
-0.444
-0.288
—0.141
-0.008

0.106
0.195
0.261
0.304
0.326
0.329
0.319
0.298
0.270
0.237
0.202
0.166
0.129
0.094
0.059
0.025

—0.008
—0.038
—0.066
—0.090
-0.109
-0.123
—0.132
—0.134
—0.130
-0.120
—0.106
—0.089
—0.069
—0.049

6.00
6.10
6.20
6.30
6.40
6.50
6.60
6.70
6.80
6.90
7.00
7.10
7.20
7.30
7.40
7.50
7.60
7.70
7.80
7.90
8.00
8.10
8.20
8.30
8.40
8.50
8.60
8.70
8.80
8.90
9.00
9.10
9.20

9.30
9.40
9.50
9.60
9.70
9.80
9.90

g(~) -1
-0.029
-0.010

0.007
0.020
0.031
0.039
0.045

0.048
0.04S
0.048
0.046
0.043
0.039
0.034
0.029
0.023
0.016
0.025
0.024
0.022
0.020
0.017
0.014
0.001
0.008
0.005
0.002

-0.001
—0.003
-0.006
-0.007
-0.009
—0.010
-0.011
-0.011
—0.011
-0.011
—0.011
—0.010
—0.009

TABLE VI. Pair distribution function for He .

g(r ) Source TABLE VII. Pair distribution function for He .

3.48
~3

3.4
3.47 + 0.05
3.4

Reference 10.

1.31
1.27
1.27
1.33 + 0.03
1.42

Massey
McMillan
Schiff and Verlet
Experimental —this work
Experimental —Henshawa

3.9
3.8
3.6 + 0.05

aReference 18.

g(r )

1.13
1.13
1.24 + 0.03

Source

Woo
Schiff and Verleta
Experimental —this work
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FIG. 10. g(~) calculated by Massey (Ref. 16). {1)
He . (2) boson He .

0
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4.0 5.0 6.0 7.0 8.0

r (3, )

FIG. 11. g(~) calculated by Woo {Ref. 17). g&(r),
boson He . g~b}, fermion He .

TABLE VIII. Comparison of He calculations.

Source P/Pp Ep(' K/atom) TABLE IX. Comparison of fermion He calculations.

Experimental
Mc Millana
Schiff and Verlet
Masseyc

aReference 15.
Reference 18.
Reference 16.

1
0.89
0.9
fitted

—7.14
-5.9
—5.95

fitted

Source

Woo a

Schiff and Verlet
Experimental

Reference 17.
Reference 18.

PIP p

0.675
0.65
1

Ep ( K/atom)

—1.35
—1.35
—2.52
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Observation of Neutrons Produced by Laser
Irradiation of Lithium Deuteride~

G. %. Gobeli, J. C. Bushnell, P. S. Peercy, and E. D. Jones
Sandia Laboratories, Albuqlerque, Neu Mexico 87115

(Received 11 July 1969)

The observation of neutrons produced by irradiation of polycrystalline LiD targets with a
high-power laser is reported. Single pulses from a mode-locked Nd+3-doped glass laser were
amplified up to energies of 25 J. Pulse widths were 2-3 psec as measured by the two-photog

fluorescence technique. The analyses of these experiments yield a somewhat higher rate of
neutron production than the similar experiments recently reported by Basov et al.

There has been considerable interest concerning
the possibility of laser-induced thermonuclear re-
actions since high-temperature plasmas have been
produced by focused laser irradiation of solids in
vacuum. ' Recently, Basov et al. ' have reported
the observation of neutron production in a lithium
deuteride sample when subjected to focused radia-
tion from a high-power laser pulse. We report in
this paper the results and interpretations of a simi-
lar investigation using a large 1.06- p. Nd+'-doped
glass laser. In our experiments, the laser pulse
was focused onto the surface of polycrystalline LiD
in vacuum andincident energies up to 25 J in a single
pulse of duration of the order of 3 psec were used.
A large pilot 8 st.intillation counter encased in
„-in. aluminum was time gated inorder to look for
counting events immediately following the laser
pulse arrival at the target.

The single optical pulse was selectively gated
from the train of pulses produced by a mode-locked
oscillator and subsequently amplified to multijoule
energy. The oscillator consisted of a 1-cm-diam
x 15-cm-long double Bremster Nd+'-doped glass
rod pumped in close-coupled configuration. Maxi-

mum ref lectivity (& 99.8%) and 55% ref lectivity
piano mirrors formed the optical cavity, and
Eastman Kodak 9860 bleachable dye was used as
the passive mode-locking Q-switching element.
The optical cavity was 2. 2 m long, giving an inter-
pulse spacing in the output train of -15 nsec. Very
clean optical pulse trains having a total duration of
400 nsec mere obtained when the laser was properly
aligned. Care was taken to slightly tilt all reflec-
tive surfaces both inside and outside the cavity to
prevent feedback to the oscillator, since such feed-
back was found to degrade the quality of mode lock-
ing. The time duration of the optical pulses are
estimated by the use of two-photon fluorescence
(TPF) in rhodamine 6 G.' "Properly" mode-locked
pulses exhibited a single bright line with full width
at haLf-maximum above the background of 1.0-1.3
psec and contrast ratio of approximately 2. No
shoulders or low intensity blurring of the patterns
were found in such cases. Subject to clarification
of the interpretation of TPF data, ' the pulse
width delivered by this laser when properly mode
locked, will be designated in terms of the TPF
patterns and is nomin~Uy 2-3 psec.


