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Sound conversion in impure superfluids
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We consider the conversion of first sound into second sound and the reverse in different impure superfluid
systems. We calculate the coupling between tempergémteopy oscillations and pressufeensity oscilla-
tions for impure superfluidgincluding 3He-*He mixture$ and for superfluid Hgboth *He and *He) in
aerogel and show that sound conversion in these systems is govermgdddyc) or by op,p, (instead of
dpldT, which is enormously small in pure WHeThis replacement plays a fundamental role in the sound
conversion phenomenon in impure superfluids and superfluids in aerogel. It enhances the coupling strengths of
the two sounds and decreases the threshold values for nonlinear processes in homogeneous superfluids. Some
phenomena such as the slow mode of superfiidd and*He in aerogel, and heat pulse propagation with the
velocity of first sound in Hell in aerogel can be understood as a double sound conversion phenomena.
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A bulk superfluid supports two sound modes; first soundeading terms. Our calculations show that coupling of
which is ordinary sound propagated with a velocily = sounds in impure superfluids is much larger than in pure
=(dP/dp), corresponding to pressur@ensity oscilla-  superfluids. This increases strongly the possibility of observ-
tions at constant entropy density and second sound, thétg sound conversion phenomena.
propagates with a velocity,= \[o?ps/py(daldT)] repre- We start by showing the decoupling of first and second
senting temperatur@ntropy oscillations. The possibility of sound in pure superfluids. This section also illustrates the
propagating undamped temperature waves is unique to sgeneral framework of our calculations. In the following sec-
perfluids. In the normal state, thermal waves cannot propaion we consider sound conversion in impure superfluids and
gate because they are damped over a distance of order tBBow that this process is governed by a term proportional to
wavelength\ ~ \/y/w through conductive heat transfey s~ €(dp/dc) instead ofdp/JT as in pure superfluids. We then
the thermal conductivity coefficient calculate the coupling between the two sound modes for su-

These sound modes are Coup|ed through the thermal ej@.erﬂuid He |n aer098| where the interaction is prOVided by a
pansion coefficien#p/JT, which is small in all fluids and is term proportional tarpaps.
anomalously small for superfluid Hell. Sound conversion We next consider the double sound conversi@$C)
phenomena have been predicted by Khalatnikov for twd)henomenon in which first sound is converted into second
Strong|y inhomogeneous cases: reflection of second Sourﬁpund which is then converted back into first Sound, and the
from the boundary between Hell and its vapand sound inverse. It is possible that DSC can explain previous experi-
reflection from the boundary between tﬂde_rich phase and mental results such as the observation of the slow mode in
the *He-rich phase of @He-*He mixture? superfluid®He and Hell in aerogéf and the propagation of

Nonlinear sound conversion phenomena for homogeneou heat pulse with the velocity of the fast mode in Hell in
pure superfluids have been considered by a few aufifors. aeroge? which were not understood at that time. In the con-
Parametric decay of first souhend conversion of two sec- clusion we summarize our results.
ond sounds into first soufidn pure superfluids have been
observed experimentally. I. CASE OF PURE SUPERFLUIDS

In this paper we consider sound conversion phenomena
for impure homogeneous superfluids, where these phenom- Sound propagation in a superfluid is described by the fol-
ena are caused either by impuritiéscluding *He in Hel)  |owing equations obtained by linearizing the two fluid hydro-
or by the presence of aerogel. We refer to superfluid He idynamical equationg;
aerogel as a homogeneous superfluid in order to distinguish 5 )
this case from the strongly inhomogeneous cases considered ‘9_P:A . 9o _ps
by Khalatnikov. In the cases that we consider, the coupling ot2 a2 pn
between the two sound modes is providedckyp/Jc) (c is , ) .
the impurity concentrationor by opep, (pa is the aerogel Whereo=s/p, sis the entropy density amj:PSJF,Pn is the
density (instead ofdp/ T which is vanishingly small in pure t0tal mass density. After substituting=Po+P’ and T
Hell). This coupling found by us in linear approximation = Tot 1" (wheref, is the equilibrium value and’ is the
plays an important role in sound conversion phenomendP@rturbation due to the sound wawge obtain:

Even the existence of a vanishing couplifg/JT in pure ap 2P’ ap 9°T'

superfluids changes significantly all possible nonlinear pro- P ! 5T — =0 (2
cesses: Cerenkov emission, decay of first sound to second at at

sound, and conversion of second sound into first sound. Cer- vo PP g0 2T o2

enkov emission is absent @b/dT=0, while in the paramet- T g g pSAT’ —o. &)

JR— +_
ric decay process termwsdp/JT are the same order as the aP g2 IT 42 pn
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If we consider a plane wavé®’ and T’ are proportional ) pne 7 ¢ o
to exd —iw(t—x/u)]. We can rewrite Eq92) and (3) as: p=AP, png =cgAT+ CA;, Pl (11
S
(?p 2 ’ ap 20 i i i
SpU 1P+ Ut =0 (4) Selecting the independent variable$, T, andc’ and
considering a traveling wavf = exd —io(t—x/u)]) we get?
do do a’p )
2p7/ 2 S| J J d
—UuP ' +| —=u"— T'=0. (5) _p 2_ ’ _’D 2T _p 2~7
aP aT Pn (apu 1 P+5TuT+&Cuc 0 (12
The secular equation of this system gives us two velocities Jo J Jo J 7
for sound propagation: u;=+(dP/dp), and u, <_“ —u?-c— _) 4 (ﬂ —ul—og—Cc— —)T’
= [02p<lpn(@alaT)] if we neglect the thermal expansion ' Ps? 7P P pso IT JT p

coefficientdp/dT, which is anomalously small for Hell and pn do 90 Z
superfluid *He. In order to determine the coupling between ( p Euz— TS —)c’=0 (13
first and second sounds, we assume that we excite first Ps p
sound, i.e., pressure oscillations. From Ez). we get Jo Jo Jo
csP'+c=T'+|c—=—0|c'=0 14
Jo JP aT ac 0) (14)
P

=P T, 0, =aP’, ©) ties of first and second sounds fodnid the limit dp/aT
0_1—(“2_“1) =0.
In order to investigate sound conversion, let us isotdte

so pressure oscillations are accompanied by temperature ogom Eq. (14) and exclude it from Eqg12) and (13):
cillations with an amplitudexP’. Using the relations

’ I~ 2 ’ o~ 2
((70_ (ﬁV) 1(r7p) P ﬁ+c u—1(+T ﬁ+c u‘=0 (15)
= == =5|57) - 7)
P/ T, p2\dT/, o
the amplitudeT’ is vani_shingly small by virtue of the | pnodo , coap CﬁA
anomalously_small magm_tud_e aplaT. o Do ﬁu - E TS B
Now consider the excitation of temperature oscillations
and the propagation of second sound. We get from(&q. &UA
C_
2,2 Jo do aT
(9p U]_UZ , , + ! Pn 02— +c—+ =
T2l =T ® Tpoami—oreoe 5 |70
(16)

P’ is small because of the size @p/JT; this weak cou- - 5
pling renders the observation of the sound conversion diffiHere c=c/B(dp/ac)(daldT); A=(pn/pso)(dalic)u
cult in pure superfluids. —c(alac)(Zlp); andB=c(do/ic)—o.

Conversion of first sound into second sougdom Eg.

Il. SOUND CONVERSION IN IMPURE SUPERFLUIDS (16) one getsA; =A(u=uy).

We will consider dilute mixtures of different impurities in pn Jdo , Cdp oAy
superfluidst® *He-*He mixtures can be considered as an ex- pso P u! p2dc 9P B
ample of an impure superfluid. Since impurities participate T'=-P 3 3 o A =aP’.
only in normal fluid flow we should add the continuity equa- LR S
tion for impurities pso dT gc ~JT B
5 (17)
ﬁpc+ Vpcv,=0 (99  The coefficienta determines the amplitude of the tempera-

The secular equation for this system determines the veloci-

ture oscillations which accompany the pressure oscillations

to the system of hydrodynamic equations, including in it thein the plane wave. While the coupling betweBh and T’

additional variable=N;m; /(N;m;+Ngm,), and rewrite the oscillations exists at all temperatures, temperature oscilla-

thermodynamic equality as tions can propagate only belaW. (T, for Hell) . The exci-

dE=Tdst udp+Zdet (Vo= Vs,d)). (10 gating temperature oscillations only beloW, (T,). The

tation of pressure oscillations in impure He produces propa-

Here Z=p(u;— us), Where u; is the chemical potential of parametric decay of first sound and Cerenkov emission for

the impurity andus is that of the superfluid. 3He-*He mixtures have been considered in Ref. 11.
From the linearized system of hydrodynamic equations Conversion of second sound into first soufdiom Eq.
after substituting for the velocitieg, andvg we get (15) one gets
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J 30 :
a2 5 “He at P=25 bar, T=1.6K
+cC|u; o ]

.

2,2
3p ~ U1U2 °
r_— ’ 25 L % ]
2 ui—ugT o TN u, =50 mis
_+C U2—1 % . ua=100m/s

18 20 |,

The small parametesp/aT is changed by dp/dT)+c,
which is proportional todp/dc and c. The conversion of
second sound into first sound in impure superfluids is domi-
nated by the terne(dp/dc) rather therdp/JdT in pure super-
fluid and thus could be more easily observed.

a (10°mK/Pa)

4]

III. SOUND CONVERSION IN AEROGEL 0.00 o.10 0.20 0.30 0.40 0.50

no aerogel 80% porosity aerogel

To analyze the sound conversion phenomena in superfluid p, (gicm®)
He (3He and“He) in aerogel we will use the modified hy-
drodynamic equations introduced for this case by MCKean/er
et al.® which means that the normal fluid is locked to the
aerogel, and both move together with a veloaity

FIG. 1. The coupling parameter of first sound to second sound
sus aerogel density for superfluitie.

Conversion of first sound into second soufdom Eq.
_ Ipo (23) one obtains:
P+ V(ppVntpsve) =0; T"FV(PO'Vn):O; (19

Jdo o
Ui‘l‘ paps(l_ Pn )

1 T —_p’ Pﬁ PPna Pnaf1
Ve = SVPHOVT, ot V(pa) =0 (20 2,27, P %)_ozps(ﬁp . paps)'
N5t pnaf1 9T Pna é Pnaf1
praVn=— %VP—VPa—psa’VT. 21) (24)

_ _ _ In the presence of aerogel, pressure waves produce tempera-
These differ from the bulk superfluid He equations by thetyre oscillations which could propagate only bel@w(T,).

replacemenp,— pn+pa=pna ON the left-hand side of Eq.  Conversion of second sound into first soufidom Eq.
(21) and the additional restoring forég, due to the aerogél. (22) one gets

Performing the same calculations as above we arrive at the
following equations forP’ and T’ (excluding P} from the 2(¢9P Pn (9Pa)+ Pspa(l_ Pn ”

: —t—
system of three equations f&', T’, andP)) b/ T Uz AT pnahy T 7 Pna PnaPo
- 2 2
u, 1 p
Tw 1 pi paPh —2——ps+—”(1— Pa ”
e I el ey R a— up P Pna Pnafr2
U2 P Pna 2 u Pa (25)
PPna F_ a
a Here A= (u?/u?) — (pa/pn), Ai=A(u=u;). Taking into ac-
ap PsPa TP<PaPn count the small magnitude @fp/JT, dp,/dT, doldP, and
+T'| =u’+o + =0 alsou,<u; we simplify and rewrite Eqs(24) and (25) as:
aT Pn 5 u? Pa
Pna U_g_ E OPaPs(,  Pn )
A
(22) T =_p’ PPna Pna1 ’
U2 Jdo
1P o7
Jdo (o) aT
p’ P(g_PUZ"'O'pspa_ Pagnps LT
PPna 2 [U” Pa PPsPa Pn
PPna W2 P o 1- A
n
a pr— T Pn;\z Pnai2 26)
2 2 n Pa
ops(ptpa)  do Tpap +—<1— )
_#"'—pﬁuzﬁ'z—s =0. Ps Pna Pnaf\2
Pna o u Pa
pna( 2 P_n> We plot the coefficientr for superfluid*He from Eq.(26) in
2 Fig. 1.
(23 Some conclusions follow from E@26) and Fig. 1.
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(i) It is much easier to observe sound conversion in sufound from Eq.(19) or from the second part of Eq27)
perfluid “He in aerogel than in superfluidHe in aerogel. P”"=pBT'=aBP’. This is the DSC. In the sound experi-
There is a three orders-of-magnitude difference of entropynents in superflui®He in aerog€l a slow mode was ob-
densitys in the superfluid regions of both isotop@s K and ~ served. However, the slow mode was not excited by a direct
mK regions. The use of denser aerogel in superflfide  thermal inp_ut. Instead a pressure oscillatifinst sound is
experiments (p,=0.05—0.25 g/cf) also increases the ob- converted into second sound beloW., and the second

servability of sound conversion phenomena in superfluiound is converted back to first sound which is detected by
“He in aerogel in comparison with superfiuitte. the transducer. A similar DSC phenomenon but of second

(i) The coupling coefficients: and 8 have a maximum sound into first sound and then back to second sound was
which depends on the values pf, p,, andu reported by Mulderet al® who observed the propagation of
) ar a-

o ' heat pulse in Hell in aerogel. The received pulses, detected
(iii) The competition of the magnitudes pf and o pro- b

. . . : a bolometer, tontained structure corresponding to the
duces experimental constraints—an intermediate temperatuH%:mSit times of the fast modé The origin of this observa-
regime is optimum for measurements: far frdmwhereps  tion was not understood; however, we can now attribute this
is small and far from zero temperature, where entropy isyehavior to the DSC phenomenon.
equal to zero. . _ _ In conclusion we have put forward the framework for
(iv) Via the large coefficienti; in denominator of the first ,ngerstanding sound conversion phenomena in different im-
of EqQ. (26) the conversion of second sound into first sound inpure homogeneous superfluids. The observation of the sound
superfluid He in aerogel will be easier to observe than thegnversion is enabled by impuritiggcluding 3He admix-
reverse. o ~ ture in Hell) or by the presence of aerogel. We calculate the
3 E§tlmates for th$ coefficients for He“.and Superf|UId Coup“ng between two Soundﬁrst and seconxjfor impure
“He in aerogel aif=1.6 K andT=0.7 mK give the follow-  gyperfluids as well as for superfluid Hisoth 3He and*He)
ing results: in aerogel and show that coupling of sounds in these systems
Brien=2.5X102 Pa/mK; Bape=2X1072 Pa/mK, is provided either byc(dp/dc) or by op,ps (instead of
(27) dpl dT which is enormously small in pure Hand thus could
be more easily observed experimentally. This replacement
plays a fundamental role in sound conversion phenomena in
impure superfluids. It changes drastically everythifrgm
the coupling strength of two sounds up to threshold values
for all three nonlinear processes: parametric decay of first
sound, Cerenkov emission of second sdinas well as
IV. DOUBLE SOUND CONVERSION (DSC) transformation of second sound into first sodridchanges
also the temperature regions where the Cerenkov threshold
comes before the decay threshold and vice v&t3aus the
Cerenkov emission which has never been observed in pure
superfluids should be observable in impure superfluids.

while the coefficientr turns out to be a few orders of mag-
nitude lesgin mK/P3. This is in agreement with the conclu-
sion(4) above. For comparison in pure H@= 30 Pa/mK at
T=1.3 K*® which is about two orders of magnitude less.

Some phenomena like the slow mode of superffiki in
aerogel, observed by Golat al,’ the slow mode in super-
fluid “He in aerogef and heat pulse propagation with the
velocity of the fast modecan be understood as a double
sound conversiofDSC) phenomena. When first sound is  We would like to acknowledge helpful conversations with
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