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We have carried out a theoretical investigation of the experimentally observed phenomenon that long-lived
high-energy(h) phonons are generated by a moving cloud of low-endtgyhonons. Theh phonons are
created from thé phonons by four phonon processep(} and they are lost from the trailing edge of the
phonon cloud, because they have a lower velocity thah pinons, and form thie phonon cloud. We obtain
a set of equations which completely describe these phenomenon. The solution of these equations accounts for
the high efficiency of the conversion process: a major part of the energy inpth@nons can be converted to
h phonons within the propagation time of the pulse10 “s). In short pulses<10 ’s) theh phonons
escape as soon they are created, but in long pulseb gi®non density increases within theloud. It is
shown that in long phonon pulses there can be a suprathermal numbhehoihons within the cloud. The
theory describes the cooling of pulses of different length due to energy being transformédoimoons. It
also accounts well for the important characteristicdgthonon generation which is an unusual example of
energy transferring from low-energy to high-energy states.

[. INTRODUCTION phonon cloud. This entails understanding the lifetime of the
h phonons and the dynamics of their population. We find the
It has been known for some time that high-energyinteresting result that a suprathermal density @ghonons is
phonons can be created in liquitle by an interacting pho- created, that is their distribution function is about two orders
non cloud from a high input pow&f but it has only recently  of magnitude higher than that of a Bose-Einstein distribution
been recognized how efficient this process can be at mediu@at the temperature of the low-energy phonons.
input powers for phonons wite=10K.3* A recent mea- That two phonon groups arise from one input pulse is due
surement showing this effect can be seen in Fig) ih Ref.  to the anomalous dispersion in liqufeie.” At zero pressure
6, which is the signal resulting from a single heat pulse. Thehe dispersion curve first bends upwards and then at a rela-
phonons have propagatedl5 mm in cold liquid*He at zero  tively high energy bends downwards towards the maxon
pressure. There are clearly two groups of phonons; the first iseak® The upward curvature allows three phonon processes
low (I)-energy phonons witfi~1 K and the second is high 3pp,°~**up to an energy=8.3 K, so a phonon in this energy
(h)-energy phonons wite~10K(e=Aw/k). In this ex- range can decay spontaneously into two phonons and can be
ample there are similar energies in the two phonon signalsreated from two phonons, with energy and momentum con-
(the signal sizes are quite unequal as the sensitivity of theervation.
detector increases with phonon enejgirhe division of en- Between 8.3 K and .= 10K %2 3pp are forbidden but a
ergy between these two groups of phonons can be varigghonon in this range can decay into three or more
widely and it depends on the input power, pulse durationphonon$™*®* and similarly can be created from many
and on the pressure of the liquitHe. In this paper we phonons. There can bep# at all energies but they are gen-
present a theory which gives a good explanation for the varierally weaker than gp,'**® however, fore >¢. only 4pp
ous observations at zero pressure. are allowed so a phonon in this energy range can be scattered
We have recently described how high)-energy phonons only if another input phonon is available. This means that if
are generated from a short pulse of IgWenergy phonons such a phonon is isolated in helium B&0, its lifetime is
propagating in liquid“He® The basic picture is thah infinite.
phonons are created within the moving cloudl gfghonons Although it was realized thdt phonons could be created
and are then lost out of the back of theloud due to the in an interacting phonon cloud of high-energy density by
slower speed of thh phonons relative to thiephonons. This  3pp and 4pp,1? the experiments with superconducting alu-
causes the number ¢f phonons to drop below the equilib- minum tunnel junction detectors did not show how much of
rium value for thel cloud which drives the production of the pulse energy was convertedhtphonons. This is because
more h phonons by four phonon processegp4 when two  these dectectors have a low-energy cutoff at 4.47 K and so
phonons scatter into two others. In a short pulse lthe are insensitive to the majority of thgphonons. Later experi-
phonons are lost as soon they are created, which explaineents with superconducting bolomet&tsvhich are sensi-
how a major fraction of the energy in thhgohonons can be tive (but not equally spto all phonons showed that the con-
converted intch phonons. The problem is more complex for version process can be extremely efficient; even at medium
long pulses as we must consider th@honons within thed heater powers~10 mW/mnf a majority of thel pho-
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non energy can be converted igphonons. first is phonons in the narrow corf@, perpendicular to the
The h phonons were also studied by quantumheater surface. These peak phonons creaté pése which
evaporatiort® Measurements of the energy of the evaporatedravels to the detector. The second group is phonons emitted
atoms confirmed that the energy of thgoghonon was 10 K. into the entire half space, these are the so called background
However, these experiments showed the ulgzlin.g behavigshonons. The existence of the first group was predicted theo-
of the time of flight; it was~5 us too fast:’~** This was  retically 2 and found experimentalf? The possible exis-
eventually explained? it is due to theh phonons being cre- tence of background phonons was considered in the
ated in the liquid helium some millimetres in front of the aper&2® and was discovered independently with experi-
heater. T_he fa_ster tr_lan expected time of flight of the quantuny,ants on phonon emission from cleaved crystafé.From
evaporation signal is due to the fasteghonon propagation 1 oaqrements we know that the total energy in the back-

from the heater to the point where they are converted to thg . s an order of magnitude larger than the energy in the
slowerh phonons. This interpretation was confirmed by pres-

sure measuremeritsvhich showed thah phonons have an pealc® but becau;e th? solid angle of the peak is so small,
energy~&.(P) which means that they are not injected by the energy per unit solid angle of the peak is larger than for

the heater, as this would be independent of pressure, but afa¢ Packground. The injected phonons will have energies

created by up scattering in the liquitle. Furthermore, mea- €9ual to or lower than those in the heater depending on
surements with different propagation p@fhshowed that the Whether thgey. are peak or background phonons,
probability for creatingh phonons decreases with distance 'eSPectively’”® With a gold film heater and short pulses these

beyond~1 mm in front of the heater, and it is very small Peak phonons are found to occupy a cone in momentum
after ~5 mm. space with a solid angl@,=0.115 steradiarts.

A heater immersed in liquid helium always injects  The distribution function for phonons injected by a heater
phonons into the liquid together with a relatively small num-into a narrow cone of solid angk , is*
ber of R" rotons?! Unless the pulse power is very low;1

mW/mn¥, the phonons rapidly thermalize within the liquid A
helium through the fast 8p scattering raté® and so the n=cm_q: @

phonons that are detected are not the original phonons but

are the result of phonon-phonon interactions. The thermaliwhere T is the temperature of the heater, afAek1 is a
zed phonons are predominantly low energy as their temperaonstant which includes small parametgrdpc,. Herep

ture is<1 K22 Theh phononsg>e¢.=10K, have an energy and ps are the densities and and c, the velocities in the

in the high-energy tail of this distribution. The numbertof l|iquid helium and heater, respectively. For a gold hedter
phonons that are created initially increases with pulse length-5 59x 10~3.3°

while it is still a short pulse(the criterion for short will The distribution(1) is not an equilibrium function under
emerge later, in practice it mears10™s), but then satu-  3pp scattering, so it rapidly decays to an equilibrium Bose-
rates when the pulse is long. Einstein function with temperatur@,=AYT; these are

There can be a high density bfphonons in thé cloud  then thel phonons. The time for this relaxation is estimated
and this density governs the loss ratehgfhonons from the  to be 10'°s3-33 which is short compared to the heater
back of the cloud. One aim of this paper is to calculateithe pu|se duratiortp and all other times in the experiment_

phonon flux as a function of the duration of the heater pulse. The initial temperaturdl, of the thermalized phonons
We shall see that the behavior of thephonons depends can be obtained by equating the injected energy with the

Critica"y on their lifetime within the phonon cloud. This is phonon energy densiw in a volume with the area of the
a dynamic property because thephonons only scatter by heater and lengtht,, we find

4pp and so they need a low-energy phonon to interact with.

However, because of the restrictions imposed by the conser- Q. wkAT4
. p 0
vation of energy and momentum, the momentum of the low- gW= 120,32 ° 2

energy phonon must make a large angle withhipdonon in

order to scatter thé phonon to a lower energy<ec. In- \yhereg is the fraction of the electrical power per unit atéa
terestingly, then phonon lifetime is always much longer than ot goes into the cone in the helium. The pulse duration

if it were in an isotropic Bose-Einstein distribution of .. -els out ifct.<heater dimensions. Fd).=0.115 stera-
phonons. This is a direct consequence of the narrow cone inans, and g\#pl mW/mn?, Eq. (1) givesT0p=0.9 K.
momenta in the thermalizédphonon cloud. This phonon thermal equilibrium is rather unusual as it is

In this paper we f|rst discuss the thermahzapon of the \ithin a cone of solid angl€ , in momentum space, see Fig.
phonons, then consujer how tihephonon cloud is created 1 Norma) thermal equilibrium entails a spherically symmet-
a_md hence the behavior of short pulses. We, then analyze the gistribution of phonons in momentum space. We are here
time and space dependence of khghonons within the pulse  je4jing with a slice of that distribution and it is reasonable to
which leads to expressions for the_coollng of pulses of dif-. sider the phonons in this slice to be in equilibrium be-
ferent lengths and the correspon(_jmgphonon_ fluxes. We  Juse the Bp scattering angles are small and so the scat-
compare the theoretical results with the available measuregl . phonons remain mostly within the cone, see Fig. 2.
data for long and short pulses. Scattering initially broadens the cone but this becomes very
slow as thel phonons cool due to both the creation lof
phonons and the geometric expansion of kthdoud. This

A heater injects mainly low-energy phonons into liquid means that any cone spreading occurs within a few mm of
“He. Phonons injected by the heater are in two groups, ththe heater.

II. INITIAL PHONON THERMALIZATION
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(a) APy | phonons because any injecteghonons will be attenuated
by the background excitations. Although thesloud is in
thermal equilibrium for energies<e., the cloud is not in
equilibrium for e=¢. as initially there are essentially no
phonons in this energy range; the distribution has lost its tail.
As the system attempts to equilibrate, th@honons give
their energy to thén phonons on a time scatg(T).
P. The sequence of events for a short pulse is shown sche-
matically in Fig. Zb) in Ref. 6. At timet; the cloud has
Q, moved a distancet; and has created sontephonons, a
fraction of which are trailing behind the cloud with velocity
Py cn. We call this theh cloud. This loss oh phonons main-
tains the deficiency ofi phonons in thé cloud which again
(b) causes morén phonons to be created byp#. At t, theh
_ cloud has lengthened because of the continued creatibn of
low create (%) |, high loss phonons and their subsequent loss fromltiplonon cloud.
energy | i“ergy - > As thel phonon cloud losel phonons it cools which causes
phorons < decay (1) phonons the creation rate dfi phonons to drop. At the two clouds
appear to be separate because at some time betwaedt;

FIG. 1. (@ The low-energy(l) phonons occupy a small solid the| phonon cloud has cooled so much that it has essentially
angleQ, in momentum spacgb) A schematic representation of stopped producing phonons. The two clouds are now inde-
thel andh phonon groups. The arrow indicate the transitions thatpendent and move with velocities andc to the detector.
create, decayandlose hphonons. Let us now derive a set of equations which completely

describe this phenomenon. The kinetic equation for the dis-

So we consider the occupied cone in momentum space f@ibution functionn;, of h phonons in the frame moving with
be in thermal equilibrium as far as tiephonons are con- the| phonons is

cerned so that they have a Bose-Einstein energy distribution

with a characteristic temperatufe see Fig. &) in Ref. 6. any, n® n,

We exclude the high-energy phonons from this description WﬂLUh‘Vnh:K— Ty 3
because they achieve equilibrium in a different way. We will

discuss the dynamic equilibrium of thephonons in long whereu,=c,—c is the relative velocity oh andl phonons,
pulses in Sec. V.

©o__ 1
M =aeim—q )
Ill. CREATION OF HIGH-ENERGY PHONONS
is the Bose-Einstein distribution function fdr phonons
honon 1} with energye4, (e1:>¢.), with the temperature

ot the | phonons,

We treat the low- and high-energy phonons as two nearl
separate systems. This is possible because the dispersi
curve imposes quite different relaxation times on the two
groups. The Pp scattering rat€''3! (r;1) is approxi-

mately two orders of magnitude faster than that fppd**° t, 1= J W(p1,P2|p3.pa) NS (1+ng)
so the low-energy phonons are in thermal equilibrium. We Q34=0p
include the phonons witle;.<e<<e. in this group. Al- X (1+n?)dT,dT'5T, (5)

though there is no detailed theory of their scattering time it is

expected that their relaxation times are more than an order @ the 4pp scattering time for the creation df phonons
magnitude smaller than the corresponding times fop4°  within the cloud, and

The liquid “He in which they propagate is taken to be at zero
temperature.

The two groups of phonons are shown schematically in
Fig. 2(b). The arrows indicate creation éfphonons from
phonons, and the decay of phonons tol phonons. Also X (1+n)dI ,dT5dl, (6)
there is loss ofh phonons from the interacting cloud of . . -
phonons by dispersion, i.e., we use the wordsationand 'S the decay time forh phono(rg)? (‘é‘g'th'” t(g)e CIOU%) In
decayfor h phonons within the cloud dfphonons, andoss ~ E- 0(5) e takf Into a})ccounn3 Ny (1+n; )(1+0”2 )
for transmission oh phonons out of the cloud dfphonons. = N{NE(1+n{)(1+n{) and thatn,<1 and n{”<1.

The loss arises becausephonons have a lower group ve- Also W is the probability function for the gp and n{®
locity ¢, than| phonons so they get left behind as the inter-=n((g;) with i=2,3,4, is the Bose-Einstein distribution
actingl phonon cloud moves forward at velocity function for the | phonons, dI'=p?dpdQ/(27#)3 and

After the heater has injected a pulse of energy into the)/277=1—cosé. In Egs.(3), (5), and (6) we consider that
liquid thel phonon cloud rapidly equilibriates and occupies athe | phonons are in thermal equilibrium through the fast
cone in momentum space with,=11° half anglé’ The  3ppinteractions. According to Eq5) | phonons 3 and 4 are
cloud has length. = ct, and is composed almost entirely of within the cloud and scatter to create phonons 1 and 2 so the

t51=f W(p3,palp1.p2)ny (1+n§)
Qp<Q,
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12 ‘ T ‘ v x is the energy density of thephonons assuming linear dis-
ok ] persion.

L From Eqgs.(9) and (10) we obtain an equation for the
% 8F - cooling of thel phonon cloud,
Q
g I
g s 7 aT T [EY E;
3 ° e — = — |- (11
§ 4+ \S_)<O3pp . at 4E| Th Td
<
L g2
ol - The set of Eqs(7)—(11) are completed by the initial and
i ‘ ‘ [ boundary conditions. The cloud occupies the spaeez 0
% 5 4 8 10 <L and ash phonons move from the poiat=0, the front of

& (K) the | cloud, towardsz=L, the back of thel cloud, soh

- phonons are absent zt 0. Hence the boundary condition is
FIG. 2. The variation of the half-anglé;,, between equal-

energy final states in thepa) asa function of initial phonon energy. E,(z=01)=0. (12)
Note that the angles lie within tHephonon cone.

We take the initial conditions to be
solid anglesQ 3 and ), must be less than or equal to the
solid angleQ,, of the pulse. Equatiori6) describes the re- T(t=0)=To=const, (13
verse process whette phonon 1 decays because it interacts
with 1 phonon 2 from within the cloud, to create phonons 3 En(z,t=0)=0. (14)

and 4. For this casﬁz§0p. We shall see in Sec. V thatthe The apove set of Eq$7)—(14) describe theh phonon gen-
different solid angles in the integralS) and(6) leads to the  gration for all pulse lengths. We shall solve them for short
unusual result that, may be substantially smaller thagin and long pulses.

a phonon cloud with a narrow momentum cone with solid
angleQ),.

Multiplying Eq. (3) by the phonon energy and integrat-
ing over the phase space occupied by thghonons we get
the equation for the energy densky, of the h phonons:

IV. SHORT HEATER PULSES

We will see in Sec. V that if the phonons occupy a narrow
cone in momentum space with solid anglg<1 thenr, is
always longer tharmr,, and the problem can be easily solved
for a short pulse when all the createghonons are lost from
thel cloud. This condition is satisfied if the pulse lendgtlis
short enough, i.el.<u.7y. In this case we can neglect the
where we make a one-dimensional approximation withzhe termE, /74 in Eq. (9) and for the short pulse we have
axis chosen to be antiparallel to the propagation direction,
and the average valug, (=50 m/9 is taken to be the rela-
tive velocity ate=¢., because of the exponential factor in
the distribution function. The average values of the times for o )
phonons to be borm, and to decayr, will be considered in  Substituting Eqs(8) and(10) into Eq.(15) we have the equa-

JIE,

. JE, EQ E,
g

(@)

¢ oz Tp Td,

JE(®  EY
at

(15

Th

Sec. V. Also, tion which describes the cooling of short pulses:
ey aT 15 [ce\® _
E(O):Q¥3k4-|-sce /T ®) e (C_'IC') TeﬁSC/TTb L (16)
" (2mhey)® T Ath
here €. is th od solid andle i . where 7, ! is found from Eq.(5)."® When T<1K and we
wherelly 1S the occupied solid angie In MOMENtUM SpPacey, .o 4 narrow cone),<1, the creation rate-g1 at the

see Fig. Pa), and we approximate the dependencgp

) . r vapor pressure can be written in the form
=p,) to the expression=¢y+c,p. Neutron-scattering data saturated vapor pressure can be writte the

give £,=2.06 K andc, =189 m/s® In Eq. (8), terms of next 12397 10° Q2T5 5L (17)
order inT/e,<1 have been neglected. b P ’
The energy going to the creation &f phonons comes where here and below the temperatiires in Kelvin.
from thel phonons, so from energy conservation and &y. For our cone(},=0.115 sterad we obtain
we get the rate of change of the energy density of Ithe
phonons: m, 1=4.33x10'T°s %, (18

JE®  EY E,

O ©
where
44
(O)ZM (10
b 12m5¢8

Note that in Ref. 6 the value of, * was for a pulse with a
larger solid angle than 0.115 sterad. As we shall see this does
not produce any qualitative change and only a small quanti-
tative difference. Substituting E¢18) into Eq. (16) and in-
tegrating with the initial conditioi13) we find an expression
for the time dependence of the temperature ofl theonons:

Te ec/T=Toe *c/To(1+t/tg) 2, (19



9406 WYATT, TUCKER, ADAMENKO, NEMCHENKO, AND ZHUKOV PRB 62

FFERTFTTTT

0.9E
<
= s
s i)
o) ]
2,
g
2
0.6:VIV||IIIIIIIIIII!IllJLIl: 0||‘|||1||||||||.|||I.||.
0 20 40 60 80 100 0 20 40 60 80 100
time (Us) time (us)

FIG. 3. The temperature of a short phonon pulse as a function of FIG. 4. The fraction of energs in the h phonons relative to the
propagation time, for three different initial temperatur@g total energy for a short pulse, is shown as a function of time for
=0.8K (dasheg, 0.9 K (solid), and 1.0 K(dotted, obtained from three initial temperature§, that correspond to the cooling curves
Egs.(19) and(20). We see that the cooling rate is a strong functionin Fig. 3. Note that a major part of the initial energy is converted to

of temperature. h phonons.
where the time, is given by So we see that a6 drops, the creation falls and becomes
negligible at T~0.7K. When the creation rate becomes
_4E|(O)(TO)TOTb(TO) 20 small theh andl phonon clouds separate as indicated in Fig.
s™ E§1°>(To)sc 2(b) in Ref. 6 for some time betwedn andts.
has a straight forward physical meaning. At the titaetg V. DYNAMICS OF h PHONONS IN LONG PULSES
the | phonon cloud has already transformed a major part of

>1, e.g., ifT=1 K thent,/,~ 30 andt,=0.66.s which is be obtained from Eq.7) if we ignore the second term on the

much shorter than the propagation time of the pulse which i¢€ft-hand side. This then describes all points in the pulse
except those near to the frora= 0) of the pulse wherg,, is

about 60us. ) . . .
So thel phonon cloud cools as it propagates, as shown irfhanging relatively rapidly witfz. So we have
Fig. 3, and creates the trailing cloudfophonons. As energy JE. EO E
is conserved between theand| phonons, the fraction of ch_—h =0 (23)
energy in theh phonons is given by ot Ty Td

Assuming the temperature is constant we can integrate Eq.

_ET)-E[T(1)] (21) (23 using the initial conditior(14)

A= E{9(To)

I
The fraction of energy in théar phonons for three typical Eh=—dE§1°)(l—e_”Td). (24

. . . . Th
starting temperatures is shown in Fig. 4. It can be seen that a
significant part of the energy in the phonons is rapidly Equation(24) describes how the energy densi)y develops
transformed intd phonons. This very effective up-scattering with time. This is shown in Fig. 5 foT=1 K. We see that
mechanism is due to thi phonons being lost out of the the energy density oh phonons reaches the Vauﬁg’),
trailing end of thel cloud where they accumulate without \which corresponds to the energy in thermal equilibrium
decay. given by the Bose-Einstein equilibrium distributiéf), in a

The physical causes of such a strong effect becomes clegme 7,=2.3x1078s [Eq. (18)]. After a time longer than
if we rewrite the expressio(®1) in a form that follows from - —8.7x1077s, which is found from Eq(6),'® we get a

Eq. (19 dynamic equilibrium within the pulse and
1 [(EYIT)] y
= (e)_"d (0
AT ETT,) Jo mim] @2 En =7 En (25)

The term under integration in Eq22) is the energy of the where the energy in thh phonons,E(® | is more than an
createch phonons per unit time. If the timeis much larger  order of magnitude larger tha® .

than 7, the value of the integral in Eq22) is comparable to This remarkable effect where the density fofohonons
the initial energy of thd phononse{%(T,). increases beyond the usual equilibrium density, we call a
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40_..:-,--.-..-.,...:-..:,..r-_ Pi - Pk
r ] L=1— =1-co0s0; 32
3 . fjk pjpk jk ( )
r ] and
30F ]
] ¢:f3+f4_f2_fl. (33)

It is clear from Eq.(31) that there is an asymmetry between

e 20k ] 0, and®3,whenp, 3 ,<p., andp;=p.. From Eq.(31), as
o f ] ¢>0 there is a minimum value af;,,
a3 E in_P1tP2
E 1 = . 34
10f . 2 pip2 ¢ (34
_ _ When anh phonon decays due to its interaction with
A T 1 phonons in the pulse, we have the following inequality:
b d 7
0 TR N | RIS SRR TR S NN SR S N S A i
o 05 1 15 2 25 3 &1'<€p=<1, (35)
time (1) where
. . . i Q
FIG. 5. The energy in thé phonons relative to that in a Bose £o= 1—cosp=2—;. (36)

Einstein distributionE,,/E(”) as a function of time in a long pulse
according to Eq(24). It reaches a maximum of 37.7 fer=¢.. The

time constants for creationrf) and decay £;) are indicated by If T<~1K, then an average phondp,) satisfies the in-

crosses. equality

“suprathermal” distribution. It is the result of the asymme- £>1. (37)

try between the creation and decay lifetimes of the (P2)

phonons, Eqgs.(5) and (6), which arises because the  Note that the relatioii37) is a consequence of the asymme-
phonons are in a narrow con@,<1. try of the problemh phonons withcp;=cp.= 10K interact

The suprathermal distribution occurs in pulses which argyth phonons in a pulse with characteristic energ(yp,)
long enough for the probability of escape of th@hononto 1 k pecausa ~1 K. Therefore Eq(34) is the product of
be very much smaller than the probability of decay. The time, |arge paramete37) and a small one,
to escapéd.:is given by

4

L c (26) E< 1, (38

as a resulgll" is relatively large and the angular range,

tie=—=t,—
esc Ue puC

and must be much longer thay so

] Gi'stn=£p<1 (39
—>14. (27 in which ah phonon can decay, becomes narrower.
Ue The value of the integral6) is greatly reduced by the

This asymmetry between decay and creation follows froninequality (39) and the decay time is then large. The decay
the conservation of momentum, rate in a narrow cong) ,<1, for T<1 K and at the saturated

vapor pressure, is from E@6),'°
and eneray, P Pa=Pat e, 29 t X(p1=Pe) =8.70¢ 107 Q2T s, (40)
For our cone(},=0.115 steradians we have
crteaTestes 29 73 (p1=po)=1.15x 1P T8 s L, (41)

in the 4pp. The relationship between energy and momentum _ min - _
can be expressed as When p, increases¢;," increases so that g, = p, the in-

equalities(35) and (39) cannot be satisfied for any,. For

gi=c(p;+f)), (30)  our pulse with),=0.115 steradiang(py)~11K, so we
wheref,=f(p;) is a term describing the nonlinearity of the
phC(I)no_n fdispersion. From Eq&8)—(30) we obtain to first tg '(P1=Ppg)=0 (42)
order inf;
' and therefore thesé@ phonons do not interact with the
PaPa P+ P, phonons in the pulse. In this case we must consider other
&21= 0.p 34T o2p b, (31  decay processes for these phonthim this article we take
1M2 1M2

where g =tg {(p1=pc)=1.15X10°Ts7? (43)
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FIG. 6. The measured peak energy flux of thghonon signal at

various pulse lengthg, for an electrical heating power of 16

mW/mn?. The line has the form %exp(-ct,/u.my) with 74
=228ns.
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From Eqgs.(47) and (48) we see that the amplitude of tlie
phonon flux® increases with pulse length=L/c from a
small value given by

L 0)
(IJ=T—E}1 , Where L<u,ry (49)
b

for the short pulse, up to the maximum value given by

r
D= ucT—: E(, where L>u,r (50)
for the long pulse.
When
u
tp>7'd?c (51)

the h phonon flux approaches its maximum value given by
Eq. (50). For longer pulses the detectédphonon signal

for numerical evaluations. This value is of the same order ag;mains the same amplitude and only the length of the signal

the value from the pulse length dependence, see Fig. 6.
For h phonon creation, we see from E&1) that® 3, has
values down to zero but tha, is limited by Eq. (34).
Because there are no restrictions @g, we have
t, 1>t ! (44)
for all p;. Furthermore the absence of restrictions @gy
leads to a relatively weak dependencetpf on p;. In this
article we take

5t =t {(p1=pc) (45)

for numerical evaluations.

VI. QUASISTATIONARY h PHONON POPULATIONS
AND SATURATION OF THE h PHONON FLUX

increases with, . This result corresponds to the experimen-
tal observation that the amplitude of tiephonon signal
initially increases linearly with heater pulse length but then
more slowly increases and eventually saturates, as is shown
in Fig. 6.

VIl. COOLING OF PULSES OF DIFFERENT LENGTHS

Equations(9) and (46) enable us to calculate how the
temperature of pulses change with time as it credtes
phonons in the quasistationary state. We write the left side of
Eq. (9) equal to the negative of the left side of E46), and
integrate over,

When theh phonon density in the pulse has finished W€ can write

growing andEy, is changing slowly with time, we have a
guasisteady situation for the phonons so we may neglect

the first term on the left-hand side of EJ). In this case we
have

9E, E© E
h_—h =h (46)

U.—— .
€ oz Tp Tq

The solution of Eq(46) with the boundary condition&l2)
givesE;(z) throughout the pulse,©z<L,

-
E,=—CE(0(1— e 2ue7d),
Tb

(47)

We see that we get a suprathermal distribution within th

pulse for pointsz>u.74 (see Sec. Y. From Eq.(47) we can

get an expression for the flux dfphonons generated by the

| phonon cloud.

The amplitude of theh phonon signal at the detector is

determined by the flux of energl in the h phonons per unit

time through unit area of the trailing edge of the pulse, hence

d=u.E,(z=L). (48

fLaEhd— ? ["eoq 52
UCOaz = ato'z' (52)
L
f E(%dz=E{*(T)L, (53)
0

whereT is the average temperature of the pulse. Using Egs.
(52) and(53) with boundary condition§12) we obtain

0
9E?

—L——=u.En(z=L).

at (54

Equation(54) is applicable for all pulse lengths in this ap-
proximation using the average temperature of the cloud. It
has a simple physical interpretation: the change in energy of
thel-phonon cloud, in unit time, is equal to the energy of the

éﬁ phonons which emerge in unit time from the trailing edge

of the pulse(48).

Substituting Eq(47) into Eq.(54) and taking into account
expressiong8) and(10) we obtain equations which with the
initial conditions(13) determine the cooling of pulses of dif-
ferent length,

aT 15 [cec\® Ue Tg
R . —s./T_C "9 _ a—Llucry
ot 4774(ChT) Terrel -7 (L-eere). (59
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The second exponential term contaiswhich is tempera- 11—
ture dependent and this makes Esf) difficult to integrate. L ]
However, for short and long pulses this problem does not w ]
exist and we can obtain solutions of E5). For short Ee ]
pulseslL <u.74, the solution gives Eq19). For long pulses
we have

t
1+ —

T4esC/T
L

. (56)

T T
1+4—):Tgegc’To(1+4—°
& &

C C

temperature (K)

where

1+4T°) 5 : ]
o) Uera(To) &7 ; :
andL>u.7y4. In Eqgs.(56) and(57) we here retain the terms 06¢L P O R E
in T/e. because they are multiplied by the large coefficient 0 20 40 60 80 100
4. (a) time (us)

For pulses of arbitrary length we have numerically inte-
grated Eq(55). These give essentially the same results from 11—
those obtained in Sec. IV fof(t) andA(t) for short pulses, I
as shown in Figs. 5 and 6, up to the pulse length where the
pulse begins to saturate. We see that a significant fraction of
the initial energy is transformed intophonons within a few
millimeters of the heater, and the energy in th@honons
increases with pulse length. All these results correspond with
experimental observations.

The situation with long pulses is different. The results of
the calculation are shown in Figsiay and(b) and Figs. 8a)
and (b) for 1- and 10us pulse lengths. We see that long
pulses cool much more slowly than short ones, and from
Egs.(47) and(54) we find

9E? e
at 0 20 40 60 80 100
L UcTyg )
W = L—L<1, (58 (b) time (us)
s

t|_=ts

delta

at FIG. 7. (a) The temperature of a long pulsg,=1 us, as a
function of its propagation time for three different initial tempera-
where L is the length of the long pulse. However, long tures;T,=0.8 K (dashed 0.9 K (solid), and 1.0 K(dotted, using
pulses create larger fluxes bfphonons than short pulses; Eg. (55). (b) the fraction of energy in the h phonons relative to
according to Egs(49) and(50) we find the total energy, is shown as a function of time for the three initial
temperatured , that correspond to the cooling curves in Figa)9
L U7y

N >1, (59)  the faster pulse was due to low-energy phonons and the
S S slower one was due to phonons with=gc, where ¢
wherel g is the length of the short pulse. =10K at zero pressure. From careful measurements on the
A |0ng heater pu|se creates mah)phonons over a |0ng time of ﬂlght it was clear that tha phonons were pl’OdUCGd
time, the sequence of events is shown schematically in Figh front of the heatéf and it had been realized that both |3
9. With a bolometric detector in the liquid the signal frém and 4pp up-scattering were necessary to crelatphonons
phonons will run into the large signal froinphonons be- from | phonons in liquid*He. _
causeh phonons are still being created when the pulse The theory presented in Ref. 6 and here circumvents con-
reaches the detector, so we do not see well sepanetind| ~ Sidering the detailed3p up-scattering sequence because the
phonon signals as we do with a short pulse. However, d0W-energy(l) phonons are thermalized on a very short time
superconducting tunnel junction detector is not sensitive t&cale, ~10 1°s3*>* This ensures a thermal equilibrium

the | phonons so it would detect the lorigphonon cloud — SPectrum of phonon energiesup tosc. Only a single 4p
more clearly. between twol phonons is required to create anphonon

with e>¢, and the scattering rate for this process is
VIIl. DISCUSSION known!® The h phonons escape from the trailing _edge of the
| cloud because they have a slower group velocity than the
At the outset of this work we knew that a single short heatcloud. Theh phonon number density in tHecloud is there-
pulse produces two phonon pulses after propagatiid  fore reduced from its equilibrium value and this deficiency is
mm through cold liquid helium. Experiments had shown thatredressed gp up-scattering.
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1£., detector

t ]

t 1 ] |
t | m—— |
t | —1

heater

temperature (K)

FIG. 9. A schematic diagram for a long pulse which should be
compared with Fig. () in Ref. 6 for a short pulse. Note that
[ phonons are generated throughout the propagation path of the
0.7 ¢ T S S phonons when the pulse is long.

(a) time (u.s) cause it cannot decay byp4 as there are no suitable low-
energy phonons to interact with. Numerical evaluation of the
0.5 P equations shows that a major fraction of the initiatloud
energy can be converted kophonons. For a short pulse the
h phonon generation process is so efficient that most of the
energy is converted before theloud has moved many mil-
[ ] limeters from the heater. Once theloud has lost most of its
03 a energy it essentially stops creatitgphonons because the
I : creation rate is a strong function of temperature. The initial
: . 0.9K ] cloud temperature is-1 K and after the cloud has cooled to
02 L ] ~0.7 K the generation rate is negligible. This is due to a
[ ’ large decrease with temperature of phonons withe as
Lo 08K _w—=—"] well as the lower 4 p scattering rate. So this rapid cooling
01- -7 4 within a few millimeters of the heater makes a short, high
. .- ] amplitude,h pulse as observed in experiments.
[ - 1 For long pulses, there is a competing processhto
0 & b phonons being lost from tHecloud. A createdh phonon may
decay by $p within the cloud before it is lost. For this to
(b) time (us) occur, there must be a low-energy phonon with its momen-
tum at a large angle to the momentum of thphonon. But
there are few such phonons in theloud as thd phonon
momenta are in a narrow cone from the injection process at
the heater-liquid interface. However, for creation there is no
such restriction on the angle between the twhonons that
combine to form thén phonon. This asymmetry between the
decay and creation processes leads to a suprathermal distri-
bution ofh phonons within the pulse; the energy density per
The theory presented here addresses the hitherto unewnit solid angle is more than an order of magnitude higher in
plained experimental observations of this phenomenorthe pulse than in a spherically symmetric Bose-Einstein dis-
which are:(i) short heat pulses,< 10" ’s, are best for gen- tribution.
eratingh phonon signals, longer pulses give signals that are The competition between loss and decay means that the
not of greater amplitude, but are broader; thghonon gen-  generation efficiency is less than for a short pulse. In a long
eration saturates as the heater pulse length is increased hm#se theh phonon density is determined by dynamic equi-
yond 2x10 ’s; (ii) the conversion ofl phonons toh librium between creation and decay, and the loss rate from
phonons is very efficient especially for short pulses, a majothel cloud is simply proportional to the equilibrium density.
part of the energy in thé phonons can be converted ko As this is independent of pulse length for long pulses, the
phonons;(iii) h phonons are created in the liquid, within a generation rate of thé cloud trailing thel cloud is also
few millimeters of the heater for short pulses, but for longindependent of pulse length. This explains why thehonon
pulses the generation continues all the way from the heater teignal amplitude saturates as a function of pulse length.
the detector but it decreases with distance from the heater. We can also see that the cooling rate for a long pulse is
The theory for short pulses shows tligphonons are lost much slower than for a short pulse. The fraction of energy
from thel cloud as they are formed. This gives the maximumlost from thel cloud to theh cloud is smaller and decreases
generation rate fon phonons as there are no decay processeas the inverse of the pulse length. So tteoud energy and
for the h phonons within the cloud. Also, once arphonon  temperature decrease more slowly with time. This means that
is left trailing behind thd cloud, it is completely stable be- the h phonon production rate decreases little over the whole

04 L ]

deita

FIG. 8. (8 The temperature of a long pulsg,=10us, as a
function of its propagation time for three different initial tempera-
tures; To=0.8 K (dashegl 0.9 K (solid), and 1.0 K(dotted, using
Egs. (56) and (57). (b) the fraction of energy in the h phonons
relative to the total energy is shown as a function of time for the
three initial temperature$, that correspond to the cooling curves
in (a).
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propagation distance. So a very lohgloud is created by a phonons cannot readily decay, their population increases dra-
long input pulse. matically and becomes about two orders of magnitude
The model has developed some interesting ideas on itgreater than the number density in an equivalent slice of an
way to explaining the observed characteristics. It is nowisotropic thermal equilibrium distribution at the temperature
clear that thd cloud is a dynamic entity which evolves as it of the | cloud. Hence the generation rate of theloud in-
propagates. The model uses the notion of thermal equilibereases by the same factor in long pulses. In fact a short
rium in a narrow momentum cone. This thermalization re-pulse has to be very short for the populatiorhgfhonons in
quires two conditions, first that the cloud exists for a longthel cloud to be smaller than the thermal equilibrium value.
enough time and second that the necessary scattering prohis unusual population increase depends on bothlthe
cesses can occur. The first condition is satisfied because tipdonons only occupying a cone and the details pp4Fur-
3pp rate at normal isotropic phonon densities~i$ orders thermore, thé phonons have a Bose-Einstein distribution of
of magnitude faster than the inverse of the propagation timegnergies but thé phonons can only be in dynamic equilib-
so thel cloud is thermalized soon after its creation by therium with thel phonons in a long pulse. The model success-
heater. The second condition involves the scattering anglefully accounts for the important characteristics of this phe-
In a 3pp there is a small angle between the two ingoing ornomenon and describes the interesting physics of
outgoing phonons, and the scattering necessary for thermgpropagating phonon pulses in liquféie.
ization takes place only if this angle is smaller than the angle
of the momentum cone. In fact if the cone is initially too
narrow for this condition, the scattering will broaden it until
the condition is satisfied. The phonon distribution in the cone We have presented a theoretical model of energy transfer
is identical to a slice of an isotropic equilibrium distribution, from low- to high-energy phonons in propagating phonon
and because it is a slice it has net momentum so it propagatesiises in liquid*He when the low-energy phonons occupy a
at essentially the sound velocity. narrow cone in momentum space. The theory gives an excel-
Thermalization in the cone strictly applies only for pho- lent quantitative description of this unusual phenomenon.
non energies up te2)~8.3K, but is probably valid up to
e~egc (=10K). However, it does not apply to phonons with
£>gc because the necessary scattering processes cannot oc-
cur. As we have seen above, forec only 4pp are pos- It is a pleasure to acknowledge support for this collabora-
sible and the phonons necessary ligghonon decay are not tive work from EPSRC under Grant Nos. GR/M/22543 and
available in the narrov momentum cone. Because tthe GR/L/29149.

IX. CONCLUSION
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