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ABSTRACT
COUPLING BETWEEN PRESSURE AND TEMPERATURE
WAVES IN LIQUID HELIUM
By
Garold F. Fritz

When the thermal expansion coefficient @ 1s retained
in the linearlzed hydrodynamic equations of the two-fluid
model of superfluid 1liquid helium, pressure and temperature
waves are not 1ndependent. Thus a periodically varying
temperature source produces not only temperature waves 1n

and !
p2 ’

whieh propagate at the veloclity of first and second sound,

liquid helium, but also two pressure waves, p1

respectively., Similarly a vibrating diaphragm produces
not only pressure waves but also two temperature waves,
T1' and TE" which also propagate at the velocity of first
and second sound, respectively. Lifshitz has shown that
the amnlitudes of these cross-modes should be provortional
to A . This thesis 1is an investigation of this coupling
by observing and studying the two pressure waves p1' and

p_ ' produced by a heater and the temperature wave Tg'
produced by a capacitor microphone, The temperature
dependence of the amplitude of these waves has been studied
using both pulse and standing wave techniques in the tempera-
ture range from 1.2 K to the ).-point. Good agreement

with theory has resulted only for the p1 mode,
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I. INTRODUCTION

Liguid 4He cooled below 2.17 K, which is called the
lambda temperature, exhibits a number of peculiar properties
whlch have been successfully explalned by the introduction
of a two-fluid mode1.1’2’3 In this model it is assumed that
the ordered motion of the elementary excitations in the
liquid 1s assoclated with only vart of the ligquid. This
nart 1s called the normal component and is characterized
ty tne normsl density F%. The normal component has viscosity
end 1its flow 1is described by a velocity field v,. The
remaining part of the liquid, which 1s called the superfluid
compenent, 1s characterized by the density F% = F)- F% ’
where O 1s the total density of the liquid. The superfluid
component has no viscosity and verforms an independent motion
which 1s described by the veloclty fleld vg. UNo explicit
agssumptions are made about the temnerature dependence of

F% and F% except the following:

p = p = 1 atT:T)\=2.17K
p8=1 _p_’_’_zo at T = O.
P e






2

With these assumptions a complete set of hydrodynamic
equaticns can be derived for superfluid liquid helium.A’5
One consequence of these hydrodynamic equations 1is the exlst-
ence of two wave modes whlch propagate with different veloci-
ties, One of these wave modes 1s ordinary sound or pressure
variations which propagate with the velocity u,= {(bp/bp)s]%,
where p 1s the pressure and S the specific entropy. In the
other wave mode the temperature 1s the fluctuating thermo-
dynamic quantity., This mode 1s called "second sound". The
velocity of second sound is u2=-BT82/C)(F%/F£il%, where C
1s the speciflc heat. The velocity u, 1s an order of mag-
nitude lower than uy and vanishes at T = T)C

When terms containing the thermal expanslion coefficient
(a= -(1/pX5P/bT') are neglected, first and second sound
are independent, 1In this approximation a vibrating dla-
phragm would produce only pressure waves which propagate
et u,; that 1s, pure first sound. Similarly a fluctuating
temperature source would produce only temperature waves
which propagate at Us; that is, pure second sound.

When thermal expansion 1s taken into account oressure
and temperature waves in liquid helium are coupled. 1In
thils case there exists both pressure and temnerature fluc-
tuations which propagate with each velocity u, and Us.

The original theoretical treatment of this coupling
1s due to Lifshitz.6 He has shown that the relative ampll-
tudes of the vressure and temperature waves produced in
liguid helium denend upon the boundary conditions at the

transmitter,
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The object of this experiment was to investigate thils

coupling by observing and studyling the oressure waves pro-
duced in liquid helium by a fluctuating temperature source
and the temperature waves produced by a vibrating dlaphragm,
The amplitudes of the two pressure waves produced by a fluc-

tuating temperature source are denoted by p, and p2'. The

gsubscripts 1 or 2 indicate that the wave propagates at uq

or u2, respvectively, Similarly the two tempersature waves

produced by a vibrating diaphragm are denoted by T1"and
|}

T2 .

The pressure waves produced in liquid helium by a
periodically neated resistor have been studied by other

investigators. Jacuccl and Signorelli7 have optically ob-
[

served p2' by the Debye-Sears effect. Eynatten, et al.
have 2also observed thils wave mode with a magnetic microophone.

Hofmann, et gl.g have observed and studied both p,' and

p2'. All of the above results agree neither with each other

nor with the theoretical results calculated by Lifshitz.6

The results of the independent measurements of this investi-
gation are in subetantial but not total agreement with those
of Hofmann, et 11.9

Historically the first attempt to observe second sound
w2e made by Shalnikov and Sokolov who attempted to generate
tnls wave with a plezoelectric crysta1.1o They were unsuc-
ceseful, This negative result was, in fact, the motivation

6 .

for the above mentioned investlgations by Lifshitz, e
shewed that 2 much more effective method of producing second

sound would be by verlodic heating. When this was pointed
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out second sound was soon obeserved and has been compre-

hensively studled since that time, '*2

o successful attempts have been reported, since the
work of Shalnikov and Sokolov, in which second sound pro-
duced by a vibrating mechanical transducer has been observed.
In the present investigation second sound, produced by a
capacitor microphone, has been observed, A new tyve of

second sound recelver whose active element 1s a metalized

porous dlaohragm has been used to observe this wave mode,



II. THEORY

When dissipative terms are neglected, the complete
gset of hydrodynamic equations based on the two-fluid model
of 1iquid helium can be determined from conditions imposed
by the Galilean relativity principle and the necessary
conservation laws.5 The derivation is similar to that
for an ordinary fluild except that an additional relation,
which takes into account the suoperfluid properties, must
be 1included. DMoest often thls additional relation 1is an
equaticn of motlion for the superfluid component. This
cholce, however, 1s not unique.11

When dissipative processes are considered, additionz2l
terms must be included in all the hydrcdyramic equations
except the continuity equation., There 1s considerable
disagreement among the various authors on the proper form
of these terms.2 For the purpose of studyine first and
gecond scund the hydrodynamic equations constructed by
Landau and Khalatnikov5 are the most useful.

In our investigation the amplitude of the sound waves
18 s8mall enough that only terms linear in the normal

fluid and suverfluid velocities, v, and Vg, need be ret=ined.

n
In this case the hydrodynamic equations due to Landau and

Kholatnikov take the followins formo:

5



2P ,gT -0 (1)
Dt

2J ,dp -2 2'n1 3 Vnk_ 28 b"nl)
dt dry dridry, brl 1k ory

. 5.0-pv) L35 °
2>r1[ F) 2 ;]
? -_— -— — -— - -—
bt‘s 4V[J-= VI:§3V'(J -Pvn) +£4V.vn:| (3)
20,053, - v (4)

In Eq. (?2) summation over the reveated indices 1ie implied.

The various symbols in these equations are as follows:

J = mose flux = Rvg + Rﬁrhn (5)
P= tot21 1iquid AHe density = +R, (6)

F% = gsuperfluid density

norm21 fluid density

n
vS = guperfluid velocity
v, = normal fluild velocity

p = pressure

ri = 1-th component of the positicn vector
S = specific entropy

M= free entrcoy

T

temperature
K= thermal conductivity coefficlient
T)= ordinary viscosity of the normzl fluid

§1,€2,€3,€4 = coefficlents of second viscoslty
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Eguation 1 is, of course, the continuity ecguation
representing conservation of mass, Equation 2 is the
equation of motion of the fluid as a whole. Eqguation 3
i1s the equation of motion of the superfluid component.
Finally Eq. 4 represents the balance of entropy. The
coefficlents of second viscosity represent energy losses
agsgocliated with changes in density which occur rapidly
in comparison with the relaxation time required for restora-
tion of thermodynamic equilibrium,

If all disesipative terms are neglected and use 1is

made of the thermodynamic relation12:
dpL= - SAT + _Jﬁ.dp (7)

then Eqs. (1) - (4) take the following form:

%5_4 V3 =0 (e)
%—i—+$p=0 (9)
::s -S$T+—-£)——V\p=0 (10)
%L*ps’&vénzo (11)

A, First and Second Sound
Plane wave solutions in which all quantities are
proportional to exp [io(t-x/ui], willl now be considered,
If the symbols P', p', T', and S' represent the varistion
off), p, T, and S from their equilibrium values, Eqe. € - 11

become:



up' - (Av, + Pyv,) = O (ea)
u(Rv +Rvy) - p' =0 (9a)
upv,_ 4 SpT' -p'=0 (10a)
u(sp' +ps') - spv, =0 (11a)

It has been assumed that the fluild is stationary at
egquilibrium so that vn and Vg were not denoted with primes.
In obtaining Egs. fa - 11a the expression for J in Eqg. 5
has also been used, Eliminating J = sV + F%vn from
Eqs. €a and 9a yields

uep' -o' =0 (12)
Solving Eq. 11a for S' and then substituting expressions
for O and p' obtained from Eqs. 6 and fa, respectively,

glves the following result:

S':—E—V— S

S
u nTTup (Rvg + Favy) = i (vp = vg)e (13)

P
Similarly, sclving Eq. 10a for T' a2nd then substituting

exnressions for p and p' obtained from Egs. 6 and 9a,

respectively, glves the following result:

' u R
T' = ;F>(f%vs + F%vn) - —g—vs = —§?§-(vn-vs) (14)

Eliminating (vn-vs) from Egs. 13 and 14 then gives

2 > R

u“s' - s°—- 1" =0 (15)

R

In Eqs., 12 and 15 pressure and temperature will be used






as the 1lndependent

variables,

will then be eliminated by writing:

g
P

The density and entropy

(16)

(17)

(1€)

(19)

(20)

P.z )Pp"'()LP%T'
(pr pr
S
ok
dp . T
The thermal expansion coefficient A is defined as follows:
1
a= 1 [2P]
P \dT
Alsc the following thermodynemic relations csn be shown
to hold'%:
085 _ dv _ 1 2P _
(b)' e/ - PP\ye/
P 7 b P D b
and
(}__S_)=3L .
o T
In Eq. !

Cp 1s the specific heat 2t constant oressure,

Substituting Eqgs.

gives:

T -
and
2
u '
- p D +

p' - u?yzm' =0

‘;2_32_ ) SQ—EQ%}T'
L T R

16 - 20 into Egs.

19, v = -?7'18 the specific volume 2nd in Eq. 20,

12 and 15 then

(21)

(22)
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The coupling, due to the thermal expansion coefficlent,
between pressure and temverature waves in liquid helium

is apparent in Egs. 20 and 21, If @ is neglected in these
two equations, pressure and temperature waves will be

independent and will propagate with the respective velo-

clties:
3
o
T52 F%
u = |[—— (24)
2 ( c 81)

In Egs. 23 and 24 no distinction has been made between

(prp)T and (bp/bp)s or between G and C  because of

the following thermodynamic relatlons‘gz

(bp\ _ % (bP (25)
bp/T c, \dp
Cp a’r (‘Op

=1 4 ) (26)
c, c, 2P |,

Thus in the approximation that @ = O, (bFpr)T = (bFpr)S

and C_ =C .
P v

B. Coupling Coefficients
The coefficients needed to determine the relztive
amplitudes of the pressure and temperature waves produced
by a given trznsmitter can now be calculated as follows:
In a2 plane wave the velocitiles Vg and Vi and the varliable

parts p' and T' of the pressure and temnerature are






1

proportional to each other. Upon introducing the propor-

tlonality factors a, b, and ¢ according to6

v, o= av, (27)

p' = bVB (2€)
LA

T' = ov_ (29)

Equations 10a, 14, 21, and 22 can be written as follows:

b - Spc = up (30)
5P
-1 = 1
a R c (31)
2[>p ) _ caus e -
[u (BP )T 1:]b Qupe = 0 (32)
(lTu2 b - (u? - TS2 Ps )c =0 (32)
Py ¢, K

There will be two sets of the coefficients a, b, 2nd

¢; one for the case when u = u, and one for u = u2. When
u = u,, Egs. 30, 31, and 33 can be solved for a1, b1, and
Cye The results, to first order in @, are
2,.2
u,u
a1=1+ap ;22 (34)
ng u,” - u,
u 2
aTs 1
b, =Pu, (1 + - = ?_) (35)
u, -y,
u 3
arT 1
c, = — - (36)
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In Egs. 35 and 36 the subscript has again been left off
the epecific hest C because no distinction 1s being made
between the speciflc heat at constent volume and at constant
pressure, Doing so would merely introduce terms of higher
order in @ which have been neglected anyway.

When u = u

2’

) bg, and c,. These results, to first order in @, are

Egs. 30, 31, and 32 can be solved for

2 2
u u
a,=-fo ,aP % 2, (37)
P A
2.3
b - aP "% (3€)
2 " S u12-u23
u u 211 2
_ 2 a 2
u1 -U2

In the aporoximaticn, @ = C, Eq. 34 glves the result,
vnggvs. Thus, as expected, in a first sound wave 1in this
approximation the liquid vibrates as a whole in each volume
element, For a second sound wave with @ = O, Eq. 37 shows
that vng; -(ﬁ%/?%)vs. From this it follows that
J = fgvs + F;an 0. Thus in a second sound wave in this
anproximation the superfluid snd normsl fluild components
vibrate out of ohase in such 2 way that the center of
mass of each volume element remaines stsationary.

The coefficients given by Egs. 34 - 39 can now be

used to analyze radlation of pressure and temperature

waves from various tyones of transmitters,
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C. Vibrating Solid Surface

The first type of transmitter which will be considered
is 8 plane solid surface lying in the y - 2z plane and
vibratine in the x-direction with velocity eiven by
u = uoexp(luJO. The superfluid velocitv will consist of
two components; one ascsoclated with waves which propagate
at u, and the other with waves which propagate at us.
Solutions in the form of plane waves will be sought.

Thus
_ (1) (2)
Vg = Vg + vs (4c)
(1) [ x
Vg = Aexp 1Wjt - — (41)
| u,
1
2 p— -
v (2) = A exp 10t - —=— . (42)
s 2 L u,

In general, the boundary ccnditicns at a golid sur-
foce a2t rest in 1iguid helium require that the tangential
component of the normal fluild velocity'ﬁh and the normal

—— -— -—
component of the mass flux J = Pv 4 pv vanish, Since

8 8 nn

only the normal fluid comporent 1s associated with the
excitations in the 1iquid the heat flux will bef)STvn.
The normal component of this heat flux at the surface
must equal the heat flow into the surface due to thermal
conduction, However, due to the hieh rate of heat transfer

in liquid hellum compared with that in a solid, the latter

can be neclected., The boundary conditions then reduce
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to the vanishing of the normal components of each velocity
-— -

vs and vn. For the vibrating surface the normal components
of'ﬁg and'gg must then equal the velocity of the surface,.

From Eqs. 27, and 40-42 these boundary conditlions give
A = 4
ot Ay = U (43)

a,A1 4+ a A, =u (44)

From Egs, 43 and 44 it then follows that

A1 = ______g u, (45)
a1 - 32
1 - a,
A2 = - —;_—:—;—— u, (46)
1 2

The amplitudes of the oressure snd temnersture waves pro-
duced 1n the liquid helium by this vibrating surface are
then given, from Egs. 2&, 29, 45 and 46, by

b(1-2a5)
p,'! = b,A, = u (47)
1 171 2 -a o
1772
c.(1-85)
T ' =c,A, = L 2 u (4€)
1 171 a -a o
1 72
' b?(1-a1)
p? = b?A? = - ; " u (49)
1 72
02(1-a1)
T?' = 02A2 = - uo (50)

31-3?
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Substituting the expressions for the coefficients from

Eqs. 34-39 into Egs. 47-50 gives

2
i [, - 220°), i

i}

S
CL’I‘u1
T1' . -—E__— uy (52)
2 3
! a’'pTuy
o' = ( Pc )uo (53)
3 CLTu2
T2 = = )uo (54)

The velocity u, 1s an order of magnitude smaller than
2

u, for the temperatures between 1.2 K and T)‘which are

1
of interest here. Thus in obtaining Egs. 51-54 the

2
aporoximation (u‘2 - u22)9§u1 has been used.
D. Fluctuating Temperature Source

The second type of transmitter which will be consid-
ered 1s a2 surface in the y-z plane whose temperature varies
as T = To'exp(iout). The boundary conditions in this case
require that the normal component of the mass flux_T
vanish at the surface and that the temperature of tne
liquid adjacent to the surface equal that of the surface,

From Egs. 27, 29 and 40-42 these boundary conditions give
Ra,+a,) + Rlays -ah,) =0 (55)

- ' 6
c1A1 + 02A2 =1, 3 (56)
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Solving Egs. 55 and 56 for A1 and A2 yields

AL = R**f T ! (57)
* 1 (R*,R)-e, (R R)

A = - Ps+a1el T !
° 1 (Rere R (R+e4R) ° (58)

The amnlitudes of the pressure and temoerature waves
produced in the 1liquid helium by this fluctuating tempera-
ture plane are then given, from Eqs. 2&, 29, 57, and 58

by

b_( )
¢ (R#2,R)-c (Rea Q) ©

(
S °1(Rreo ) T (60)
c1(ps+agpn)-02(Ps+a1f%)

-3
0
(@]
-
"

b(R+e,R) T (61)
272 c1(ps+aeel)-c2(%+a1el) o

T '=c A= - 2R R T ' (62)
- °1(F§,*a2%)'°2(Ps‘a1'%) °

Substituting the exnressions for the coefficlents from

Egs. 34-39 into Eqs. 59-62 glves

p1' .—_(apu1u2)To' (63)

2
¢ Tuqu
T':( 12)TO' (64)

1 c
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2
V(L 1
P, =( apu, )To (65)
2
a Tu,u
T ' = |1 = — 12 | (66)
2 o o

E. Vibrating Porous Surface

A third, rather interesting method of generating
precssure and temperature waves in liquid helium is that
of a vibrating porous surface. The pores are assumed
small enough so that, because of its viscosity, the nor-
mal fluld cannot flow through them, The condition which
must be satisfled in order that this be true is that the
noermal fluild she2r wave penetration depth, 8:(27)/&(0 )%—, "
be much lzrger than the vore dlameter, The superfluid,
having zero viscosity, can flow throush the pores unimpeded,

The plane will again be assumed to lle in the y - 2
plene and to be vibrating in the x-direction with velocity
given by u = uoexp(ia)t). The boundary conditions at this
surface require that the normal fluild velocity vn equal
the velocity of the surface and the superfluid velocity Vg
be zero. From Egs. 27 and 40-42 these boundary conditions

then gzive

, +A =0 (67)

a, A +4+a A =u (6€)
1 ?
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Solving Eqs, 67 and 6€ for A, and A2 gives

1

A, = -A =—2 (69)

To lowest order in @ the amplitudes of the pressure and
temperature waves produced in the liquid helium by this
vibrating porous surface are then given, from Egs. 2&, 29,

699 and 34‘399 by

b
" 1 _
172
c aTu F’
T':———-!-——uz( 1 “uo (71)
1 a,-2 © o) P
3
b aPU
po’ - 2 uozl-L—_lel—)uo (72)
a1-32 S
02 u p
T':--————u=—-2———-—nuo (73)
2 8,8, ° S P

F. Energy Considerations

From Eqs., 51-54 i1t can be seen that the predominant
wave mode produced by the vibrating surface is p1'. To
lowest order the amplitudes T1' and T2' are provportioneal
to @ while p2' is proportional to a?. The amplitude
p1', to lowest order, is not provortional to @ . Thus
most of the energy radlated by the vibrating surface coes
into the p1' wave, This can also be seen by calculating

the intensity of each type of wave., For small oscillatlions

the average kinetlc and potential energy densities are
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1
equal. Thus the total energy density in a wsve 1is

E = psvs2 + anne =% A\Q(Fg5 + @az). (74)

The intensity is given as usual by the product of energy

density and velocity:

I = Eu. (75)

From Egs. 34-39, 45, and 46 the ratio of the intensities

12 and I1 of the waves which propagate with the velocitles

u, and u1, regpectively, 1is

2 2 2, 3
I, N u A, (ps-c-%a2 ) 'ECLTuQ (76)

2 2
11 u1A1 (%"Pna1 ) Cu

1

Since @ is small, I2 is much less than I1. For examnle,
at T = 2.0 K, 1/1 % 2x107°,

One tends to refsard thls result as obvious since a
vibrating surface 1s the basls of any kind of transmitter
of ordinary sound. However, as was already mentioned,
these results were not known to the early investigcators
wvho first attempted to generate second sound with a
plezoelectric transducer.1

Equations 63-66 indicate that the fluctuating tempera-
ture source 1s a much better transmitter of second sound.
Here the amvlitude TQ" to lowest order, does not depend
on @ , while the amplitudes p1', p.', and T1' are proportional

2
te either the first or second power of O . Moreover if
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one calculates the ratio of the iIntensities of the second

and first sound waves as before, the result 1is:

I C

2
= (77)

I1 (1Tu1u2

11¢

At T = 2.0 K this retio is 5X10° and increases with
decreasing tewrpersture., The first successful observation
of second sound resulted when the transmitter was a

periodically heated resistor.1o







III. EXPERIMENTAL

A. Pressure Waves p1'

and p2' Produced by a Heater

Figure 1 shows the experimental chamber used to inves-
tigate the two pressure waves produced in liquid helium
by a fluctuating temperature source. It consisted of a
cylinder which was closed at one end by a carbon disk
resistor and at the other end by a capacitor microphone.
Most of the experiments were carried out in a chamber
which was 5.7 cm long with a 2.0 ¢cm 1d, The cylindrical
chamber wae made by drilling a 2.0 cm hole through a 1.5
inch diameter nylon rod.

The carbon disk resistor, a detailed drawing of which
is shown in Figure 2, served as the transmitter, It was
made by cutting a circular section out of a commercially

15

avallable carbon resistance strip. This resistance
strip consisted of a paper base phenolic laminate with a
thin carbon resistance layer permanently bonded to it,.
The resistance of the carbon layer at room temnerature
was 1000 ohms per square, A low resistance electrode
strip was painted around the periphery of the circular
section with sllver paint., This electrode was grounded

by means of a small screw to the outer conductor of a

minlature coaxial cable.16 The inner conductor of the

21
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Brass ring which holds the Mylar diaphragm
down

Nylon insulator
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Set screws to adjust the tension in the
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. Screws holding the whole chamber

to the support rod

. Stainless steel support rod
. Copper electrical lead which is connected

to the back via a metal spring
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coaxlal cable was connected to a simllar electrode at the
center of the disk., The resistance of this carbon disk
transmitter at l1iguid helium temperatures w2s approximately
60C ohms,

The details of the construction of the capacitor
microphone can be seen in Figure 1, A sheet of 0,00025
inch thick Mylar,17 E, aluminum coated on one side, was
stretched over a brass back plate, D, It wz2s held in
place with a brass ring, B, which was screwed securely
to the brass outer body, A. Thls also served to ground
the aluminum film to the outer body. The back plate was
separated from the outer body by a nylon insulator, C.
The back plate and aluminum film formed two plates of a
capacitor with the Mylar dielectric in between., Small,
1/32 inch wide, concentric grooves were turned in the
surface of the back plate, It was found that doing so
would increase the sensitivity of the microphone., The
capacitance Co of the microphone was measured with a
capaclitance brldge and was found to be 275 picofearads,

The chember was immersed in a bath of liquid helium
and supported by a 0.25 inch od, thin walled, steinless
steel tube, H. Thils stainless steel tube also served as
the outer conductor of a coaxial cable. The inner conduc-
tor was 8 no, 32 copper wire, I, which was connected to
the back plate of the microphone via a metel spring. The
space between the copper wire and stainless steel tube

weg compnletely filled with styrofoam spacers, This was
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done to reduce noise due to vibrations of the wire, If
the wire vibrated, the capacitznce of the coaxial cable
varied and this would introduce noise in the recelved
signal, The capacitance of this cable was 60 pf.

Small radial grooves were made in the flat surfzces
of the brass ring which held the Mylar diaphragm down,
This provided passages for the liquid helium to fill the
chamber,

The temperature of the 1liquid helium bath was measured
by measuring the vapor pressure and using the 195€ Helium
Temperature Scale.18 The vapor pressure was measured
with two Wallace and Tlernan model FAl160 absolute pressure
gauges, Pressures above 20,0 mr Hg (T = 1,942 K) were
measured with a gauge which had a O - 5C mm Hg scale.
lower pressures were measured with a gauge which had a
0 - 20 mm Hg scale, Both of these gauges were calibrated
against a Hg manometer,

The temperature of the liquid helium wa2s reduced
below its boiling point (T = 4.2 K) by pumping with a
Heraeus-Engelhard, Model E-225, 147 cfm vacuum pump.

The lowest temperature which could be reached in this
manner was approximately 1.2 K.

Filgure 3 1s a schematic dlagram of the circuit used
with the capacitor microphone. A dc blas voltage of 270
volts was applied, through a series resistor R, between
the back plate and aluminum film, When pressure waves

impinge upon the diaphragm, the resulting displacement
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Figure 3 Biasing circuit for the capacitor
microphone used as a receiver
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of the latter alters the capacitance co of the microphone
and causes & signal voltage eo. Resistance R 1is made

large enough so that the capacitor cannot charge and dis-
charge rapidly enough to follow the alternations of capaci-
tance csused by the pressure waves, The condition which
must hold for this to be true 1s that the time constant,

RC of the circuit be long compared to the period of the

o’
pressure wave,

Assuming the diaphragm to be replaced by an equiva-
lent piston of area A at a distance X, 4 xsinWt from
the back plate, where X 1s the equilibrium distance, the

capacitance will be

= A v_ A X sinwtl=c¢c 4 c'stnwt , (78)
4T7 (x_+xsinWt) 47Tx X °
o ) o
where C_ = A/47Txo end C' = -Cox/xo. It hes been assumed

that x/xd<§1.

In the circuit of Figure 3
t
1
V - iR =— |14t (79)
C
Substitution of Eq. 78 into Eg. 79 and differentiation
with respect to time gilves:
] dl 1 ]
(CO+C sin Wt)R—+(14RC'W cosWt)i-VC'wcoswt = O (80)
dt

Assuming a solution to Eq. 80 of the form

1 = AcosWt 4 BsinWwt (81)
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glves

-1
A = WRC B = WVRC' R® l—1—)2 (82)
° wao,

By using Eq. 82, Eq. 81 can be rewritten as
_Vc'  sin(wt+})
= > >
¢ [B% ¢ (1/wo )]}

(83)

tan4) = (84)

Equation €3 implies that the capacitor microphone may
be considered as equivalent to a generator having an open-
circuilt voltage amplitude VC'/Co and an internal capacitive
impedance 1/10)00. The amplitude of the signal voltage
N will then be

_ V¢! R _ ve! 1
" C, [R2 + (1/wco)2:|']" ) c, [1 + (1/cho)2]%

Both pulse and standing weave techniques were used to

e

. (85)

study the pressure waves produced by the heater,

1, Pulse Technique

Figure 4 shows a schematic diagram of the experimental
chamber and electronics used in the pulse technigue. The
input to the carbon disk resistor was a pulse of current
conslisting of two cycles of a 5.0 kHz signal. This pulse
was produced by gating the signal from a General Radio

1210-A oscillator with a General Radio 1396-B tone burst

generator,
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Figure 4 Schematic diagram of the experimental

chamber and electronics used in the
pulse measurements of p; and p .
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Since heating occurs on both the positive and negative
half cycles of the pulse, the carbon disk transmitter is
a frequency doubler, Thus a heat pulse consisting of four
cycles of a 10,0 kHz wave was transmitted into the 1liquid
helium, The input power to the heater during a pulse was
25 mw/cmz. This was the maximum power input which could
be used in order to remain in the linear region of received
signal versus input power,

The output signal from the microphone was amplified
with a Princeton Applied Research, Model 110, varilable Q,
frequency selective amplifier. Figure 5 shows a plot of
relative voltage galn versus normalized frecuency for
various Q-values of the amplifier, The amplifier was
tuned to 10 kHz and the Q-value set at 1., The slgnal was
then fed into a Tektronix Type 531A oscilloscope with a
Type 1A1 plug-in amplifier. The oscilloscope trace was
triggered simultaneously with the application of the input
signal, Figure 6 shows some typical oscilloscope traces

obtained in this manner. The times of flight of the

pulses labeled P, and p2 verify that they propagated at
the velocities of first and second sound, respectively.

The photographs of Figure 6 were taken with a Tek-
tronix C-12 trace recording camera, The tone burst genera-
tor was operated in the single burst mode. A fraction of
a second before the application of a single driving pulse
to the carbon disk transmitter the camera shutter was

opened, A single oscilloscope trace was recorded and the
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Figure 6 Some typical oscilloscope traces
obtained inthe pulse measure —
ments of pj and pj.
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camera shutter closed, All pulse data were taken 1in thils
manner,

With the Q of the tuned amplifier set at 1, the
received pulses were distorted only slightly and enough
filtering was obtained to eliminate most low frequency
noilse due to vibrations. Subsequent reflections of the

P, pulse were reduced considerably by drilling many small

holes through the carbon disk tresnsmitter and backing,.

' would

This was necessary because the reflections of p1
interfere with the initial p2' pulse, The smaller pulse
appearing after the p2' pulse in some of the photographs
of Figure 6 was due to first sound or p1' waves being

produced at the receiver diaphragm when it was caused to

vibrate by the P, pulse,

2. Standing Wave Technigue

In the standing wave technique the carbon disk trans-
mitter was driven continuously with ac current. In this
technique a 80l11d transmitter with no holes drilled in it

was used, The frequency was varied until a standing wave

resonance of elther p1 wag obegerved., All measure-

or p,
ments were made with the fundamental rescnance, which
corresponds to a wavelength equal to twice the length of

the cavity. Since u, and u, are temperature dependent,

2
the fundamental resonance frequency was not ccnstant in
these measurements. For waves propagating at u2 the fre-
guency ranged from approximately 75 Hz to 190 Hz while

the range was approximately 1650 Hz to 2080 Hz for waves
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propagating at u1.

It turned out that this method was satisfactory for
making quantitative measurements of p2' but not for p1'.
This 1s because other resonances, which are believed to
be higher harmonics of p2', were observed at frequencies
very close to the fundamental frequency of p1'. At some
temperatures it was difficult to distinguish these reso-
nances from one another, This also made measurement of
the Q of the cavity for the p1' resonances impossible,
As will be discussed below the measurement of the Q of
the cavity at each resonance 1s necessary in this tech-
nicue,

When the frequency of a sound source in a small en-
closure equals one of the normal mode frequencies of the
enclosure, the amplitude of the pressure varlations will
be directly proportional to the output of the source and
inversely proportional to a damping constant k which is

19 When the

due to losses from absorption and radiation,
driving frequency does not coincide with, but 1s close to,
the normal frequency the pressure variations build up
according to a standard resonance curve. The width of
this curve 1is proportional to k.

In order that the temperature dependence of the out-
put of the source could be studied, the amplitude of the
fundamental resonance and the width of the frequency

response curve around each resonance were measured as a

function of temperature. The width of the resonance






37

curve was obtained by measuring the amplitude at points
off resonance and simultaneously measuring the frequency
of the driving oscillator with a Monsanto Model 100A
Counter/Timer, A typical resonance curve obtained in this
manner is shown in Figure 7. The resonance amplitude 1n
this case was 0.575 mV at a frequency fo = 127.0 Hz.
The ordinate of this graph 1s relative amplitude; that is,
the ratio of the amplitude at frequency f to the amplitude
at the resonant frequency fo. This method of determining
the damping constant k was rather tedious. A less time
consuming method, which will be described below, was there-
fore devised,

In this method the driving osclllator was tuned to
the resonant frequency but then gated on and off as in
the pulse technique. Now, however, many more cycles were
included so that the resonance could build up to 1its maxi-
mum amplitude before the driving signal was turned off,
Figure &€ shows some typical osclilloscope traces 1llus-
trating the response of the cavity to this type of driving
current, When the drivine current is turned off the ampli-
tude decays with a characterlstlc exponentlal envelope
e'kt. From this type of photograph the damping constant
k and also the amplitude can be measured,

The signals shown in Figure & were the result of
amplification of the microphone output by the frequency

selective amplifier tuned to the resonant frequency and
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Figure 7 A typical frequency response curve of a
standing wave resonance of p> at a
temperature of 2.06 K.
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Figure 8 Some typical oscilloscope traces
illustrating the response of the
cavity to a long tone burst
driving current at the resonant
p> frequency
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with the Q set at 1, Higher amplifier Q-values could

not be used because of the longer time constants assocliated
with the filtering circuitry., However, in the first method
in which the width of the resonance curve was measured,

the Q of the amplifier could be set at 100,

B. Temperature Wave T2' Produced by a Microphone

Initially an attempt was made to observe the tempera-
ture waves produced by a microohone by merely interchanging
the transmitter and recelver in the apparatus already
described (Figure 1). The capacitor microphone was driven
with ac voltage and the carbon disk resistor was used as
a second sound receliver, When used for this purpose a
constant current I = 1,0 ma was maintained in the carbon
disk. Thils was accomplished by connecting it in series
with another resistor, R, much greater than the disk
resistance, and a dry cell., The temperature variations
in the second sound wave cause the resistance of the dilsk
to vary and this results in a signal voltage,

Extremely weak signals, barely visible above the
noise, were observed with this arrangement by using standing
waves, The slgnals were too weak for quantitative measure-
ments to be made, However, these waves were able to be
studled quantitatively by using a new type of second sound
transducer as receiver,

1. Porous Diaphragm Second Sound Transducer

This transducer was identical to the capacitor micro-

DPhone already described except that the aluminized NMylar
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diaphragm was renlaced by a diavhragm made from a porous
filter material.eo A conducting layer of aluminum was
vacuum deposited on one side of the filter,

This aluminum film was deposited on the filter with
e standard vacuum deposition apparatus consisting of a
high vacuum bell jar chamber at the bzse of which was
mounted a tunssten filament, The filaments were Edwards
High Vacuum Inc., Type A10 tungsten filaments, The filter
was mounted by means of a cardboard ring and masking tape
on a2 glasgs microscope slide, The slide wzs then mounted
approximately four inches above the tungsten filament
with the filter facing the filament., Another microscope
slide was mounted next to the one which was holding the
filter. The purnose of thls second slide was to provide
a means of observing how much aluminum was beilng deposited,
A few strips of high purity aluminum wire were hung from
the tungsten fllament,

The pnrocedure used to deposit the 2luminum film on
the filter wzs as follows: 1). The bell Jjar wzs pumped
down to a vacuum of 10'4 micron., 2). The current tc the
filarent was switched on and increased tc approximately
32C amps, At this current the aluminum strips would melt
2and wet the whole fillament in about 15 - 30 seconds.,

2). The current was then increased to anproximztely 40
amps, while obtserving the plain microscope slide througn
the bell Jar. At a current of 4C amps this vlain sglide

would be coated with a totally reflecting laver of
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aluminum in 5 - 10 seconds. 4), As soon 25 it was observed
that this layer was totally reflecting the current was
switched off. This provided a satisfactory conducting

layer of aluminum on the filter.

When the leads of an ohmmeter were applied at opposite
points of the periphery of a 47 mm diameter filter coated
in this way the measured resistance was 10 - 20 ohms,
Sherlock and Edwamr-dsQ1 have conducted tests of the flow
rate and bubble point pressure of the s2me type of fllters
on which a conducting layer of gold had been vacuum
deposited., They found no significant reduction in eilther
the number cf open pores or the pore dlameter, It 1s
assumed that this 1is also the case with the fillters used
in this investiration,

The pore size of the filter material was specified
by the manufacturer to be 0.45 4 0.02 micron., The capi-
llary pores occupy approximately €0% of the total filter
volume, If the normal fluid shear w2ve penetr2tion depth,
S= (277/81w )%,13 1s much larger than the pore size, then
flow of the normal fluild through the vores 1s 1imveded.
However, the suverfluld component, havine zero viscosity,
can flow through the pores unimpeded,

As was shown previously, in the first apnroximstion,
second sound coneigte of the normal fluid =nd superfluid
components oscillating out of nh2se in such a wav that
the net density or pressure fluctuation 1s zero, Thus a

second sound wave 1mpinging on the porous diaphragm will
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exert a force on 1it.

It should be pointed out that this transducer will
also be sensltive to pressure waves., This must be taken
intc account when interpreting signals received with it.

This type of transducer has been used to study the

velocity of second sound close to the X-point22

3

and also
to study second sound in “He - 4He mixtures below 0.3 K,23
In these experiments the principnle advantage of this type
of transducer w2s that it was an efficlient transmitter and
recelver of second sound without introducing heating,
A detalled study of these transducers has been made by
Sherlock and Edwards.21
An experiment was devised to test the sensitivity of
this transducer, The detalils of this experiment will be
described 1n detall in Section IV-B below. The results
were that, in addition to the above mentioned desirable
properties, this transducer was also much more sensitive

to second sound temperature fluctuatlions than the carbon

recistance receiver described above,
]

T
2. Apparatus and Procedure for VMeasuring 2

The investigation of the temperature waves produced
by a vibrating dlaphraem was carried out with the experi-
mental chamber previously described (Figure 1) excent that
the regular capacitor microohone replaced the carbon disk
as transmitter and the porous dlaphragm triansducer wes
the receiver. The biasing circuit shown in Figure 3 was
also used with the porous dianhragm recelilver in this experi-

ment.,
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Even with the increased sensitivity of the porous
diaphragm recelver the second sound waves prcduced by
the mlcrophone could only be observed with the standing
wave technique., Again the amplitude of the fundamental
resonance and the damping constant were measured as a
function of temperature., The damping constant was deter-
mined by measuring the width of the frequency response
curve around each resonance, The alternate method of
observing the decay of a long tone burst could not be
used because the ¢ of the tuned amplifier had to be set
at 50 or hircher in order to make accurate measurements
of the signal amvlitude,

The regular capacltor microphone transmitter was
driven with 3C volt peak ac voltage. In addition a
160 volt de tias voltage was applied in order to increase
the output, The fact that this dc blas will increase the
output can be seen as follows, Under the action of an
apnlied force F = Fysin(wt) the diaphragm of the micro-
phone will execute harmonic vibrations of frequency W with

24
its velocity amplitude U given by

F
u :_.._________o (86)
°© Z +2

where Zm is the mechanical impedance of the diaohragm 2nd
Zr 1s the acoustic radiation impedance ¢f the 1liguid
helium, The dc bilas voltage was agaln applied tarough

a large serles reslstor, as indicated in Fiaure 9, so that
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R= 2.0 M 0.22 f
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—— _ ] ©=2750pf OSCILLATOR
L L= :
Vo= 180 volts MICROPHONE QDV- 30 volts
TRANSMITTER

Figure 9 Biasing circuit for the capacitor
microphone used as a transmitter.
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charge could be assumed to be constant, The purpose of
the 0.22 \Lf capacitor in the circuilt in Flgure 9 1s to
block the dc voltage from the oscillator., The impedance
of this capacitor is negligibly small compared to that of
the microphone. The force between the aluminized side of

the diaphraem and the bsack plate will be

2 2
F = SUL = 2T Co V2 (&7)

A A

where ¢ 1is the charge, C. the capacitance, A the area of

o
the diaphragm, and V the potential difference between the
aluminized side of the diaphragm and the back plate., In

this case V = Vo+ V'sinWwWt so that
2

21TC
F=—29%2 [.§+ 2VOV'sin(wt)+(V')2sin2(wt):l
A
2 2
27rC 1y 2 '
F = __°_[v?+-(l—)- + 2V V'sin(wt)- (v') cos(ewt)].(BB)
A ° © 2

2
¢

The term 1TC§(V')2/A 1s Just a constant and therefore

If V,= O then F :‘rrci(v')g/a - (e (V')?/A)cos(z’wt).
the micronhone will produce pressure and temperature waves
whose frequency 1ls double that of the driving voltage,

This is physically clear because both the positive and
negative half cycles of the driving voltace produce attrac-
tion between the dlaphraesm and back plate. However, 1if

V, 1s several times larger than V' the coefficient of
sin(Wt) in Eq. 88 will be much larger than that of

cos(2Wwt). The microphone will then produce waves whose
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frequency 1s equal to that of the driving voltage and whose

amplitude 1s much larger than those produced when VO=O.



IV. RESULTS

A. Pressure Waves p1' and p2' Produced by a Heater

1. Output Amplitude Data From Microohone

In the pulse technique the amplitudes of the pressure

pulses p1'

and p2' (Figure 6) were measured as a function
of temperature. The corrections to thesedata due to the
attenuation of first and second sound were negligibdbly
srall, A plot of the data 1is shown in Ficure 10, OCn

Flgure 10 the squares represent p1 pulse amplitude measure-

ments and the circles pe'

pulse amplitude measurements.
Also 1Included on this plot are data from the standing
wave measurements of p2'. These are represented by the
triansles, The ordinate of this graph is the amnlitude
of the ac output voltage of the microphone from the pulse
exneriments, As will be discussed below, the standing
wave data have been reduced by a constant factor in order
that they could be displayed on the same graph as the
pulse data on Figure 10,

Figure 11 shows a senarate plot of the actual pg'
standing wave resonance amplitude as a function of temnera-
ture., These amplitudes are, of course, larger than the

amplitudes of the p2' pulses., The damping constant of

each resonance was measured both by measuring the width

49
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Figure I0 The pressure wave amplitudes p; and p'2
produced by the carbon disk transmit-
ter, plotted versus temperature.
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Figure Il The p'zstunding wave resonance amp-
litude plotted versus temperature.
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of the frequency response curve around each resonance
and by the decay of a long tone burst driving signal at
the resonant frequency. Figure 12 shows a olot of the
damninez constant k measured bv both of these methods.

The circles represent the experimental values of k
obtained by measuring the width of the frequency resoponse
curve, (see Figure 7). In thie case k =Tr(f" - f') where
f' and f" are the frequencies at which the amplitude 1is
1A/§'times its value at resonance, The squares represent
the values of k obtained from the decay of a long tone
burst driving signal as illustrated in Figure &, The
time 1t takes for the amplitude to decay to 1/e of its
maxirum is equal to 1/k,

The resonance amplitude 18 directly proportional to
the source output and inversely proportional to the damping
constant.24 Thus the amplitude data of Figure 11 must
be corrected with the data of Figure 12 in order to obtailn
the temperature dependence of the source outout from the
standina wave measurements, The data represented by tri-
anvles in Figure 10 are the result of correcting the ampli-
tude data of Figure 11 for the variation of the damping
congtant data in Figure 12 and then dividing bv a constant
factor.

The values for the attenuaztion of second sound derived
from the damping constant data of the standlng wave
measurements, (see Figure 12), are larger than the published

values.zs"27 This 1s not surprising, however, because
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Figure 12 The damping constant of p, standing
waves plotted versus temperature.
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in the standing wave experiments there are losses due

to reflection and radiation in additlion to absorption

in the 1liquid. Experiments whose purpose it is to measure
the attenuation of second sound are specifically designed
to minimize the first two types of losses,

In Figures 10 - 12 the so0lld lines are merely smooth
curves drawn through the data points. In Figures 10 and 11
the units on the ordinate are microvolts and millivolts,
respectively, because the capacitor microphone was not
calibrated. The output voltage will be proportional to
the pressure wave amplitude,

2, Temperature Amplitude To Produced by the

Carbon Disk Transmitter

Before the experimental p1' and p2' data of Figure
10 can be compared with the theoretical expressions of
Equations 63 and 64 the following must be considered:
As previously indicated in Section II, the heat transport

1;2
15 associated with the normal component and is gziven by *aly

G = psTv, . (89)

The units of é are energy per square centimeter per second.
An apnroximate relation between d end the amplitude of the
temperature variation in a second sound wave will now be
derived,
Solving Eq. 14 for (vn—vs) and letting u = u2 gives
sp
u R

T, . (90)
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In the approximation that @ = 0 1t was shown, in Section II,

that for a second sound wave

2
S LR, T (91)

¢ R

and

j:%vs-b nvn=0 . (92)

Solving Eq. 92 for Vg and substituting this into Egq. 20

rives
R 5
vn(1 + Pn = P T2' . (93)
8 u, R
Solving Eq. 93 for Vi and using P = f% + F% and Eg. 91
glves
S Cu
vn = ..___P.s._ T' = 2 TQ. . (94)
ugf% TS
Substitutine Eq. 94 into Eq. &9 then gives
A 1
Q =pcu,r,’ (95)
or
=8 . (96)

2
P Cu,
In the measurements of p1' and pe' the input power
to the carbon dlsk transmitter was constant., Therefore

Q was constant, In the earlier analysis of the pressure

waves produced by a fluctuating temperszture source the
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transmitter was considered to be a plane surface whose
tempereture varied as T = Toexp(icut). However, because
the power innut to the carbon disk transmitter was constant,
and because of Eq. 96, To i1s itself a function of tempera-
ture in this experiment, It is given, from Egs. 66 and
96, by T = Q/pCuz.

The theoretical expression of Eq. 96 was verified
by doing the following exveriment, In the experimental
chamber of Figure 1 the capacitor microphone was replaced
by a second carbon disk resistor identical to the trans-
mitter., Thils resistor served as a recelver of the second
gound wave T2' produced by the carbon disk transmitter.
A schematic dlagram of the exverimental apparatus in this
case 1ls shown in Figure 13, A constant current I = 1.0 ma
w2g malntalned through the receiver R by means of a dry
cell in series with a resistor R1 which was much larger

than R, The temperature fluctuation T2' causes the resis-

tance of the recelver to vary and this oproduces the output

voltage
dR
o aT 2

The resistance of the receiver as a function of tempera-
ture, dR/AT, was obtained by measuring the dc voltage
across R due to the 1,0 ma dec current., This voltage was
measured with a Leeds and Northrup type K-3 potentiometer,

The result was that the average value of 4R/AT from 1,2 K
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Figure I3 A schematic diagram of the apparatus
used to measure the second sound
amplitude T2 produced by the carbon
disk transmitter.
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to T%~was approximately 70 SV/K.

Both the previcusly described pulse and standing wave
methods were used to investigate the temperature dependence
of T2'. The input power to the carbon disk transmitter
was again 25 mW/cm2 which 1s the same as was used in the
reasurement of the pressure amplitudes p1' and pe' produced
by this transmitter,

The results of these measurements are shown in Figure 14,
The s0lid line 1s the theoretical curve of Q430u2 with

28
& = 25 mw/cmg. The published measured values of density,

snecific heat,gg’jo and velocity of second som’xd:“.33 were
used, The data represented by circles in Figure 14 are
meagurements of T2' obtained by the pulse method and the
squares represent standing wave measurements, Again, as
in the standing wave meagsurements of pg‘, the amnlitude

of the fundamental T2' standing wave resonance, and the
damping constant k were measured as a function of temvera-
ture, The standing wave data on Figure 14 have been
corrected for varlation of the damping constant k and have
been reduced by a constant factor so that they could bhe
nlotted on the same scale with the pulse data.

The exverimental values of T2' from the opulse measure-
ments on Figure 14 were obtained from Eq. 97 and the measured
values of e, and I(dR/AT). The scale on the risht hand
cide of Figure 14 1s labeled with the corresponding values
of C in microvolts, Good agreement is indicated between

both the pulse and standing wave T,.' data and the theoretical

2
curve,
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Figure 14 The second sound amplitude T2
produced by the carbon disk
transmitter, plotted versus
temperature.
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3, Output Amplitude Data Corrected For

Variation of To.

Flgure 15 shows the results of dividing the p1' data
in Figure 10 by the Tg' data in Figure 14, Since the
temperatures of the data points in the two experiments
did not coincide, the points used for Figure 15 were taken
from smooth curves drawn through the data, In Filgure 15
the s8011d line 1s the theoretical curve of p1'/’l‘0=a_pu1u2
from Eq. 63, Since the capacitor microphone was not cali-
brated, the experimental data have been normalized to agree
with the theoretical curve at T = 1.4 K. In this way the
temperature dependence of the data could be comrnared with
the theory. Reagonably good agreement between the exneri-
mental data and the theoretical curve 1s indicated.

Figure 10 shows a sudden sharp increase in p1' Jjust
below the X—point. The temperature measurements in these
experiments were not sophisticated enough to determine
with great accuracy at what temperature this sharp increase

' occurred. However it was definitely below the

in P,
X-point. This phenomenon is not predicted by the theory
based on the linearized two-fluid hydrodynamic equations,
No satisfactory explanation for this phenomenon has been
found. It 1s belleved to be assoclated with nonlinearities
near the )\-point.

' amplitude continues to increace through the

The p1
A-point and then levels off at a value which 1s much

hicher than that below T)C Thus a fluctuating heat source
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Figure IS5 A plot of the p'I data on Figure 10
divided by the Tp data on Figure 14.
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1s useful as a transmitter of ordinary sound in liquid
helium both above and below the )—point. The generation
of sound waves by a fluctuating heat source has long been
known 1in gase334'37 and llquid338 and 1s known asg the
thermoohone effect.

Figure 16 shows the results of dividing the p2' data

in Figure 10 by the T.' data in Figure 14, Again the data

2
points in Figure 16 were obtained from smooth curves drawn
through the data in Figures 10 and 14 because the temvera-
tures of the data points from these two experiments did
not coincide. 1In Figure 16 the s0lid 1ine is the theoretical
curve of pg'/‘l‘o = -cc.pue2 from Eq. 65. The dashed 1line
represents a correction to Eq. 65 due to the viscosity
of the normal fluild and the coefficient of second viscosity
gz. Thls correction will be discussed in greater detail
in Section V-A below, Here the data have been normalized
to agree with the theoretical curve at the maximum in
order that the temperature dependence of the two could
be compared. From Figure 16 disagreement between the
experimental data and the theory 1is apparent,

This discrenancy between the temperature dependence
of the experimental p_ ' data and the theoretical curve

2
wag not unexpected for the following reason. An inepection

of Eqs. 63 and 65 shows that the ratio of p2‘ to p1' should

be
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Figure 16 A plot of the pp data on Figure 10
divided by the T data on Figure 14.
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P u
2= 2 . (98)
P u

1 1

In the temperature range of these investigations u2<:O.1 u1
so that pe' should be less than 0,1 p1'. However, as can

be seen in Figure 10, the results of this investigation show
that p2' is the same order of magnitude as p1'.

In addition, the thermal expansion coefficient of
liquid helium chances sign at T = 1.17 K.28 Therefore,
according to Egs. 63 and 65, the amplitudes p1' and p2'
gshould be zero at this temperature., Although this temnera-
ture could not quite be reached in the cryostat used in
these experiments, the results on Figures 10, 15 and 16
indicate that pg' is not zero at this temperature but
that p1' is.

Thus 1t appears that the experimental p1' deta follow
the theoretical predictions but that tnere is a contribution

' which has not been accounted for.

to p
2 .
B, Temperature Wave TQ Produced by a Microphone

1. Sensitivity of the Porous Diaphragm Transducer

As pnrevicusly indicated, the temperature wave T?'
produced by the vibrating dlaphragm of a regular capacitor
microphone was observed by using, as a receiver, a trans-
ducer simllar to a capacitor microphone., The actlve ele-
ment of this transducer was a porous diaphragm made from
metallized fillter material, The sensitivity of this trans-

ducer to temperature waves w2s investigsted by using it as
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a recelver of the second scund waves produced by 2 carbon
disk transmitter.

The experimental chamber used 1n this experiment was
identical tc the one used in the investigations of the

pressure waves p1'

and p2' and described in Figure 1,
except that the dlaphragm of the recelver was made from
the porous filter material, The same carbon disk transmitter
and electronics as described in Figure 3 and 4, respectively,
were used, The power input to the transmitter was again
25 mw/cmg. The amplitude of the second sound waves pro-
duced by the carbon disk heater was again measured in this
experirent by both the pulse and standing wave metnods,

The results of these measurements are shown in Figure 17.
The s8011d line is again the theoretical curve of Q4DCu2
with é = 25 mW/cm2. The data reporesented by circles in
Fipure 17 are measurements obtained by the »nulse method
and the squares represent standing wave measurements.
As in Figure 14, the ordinate on the left hand side of
Flegure 17 is labeled with temperature fluctuatione in
millikelvins. The ordinate on the right 1s labeled with
peak outonut voltage in millivolts from the porous dianhragm
transducer, The standing wave data in Figure 17 have
again been corrected for varlation of the damping constant
and reduced by a constant factor so they could be plotted
on the same graph with the pulse data,

Comparison of the ordinates on the right hand csides

of Firures 14 and 17 shows that the porous diaphragm
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Figure 17 The output voltage from the porous
diaphragm transducer used as a
receiver of the second sound waves
produced by the carbon disk trans-
mitter, plotted versus temperature.
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transducer was approximately 1000 times more sensitilve

to second sound temperature fluctuations than the carbon

disk resistor. The date from these two experiments do, in
fact, conatitute a calibration of the porous dlaphragm
transducer. Thus the sensitivity in Volts/Kelvin of this
transducer can be obtained from the data in Figures 14 and 17,
Cnly a slight variation with temperature of this sensitivity
i1s indicated from these data.

[

2. Measurement of T2

Figure 1f shows the results of the standing wave
measurements of the second sound emplitude T2' produced
by the regular capacitor microphone and received by the
porous diaphrzgm transducer, The solid 1lilne 1s the theo-
retical curve of T2'/uo :ClTuQ/C from Eq. 54, The magni-
tude of u, was not known so the experimental dats have
been normalized to agree with the theoretical curve at
T =1.4 K., In this way the temperature dependence of the
experimental data could be compared with that of the theo-
retical curve,

The dashed line in Figure 18 1s the theoretical curve
of T2'/uo which results when the contribution from the
viscous forces at the chamber walle is taken into account.
These forces are due to the viscosity 7) of the normal
fluid comwonent. This correction will be discussed in
more detail in Section V-B below, There 1s falr agreement
between the experimental data and the theoretical curve

at lower temperatures but a large discrepancy at higher







(5

Figure I8 The second sound amplitude T
produced by the capacitor micro-
phone, plotted versus temperature.
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temperatures,

In this experiment plane wave resonances corresponding
to waves which propagate at the velocity of first sound u1
were also observed., The amnlitudes of these resonances
were an order of magnitude larger than the T2' resonances,
Since the porous diaphragm recelver will also respond to
pressure waves, it 1s not clear whether these are resonances
of p1' of Eq. 51, or of T1' of Eq. 52, or both. To answer
this question the relative sensitivity of the porous dia-

phragm transducer to pressure and temperature waves would

heve to be known, This same question must, iIn fact, be
considered 1in connection with the T2' resonances, There
may be a contribution to these resonances from p2' of
Eq. 53.

Thls question of the relative sensitivity of the
vorous dlaphragm transducer to pressure and temperature
waves, and the contributlon of the various wave modes to
the resonances observed in thls experiment will be dis-

cussed in detail in Section V-B below.






V. DISCUSSION AND CONCLUSIONS

A, Pressure Waves p1 and p2' Produced by a Heatser

In the measurements of the pressure wave amplitudes

p,' and p

1 2
dence of p1

' produced by a heater the temperature depen-
' was in good agreement with the theoretical
expression of Eq. 63, However, these experimental results
indicate that there are contributions to p2' in addition

to that obtalned by merely retaining the thermal expansion
coefficient in the two-fluid hydrodynamic equations,

Recall that the theoretical expressions, Eqs. 63 and 65,
were obtained from the set of hydrodynamic equations, €-11,
In which no dissipative terms were included, The effect
of retalning some of these dissipative terms will now be
examined.,

39 using the method of Lifshitz,6 has calcu-

Dingle,
lated the counling coefficlents when terms due to the
viscosity 7) of the normal fluid are included in the hydro-
dynamic equations, He took into account both the viscous
forces in the bulk liquid and also the forces at the walls
when the liquid is confined in a cylindrical tube. The
resulting contribution to the coupling coefficients due
to the viscous forces 1n the bulk liquid is negliglbly

small compared to that due to Q. This is also true for

78
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the contribution due to the viscous forces at the tube

walls, except for p2'

waves at low frequencies and tempera-
tures below about 1.4 KX,
We have extended the calculations by also including
in the hydrodynamic equations terms due to the coefficient
of second viscosity Qz and the thermal conductivity
coefficient K. The coefficient of second viscosity 1is an
order of magnitude larger than the normal fluid viscoslty 7)
and contributes the largest term in the expression for
the attenuation of first sound.5 The attenuation of second
sound 18 due mainly to the thermal conductivity coefficient.5
The results of these calculations are that the con-
tribution to the coupling due to the thermal conductivity
coefficlent is negligibly small compared to that of Q.

' waves at all temperatures

This 1is true for both p1' and P,
in the range of our investigations. The combined contri-
bution of 7) and §2 is also negligibly small compared to
that of @, except for pg' waves at temperatures below
about 1.4 K,

When T) and ge are retained in the hydrodynamic equa-
tions 1-4 and the viscous forces at the walls of the tube
are taken into account, Eqs. 63 and 64 for the pressure

!

wave amplltudes p1' and p2 produced in liquid helium by

a fluctuating temperature source take the following form:
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2
. WS U, 4. 1w 2(1+1) MR\ -
ok S . -

P, = - [{ %Q)(p 2) 2;:1)(7272):Ipu§'r0 . (100)

In Egqs. 99 and 100, r 1s the radius of the cylindrical

o]
n
]

chamber, These results were obtained from the hydrodynamic
equations by the same procedure as was used in Section II
to obtain Egqs., 63 and 64,

Both terms which are added to Q in Eq. 99 are neg-
ligibly small compared to Q . However in Egq. 100 the
first term, (Cico/SQng)(#Q/3 +€2), ic the same order of
magnitude as G for temperatures below about 1.4 K and at
the higher frequency of 10 kHz used in the pulse meacure-
ments. Similarly the second term, (20(1+1)/Sqor)(UF%/QLu)%,
is the same order of magnitude as @ below about 1.4 K and
at the low frequencies used in the standing wave measure-
ments,

The correction due to the first term at a frequency
of 10 kHz 1is represented on Figure 16 by the dashed line.
The correction due to the second term 1is about the same
order of magnitude at frequencies in the range from 75 Hz
to 190 Hz and has thus not been shown on this figure.

The combined effect of 7) and ée does therefore pro-
vide a mechanism which results in the production, by a
fluctuating temperature source, of larger ampnlitude p2'

waves while not affecting the p1' amplitude. This







€1

contribution increases with decreasing temperature and

1s not zero at the temperature where @ vanishes, Thus

the corrections due to this mechanism do shift the theo-
retical curves in the right direction; that 1is, toward
better agreement with the experimental data. However,

as can be seen in Figure 16, the magnitude of these cor-
rections 1is still much too small to bring about good agree-
ment between the experimental p2' data and the theory.

The values of 7) used in the above analysis were those
measured by Tough et 51.40 and the values of §2 were those
calculated by Khalatnikov and Chernikova.41

Hofmenn et g;.g have also observed a larger amplitude
pg' wave produced by a heater than predicted by the theory
based on the two-fluild hydrodynamic equations with Q
retained., They suggest that this might be due to the

microphone receiver being more sensitive to p2 pressure

waves than to p1' pressure waves, This appears unlikely

since both waves were propagated at the same frequency.
The microphone sensitivity wculd therefore depend upon
wavelength, We have not been able to devise a technique
whereby thils speculation mlg?t be checked,

T

B. Temperature Wave "2 Produced by a Microphone

There are a number of factors which might explain

the discrepancy between the experimental Tz' data and the

theoretical curve on Figure 1€, We have found that the

contributions to T2' due to the normal fluid viscosity

and the coefficlent of second viscosity in the bulk 1liguid
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are negligible. However, the correction, calculated by
9

Dingle,3 due to the viscous forces at the walls of the

chamber should be considered, When this is done, the

' pro-

expression for the temperature wave amplitude T2
duced by a vibrating dilaphragm (see Eq. 54) takes the

following form:

0 - [a X 2C(1+41) ("7% ),{\Tue . (101)

STPr | 2w c ©

In Figure 1€ the s0l1id line 1s the theoretical curve
of Tg'/uo =CLTu2/C from Eq. 54 while the dashed line 1is
that of Eq. 101. As can be seen, the correction, although
not negligible, 1is much too small to explain the discrep-
ancy.

Another possible source of the discrepancy 1s the
fact that it has been assumed that the velocity amplitude
uo of the transmitter dlaphragm is constant., This may
not be the case, As previously indicated, for & driving
force F = Foexp(iLdt), the veloclty amplitude of the dia-

24
phragm will be
U = — (102)
In Eq. 102, Zp 1s the mechanical impedance of the

diaphragm and Z, 1s the acoustic radiation impedance of

the 1iquid helium,
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The mechanical impedance of the diaphragm 1s given

2
- -8 - - [Ye
Zm_R+1(wM w)_R+1wM[1 (w ] (103)

where M 1s the mass of the diaphragm, S 1s the stiffness,

R 1is the mechanical resistance which results in dissipation,
and u)oe = S/M, The radiation impedance 1s proportional
to pul.

The quantityfaul 1s not strongly temperature deven-
dent, It decreases monotonically from T = 1.2 K to Tk.
with the total variation belng about 8%. Thus if Z.>>2;,
the velocity amplitude of Eq., 102 would vary little with
temperature,

We do not have guantitative knowledgre of the parameters
of the microphone., Thus the relative amplitudes of Zj and

Z., cannot be calculated, However some qualitative argu-

r
ments can be made which would indicate that the variation
of Zm in thils experiment is also small, Investigations by
Kuhl, et al. : of the properties of capacltor microohones
simllar to the ones used in these investigations 1indicate
that the resonant frequency, Wy, was 10 - 15 kHz or
higher, The frequencies used in the standing wave measure-
ments of T?' were in the range from 75 Hz to 190 Hz. It

1s therefore probably safe to assume that,a)<<(uoin tnese
measurements, At frequencies far from rescnance 1t is

also usually possible to neglect the mechanical resis-

24
tance, R.







84

In this case Eq. 103 gives zmé 1Mw02/w. If 1t is
also assumed that Zﬁi>zr then, from Eq. 102, u, would be
proportional to w . However, the resulting correction to
the T2' data due to the variation of frequency in the
standing wave measurements is still much too small to
substantially reduce the discrepancy between the data and
theory.,

A final consideration which might be the cause of
the dlscrepancy between the T2' data and the theoretical
expression of Eq. 54 1s the fact that the porous diaphragm

transducer will also be sensitive to pressure waves, This

was already mentioned 1in Section IV-B-2 where 1t was
pointed out that resonances of waves provagating at u1
were also observed in this experiment., The question 1is:
Are these resonances of p1' of Eq, 51 or of T1' of Eq. 52
or both? Actually a better way to put the question 1is:
What 18 the relative sensitivity of the porous dlaphragm
transducer to pressure and temperature waves?

The same question is involved in the observation of
resonances corresnonding to waves propagatineg at u_.

2
Could there be a significant contribution to the received

signal due to the p2 waves of Eq, 53? Since Q is very
small, Egs, 53 and 54 would indicate that pg', which is
proportional to 0.2, could be neglected in compariscn to
TQ', which 1s proportional to A , However this may not

be true if the porous diaphragm transducer is more sensi-

tive to pressure waves than to temperature waves,
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We have not been able to arrive at a definite quan-

titative answer to these questions,

However, certaln

results obtained in our investigations and also the results

21
of the investigation by Sherlock and Edwards

would seem

to indicate that the porous diaphragm transducer is a

more efficient receiver of temperature waves than of

pressure waves,

Recall the following two experiments which were per-

formed 1in this 1investigation,

First a regular capacitor

microphone was used as the receiver in the experiment in

which the transmitter was a periodically heated carbon

disk resistor. In this case

propagating at u1

a succeeding experiment, described in Section IV-B-1,

same carbon disk transmitter
was now the porous diaphragm

only waves propagating at u2

output signal from thils wave

larger than that from the u2

In the first experiment

L
"2

phone 1s sensitive only to pressure waves.

and the other at u2,

two pressure waves, one
were observed. In
the
was used but the recelver
transducer. In thls case
were observed, Moreover tune
was two orders of magnitude
wave in the first exveriment,

the two waves were p1' and

of Eqs. 63 and 65 because the regular capacitor micro-

In the second

experiment the received signal could be due to either

pg' or Tg' of Eqs. 65 and 66

the contribution of p2'

then we should alsoc have been able to observe p

in thils experiment,

respectively. However, if

to this signal were significant,

1 waves
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The fact that we did not observe any waves propagating
at u1 In the second experiment, but did observe very strong
signals corresponding to waves propagating at u2, would
indicate that the porous diaphragm transducer 1s a more
efficlent receiver of temperature waves than of pressure
waves, Thls conclusion is also indicated from the work
of Sherlock and Edwards.21 They used a configuration in
which both transmitter and receiver were porous dlaphragm
transducers., They also observed only waves propagating
at U,

These results Indicate that the dlscrepancy between
the Tg' data and the theoretical expression of Eq. 54 is
not due to a contribution from p2' of Eq. 53. However
1t 1s still not clear what the relative contributions of
p1' and T1' of Eqs. 51 and 52 are to the u, resonances
which were observed. In this case T1' is proportional
to @ while p1' 1s not. Thus these resonances could still
be due mainly to p1'. The fact that the amplitude of these
resonances varied little with temperature would seem to
indicate that this 1s the case sincepu1 in Eq. 51 1is
relatlively independent of temperature compared to the
corresponding coefficient in Eq. 52,

A qualitative study of these u, resonances was hin-
dered by the same problems (see Section III-A-2) which

prevented the use of the standing wave technique to study

the p1' waves produced by a heater., The exact nature of
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the u, waves in this experiment might be better understood

if they could be observed and studled with pulses,
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