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ABSTRACT

Diffraction effects in thermal radiation have been produced in
liquid helium IT by means of a thermal grating radiating a
primary (zero-order) beam accompanied by higher order beams

at appropriate “Bragg® angles, These results at once demon=
strate unambiguously the true wave nature of this thermal
wave propagation and its conformity to Huygens' principle in
the most demanding test to which second sound has been sube
Jected, The general nature of the angular pattern, including
the fine structure, conforms to the requirements of diffract-
ion behavior for more customary wave motions, A determination
of wave velocity (Vz) for second sound is obtainable from the
observed Bragg angles, Results of an investigation on the
propagation of second sound in rotating liquid helium are pre-=
sented,
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I, INTRODUCTION

Of all the curious properties of liquid helium below its transition
temperature the most unusual and most illuminating is its ability

to sustain a thermal wave, Temperature fluctuations introduced into
the liquid propagate and preserve their form as characteristic of a
general wave propagation, transporting energy and entropy with a
definite velocity; This kind of thermal behavior, called second
sound, is quite distinct from the usual diffusive flow of heat
characteristic of most material and is unique to the form of helium
existing below 2,186°K = liquid helium II, Above this transition
temperature (called the H\=temperature) the liquid behaves in com=-
paratively normal manner; but upon cooling below this temperature
liquid helium alone is able to escape the consequences of the Nernst
theorem which forces other matter to freeze; The combination of
small interatomic forces along with a very large zero point motion,
because of the magnitude of A/m, allows helium to lose entropy in
another fashion, The resulting behavior of helium on a macroscopic
scale is thus a direct consequence of the ultimate guantum nature
of matter;

Various theoretical models have been proposed to account for this
behavior in helium, The first historically was that of F, London (1)
who suggested that helium displays the phenomenon of condensation of
Bose particles as predicted by Einstein (2), Tisza (3) amplified
this idea, applied it to a specific model of helium, and succeeded
in giving a theoretical account of many of the properties of helium,
Landau (4) applied quantum hydrodynamics to a low energy system of
particles apparently disregarding the effect of the particle statis~
tics, The resulting excitation gas, composed of two types of funda-
mental excitations phonons and rotons, is taken as a model of liquid
helium, Feymman (5) applied first principles to a low energy system
of Bose particles, calculating the momentum=-energy spectrum of the
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system;_ This treatment directly yields many of the properties of
liquid helium,

The one unifying feature of all the theoretical attempts at des-
ceribing liquid helium is the result that the liquid is best des-
cribed macroscopically as composed of two independent, non inter-
acting momentun fields; one field containing all the entropy and
viscosity of the liquid while the other has zero entropy and vise
cosity, This viewpoint allows the separating off of a degree of
freedom of the system, Macroscopically there can now exist two
types of longitudual oscillation - the pressure oscillations (sound
waves) with both momentum fields in phase and entropy oscillations
with the momentum fields out of phase; This second kind of oscil-
lation is the second sound alluded to previously, From a study of
its properties many of the characteristics of this quantum liquid
can be found, '

The existence of this kind of internal motion in the liquid was
first determined by Peshkov (6) who experimentally investigated
a resonant standing~wave system, The ability of second sound to
proceed independently as a self-maintained thermal packet was
determined by Pellam (7) who utilized the pulse method to inves-
tigate the transmission of thermal pulses and their subsequent
multiple reflections,

The remaining property required for establishing second sound as
satisfying unequivocally all the demands of the wave equation has
been its ability to undergo diffraction in conformity to Huygens'
principle, The purpose of this investigation has been to deter-
mine whether such diffraction is observable and, if so, whether the
diffraction laws charactizing the more familiar forms of wave proe
pagation are obeyed, This is at once the most demanding, yet the
most conclusive, test to which the wave nature of second sound can
be put,



II, METHOD AND EQUIPMENT

4)

B)

Method

The general procedure has been to excite second sound waves from
a "thermal grating" consisting of a linear array of heater ele~
ments possessing a spatial periodicity and undergoing periodic
in-phase heating, Interference effects would be expected to pro-
duce a primary (zero order) beam normal to the plane of the ele-
ments and sharply defined secondary beams at angles appropriate
to constructive interference; The presence and location of such
beams were investigated by means of a thermally sensitive re-
ceiver used to probe the surrounding thermal field,

Equipment
1) Thermal Grating

A "thermal grating" composed of a series of equally spaced,
parallel, line sources constituted the heater array; This
grating, shown in figure I“, consisted of (30) thin parallel
strips (G) of gold, spaced at an interval & & 3/L mm, The

gold strips were formed by vacuum evaporation through a screen
onto the plane lucite surface (L), The elements are connected
in parallel by the terminating electrodes (E) forming a resiste
ance element, whose resistance of approximately 100 ohms is not
a function of temperature in the liquid helium range, The
elements of the resulting antenna array are heated in phase by
applying an alternating voltage across the electrodes, Half of
the power generated in the grating appears as a constant heat
flow out of the experimental chamber through the holes (h) while
the other half (with its frequency doubled) is available for

second sound,

2) Detection System

In order to detect these thermal waves a sensitive, high fre=
quency thermometer must be used, By the nature of the second

*pigures in section VIII (Appendix IT)
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sound it is necessary to measure the fluctuating temperature
and not the time average =~ ~ the high thermal conductivity

of helium keeps the time average temperature the same every-
where throughout the liquid; The thermometer used was a
bolometer in conjunction with a tuned amplifier system, Bs-
tablished techniques (8) using a current carrying carbon film
as the low inertia bolometer were employed, A rectangular rew
ceiver surface (roughly 3 mm x 20 mm) supporting uniform current
density between electrodes on opposite edges measured the in=
stantaneous temperature fluctuation averaged over its surface,
and thus constituted a phase sensitive thermal detector, The
phase sensitive nature of the detector allowed the detector to
be placed close (28 mm) to the grating and still (by nature of
its plane form) respond only to plane waves, Some deviation
from this ideal behavior occurs because of interference effects
resulting from the finite dimensions of the detector; For
reasons to be discussed later, the response (S) for the present
system is actually influenced in this respect only by the
finite length (P) of the detector, for which the sensitivity
pattern S (L) becomes

(sm ﬂﬁf’.s{n&)

5= (%?SMKJ

for waves incident at angle () to the normal, From the form
of the function S it is evident that the greatest response is
to waves arriving within the angle (= VP, For the geometry
used in this experiment o( & 7’/? < l°, representing close
enough approximation to the ideal behavior for the purposes

of the experiment,



3) Experimental Chamber

A cut away section of the experimental chamber (machined from
an initial 1 1/2 inch length of lucite tubing 2 1/2 inches in
diameter) is shown with the top removed in figure 2,

The bolometer (B) is clamped securely to the brass stirrup (S)
and can be rotated about a vertical axis (a-b), Two conical
bearings at (a) and (b) maintain rigid alignment as the bolow
meter is rotated, scanning the thermal field, The bolometer

is connected electrically to the amplifier system by coaxial
cable; the input and output circuits are kept entirely sep-
arate in the liquid helium = = not even sharing a common ground,

Figure 3 gives a view of the complete low temperature unit,
The mechanical connection of the stirrup to the external drive
is through an expansion and universal joint (J) and the drive
shaft (D), The drive shaft is aligned by tightly compressed
glass wool surfaces (g), finally passing out of the dewar
system through an O-ring seal (0) above which mechanical rie
gidity is assured by a ball bearing (A), An electric motor
with a precision speed reduction gear arrangement provides
external scanning drive; The sweep rate can be altered but
was predominantly 7,2°/hin in this experiment,

The antenna array (L) was aligned with its midpoint parallel
to (a=b) (see figure 2) and served also to close the chamber,
leaving direct connection with the external helium bath pre=
dominantly through the holes (h), All internal surfaces of
the chamber and the stirrup (except the grating and the bolo-
meter) were covered with felt to supress multiple reflections,
It may be noted here that this geometry enables the study of
a free wave, unhampered by standing wave effects except when
grating and bolometer are parallel, The secondary reflections
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are immediately removed from the direction of the beam under

investigation and are absorbed,

L) Electronic
 a) Source

 &n a ternating current from a signal generator*) is sup-
plied to the grating through a coaxial line, The second
sound frequencies used in the experiment range from about
45 kilocycles sec:1 to 75 kilocycles sec:l; Because an
alternating current generates heat twice each cycle these
second sound frequencies are generated by a current at
half frequency,

b) Amplifier
A block diagrsm of the amplifier system is shown in figure L,
The bolometer (R) is part of a simple ICR circuit (figure 5) ,
with a @ of WL/R and resonant angular frequencywof ¢= (Lcl)‘s;
02>>Cl is a blocking condenser and r>) R serves to determine
the direct current through R maintained for this experiment
at about 1 milliampere, The Q obtainable is limited by R
and by the available inductors but ranges in the neighborhood
of 20, This circuit at once eliminates the troublesome sub-
harmonic pickup present from the driving frequency and also
multiplies the woltage appearing across R (because of bolo=
meter action) by Q - - giving a virtually noise free gain of
Q before entering the preanmplifier,

The preamplifier is a tuned cascode amplifier**) which, when
used with the tuned bolometer input, has a Q of about 60 and
~ a gain of roughly 103. The output of the preamplifier is

*) Hewlett Packard, Model 200 CD,

**)Circuits are shown in Appendix II,
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amplitude modulated by a mechanical chopper at 280 cycles secfl.
This chopﬁed output feeds into a "pulse amplifier” and amplitude
modulation detector whose output goes to a filter of L cycles sec'.'l
frequency width and adjustable time constant, The signal finally
appears as a direct current measured either on a meter or recorded
on a chart recorder, The overall gain is roughly 5 x 105 with an
equivalent input noise of 2 x 10"8 volts, and (for a one second
time constant) noise fluctuations of L x 1009 volts, The noise
fluctuations of course limit the measurement sensitivity, but
provide a simple non-zero background signal level, These fluc-
tuations can be further reduced by increasing the time constant
of the system (average over more cycles) but the practical limit
is determined by how rapidly deliberate changes are to be made in
the signal level;

¥ith a power input of about 50 milliwatts to the helium the major
beams give a maximum signal at the bolometer of about a micro
volt, corresponding to a signal to noise fluctuation of about
250/1, This magnitude of signal involves a temperature fluc-

tuation of the bolometer of about 5 x 10'6°K.



IIT, ANALYSIS

The set of cylindrical wavelets produced by a plane array of many
identical line sources, excited in phase, will combine in certain
directions to form plane waves, This effect, well documented from
multiple slit optics, presumably applies equally well to the thermal
wave, The znalytic expression for the amplitude (R(8)) of the plane
wave produced in the direction O by N line elements spaced at equal
intervals (&) is (9): '

sin (NTT& sin & )
R(8) L , m’” (1)
sin< 3 sin 9)

The angle O is determined by the direction of the plane wave (wave-
length A ) with respect to the normal to the array,

The properties of function (1) are well known, From the form of this
function it is evident that the maximum amplitude occurs at angles (@)
for which the condition

8sin® =n A, (2)

. (n = integer)
holds, This just states the requirement that the "thermal path" for
adjacent sources differ by n A , Only for this condition can the
cylindrical wavelets combine to present a constant phase plane sure
face, For such maxima, the amplitude function (R) for the line source
array becomes proportional to N, and just N times the contribution from
an individuval source,

There will similarly be zeros in the signal whenever there are equal
numbers of oppositely phased contributions from individual line sources,
i.e,

N6 sin8 =m A (3)
(m = integer)
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(0<m<N), This represents the condition for which equal numbers
of elements exist whose thermal paths differ by A /2, Also the

position of the first zero provides a criterion for expressing the
effective "beam width" (A) of the "straight-ahead" beam (n = 0):

A & sin O = A /N6 (L)

Similar criteria express the "beam width® (A) for the secondary
beams (for | n|>0)

A = A/NBE cos B (5a)

where the array becomes effectively foreshortened to its projected
length N6 cos &, We see from the form of (2) and (5a) that the
angular position of the major beam is determined by /8, while the
"beam width® (A ) for this position is determined by 1/N, as 8 =A/N6,

Tt turns out to be convenient to put A in a form containing only
geometric factors, Eliminating 2/6 from equations (2), and (5a),
the halfwidth (/) becomes -

Az?{%—tan@ (5v)

for which the actual frequency dependence of /\ appears only in the
angular position of the beam,

From the form of (1) it also follows that between the major peaks
there falls a sequence of "sub-peaks" produced by conditions of
partial reinforcement, and located at angles (68 ) for which

N6 sin® =m ) | (6)
(m = half-integer >f"i. )
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Formation of such sub-peaks may be visualized easily on the basis
of mutual cancellation of some fraction of the available source

elements, For example, when
(N6/3) sin b = A/2 ()

(m =3/2 in (6)) two-thirds of the sources mutually cancel, leaving
the remaining one-third to form a signal by phase addition, for
which the phase span is TT; Adding these on the "vibration curve®

principle, the amplitude R(5) may be evaluated

sub-peak

2 ‘
R0 ) gup-peakX 7 (l;') ®)

with similar arguments holding for each half-integer value of (m)
greater than one half, By either method, the amplitudes of such
sub-peaks falling between the major beams become

(=)= 3) ‘N (-l)m-fN ‘
B(8) gup-peak X eyl =)s (m/M)<<1 (9)

(m = half-integer > ;)

Figure 6, showing the distribution of amplitudes, was constructed
from the expression of equation (9) (for the particular case of

N = 30), 4 series of Nw2 alternate phase sub=peaks occurs, reach-
ing minimum magnitude midway between the major peaks where the
heights are down by a factor (1/N), Besides providing signal dise
tribution among sub-peaks, the behavior shown in figure 6 near the
major beams represents the fine-structure observed experimentally
in their vicinity, Such structure will be discussed more fully
under (IV) Experimental Results, where the effects of other aspects
of the pattern will be pointed out,

Having dwelt on the details adjacent to the main beams, the overall
features of the pattern must be considered, Clearly, if equation (1)
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fully represented the behavior, all major peaks (when m = N) would
possess equal amplitude (proportional to N in each case), The
situation is complicated, however, by the further fact that the
elements have an actual width (w); Accordingly, instead of radiat-
ing symmetrically, as from the line elements assumed for 1, each
element itself possesses a wave radiation amplitude pattern given

by
“ sixX J--T-lr?)s:i.n ‘éﬂ ‘
R(gg.en::c [( ﬁ;E) sin (ﬂ (20)

As a result expression (1) for pure line elements is ¥modulated® by
this factor, so that the overall radiation pattern becomes

sin KI;-\!) sin 9] siﬂ[(%';q) sin 9] (11)
[(I%‘—") sinej sin[(-"-;\—?) sin @]

R(6 )eC

or, for simplicity

R(B )< SR 28 g@ (12)

where B =-T%E sin8 , and =l;\-§ sin B,

The general expression for the wave amplitude (12) simplifies con=
siderably for the major beams, As was shown in equation (2) the
major beam peaks occur whenever & sinf = n)\, Under this condition
equation (12) reduces to

' g )
R()ac (-1)(FH)n y sinds (13)
max, n
with B, = ngrw o The relative amplitudes of the major beams are thus

.

The even number beams (n = even integer) are always of positive phase,
while the phase of the odd number beams depends on the number of ele-
ments (N),



determined only by geometric factors involving the array itself and
are independent of wave length{ This effect will be illustrated in
the experimental data,

Thus far the derivation has concerned only the wave generating chare
acteristics of the grating array, and remains strictly valid, there=
fore, only for a plane receiver surface of infinite extent; Actually,
the finite dimensions of the actual experimental detector introduce
still further‘modifying effects; Specifically, the sensitivity of
the receiver element itself depends upon the angle of incidence (o{)
(measured from the normal to the detection surface) at which the wave
arrives, This sensitivity pattern S(« ),

S6() =, 2.?-?’-;-5- 7= fl;.!i) sin o (14)

where (P) is the detector surface length, results in the detector
having a very slight "peripheral vision", i,e, being able to detect
strong signals at other than normal incidence, Since the beams are
not spatially separated near the grating, the detector is actually
tilluminated®™ by a complicated array of superposed simultaneously
arriving beams and sub-beams, approaching from a variety of propa-
gation directions,

The gross radiation pattern measured will certainly represent prew
dominantly the detection of waves striking the receiver surface at
normal incidence, and the major peaks themselves will undergo but
slight modification; However, the detailed fine structure accompany-
ing the major peaks, and particularly the relatively low intensity
sub-peak array, can be profoundly modified by the effects of receiver
“peripheral vision", as will become evident from the experimental

results,



IV, EXPERIMENTAL RESULTS

Chart recordings of the experimental results are shown in figures 7,
where signal amplitude (arbitrary units) is recorded versus angle (8)
(degrees), Data are shown for two frequencies (L6l kilocycles sec:&
and 72;6 kilocycles secrl) and at each frequency recordings are shown
for three temperatures, The data unmistakably show the expected major
interference effects displaying beams out to n = L at the higher

temperatures,

The details of the major beams and the nearby subpeaks conform well
to the behavior expected from the preceding analysis, The pre-
dicted value for the halfwidth (A) deg (equation 5b), expressed in

angular degrees, reduces to
(A), = 2 tan 6 (15)
deg n

for the special case N = 30’,' The experimental results agree quite
well with this formula, For example, from figure 7a 4\ is measured
to be 0,54° for the n = 3 beam while calculation using the corres~-
ponding observed value of & gives 0,45°, Similarly, the n = 1 beam
from figure 7f has a measured A = O.95° and a calculated value of
A =0,77°, As expected from figure 6 the major beams are seen
(figures 7) to have approximately twice the width of the close-by
minor peaks,

The calculated relative intensity of the major beams (equation 13)
agrees only moderately well with experimental measurements, For the
grating used in these experiments 6 & 3/ millimeter and w & 1/l
millimeter, Rewriting equation 10 neglecting the sign of the phase
the wave amplitude becomes: '

R(O LN i}gén (16)



with Bn x2l As an example of experimental confirmation, data

3° .
from figure 7a are presented normalized to RnglCéa).

n Rn/Rl (cale,) Rn/ﬁl (exp. )
1 1.0 1,0

2 5 65

3 0 .15

4 e25 .02

These results will be considered again in section (V) Discussion,

The second sound velocity (Vz) can be calculated using equation 2,
Assuming no dispersion the wave length (N) is simply related to the
frequency (<)), and equation 2 becomes:

v, = 12 é sin O (17)

Accurate relative velocity measurements then simply involve measure=
ment of the angle 8 , Velocity as a function of temperature measured
in this manner is presented in figure 8 for a number of frequencies
(1), The resulting velocities are in good agreement with measure-
ments by other techniques (10) and constitute the first direct
measure of the velocity of a free second sound wave of definite fre=
quency, To within the point scatter ( 1 percent maximum) there is

no dispersion in the frequency range investigated, The high preci-
sion possible with this technique was not attempted being limited

here mainly by considerations of temperature measurement,

With decreasing temperature the absolute amplitude of the signal is
seen to increase figures 7, raising the expected subpeaks above the
noise level, The change in absolute signal amplitude with tempera-
ture is governed mainly by the specific heat (C), For a given heat
input (A Q) the initial temperature fluctuation (AT) is T = %AQ.
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In this case the /A T propagates as an attenuated wave according to
A X ) -
AT g—— AQ, where  is an amplitude attenuation coefficient (cm.l)

expressing the rate of decay with distance (x) (em,), For a constant

power input the amplitude of the second sound signal will be a
-~k X

measure of the quantity g averaged over the detector surface,

This function (using previously determined values of A (8) and C (11)
is plotted in figure 9 normalized to the accompanying experimental
points at 1.95°K where the attenuation is minimum, The experimental
internal consistency among these various parameters is evident from
figure 9, For the frequencies and geometry used, the effects of
attenuation in the helium actually proved unimportant except at the

highest and lowest temperatures,



V., DISCUSSION

The experimental results conclusively demonstrate the true wave
nature of second sound, Overall features of the interference
patterns produced by a thermal grating conform well to the behavior
predicted by an application of Huygens' principle {equation 12),
The ideal detailed substructure, however, is somewhat masked by
the effects of a detector of finite length*); The detector sensi-
tivity pattern (equation 1L) is of the familiar form

Y o 8in7 o _TP .
s(L) =8, 5 A S sin o
where for this experiment P & 20 mm or 60, The first zero of the
sensitivity pattern thus falls athjz/lo. The primary result of

the finite length, then, is to give the detector a roughly 2° "field
of vision", .

Clearly, the existence of a first zero signal adjacent to the major
peaks, required by equation 12 for normal incidence, will be modified
by the remnant signals from the dominant peak arriving at angles
slightly off normal but for which sensitivity exists, This effect
keeps the first minima from being actually zero and shifts the mini-
mun away from the main beam (as observed experimentally),

Aside from the primary effect of producing an immediate field of
vision about the normal, the finite length of the detector also
allows feeble detection of waves at relatively large angle (o();
The pattern detected in the region between the major beams of the
transmitter can be influenced by these major beams themselves, In
fact the complicated response to the large amplitude waves at non=-

normal incidence evidently effectively overpower the low level wave

*)The comparatively narrow width of the detector can influence only
the signal level, but not the radiation pattern of interest to the
present experiment, The detector width does not affect the pattern
shape in a plane perpendicular to the source elements,
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normal to the surface, The delicate substructure is thus completely
masked by a combination of factors = ~ the integrating effect of the
finite field of vision and the response to large amplitude beams at
non-normal incidencé.

The effect of the finite width of the source element appears in the
relative amplitudes of the major beams (equation 13), It had been
hoped to verify this effect dramatically by showing complete abe
sence of the n = 3 beam (see (IV) Experimental Results), That is,
for the experimental geometry used (8/w = 3) the radiation in the
direction of the n = 3 should have vanished completely, As noted
in section (IV) Experimental Results this did not occur, Presum=
ably, the homogeneity of the individual grating element was not

sufficient to allow perfect cancellation,

Regardless of these higher order deviations, the overall results are
considered to correspond very well with predictions, In fact, better
than anticipated, as original intentions were merely to observe the
presence of secondary beams, with no expectation, for example, of

observing fine structure of such beans,



VI, CONCLUSION

The true wave nature of second sound has been verified in detail
by an investigation of the heat beams surrounding a thermal grat-
ing, Many orders of interference are observed for these highly
collimated beams, corresponding exactly to effects expected from
Huygens' principle applied to a true wave motion, This may be
regarded as the most demanding and conclusive test to which thermal
waves in liquid helium II have been subjected,
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VII, APPENDIX I

INVESTIGATIONS IN ROTATING LIQUID HELIUM II

Introduction:

The existence of a superfluid component of zero viscosity in liquid
helium II raises interesting questions as to the nature and indeed,
the existence of rotation (or circulation) in superfluid helium,
Experiments on the gross properties of the liquid helium II such

as the shape of the free surface (12) or the angular momentum of the
rotating liquid (13) give results expected from classical physics,
However experiments at very low rotation rates (1k) or experiments
designed to investigate rotating helium on a more microscopic scale
(15) indicate deviations from the classical behavior,

Feynman (5) has considered the problem of rotating liquid helium at
absolute zero temperature concluding from first principles (and veri-
fying an independent suggestion of Onsager (16) )that rotating super-
fluid helium should contain quantized vortex lines, The density of
these lines depends on the macroscopic rotation rate ({)) and the
atomic constants - = mass (m) of the helium atom and Planck's con-
stant (h), This density of 2§“fl = (2,1 x 103[1)(cm72), at mod-
erate rotation rate (I))(rad.sec:l) gives the system the gross

appearance of a classical rotation while deviation from classical
motion can be expected to occur in an investigation on a scale com-
parable to the spacihg between lines,

Method:

Sharply defined second sound beams from a grating array, uninfluenced
by standing wave effects, were suggested by Professor Feyhman to be

a probe of the helium on a scale of the wave length (A), For a
wave length of 1/3 millimeter (roughly that used in this experiment)



the wavelength equals the spacing of the vortex lines at a rotation
rate of about L revolutions minfl. Consequently it was suggested
that an experimental investigation be undertaken to examine the
propagation of second sound in rotating liquid helium, particularly
in the region where the vortex line spacing approximates the wave=
length; Measurements were undertaken to determine the effect of
rotation on second sound attenuation, on the gross features of the
diffraction pattern (introduction of additional beams by cooperative
scattering of second sound by ordered vortex lines), and on the
angular position of the second sound beams,

Equipment and Technique:

The entire dewar system and vacuum line, along with some of the
electronic equipment were mounted on a platform (figure 10) which
could be rotated in either direction about a vertical axis at a
constant rate from about one to one hundred revolutions min:l. The
vacuum line (V) joins to the laboratory vacuum system through a
rotating vacuum joint (J) comprised of a double O-ring seal, The
servo-motor (M) serves to adjust the angular position of the bclo=
meter through a gear reduction arrangement while the system is in
rotation, Control signals for the servo-motor as well as sixty-
cycle power for the system enter through the mercury pools (H);
Higher frequency power for second sound generation enters through
the shielded mercury pools (h), while the output signal leaves the
rotating system through the co-axial transformer (T) after ampli-
fication and modulation by the electronics (E),

The measurement technique for measuring small differences in the
second sound signal employs the same equipment as described pre=-
viously with the addition of a comparison signal derived from the
input to- the helium which serves both to reduce the effect of
fluctuations in the input power and to increase the sensitivity to
amplitude changes of the second sound, Figure 1l shows a block
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diagram of the equipment where the dotted line encloses the rota-
table equipment;

The two signals (one from the helium, the other from the frequency
doubler) are set to slightly different amplitudes; resulting (by the
action of the chopper) in an amplitude modulation at 280 cycles sec

of the carrier frequency (7)). The modulated carrier frequency leaves
the rotating system through the co-axial transformer (T), is amplified
again and the modulation signal at 280 cycles filtered through a band-
width of +2 cycles secfl, finally to be displayed as a chart recording
and meter deflection;

With the comparison signal removed a typical order of magnitude for
the n = 1 peak is 500 millivolts output signal with a fluctuation of

+ 2 millivolts, The comparison signal is normally set about ten per-
cent higher than the second sound signal, leaving roughly 50 millivolt
difference signal, Thus a five percent change in the difference sig=~
nal corresponds to a one half percent change in the second sound ampli-
tude,

The electronic equipment was carefully tested to assure that the gain,
stability, and noise level were unaffected by rotation, Mechanical
stability of the experimental chamber, particularly the bolometer
mounting, was carefully considered and tested to assure against pos-
sible spurious effects due to a mechanical misalignment under rota=
ticn,

Effect of Rotation on Second Sound Attenuation:

Attenuation measurements involve determining the change in second
sound signal amplitude upon rotation of the helium; The first order
beam (n = 1) was usually chosen for investigation, being the beam of
greatest intensity without standing wave effects, Measurements of
the amplitude change are made using the comparison signal and the
partial compensation method mentioned preViously;
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In an actual measurement the bolometer is swept back and forth
through the peak about four times per mimute and readings taken
at the second sound maximum, This is done to assure that signal
amplitude changes are not the result of a position shift of the
beam, Data are taken in five minute periods alternating standing
still and rotating, In this way long term drifts in the equip-

ment can be recognized and compensated;

The equipment is brought to a final steady angular velocity in
roughly 5 seconds starting or stopping; however the effects of
the‘initial turbulence in the helium decay in about 30 seconds,
After the decay in the initial turbulent state there is no de-
tectable change in the new signal level over periods up to 15
minutes (the longest interval measured),

The results of this investigation are inconclusive, The effect of
rotation on the signal amplitude is small, being generally less
than one percent up to 50 revolutions minfl, but detectable, How=
ever the observed effect is much more complicated than a simple
attenuation, being a function of rotation direction, and indeed
producing detailed changes in the diffraction pattern generally,
Investigation of the first minima in the second sound intensity

on either side of the n = 1 beam showed one minimum increased |
while the other decreased, Within the accuracy of the second sound
diffraction pattern recordings (about 2 percent) there is no indi~
cation of additicnal beams being produced by rotation,

Effect of Rotation on Angular Position of Beams:

The sharpness of the second sound beams, as displayed in figures 7,
suggests determining the change in beam direction by fixing the
angular position of the deﬁector to the steep side of a beam, A
glight change in angular position of the beam then causes a rel-
atively large change (8A4) in signal amplitude by virtue of the
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large value of the slope of the amplitude (A) curve ék/é@ﬁ 300 3;
(see figure 12), An easily detectable change of 10 millivolts thus
corresponds to an angular shift of roughly ,03 degree; Changing the
fixed position of the bolometer from one side of a beam to the other
reverses the sigh of the amplitude change for a given shift, For
example a shift toward increasing 0 will increase the signal if the
detector is fixed on the "outside®™ ( 9>6n=1) of the beam and will
decrease the signal if fixed on the ®inside™ (0< anl) of the beam,
Such spurious effects as noise generated by rotation, a symmetric
beam shape change, or attenuation effects can be eliminated by tak-
ing data on both sides of a beam,

The experimental results again show a dependence on rotation sense,
Data taken for a clockwise rotation (as seen looking down on the
experimental chamber (figure 2) are consistent and show no depends
ence on second sound power level; however data taken for the countere
clockwise rotation direction are dependent on the power level although
still reproducible,

The variations (6A) in amplitude observed on the steep slope of a
peak are best expressed in terms of the ratio (Gﬁ/ﬁl)*where 4, is
the undisturbed overall height of the (n = 1) peak, The variations
(6A) are observed at a position of roughly two-thirds maximum
amplitude, The reasons for this criterion will be given shortly,
Also for reasons to become apparent later, the ratio (ﬁA/Al) is
plotted (figure 13) as a function of the product (w{)) where & is
the second sound angular frequency and () the rotation rate (radians

secTl),

*The quanti*y ch can be formally related to a velocity change using

An ?f 5 where —5—- == cos §, Differentiating equation 2,

the relation between velocity change 5V2 and a peakshift & & is

_n 9OV . : oA V. -
9-—1333575 fvi . Combining these results K; = nN V;z'
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Data from both sides of the peak show the same general effect = «
a linear increase in SA/A, with W(luntil GA/A "saturates™, followed
by comparative independence of GA/A with further increase in (@ 1),

A sample of the raw data (chart recording) is shown (figure 1h) for
W= 6 x 105 ( sec:z) , V= L6, kilocycles sec:]' to illustrate the
basic experimental measurements;

Close inspection of these data reveals a random fluctuation in signal
height (with 20 - 30 sec; "period®), which furthermore proceeds to
decrease upon rotation, This is generally true for all the data
sbove (W= 5 x 105 sec: 5 the region in which‘x— is roughly in-
dependent of {) for fixed (), Such behavior is %onsistent with the
leveling off of (éﬁ/ﬁl) for large (J{), if the variations are attri-
butable to fluctuations in the beam position, This assumption is
further confirmed by the observation that no such fluctuations
occur for the peak height at any rotation rate, the signal possess~-
ing only constant backe-ground noise arising from known electronic
sources, Similarly, for high rotation rates ({5 x 10 ) the

same electronic noise level remains after the signal fluctuations
in 5&/&1 have been suppressed, Fluctuations in signal level are
largely independent of rotation rate for rates lower than

DWE 5 x 105 (seczz). This behavior suggests 2 kind of saturation
occurs which limits both the fluctuation of the beam position and
also its displacement under rotation,

Experimental quantities, peak amplitude (Al) and amplitude change

(6A), can easily be related to an angular shift, knowing the slope of

the peak, Using the conversion factor*, 86 = (N co’t..é’?))ml % , the

—
*The approximation to the slope §% Al = _l.... cos® is a good approxw=

imation to the slope near two-thirds amplltude and provides a simple

analytic expression for it, For this reason the data were always

taken at the two-thirds A; position, Thus I— K S— 60= (NG cos 9)69
= (nN cot &) 69.
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data of figure 13 for8>03 are plotted as 50 versus {) in figure 15,
This presentation does not have the consistency evident in figure 13,
but nevertheless shows a semi-universal behavior of &4 with{) for
low (), However the saturation now occurs at different values of L)
and 6 & for each second sound angular frequency ().

This illustrates the choice of () as the only combination of in=
dependent parameters from which self-consistent results are attain-
able, Attempts to express experimental results in terms either ofw
or{) separately produced no consistent pattern (see figure 15),

Only by combining the two in the form {¢s()) as an independent para-
meter, could the results be reduced to a consistent pattern, or
"yniversal curve®,

The physical significance of the consistency displayed by the data
in terms of the combination of parameters (§é ,(Jf))is, at present,
unknown, It appears doubtful (see figure lﬁ% that a simple angular
displacement of the beam in the rotating system is responsible for
the effects, ILikewise a small relative rotation between the two
fluids seems unlikely as analysis based on this assumption leads to
a frequency independent effect, The footnote on page 23 suggests
that these effects could result from the velocity of second sound CVQ)
in a rotating system being a function of {3 (), In this event the
maximum measured change in V2 is on the order of one part in 103,
It should be emphasized that aside from normalizing the data the
only present justification for using the parameter (GA/Al) is the
resulting consistency of results,

A number of confirmatory experiments have been performed in an
attempt to clarify the situation,

The possibility that these effects were due to a temperature change
upon rotation which altered the second sound velocity (see figure 8)
was excluded by finding the same kind of effect at 1,65°K'where the
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slope of the velocity versus temperature curve is zero; Beam de~
flection measurements at 1;9°K, 1.65°K, 1,4°K, 1,25°K show the
effect to be temperature dependent, the effect increasing monow-
tonically with decreasing temperature;

The interaction of a heat flow with the second sound beam was ine-
vestigated by making drastic changes in the heat flow path from
the chamber to the helium bath; These modifications had no effect
on measurements of the beam deflection taken under clockwise rotaw
tion but had a profound effect on those taken under counter=clock=
wise rotation, The counter-clockwise data are known from the other

measurements to be a function of power level,

A second chamber was constructed with grating and bolometer in fixed
positions to exclude any possibility of relative mechanical motion,
Beam position in this case was varied by adjusting the temperature,
Again, this precaution had no effect on the data taken under clocke-
wise rotation, This chamber was inverted, yielding an interchange
of the previous results with respect to rotation sense (clockwise
became counter-clockwise and vice versa) indicating a geometry de-
pendence complicating the results; The grating itself was inverted
(to look at the other n = 1 beam) with no essential change in the
effects due to rotation,

Conclusions

No explanation for these results has been found, Beam position
measurements taken for counter=clockwise rotation are complicated
by heat currents while those taken for clockwise rotation seem free
of this complexity, The results for the clockwise rotation can be
displayed in a remarkably consistent fashion (figure 13) but are
not understood at present in terms of the vortex line or any other
modely
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