3 TWO-DIMENSIONAL SYSTEM OF HARD-CORE BOSONS

To order (Int)™, the first term in the above expres-
sion and the first term in Eq. (B3) cancel leaving

)= - 8mny
"~ In[p"a®+2ua® - (pa/2)%]

Restricting ourselves further to the regime

ReZy, (D, p°

pa <p.a=(- 16mna’/Inna?'’?
- Z(MZ)I/Z ,
we find that the third term in the argument of the
logarithm can be ignored with respect to the second.
The important values of p° are those near the
poles of the Green’s function where p° has the mag-
nitude

pP=w,x3p.p for p<p,.

Therefore, the ratio of the first to the second term
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in the argument of the logarithm is

p%/2u=p.p/4u
=p/pe <1.

From Eq. (B2) for s, it can now be seen that s is

approximately equal to 2ua® which, from Eq. (13)

of the text, is small compared to unity. Therefore

the most important part of the integral in Eq. (B1)

does come from ga much less than unity as assumed.
We have found that

ReZ,, (D, p°) = - 8mny/In2pa®
= - 87n/lnna’® + O[1/(1nna?)?]
=2u +0[1/(Inna??],

in the region p <p,, P’z w,.
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Differential neutron scattering cross sections for liquid ‘He have been obtained for momentum
transfers along the free-particle excitation curve up to 20.3 A-!. Momentum transfers in this
range are much higher than in previously reported work. The measured recoil energies as well
as the angular dependence of the scattering confirm that the neutron scattering, at these high
values of «, is sensitive to the motions of single helium atoms. A temperature dependence in
the widths of the cross-section peaks, as well as shape changes in these peaks as the tempera-
ture is decreased below 7',, is consistent with the idea that a narrow condensate component con-
tributes to the scattering for 7'< T,. Results from a detailed comparison of the measured cross
sections with a theory for high-energy neutron scattering are reported. The kinetic energy per
liquid-helium atom is deduced from this theory-experiment comparison and is found to be in
agreement with computations of the kinetic energy based on thermodynamic phase equilibria
considerations. A fractional occupation of the zero-momentum condensate state of (8.8 +1.3)%
at 1. 27 °K is also deduced from this theory-experiment comparison.

I. INTRODUCTION atoms is of interest, it is particularly important to

obtain knowledge regarding the shape of n(p) near

p =0. The shape of this part of the momentum spec-
trum bears on the question of the existence of a con-
densation in momentum space. Much of the theo-
retical basis for understanding superfluid He II in-
volves the notion of macroscopic occupation of a

At sufficiently high energy and momentum trans-
fer, neutron scattering from liquid helium can be
expected to provide information about the momentum
distribution n(p) of individual helium atoms. While
any experimental information about n(p) for helium
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single quantum state: the zero-momentum state
for an infinite system at rest. The existence of
such a condensed mode, as a consequence of Bose-
Einstein condensation, was first discussed quanti-
tatively by Penrose and Onsager! following the early
work of London.? For a system of noninteracting
bosons, the condensate density py(7) is expected

to be the full fluid density at absolute zero, while
for a real fluid like *He, p,(7=0) is less than the
total fluid density p. Recent theoretical estimates
of po/p at T=0 include those of Penrose and Onsage
(0.08), McMillan® (0.11), Parry and Rathbone*
(0.13-0. 25), and Schiff and Verlet® (0. 105).

Hohenberg and Platzman ® have suggested the use
of neutron inelastic scattering to detect the presence
of a zero-momentum condensate in He II. The es-
sence of their proposed approach is to measure the
differential scattering cross sections for He II with
sufficiently high-energy neutrons so that the neutron
probe is sensitive to the motions of single helium
atoms. For neutrons scattered from helium atoms
in the zero-momentum state, the energy transferred
from the neutron would be equal to the recoil energy,
broadened by final-state interactions, For liquid-
helium atoms not in the condensate, the energy
transfer would be the recoil energy broadened by
the Doppler shift. It has been estimated® that the
Doppler broadening is several times as large as the
broadening because of interparticle interactions on
the recoiling helium atom. If this simple picture
holds true, the neutron scattering cross sections
are expected to be comprised of two components:

a narrow one for scattering from condensate atoms
with an area proportional to py(7) and a wider dis-
tribution due to scattering from noncondensate atoms
with an area proportional to 1 - p,(7)/p. Qualita-
tively, Hohenberg and Platzman showed that this
cross section would look like a small narrow peak
superimposed on a large wider peak.

Although there have been a number of neutron
scattering investigations of liquid helium, most of
these have been directed toward measurement of
the collective modes or the dispersion curve w (x)
which for liquid helium is found to exist in the en-
ergy and momentum-transfer range 0— ~2 meV
and 0- ~4 f\“, respectively. Recently, Cowley
and Woods™?® have published the results of neutron
scattering measurements on He I and He II, using
momentum transfers of 2-9 A™'. At the higher
values of k used in their work, the scattering ap-
pears to be close to free-particle scattering while
at the lower-momentum transfers which they used,
the measured energy transfers were somewhat less
than those expected from the free recoil of single
helium atoms. Cowley and Woods (CW) observed
that the full width at half-height (FWHH) of their
helium cross sections showed a marked temperature
dependence near the A temperature. Further, they
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deduced that the observed width changes were con-
sistent with a condensate fraction of (17+10)%.

In the present work,® double-differential cross
sections for neutron scattering from liquid ‘He were
obtained for much higher energy and momentum
transfers than in previously reported studies. The
free-particle excitation curve %w = %2k?/2my, was
followed to Zw and k values of 213 meV and 20. 3 f&",
respectively. Measurements of double-differential
cross sections were obtained for a range of helium
temperatures 4. 2-1. 27 °K., The angular dependence
of the total helium scattering is compared to that
expected for free-particle scattering. A marked
temperature dependence is observed in the shape
of the double-differential cross section. This tem-
perature dependence is interpreted in terms of the
Hohenberg-Platzman6 idea that there are two com-
ponents in the cross section below T,, i.e., a
normal and a condensate fraction.

II. EXPERIMENTAL

All measurements of double-differential cross
sections were made with the Battelle-Northwest
Rotating Crystal and Chopper!? time-of-flight spec-
trometer. Instrument resolution was optimized for
the He scattering experiments by the addition of a
4-m flight path, which was installed at 154. 3°, the
largest available scattering angle. At this angle a
freely recoiling helium atom carries off 62. 5% of
the initial neutron energy. Other scattered neutron
detectors were located on 1. 5-m flight paths at
14,.5°, 29.6°, 44.5°, 59.5°, 90.5°, 121°, and 141°
in the horizontal plane surrounding the liquid-helium
sample. Time-of-flight (TOF) spectra were ob-
tained simultanecusly at all scattering angles. The
TOF distributions were converted to double-differ-
ential cross sections with the aid of a large digital
computer. Helium differential cross sections re-
ported here were normalized!! to a total scattering
cross section of 0.724 b,

The liquid-helium scattering sample was con-
tained in the tail of a liquid-helium Dewar which
could be pumped to reduce the temperature to about
1. 25 °K along the saturated vapor-pressure curve.
A 4. 0-cm-diam cylinder with aluminum walls
of 0.076-cm thickness contained the neutron target,
which was surrounded by a 0.076-cm-thick aluminum
radiation shield at liquid-nitrogen temperature and
an outer vacuum jacket of 0.165-cm-thick aluminum,
About 5% of the incident neutron beam is scattered
from the liquid-helium sample and about 6% from
the metal parts of the cryostat tail. The sample-
holder scattering is primarily elastic and therefore
does not cover the energy range of the helium scat-
tering peak at large scattering angles. A background
measurement was made, for each set of operating
conditions, without liquid helium in the Dewar tail,
but with the tail and radiation shield maintained at



liquid-nitrogen temperature, Temperature deter-
minations of the liquid-helium sample were made
by measurements of the helium vapor pressure and
by carbon resistance thermometers calibrated by
pressure measurement prior to each experiment.
Temperature was usually controlled by manual ad-
justment of valves in the pump lines and in some
experiments with the aid of an automatically con-
trolled heater inserted into the liquid helium. The
temperature variation during a cross-section mea-
surement averaged £ 1. 5% from the nominal quoted
temperatures.

The pulsed initial beam of monochromatic neutron
was obtained from a rotating single crystal of alu-
minum 3. 8 cm in diameter by 10 cm high., This
monochromator was rotated, at 4500 rpm, about
the [001] direction and was phased with the coarse
chopper to produce four monochromatic bursts per
revolution from either the (220) or the (200) planes.
Collimator angles (A#8,) of 0.139° and 0.079° were
used. The initial neutron energies (E,) of 171.5 and
343 meV were determined by TOF measurement in
the unscattered beam. Energy resolutions for neu-
trons scattered 154. 3° and corresponding to the
center of the helium cross-section peaks are given
in Table I. The instrumental resolution width is
about equal to the sharpest structure expected in the
scattering cross section, i.e., the scattering from
the condensate atoms. Theoretical® estimates of
condensate peak widths are also given in Table I.
Cross sections measured with the 4-m flight path
at 154, 3° were used in detailed analysis of shapes
since the energy resolution for the shorter flight
paths was generally inadequate to clearly resolve
any structure which might be expected from a zero-
momentum condensate.

III. EXPERIMENTAL RESULTS

A total of 11 neutron scattering experiments were
carried out with £, =171.5 meV, over the tempera-
ture range 1. 26 °K to T, and another eight experi-
ments in the range 7, to 4. 20 °K. At initial ener-
gies of 343 meV, one experiment was run at 4. 20 °K
and another at 1, 28 °K., Figure 1 presents typical

TABLE I. Instrumental energy resolution FWHM AE,
for neutrons scattered from liquid helium at 154.3° and
the estimated width of the p, peak AE, at constant momen-
tum transfer, for different values of initial energy E; and
collimator angles Af,, used in the helium cross-section
measurements. The error on E; gives only the Bragg
uncertainty in the unscattered beam.

E A6, E, AE, AE,
(meV) (deg) (meV) (meV)

171.5 + 3.4 0.139 64.3 4.65 6.0

171.5« 1.9 0.079 64.3 3.4 6.0

343.0 + 6.8 0.139 128.5 9.2 8.4
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cross-section results for helium scattering mea-
surements. This figure includes d%s/dQdE curves
for E,=171.5 meV at 1, 28+ 0. 01 °K and similar
results for E, =343 meV at 7=1, 28+ 0.02 °K. Cal-
culated instrumental resolution is shown by the
heavy bars in the cross-section peaks. The stepped
shape of the data points at small scattering angle
is the result of choosing time and energy channel
widths to optimize the presentation for the large-
scattering-angle detectors. The arrows above the
cross-section peaks indicate the energy transfer
associated with a freely recoiling helium atom.

Table II gives the energy and momentum transfers
expected for free-particle scattering and the actual
average of 15 measured energy transfers found
from the position of the midpoints of the cross-sec-
tion peaks taken at half-height. The measured re-
coil energies obtained in this way cannot be com-
pared directly with the calculated results because
the measurement is made at constant scattering
angle © and not constant momentum transfer,
Therefore, an adjusted set of experimental recoil
energies is also presented in Table II. This ad-
justment was made by determining the shift, in w,
of the centroid position of a simple Gaussian-shaped
S(k,w) at constant k, when this S(k,w) is converted
to a constant © cross-section representation. The
shift determined in this way is ~0. 6% for the He
cross sections at © =154, 3°, It will be shown that
a Gaussian in w at constant k gives a good model
for the helium scattering discussed here. For
E,=171.5 meV, the adjusted experimental values
are well within their standard deviations of the
calculated values. The adjusted values for E, =343
meV also lie within one standard deviation of the
theoretical recoil energies. Errors assigned to
the measured values of Zw include uncertainties
in the measurement of E, and E, as well as the un-
certainty in the determination of the midpoints of
the scattering peaks. A shift in the peak position
of S(k,w) has been inferred by Sears'? from his
treatment of high-energy neutron scattering from
liquid helium, which includes the effect of final-
state interactions. The predicted theoretical shift
is 25 °K or about 2, 25 meV. The present experi-
mental value of Zw, for the 154, 3° counter, is
0.5+ 0.8 meV lower than the free recoil energy.
The experimental error is believed to be conser-
vative. Therefore, it is unlikely that the measured
hw differs from the free-atom value by as much as
2.25 meV,

Figure 2 indicates the locations, in « and 7w, of
the present measurements on the free-particle
excitation curve for ‘He. This figure also shows
the range of k covered in the experiments of Cowley
and Woods.™® Their results extend from the region
near the end of the phonon-roton dispersion curve
to k=9 A™, At the lower values of «, the CW values
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lie somewhat below the free-particle curve, ap-
proaching close to the free-particle curve in the «

range 7-9 A™1,

Small deviations from free-particle

recoil energies at low values of « probably would
not be evident in the present results because of the
inadequate energy resolution on 7w in the appro-
priate range 2-10 meV, with the high initial neutron
energies of 171. 5 and 343 meV which were used.
The CW measurements would seem to place the on-
set of the quasi-free-particle-scattering region at
k values approximately 3—3 those used for the 154. 3°
detector bank in the present research.

The double-differential cross sections have been
integrated over energy for each detector scattering

angle to give the
do/dQ=0(0).
by averaging the

single-differential cross section

Mean values for o (6) were obtained

results of 13 separate experiments

59.5°
| A N .
445°
~q6°
14.5°
&
0.0 1.6 24x10°"

(K]

FIG. 1. Double-differential cross
sections for liquid He IT at 1.28°K.
Calculated instrumental resolutions
FWHM are shown as bars inside the
scattering peaks. Arrows placed above
the scattering peaks indicate the en-
ergy transfers expected for free re-
coil of the helium atoms. Smooth
lines have been drawn through the
cross-section points to improve the
visual presentation.

with E; =171, 5 meV and two experiments with E,
=343 meV. These mean values are plotted in Fig.
3. Standard errors on the mean are shown by error
bars for the E,=171.5 meV results only. Also
shown in Fig. 3 is the theoretical curve of the cross

section, see Eq.
tering®3:

ﬂ_(_ff_A+l
aQ 21 A

(1), for elastic free-particle scat-

&
E, 1+(A-1)/(A+1)E,/E, ’

(1)

where oy is the free-atom cross section, 0.724 b

was used for oy,

A is the ratio of the *He mass to

the neutron mass, E, and E, are the initial and final
neutron energies, respectively. There is good
agreement between the theoretical free-particle
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Measured values are given for the
Calculated energies and k values are also tabulated

for freely recoiling He atoms at the various scattering angles 6. Adjusted measured values are corrected for peak

symmetry, see text.

Errors are total experimental uncertainties.

E,;=171.5 meV E,=343 meV
) K fw (meV) K 7w (meV)

(Deg) A Meas. Adj. meas. Calc. (&Y Meas. Adj. meas. Calc.
154.3 14.33 106.0 = 0.8 106.65 + 0.8 107.15 20.26 213.0+ 1.6 214.0%+1.6 214.30
141.0 14.04 101.5+0.7 102.1 +£0.7 102.86 19.86 204.8 +1.3 205.8 +1.3 205,82
121.0 13.35 91.7+0.7 92.3 +£0.7 93.09 18.88 184.5 1.4 185.6 £ 1.4 186.18
90.5 11.54 68.1+0.8 68.5 =0.8 69.50 16.31 137.5+1.6 138.3 +1.6 139.00
59.6 8.56 37.8 1.0 38.0 1.0 38.25 12,10 74.8+£1.9 75.3+1.9 76.50
44,5 6.67 22.5x1.1 22,6 +£1.1 23.27 9.44 45,3 + 2.0 45.6 £ 2,0 46.54
29.6 4.58 10.7 £1.2 10.8 +1.2 10.98 6.48 21.5+2.2 21.6 £2,2 21,96
14.5 2.29 2.7+1.3 2.7 +£1.3 2.74 3.23 4.3 4,3 5.48

cross-section curve and the experimental points for
E,=171.5 meV at all detector angles except 14.5°.
The « value for 14, 5° corresponds to the region of
the large peak in the helium structure factor,*
S(k), at k~2 A~ which is related to coherent ef-
fects in the scattering. The deviation above the
free-particle cross section, for the 14, 5° point, is
approximately the same magnitude as the corre-
sponding deviation of S (x) above its limiting value
at high k, i.e., S(k)=1. Similar good agreement
exists between the experimental cross sections for
E| =343 meV. In this case, the peaking in S (k)
cannot be seen, since k is already 3.2 A" at the
smallest detector angle, i.e., 14.5°. These re-
sults provide additional evidence for believing that
at the higher x values used in the present experi-
ments the neutron probe is sensitive only to the
single-helium-particle motions.

Detailed information concerning the momentum
distribution of single helium atoms can best be in-
ferred from the present measurements at 154. 3°

T T T T
FREE PARTICLE EXCITATION
FOR LIQUID HELIUM
wx?

—— Free Particle Curve ho = g

10 1= & present Measurements ]

---- Cowley and Woods

Hu (mev)

K&

FIG. 2. Free-particle excitation curve for *He.
Regions investigated in previous studies by Cowley and
Woods (Ref. 8) and in the present work are indicated.

scattering angle where the highest instrumental
resolution was available, Figures 4 and 5 present
some of the double-differential cross sections for
E,=171.5 meV measured at this angle for a range
of temperatures. Several independent scattering
experiments'were usually carried out at each heli-
um temperature; reproducibility was generally
within the experimental errors indicating a high
degree of consistency in the cross-section mea-
surements. An instrumental resolution of ~4. 65
meV on E, was used for all measurements at this
energy except for the run at 4,185 °K and the one

at 1, 275 °K which were obtained using a calculated
resolution of ~ 3. 4 meV for neutrons scattered near
the centroid of the helium cross-section peak, No
significant difference is observed by visual examina-
tion of the shapes of the cross sections for these
two resolutions. The shapes of the differential
cross sections do, however, exhibit a temperature
dependence. There is a narrowing of the width of
the cross-section peak as the temperature decreases
from 4.2 °K to T,. Below T, there is also a gradual
change in the shape of the cross-section peak.
While above T, the cross section is relatively Gaus-
sian (a slightly skewed Gaussian gives a good fit

to the cross section), below T, the shape

becomes more pointed and a single Gaussian will
not fit the peak as well, Figure 6 presents the
double-differential cross-section results for E,
=343 meV, and ©6 =154, 3°. Measurements were
obtained at two temperatures 4. 2 and 1. 28 °K for
this initial energy. Smooth curves were fitted by
eye to the data points in order to make the shape
differences more apparent. No attempt was made
to normalize the areas under the cross-section
curves at © =154, 3° to a constant value. It is ap-
parent in Fig, 6 that there is a substantial differ-
ence in areas under the 4. 2 and 1. 28 °K curves.
This difference is about 24% and is by far the larg-
est difference observed for any of the cross-section
measurements, Typically, the areas under the
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cross-section curves shown in Figs., 4 and 5 are in
agreement to within better than 10%. At other an-
gles, where signal-to-noise ratio is better because
of the shorter flight path, the areas under the
cross-section curves for E, =343 meV agree to
within several percent for the two temperatures
used. Difficulties in making exact background sub-
tractions are believed to be the main contributors
to the variations observed in the single-differential
cross sections for the long-flight-path detector.
The background, however, is quite smooth and er-
rors in normalization are not expected to influence
any structure which might be found near the top of
a helium scattering peak.

The full widths at half-maximum (FWHM) of the
differential cross-section peaks at 154, 3° are plot-
ted in Fig. 7. Each point represents the resolution
unfolded FWHM for a separate cross-section mea-
surement. A definite change in slope occurs, in
the width data, as the phase transition is traversed.
This is emphasized by the straight-line segments
which were least-squares fitted to the data above
and below 7,. A change in the slope of the AE-vs-T
data, as T decreases below T,, suggests a transi-
tion which could be associated with the growth of
an additional component in the cross sections, e.g.,
a narrow condensate fraction. A knee in the widths
of the scattering peaks similar to that in Fig. 7

has also been observed by CW."?

For neutrons which scatter off free atoms, the
scattered neutron peaks are Gaussians in Zw at con-
stant ¥ and peak widths are proportional to the
square root of the kinetic energy of the scattering
atoms. The kinetic energy for liquid-helium atoms
as a function of temperature can be obtained by ap-
plying phase equilibria criteria to the liquid and its
saturated vapor. The Gibbs free energy as well as
the temperature and pressure of liquid and vapor

are equal along the svp curve. Therefore,
G, =G, , (2)
U=U,+P(V,-V)=T(S,~S,) , (3)
K(T)/N==~P(T)/N-L,+3kT~PV, , (4)

where K (T)/N and P(T)/N are the average kinetic
and potential energies per liquid-helium atom, L,
is the latent heat of vaporization, # is Boltzmann’s
constant, 7 and P are the absolute temperatures
and pressures, and V; is the volume per liquid-
helium atom. Equation (4) is obtained from Eq.

(3) under the assumption that the saturated helium
vapor can be treated as an ideal gas. The last three
terms in Eq. (4) are easily obtained from known
experimental data. The potential-energy term can
be computed from an integral of the pair potential
V (r) over the radial distribution function g (v):
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FIG. 4. Double-differential cross section at ©=154.3°,

E{=171.5 meV and a range of helium temperatures.
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N 0

Information on the radial distribution function is
available at several temperatures from x-ray and
neutron scattering studies.

If we assume a free-particle model for the neu-
tron scattering and, furthermore, that only one
component or one type of liquid-helium atom con-
tributes to the scattering, then the widths of the
measured peaks are expected to be proportional to
(K/N)'/2, Under these assumptions the measured
widths in Fig. 7 should exhibit the same tempera-
ture dependence as (K/N)'/2 when this quantity is
obtained from Eq. (4). The temperature dependence
of the widths, computed from Eq. (4), using values
of latent heat, pressure, and density from Ref. 14,
is shown in Fig. 7 for comparison with the mea-
sured scattering peak widths. In the computation,

a potential energy of — 180 J/mole was used at T=0.
At finite temperatures, the PE was assumed to vary
with the ratio of the macroscopic fluid density at
finite temperature, to the density at 0 °K. Calcula-
tions,* using Eq. (5) with several reasonable pair
potentials and experimental values for the radial
distribution'®!? function obtained at several fluid
densities, indicate that the assumed temperature
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FIG. 5. Double-differential cross section at ©6=154.3°,

E{=171.5 meV and a range of helium temperatures.

variation of the PE constitutes a good approxima-
tion. The assumed temperature variation of PE is
also in good agreement with the dependence of PE
on T found by Goldstein and Reekie.'®* The computed
widths have been normalized to agree with the mea-
sured widths at 2. 8 °K. This temperature corre-

(bisr ev)

[ i,
0.18 0.20 0.22 0.24
fu (ev)
FIG. 6. Double-differential cross sections at 6 =154.3°,

E;=343 meV for liquid He at 4.19 and 1.28 °K. The in-

strumental resolution FWHM is indicated by the FWHM
of the resolution triangle.
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FIG. 7. Full width at half-maximum versus tempera-

ture for the neutron scattering peaks ©=154.3°. Hollow
circles are for E=171.5 meV experiments, solid circles
represent energy widths for E; =343 meV which have been
adjusted for the higher « used by dividing the measured
widths by V2. This figure also shows the temperature
dependence of the widths which have been computed from
Eq. (4).

sponds to the midpoint of the experimental tempera-
ture range, Both measured and computed results
are in good agreement for 7>7,. Below T,, how-
ever, the measured widths are narrower than those
calculated from Eq. (4). Such a narrowing of the
FWHM would be consistent with the expected peak
shapes if a fraction of the helium atoms are con-
densed into a zero-momentum condensate.

More detailed information concerning the tem-
perature dependence of the neutron cross sections
can be obtained by comparing the entire shape of
the scattered neutron spectra for measurements
above and below the X point. Figure 8 presents
typical raw TOF scattered neutron spectra for heli-
um temperatures of 4. 2 and 1, 27 °K with an initial
energy of 171, 5 meV. Instrumental resolution is
indicated by the bar inside the scattering peaks.

A flat background has been subtracted and the areas
under both TOF peaks have been made equalto facil-
itate comparison of shapes. The data in Fig. 8
have not been smoothed except that time channels
have been summed in pairs. Visual examination

of Fig. 8 indicates that the helium peak at 1. 27 °K
is considerably narrower at half-height and general-
ly sharper near the center than the 4. 2 °K peak.
Analog-computer analysis of the shapes of the dou-
ble-differential cross sections, derived from data
like that shown in Fig, 8, indicates that a single
skewed Gaussian, in energy, provides a good fit

to the scattering peaks above 7,. However, at
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helium temperatures near 1, 27 °K, a single com-
ponent of this type does not provide as good a fit

to the experimental results even though the width

is varied to account for changes in the sample tem-
perature. The fit fails primarily in the upper part
of the peaks where scattering from a condensate
component would be expected to contribute. Addi-
tion of a second narrow component whose width is
assigned according to the Hohenberg and Platzman®
estimate of the condensate width, permits a better
fit to be made to the cross sections below 7,. How-
ever, a well-resolved two-component scattering
peak, such as that suggested in Ref. 6, is not ob-
served in the present experimental results. Struc-
ture in the scattering peaks is of a subtler nature
and requires careful analysis to determine what
contribution to the scattering may be related to a
momentum condensate,

IV. COMPARISON OF EXPERIMENT WITH THEORY

A theoretical model for neutron-liquid-helium
scattering, at high-momentum transfer, has been
developed by Puff and Tenn.!® This model assumes
the scattering law S (k, w) is Gaussian in Zw at con-
stant k¥ and centered on the free-particle recoil en-
ergy. With this assumption, and the use of certain
sum rules, a model results which involves only
two parameters: the average kinetic energy per
particle K/N which is related to the width of S («, w),
and the fractional condensate density p,/p. Use of
such a model seems justified by the observation of
helium recoil energies which lie on the free-parti-
cle excitation curve, the good agreement between
the measured single-differential cross sections
and the theoretical cross section for free-particle
scattering, and by the observation that the measured
cross sections at 7> T, can be well fitted by a theo-

X===1.27%% E; = 0.1715 eV
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o—4.20°K 6 = 154.3
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FIG. 8. Raw TOF scattering data for liquid helium at
4.20 and 1. 27 °K. Backgrounds have been subtracted
and areas under both peaks have been made equal. The
instrumental resolution FWHM is represented by the bar
near the middle of the peaks.
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retical cross section derived from an S(x,w) which
is a single simple Gaussian at constant «.

Equation (6) gives the Puff-Tenn (PT) result used
for comparison with experiment:

d%o 0 (Eo ' [2p, < T N2 B (hwmnag?
- == — 1 0
dQdE, 8nh \E, p rl(x)> (e )

) ) o

In this expression ¢, is the bound-atom cross sec-
tion for *He which was set equal to 1.13 b, py/p is
the fractional condensate density, E, and E, are the
initial and final neutron energies, respectively,
hw, (k) is the recoil energy which is a function of

k and therefore not a constant for constant scatter-
ing angle. The expression for the cross section
has two parts: The first part, involving a Gaussian
with a width (I',)"/2, is identified with scattering
from helium atoms in the condensate, while the
second Gaussian, with width (I“z)”z, is the scatter-
ing expected from the unccndensed or normal heli-
um atoms. From Ref. 6, the width of the conden-
sate peak (I'})!/? is estimated by

1 (pLK }i2>2
41n2 \My, ’

where p is the liquid-helium atom density, o is the
He-He scattering cross section for which one can
use® 2x107% c¢cm? for the « range of interest, 7k is
the momentum transfer, and My, is the mass of a

helium atom. The width of the Gaussian associated
with the uncondensed helium atoms is defined by

k)= (7)
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the PT model in such a way that it involves both the
average kinetic energy per He atom K/N and the
fractional condensate density py/p:

T, (k)= [$(K/N)Rw, - (po/P)T1)/(L = py/p).  (8)

The cross-section expression, Eq. (6), was least
squares fitted to the experimental results with aid
of computer program LIKELY.? A total of 19 sep-
arate experiments with E,=171,. 5 meV were fitted
by varying the PT-model parameters. Only the
scattering peaks at © =154, 3° were used for this
detailed analysis. Experimental resolution was
taken into account by convoluting the theoretical
cross section with a resolution function of the form

(7)™ 2 exp [- TRY?2 (hw - )
where

r,e:rﬂ(ﬁw')——l—

2
—4102 (AEZ) ’

and AE, is the instrumental resolution,

The theory-experiment comparison was made
with double-differential cross sections which were
computed from the raw TOF data on a channel-by-
channel basis., This procedure results in minimum
perturbation to any structure which is present in
the raw data and ensures that the statistical errors
calculated for each cross-section point are uncor-
related. Use of uncorrelated errors is a necessary
requirement for the statistical analysis which is
discussed below.

The result of least-squares fitting the theoretical
cross section to a measured scattering peak, for
4. 20 °K liquid helium, is shown in the left-hand

‘ FIG. 9. Least-squares

\ fits of one-parameter PT
NP theory to a scattering peak
1% SHIFT at 4. 20 °K. Data in the
/R N\ left-hand part of figure
i | XZ/N =0.617  have been shifted toward
higher %w by ~1%. Values
obtained for the fitting pa-
rameter, K/N, are 14,57
+ 0.77 and 14.22 + 0.64°K,
respectively, for the un-
shifted and shifted data.
The initial energy E;=171.5
meV, 9=154.3°, and « at
the peak centroid is 14.3 A,

0.09 0.10 0.11 0.09

e tev)

0.11
hu (ev)

0.10
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part of Fig. 9. For this fitting, the condensate
fraction in Eq. (6) was set equal to zero and, there-
fore, the theoretical cross section is a single Gaus-
sian in Aw at constant x which is fitted by varying
one free parameter, i.e., the K/N. Equation (6)
in this form is identical to the scattering function
for free gas atoms. In the fitting process, the area
under the theoretical peak is normalized to the area
under the experimental scattering peak, and this
procedure is followed in all theory-experiment com-
parisons which are made here. Three continuous
curves are drawn by the computer to indicate the
least-squares fit. The central curve is the actual
least-squares fit while the two adjacent curves
represent one rms deviation of the fitted curve.
From a visual examination of the left-hand part of
Fig. 9, it is apparent that a better fit could be ob-
tained by slightly shifting either the theory curve
to lower %w or the experimental data points to high-
er fiw. The right-hand side of Fig. 9 presents the
result for a least-squares fit of the one-parameter
theory to the data points after the experimental en-
ergy scale has been shifted 1% towards higher 7w,
A shift of the scattering peaks, toward energies
lower than the free-particle recoil energies, would
not be surprising since the known interactions be-
tween the liquid-helium particles can be considered
to cause an increase in the effective mass of the
scattering atoms. However, a shift of 1% in 7w is
not sufficiently large to place it out of the measure-
ment uncertainty. The /N values?! are 0. 885 and
0.617, with N=53 for the unshifted and shifted data,
respectively. Similar improvements in fit are
found at all helium temperatures when the experi-
mental energy scale is shifted slightly toward higher
energy transfers. The optimum shift is found to be
~1meV or ~1% for the E;=171.5 meV experiments.
Since the experimental error on the determination
of 7w, see Table II, is just in this range, it is dif-
ficult to conclude where the shift originates and it
could, in fact, be due to a combination of a small
deficiency in the theory and a small systematic er-
ror in the experimental energy scale. In the fol-
lowing analysis, results will be presented, for E,
=171.5 meV, both for data which have not been
shifted in any way and for data which have been
shifted ~1 meV or 1% by multiplying the 7w scale
by a suitable factor. Conceptually, this shift may
be thought of as a change in the energy scale within
the experimental uncertainties and not as a change
in the PT model. Least-squares fitting of theory
to experiment in the case of the E, =343 meV data
indicates no significant improvements in fit are ob-
tained by shifting the data in the range 0-2 meV.
Results for E, =343 meV are therefore reported
for unshifted data only.

Figure 10 presents the results of a least-squares
fit of the PT theory to a scattering peak obtained

| o

20

2PARAM. TH. Ts1.265°K

15

101
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TFIG. 10. Results of least-squares fitting the two-
parameter and the one-parameter PT theory to neutron
scattering data for liquid helium at 1.265°K. Values
obtained for the fitting parameters are p,/p=(9.4 +2.1)%,
K/N=13.9 = 0.8 °K for the two-parameter theory and
K/N=12.7 + 0.7 °K for the one-parameter theory. The
data have been shifted to higher Zw by 1%.

for 1. 265 °K liquid helium with E,=171.5 meV and
mean k=14.3A°!, The experimental energy scale
has been shifted 1% toward higher %w. The three
continuous curves are the least-squares fit for the
two-parameter theory, i.e., where both p,/p and
K/N are varied to minimize x2. For comparison,
the fit to the one-parameter theory is also shown
as a dashed line, From a visual examination one
could conclude that both theories give satisfactory
over-all fits to the data. However, the x*/N value,
which is a measure of the goodness of fit, is sub-
stantially lower for the two-parameter theory. The
probability obtained from the standard yx? tables,
that these xz’s are due to statistical fluctuations
alone, is 31 and ~ 2%, respectively, for the two-
and one-parameter fits. It is worth mentioning that
the sensitivity of the x2 test depends on the assump-
tion that the errors are due to counting statistics
and do not include systematic components. The
improvement in fit of the two- vs one-parameter
theory in Fig. 10 is evident primarily in the ex-
treme peak at the half-height point and in the tails
of the scattering peak. The amount of improvement
in fit is not dramatic when judged, e.g., on the
basis of the size of a single error bar. However,
the same type of improvements in fit are noted for
all three of the scattering experiments with E,
=171.5 meV and T=~1, 28 °K. It should also be
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FIG. 11. Summary of results for p,/p, K/N, and XY/N
obtained from least-squares fits to the unshifted scatter-
ing peaks. The kinetic energy computed with Eq. (4) is
shown as a dashed line. E;=171.5 meV and ©=154.3°.

mentioned that dramatic differences in shape due
to a small fractional condensate density cannot, in
our opinion, be expected because of the experimen-
tal resolution function, the relative widths expected
for the condensate peak and the observed gross
widths of the experimental scattering peaks, and
the statistical variability on the data points.

Another statistical test, the F-ratio test, can
also be used to compare fits. The F ratio is given
by Fy,x=(x}-x3)/(x/N), where x} and x; are ob-
tained from least-squares fits of the one- and two-
parameter theory to the same set of data. The
statistic F, y will be distributed as an F variable,
where F is defined as the ratio of independent x?'s,
and the probability point on the F distribution cor-
responding to the computed F,, y gives the probabil-
ity that the one-parameter theory gives as good a
fit to the data as the two-parameter theory. The
computed value of the F ratio for Fig. 10 indicates
that the one-parameter theory would give as good
a fit as the two-parameter theory only about 1 time
in 1000 on a purely chance basis. This is evidence
for choosing the two-parameter theory as a better
model in this case.

Figures 9 and 10, and the associated discussion,
have served to introduce the type of analysis which

has been carried out on all the cross-section peaks.

Conclusions obtained from the present theory-ex-
periment comparison are best based upon the sum-
mary of results presented and discussed below.
Figures 11 and 12 present values for the fitting
parameters obtained from the least-squares fits
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of the one- and two-parameter versions of the PT
theory to the helium scattering peaks, measured
with E;=171. 5 meV at helium temperatures of
4,2-1,27°K. Results are shown for unshifted data,
Fig. 11, and data which have been shifted 1% toward
higher #w, Fig. 12. Nineteen separate scattering
experiments with E,=171.5 meV, ©6=154,3°, and
mean k = 14. 3 A™! were fitted with the one- and two-
parameter versions of the PT theory. The results
represent averages from three experiments at

1. 27 °K and two experiments at 1.4, 1.6, 1.8, 2.0,
2.3, and 4.2 °K. Data from only one experiment
were available at 3. 83, 3.16, 3.00, and 2.62 °K,
Error bars on the parameters are the standard
deviations on the fitting parameters obtained from
the least-squares fitting analysis by program
LIKELY.? These errors are a function of the re-
maining variability between the data and the theory
after the least-squares fits have been made.

While use of a two-component cross section, i.e.,
one which includes a zero-momentum condensate,
is physically unsound at 7 > T,, this type of analysis
does investigate the sensitivity of the model-experi-
ment comparison. If, for example, the two- and
one -component models fit the data equally well at
T <T,, then there has been no evidence obtained for
existence of a condensate in this model-experiment
comparison. Conversely, a better fit to the data
when using the two-component theory, as opposed
to the one -component theory, at T <T, and equally
good fits at T > T, would constitute evidence for a
condensate fraction. As a measure of goodness of
fit, we will examine the x?/N values which are given
at the top of Figs. 11 and 12. A curve of statistical
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FIG. 12. Same results as for Fig. 11 except that
the data are shifted 1% toward higher #w.
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TABLE III. Summary of results obtained from the
F test for groups of data in certain temperature ranges.

Geom. mean prob.

Unshifted data T>T, 0.123
T>2.62°K 0.322
T<T, 0.0127

Data shifted 1% T>T, 0.0422
T>2,62°K 0.211
T<T, 0.0055

probability vs x2/Nfor ~50 degrees of freedom is in-
cluded to the left of the x2/N values. This P curve
gives the probability thatthe x2/N is due to statistical
fluctuations only. The expectation value for x2/N

is 1, provided the theory fits the data and errors
are entirely due to counting statistics. From a
comparison of the x?/N values for the unshifted and
shifted data, it seems clear that significantly better
fits are obtained for the shifted energy scale. The
results for the shifted data in Fig. 12 are therefore
likely to be the most useful in a x? test used to de-
cide on the need for a two-component theory. Most
of the x%/N values in Fig. 12 range close to 1, where
the probability curve is a rapidly varying function

of x3/N. At the higher temperatures, i.e., greater
than about 2.5 °K, the one- and two-parameter mo-
dels fit the data about equally well and both give
high-probability fits based on the x? table. At the
lowest temperature reached, i.e., 1.27°K, the
two-parameter theory gives a x? value corresponding
to a probability of 24% while the one-parameter
theory gives a fit with a probability of only 1%. At
temperatures between 1.3 °K and T,, the two-pa-
rameter theory gives x*/N values which are lower
than those for the one-parameter theory, but the
probabilities in both cases are high, thus preventing
a choice between the two models. Near T,, or at
2.3 °K, the x/N values indicate that the two-param-
eter model fits better than the one-parameter model
although both models give fairly low probabilities,

3 and 10% for the one- and two-parameter models,
respectively. Aside from the results at 7= T,, the
trend of the x%/N values and associated probabilities
are consistent with a two-component model for neu-
tron scattering from liquid-*He atoms at 7 <T),,
while above T, a single-component model adequately
fits the data.

The F test has also been applied to all the results
shown in Figs. 11 and 12. In order to obtain a
summary of the predictions made by this statistical
test, the joint and geometric mean probabilities
were determined for four groups of results, i.e.,
for the shifted and unshifted data at 7 > 7', and at
T <T,. The joint probabilities are found by multi-
plying all the separate probabilities together, for
data in one of the groups, e.g., for unshifted data
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at T>T7,. The geometric mean probability is the
nth root of the joint probabilities, where » is the
number of separate experiments which were used

to compute the joint probability. A total of eight
experiments above T, and eleven experiments below
T, were used to obtain the combined F statistics.
Table III lists the results for the combined proka-
bilities. The geometric mean probability should be
understood as giving the probability that one would
obtain a value of X% as high or higher based on the
hypothesis that the one- and two-parameter theories
fit the data equally well. For example, for 7 > T,
and unshifted data, there are 123 chances out of
1000 to support this hypothesis, while for T < T,
there are only 13 chances out of 1000 that the two
models are equivalent. For the data which have
been shifted prior to least-squares fitting, the prob-
abilities are 42 per 1000 and 5.5 per 1000 for T > T,
and T <T,, respectively. These combined probabil-
ities do not strongly favor the choice of a two-pa-
rameter model for T <7T,. However, they do show
a trend which is consistent with the idea that at

T >T, a one-parameter theory adequately represents
the data, while at T < T, a two-parameter theory
gives a better fit than a one-parameter theory. A
further grouping in Table III, i.e., for T >2.62 °K,
indicates that for temperatures more than about

1.0 °K above 7, the one-parameter model provides
a rather good fit to the experimental data. Six in-
dependent experiments were used to compute the
combined statistic for 7 >2.62 °K.

The values of the condensate fraction p, /p ob-
tained from the least-squares fits of the two-pa-
rameter PT theory to the neutron scattering peaks
are presented in the lower parts of Figs. 11 and 12.
The value shown for unshifted data at 1.27 °K is the
same as that reported in Ref. 9. Values of py/p
using the two-parameter model for 7> 7T, are listed
in Table IV. While a two-parameter model is phys-
ically absurd above T,, this does provide some in-
formation concerning the sensitivity of the present
model-experiment comparison. From the statisti-
cal evidence discussed above, it is clear that the
one -parameter model fits the data as well as the

TABLE IV. Values of “false condensate’ obtained by

using two-parameter model to fit the helium data above
T,.

Unshifted data Data shifted 1%

T(°K) po/0 (%) T(°K) po/P (%)

4.20 2.38 + 1.4 4.20 2.45 £ 1.1
3.83 -1.37 £ 2.5 3.83 -2.16 2.3
3.16 2.89+ 2.8 3.16 4.36+2.2
3.00 5.05 % 2.5 3. 00 3.75+£2.2
2.62 5.83 + 2,2 2.62 5.31£1.8
2,30 4.88+1.7 2.30 5.47 £ 1.5
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two-parameter model for T substantially greater
than 7,, and therefore even from a purely mathe-
matical viewpoint p,/p can be set equal to zero for
this temperature range. There does not seem to
be a direct quantitative method of assessing un-
known systematic errors in the model-experiment
comparison. While the “false-condensate” deter-
minations bear on this question, it is not clear how
this should be factored into an over-all error esti-
mate for the parameters. Consequently, theerrors
quoted on these parameters are lower limits ob-
tained from counting statistics only. However, it
should be emphasized that the X2/N values in Fig.
12 are in the neighborhood of 1.0, indicating that
errors aside from the known statistical errors are
probably small.

The condensate fractions at 1.27° are (7.5 1.6)%
and (8. 8+ 1. 3)% for the unshifted and shifted data,
respectively. Since the shifted data give better X2
fits, it is felt that (8. 8+ 1. 3)% is our best determin-
ation of py/p from the E;=171.5 meV data. The
fractional condensate density obtained from the sin-
gle E, = 343 meV experiment, at 1.28°K, is
(15.6+3.7)%. This value for py/p is larger than the
(8.8+1.3)% obtained from the E; =171.5 meV exper-
iments at ~ 1,27°K. However, these results do
overlap well within twice the range of the standard
errors. Since the resolution was better for E,
=171.5 meV and a series of experiments were car-
ried out with this E, compared to only one experi-
ment with E; = 343 meV, it is felt that the 8. 8% value
for py/p is probably the more accurate one. These
fractional densities are consistent with the theoreti-
cal estimates of 8-25% obtained in Refs. 1-5 for the
ground-state condensate fraction. Values for aver-
age kinetic energy per liquid-helium atom are given
in the central parts of Figs. 11 and 12. Results for
the one- and two-parameter models are both plotted
for comparison, and they overlap to within the error
bars although there is a systematic difference.
Error bars are shown for the two-parameter re-
sults only; errors for the one-parameter fits are
comparable. The one-parameter results above T,
and the two-parameter results below T, should pro-
vide the most accurate determination of the kinetic
energy. Equation (4) has also been used to compute
the K(T)/N for T>0°K. In this computation, the
value of P(T=0) was taken as —180 cal/mole or
—~21.65°K/atom, %2 and values of the latent heat were
from Ref. 14. The computed K/N values are shown
in Figs. 11 and 12. As previously mentioned, the
PE was assumed to vary with the liquid density at
finite temperatures. The computed kinetic energies
for the E,=171.5 meV are approximately 1-2°K
higher than the experimental results. There is con-
siderable uncertainty regarding the best choice for
P(T=0). We have found differences of at least sev-
eral °K in our calculations of the PE from Eq. (5).
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Other workers'® have noted the same uncertainties.
The computed and measured results on Figs. 11 and
12 are therefore judged to be in agreement within
the known uncertainties on the potential energy. I
the experimental kinetic energies are extrapolated
to absolute zero using the computed result as a guide
for the temperature dependence below 1.27°K, a
K(T=0)/N of about 13 °K is obtained. This is in
good agreement with the recent theoretical deter-
minations of the ground-state kinetic energy, Refs.
3,5, and 23.

Values for K/N were also obtained from the E;
=343 meV data at 1. 28 and 4. 20°K. The least-
squares fit of the two-parameter theory to the 1.28
°K data gives a K/N of 15.1x1,5°K compared to
13.3+0.5°K from the E;=171.5 meV data at 1. 27
°K helium temperature. At a helium temperature
of 4.20°K, the one-parameter PT theory gives a
value of 18.1+1.7°K for the K/N compared to
15.0+ 0. 5°K from the lower-energy E;=171.5 meV
data. Agreement between these K/ N values is with-
in twice the standard errors. The higher-energy
results are in better agreement with the K/N calcu-
lated from Eq. (4). However, there were only two
experiments carried out with E, = 343 meV compared
to 19 experiments for E;=171.5 meV. Results for
the kinetic energy obtained from the latter set of
experiments are therefore judged to be more accu-
rate.

V. SUMMARY AND DISCUSSIONS

High-energy and momentum-transfer neutron
scattering was used to obtain information about the
motions of liquid-"He atoms. Scattering experi-
ments were performed with much higher energy and
momentum transfers than were used in previous
studies of liquid helium. Momentum wave-vector
transfers up to 20. 3 A™! were reached along the
free-particle excitation curve. A primary objective
of this research was to test the suggestion that at
sufficiently high momentum transfers, where neu-
trons are expected to scatter from single helium
atoms, structure might be observable in the cross-
section peaks which could be identified with the
Bose-Einstein or zero-momentum condensate.

At the higher values of momentum transfer the
measured recoil energies, as well as the behavior
of the single-differential cross sections, is consis-
tent with a single-particle model for the scattering.
Above the ) temperature the scattering peaks are
found to be well represented by the free-particle
scattering function, i.e., a single Gaussian in 7w
at constant k. Below T, there appears to be addi-
tional structure in the scattering peaks and a single-
component free-particle model does not fit as well
as it does for T>T,. A marked change in the tem-

.perature dependence of the scattering peak widths

occurs near the A point. The observed behavior is



1086

consistent with a transition in which a second nar-
row component, such as might be caused by a mo-
mentum condensate, begins to contribute to the
scattering cross section.

A theory!® with only two variable parameters, the
kinetic energy per helium atom and the fractional
condensate density, along with a free-particle form
for the scattering function, has been used to inter-
pret the measured cross sections. Statistical analy-
sis of the least-squares fits of this theory to the
experiments indicates that the two-component
model, which includes a condensate fraction, gives
a good fit to scattering cross sections for T< T,,
while above T, a one-component model, with a zero-
condensate fraction, will give a good fit to the data.
Values of the kinetic energy per atom and the con-
densate fraction are obtained from the theory-ex-
periment comparison for temperatures in the range
1.27-4.20°K. The condensate fractions obtained
in this way range (7.5+1.6)-(8.8+1.3)% at 1.27
°K depending upon the method of analysis used, the
8. 8% value is judged to be the most accurate. Er-
rors quoted for the parameters represent the effects
of statistical counting errors in the least-squares-
fitting analysis. No assessment of unknown sys-
tematic errors seemed feasible although the discus-
sion attempts to provide an objective picture of pos-
sible uncertainties in the model-experiment com-
parison. These results are consistent with recent
theoretical estimates for the ground state of liquid
helium. Values for the kinetic energy per atom
have also been deduced from the theory-experiment
comparison. The neutron scattering results for
kinetic energy are compared to the kinetic energy
computed from thermodynamic phase equilibria con-
siderations. The shape of the temperature depen-

0. K. HARLING 3

dence as well as the magnitudes of the kinetic ener-
gies, obtained from the present experiments, are
in agreement to within known uncertainties with the
computed results.

Additional measurements of the type reported here
would be desirable at lower and higher liquid-helium
temperatures than the range covered in the present
study. Further measurements at substantially lower
temperatures are judged to be particularly impor-
tant since they could provide the necessary leverage
to give a more definitive answer to the question of
momentum condensation. Measurements at signif-
icantly lower temperature, for example, down to
~0.5°K, would also provide kinetic-energy results
in a range where this quantity is expected to be quite
flat. This would permit accurate extrapolation to
absolute zero where a direct comparison can be
made with various theoretical results.
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Experimental Observation of the Drift Dissipative Instability in an Afterglow Plasma
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Measurements are reported on low-frequency self-excited oscillations in an inhomogeneous
afterglow plasma, in which there is a radial density gradient perpendicular to an axial homo-
geneous magnetic field., The plasma was produced either by using a short pulse of electrons
emitted from a hot cathode to ionize the background gas, or by pulsing off an rf discharge.

The plasma so formed had an initial density of ~ 10!% jon em™® and a temperature T,~1000 °K.
The experiment was carried out using tubes of 2.5and 5.0 cmdiam, giving inverse density scale
lengths for the radial density gradient of ~2.3and ~1.3 cm~!, respectively. The oscillations
occurred mainly as m =+1 azimuthal modes although some results for m = +2 were obtained.
The oscillations were shown to be standing waves in the axial direction z with a wavelength

\,, approximately equal to the column length. It was found that the frequency of oscillation

w was dependent on the column length and by varying this, a dispersion relationship w vs k&,

= (2m/A,) could be plotted under various conditions. It was found that the frequency was inde-
pendent of time (or density) in the afterglow and that the frequency of oscillation tended to zero
as k,~—0 and to w* as k, assumed larger values. The simple theory of drift dissipative insta-
bilities has been extended to include effects due to electron-neutral and ion-neutral collisions
and the Re(w), and growth rates Im(w), vs &, have been calculated for the relevant experimental
cases. Comparison of theory and experiment shows remarkably good agreement considering
the possible errors in some of the experimental quantities and the assumptions present in the

theory.

[. INTRODUCTION

During the last few years there has been much
interest in the low-frequency oscillations or insta-
bilities occurring in inhomogeneous magnetoplas-
mas. This is due to the possible anomalous cross-
field diffusion caused by the presence of these
microinstabilities. Of particular interest are those
instabilities occurring in a plasma with a density
gradient perpendicular to the containing magnetic
field in the cases where collisions between particles
or lack of collisions may lead to oscillations. These
self-sustained oscillations are the so-called drift
instabilities, and their main properties in both the
collisional and collisionless regimes have been
summarized by Kadomtsev! and Mikhailovski. 2
Unfortunately, in most experiments on drift waves
reported to date, large radial electric fields as
well as radial density gradients have existed in the
plasma. This electric field, together with the lon-
gitudinal magnetic field, leads to an azimuthal rota-
tion of the plasma, and consequently causes a

Doppler shift in the instability frequency, usually

of the same order of magnitude as the drift fre-
quency itself.?"® Further, it has been shown’ that
in an inhomogeneous plasma a rotationally convected
drift-wave type of instability can be supported if
collisions exist in the presence of this radial elec-
tric field.

In afterglow plasmas, however, this radial elec-
tric field is small (experimentally found to be of
the order of 10 mV/cm), and most of the other
possible causes of instability such as axial current
nonisotropic velocity distributions, and imposed
electric fields are absent. Therefore, most ex-
periments on afterglow plasmas had shown them to
be stable, but recently Pigache and Harding® have
reported the observation of drift waves in a helium
afterglow. This paper reports further results ob-
tained in both helium and hydrogen afterglow plas-
mas on a low-frequency instability. Experiments
have been performed in two different tubes, thus
varying the density gradient scale length, and in
different axial magnetic fields. The instability

’



