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Quasiparticle scattering at helium surfaces: A microscopic theory
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We study the scattering of quasiparticles and atoms at the free surface of supttéuedT=0 K. As a
starting point we take Beliaev's formalism in a real-space formulation and derive equations of motion for the
elementary excitations valid in bulk helium, through the surface and the vacuum. We solve the equations
numerically for the wave functions, from which we calculate the currents associated with the atoms, phonons,
and rotons. These are then used to calculate the probabilities of all the possible one-to-one surface scattering
processes. Results are presented for a wide range of energies, both for normal incidence and oblique incidence.
The quantum evaporation results for fixed angles of incidence are used in experimental simulations which
calculate the angular dependence of evaporated atom signals and these are compared with experimental data.
[S0163-182699)05929-9

[. INTRODUCTION component of the atom wave vector normal to the suiffece
the kinetic energy carried off by the evaporated atom, the

Ever since the experiments of Johnston and Kitigere  momentum#Q parallel to the surface is conserved because
has been a lot of interest in the subject of quantum evaporaf the translational symmetry of the problem.
tion from superfluid*He. Johnston and Kirflgmeasured the While quantum evaporation by phonons aRd rotons
velocity distribution of atoms evaporating from the free su-has been confirmed by experimesm)ger fourteen years ago,
perfluid surface and reported that the vapor had a charactegvaporation by the negative group velocRy rotons has
istic temperature of 1.6 K higher than the temperature 0.6 K)nly recently been observed experimenté_ﬂy'_his has been
of the superfiuid. Andersdrand Hymari independently pro- attributed to the inability of the conventional heater to pro-
pOSEd that the result could be explained if the mechanism fouce R~ rotons. Despite an ingenious method which got
evaporation, i.e., the conversion of quasiparticles at the freground the need for the heater to prod&cerotons, Wyborn
surface to atoms, were a one-to-one process. Anderson alggd Wyatt! failed to observe quantum evaporation—they
pointed out that this quantum evaporation process should bgid observe a strong atom signal at the right place, but they
the dominant one since the phase space available for premo longer stand by the analysis of the restfiteroduction of
cesses inVOIVing more than one final state is very small |rR_ rotons in the recent experimemmas been achieved
comparison. using a “cavity” heater.

Over the years, quantum evaporation and the reverse pro- pespite the considerable success of the experimental stud-
cess of quantum condensation have been the subject of mamgs on quantum evaporation and quantum condensation, the
studies, both experimental and theoretical. Severaprobabilities of the different surface scattering processes can-
experiment§™® have investigated the interactions betweennot be determined experimentally using the present available
the bulk quasiparticlegphononsR™ rotons, andR™ roton9  techniques. One notable exception is the experiments of Ed-
and the free superfluiHe surface giving rise to evapora- wards et al}2 who measured the reflectivity of atoms im-
tion. The time of flight experiments of Baird and Wyatt pinging on the free surface from the vapor. Their results
gave direct experimental evidence that the evaporation prashowed that the probability of atoms reflecting from the sur-
cess is a quantum process. They produced phonons in bufiice is very low, but rises to 1 as the normal component of
helium by generating minute heat pulses beneath the surfagre atomic wave vector tends to 0. The results also showed
and detected signals due to evaporated atoms in the vapahat most of the reflections are speculge., elasti¢. Ech-
Analysis of the results showed that some of the phonongnique and Pendty*attempted to explain these reflectivity
produced travelled ballistically to the surface where theyresults in terms of the incident atoms coupling to a shower of
ejected atoms on a one-to-one basis. Wyborn and Wyatguantized surface tension wavéipplons via the surface
established that, together with the energy conservation  van der Waals potential, thereby losing most of their energy

to the ripplons before penetrating the surface and hence can-
f2k? not create any quasiparticles in bulk. However, in another
fiw—|pol= om ! D) series of experiments Edwards al1® showed that the one-
to-one conversion of atoms to bulk states cannot be ruled
wherefiw is the energy of the bulk quasiparticle and lies onout. Further Edwards and Fatoutdshowed that a much
the phonon-roton energy spectrumg (= —7.16K) is the Dbetter fit to the reflectivity results than that of Echenique and
chemical potential anfi’k?/2m [k=(Q,k,), wherek, is the ~ Pendry can be obtained by neglecting ripplons altogether,
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and Swanson and Edwardgredicted that the probability of normal incidence and oblique incidence. In particular they
not exciting any ripplons is quite high. found thatR™ rotons evaporate atoms only at energies and
In contrast to the experimental successes, there has beparallel momenta which exclude phonons from the surface
relatively little quantitative theoretical work on the physical scattering processes, a result which is in contrast with the
processes involved. The qualitative features of the physicdlecent experiments of Tucker and Wy2itfThey also found
processes involved can be understood on the basis of tfiBat the probabilities do not depend on the angle of incidence
surface acting as a strong, but elastic, scattering region whicpf the incoming excitation.
promotes mode conversion for quasiparticles and, on absorp- 1€ present study removes the WKB and normal-
tion, allows the helium atom to excite all the available qua-ncidence restrictions in the Mulheran and InkSbtheory.
siparticle channels. Together with the constraints imposed by Neglect inelastic processes and assume that all the qua-
the basic conservation laws, this approach can go a fair wa particles are stable qnd travel ballistically. We investigate
towards qualitatively interpreting the experimental data N One-to-one scattering processes at bulk enefgiesov-
What is required for quantitative work is microscopic ~ €1ng the range from just above the binding enetgy|
theory of the dynamics of the helium surface scattering. It is= /-16 K to energies higher than the maxon enetiy
clear that such a theory has to take into accdirthe non-  ~13-9K. Preliminary results have been reported eathier.
locality of the He-He interactior(ji) the change in the prop-  The paper is organized as follows. In Sec. Il, we present
erties of the condensate through the surface region(iand the method we use and derive the equations of motion; the
the finite width of the surface. We include all these in theSolutions to the equations are presented in Sec. Ill. We also
present study. give our calcul_ated _scattering rates, b_oth for normal inci-
Although a great deal is known about the ground state angence and oblique incidencéor both fixed parallel mo-
thermodynamic properties of both the bulk and the surfacdnenta and fixed angles of inciden@nd compare them with

liquid helium, the problem of the scattering of bulk excita- those publish_ed and tho.se from experimental ;imulations.
tions at or through the surface has not received a lot of at¥Ve conclude in Sec. IV with some remarks and discuss some

tention. As mentioned above, Echenique and Péfdfand ~ Possible future work.
later Edwardset al'® studied the problem of the surface scat-
tering in helium on the basis of ripplon interactions. Caroli Il. FORMALISM
et al!®1® attempted a microscopic approach, but were only
able to discuss the qualitative features of the transmission The low-temperature properties of bulk superfltite are
associated with a multichannel system. Sasaki andavell understood, at a phenomenological level, in terms of
Kunimas&’ looked at the interface scattering problem with aLandau’s picture of a weakly interacting quasiparticle gas of
semiempirical coupling model. In all the above, however, thephonons and rotons. At a more microscopic level, one has to
structure of the surface was largely ignored. Othertake into account the coupling between the condensate and
studies?*??2used a perturbation method in which, contrarythe elementary excitations and use field-theoretic analysis,
to experimental evidendg, the quasiparticles are weakly built on the fundamental role of Bose-broken symmetry—the
coupled to the atoms. Further, since the liquid and the vapasuperfluid phase coincides with the appearance of a macro-
are comprised of the same material, the distinction betweescopic wave function. This approach was initiated by the
liquid and vapor operators made in these tunnelling Hamilwork of Bogoliubov* BeliaevV® and, a year later, Hugen-
tonian approaches is not appropriate. Marissed an “adia-  holtz and Pine® formulated it in a systematic way. In this
batic” model and found that quasiparticlgshonons and ro- study we adapt Beliaev’s microscopic theory to the inhomo-
tong with energies between the roton minimum eneryly geneous problem of quasiparticle scattering at the free sur-
~8.7K and the maxon energy,,~13.9K do not evaporate face of superfluidHe.
atoms, whereas experimeht§ show thatR" rotons with Beliaev’s theory for the bulk superfliud uses many-body
these energies do contribute to quantum evaporation. Green’s function techniques to study the properties of the
The microscopic theory of Mulheran and Inkson predictedquasiparticles of the system. It is based on Bogoliubov’s as-
scattering rates for all the one-to-one surface procéSses.sumptions that the condensdtie state of zero momentym
They wrote down an equation for the inhomogenefids  is macroscopically occupied and that the excited states are
system which they solved in a local density approximationdominated by scatterings involving two condensate particles.
They found solutions to the local-density-equation using théVith these assumptions, Beliaev found that the Feynman
Wentzel-Kramers-Brillouin(WKB) formalism. They took diagram equationsee Fig. 1a)] for the system contain three
the difference between the exact interaction term and théreducible self-energy diagrantghich stem from the inter-
local-density-interaction as a perturbation potential and, usaction of particlesnot in the condensate with those in the
ing a first-order perturbation theory expansion, calculated theondensate 3,1, is the sum of all self-energy diagrams with
matrix elements, and hence the probabilities, for the variousqual numbers of incoming and outgoing condensate lines
transitions between the quantum states associated with ttidotted lineg; %, is the sum of all self-energy diagrams in
WKB solutions. Their results were in broad agreement withwhich the number of incoming condensate lines exceeds the
experimental observations, but were, however, restricted taumber of outgoing ones by 2, whik,, has two more out-
normal incidence Q=0A"1). going condensate lines than incoming ones. These self-
Dalfovo and co-workef§—*°have recently produced scat- energies have to be inserted in the equations in such a way
tering rates for the surface processes using a linearized detlyat the total number of particles (condensate
sity functional theory with their phenomenological “Orsay- +noncondensate) are conserved. The superfidiel system
Trento” density functional. They gave results for both has two propagator&(k,w) andF(k,w): the usual single-
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1 | o where G,(r,w) is the “normal” Green’s functior?’ The
self-energy is a function of the condensate dengsity and
(a) the nonlocal helium-helium interactio’V(r—r’). The
“hole-particle” wave function ¢(r), associated with the
G G, Pogo f Green’s functionF, is obtained from the corresponding
= T @ @ equation forF in Fig. 1(a) as
v Zy A Zoo
i i +oo
! l/f(r)=v/3(r)f fﬁ Gp(r—ry,—w)
e . * ‘ 3, 43
ézu XV(rqi—r")\p(r')e(r')dr,dr’. 4
(b) : The “hole-particle” wave functiory(r) is necessary to cor-

. . . rectly describe the effects associated with a quasiparticle

FIG. 1. (8) Feynman diagrams for the superfluid helium systempropagating through a correlated system. In the bulk, along

[after Beliaev(Ref. 35]. (b) Alternative way of constructing the the lower part of phonon branch of the excitation spectrum
diagram forG using an intermediate “normal state” Green's func- (r)=0[ ¢(r)]; #(r)=0[¢(r)] along the roton branch

tion G, (see, for example, Pin&3, (near the roton threshold ~8.7K) and ¢(r)—0 at very
highZw>A. In the vacuumy/(r) vanishes identically.
particle Green's functionG(k,») and the “anomalous” In deriving the above equations, we have allowed the con-

Green’s functionF (k,), which describes the effects asso- densate density(r) to vary with position so that Eq$3) and
ciated with a quasiparticle propagating in a correlated syst4) may be used to tackle the general inhomogeneous prob-
tem. Go(k,w) is the free-particle Green’s function. lem such as the free surface. We do not attempt to solve for
The top equation folG can be Sp||t into two equations the density variation, but rather use this as an input to the
[see Fig. 1b)] by the introduction of a “normal state” inter- calculation. To solve for the density variation would require
mediate Green's functionG,(k,w) (see, for example, @ solution to the ground state problem. This is both compli-
Pines’). In the low-density(Bogoliuboy limit, the first-  cated and difficult and not relevant to the immediate problem
order diagrams for the irreducible Se|f-energies give we are Considering. Deep in bulk the density has the value of
bulk superfluid condensate, i.ea=const, and high above
the surface it has the vacuum valpe- 0. Equation(3) has
211=pV(0)+pV(k) and Zp=22=pV(K), the expected limits—in bulk it is the Schiimger equation
for the quasiparticlesof energy%zw) and in the vacuum it is
whereV(k) is the Fourier transform of the helium-helium the Schrdinger equation for the free atorof energy?

potential andp the condensate densita andF then have —|mol)- . o . _
poles ath w= *+ Eg, whereEg is the Bogoliubov spectrutfl From the diagrams in Fig.(&), one can also write the pair
of coupled equations

44 £2K2 172 h2 +oo
EB(k)z[mﬂ—ZpWV(k)} 2) ﬁw—u(r)+ﬁV2 ¢(r)—¢p(r)ﬁx Vp(r')V(r—r")
X[p(r')+p(r')]d% =0,
From Fig. 1b) in real space one can write down the equa- 42
. O T boo
tion of motion in this limit as [—ﬁw-’-,u,(r)-i- %VZ} ) WJ'% Jo(FIV(r=r")

2 4o ’ ’ 37—
hw_ﬂ(r)+§_mv2}¢(r)_f 2(r,r’,w)<;/>(r’)d3r’=O X[¢(I’ )+¢(r )]d r 0 (5)
- for ¢(r) and ¥(r) as an alternative to Eq$3) and (4). We
3 note that the above equations have the appearance of one-
body Schrdinger equations with a nonlocal potential, re-
for the “particle-hole” wave functione(r) valid in bulk, flecting that this is a many-body problem. Again in deriving
through the surface and in the vacuum. The functidn),  these equations, we have allowed the condensate density to
defined at the end of this section, changes from®ulk) to  vary with position.
| ol (in the vacuum across the surface ang, is the con- Because of the symmetry of the problem, the density pro-
densate chemical potential. The central feature of this equdie p(r) depends only oz, the component of=(R,z) nor-

tion is the self-energy mal to the interface, i.ep=p(z). We give the quasiparticles
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a momentumzQ parallel to the surface. Since the elemen-respectively, and the coupled equatidBsto
tary excitations conserve the planar symmetry, the parallel
momentum is conserved and we can look for solutions of the

form #(2)=p(2)

d2
ho—mw(z)— aQ’+ aqz2

p(r)=eRp(2) and (r)=eRy(z),

whereR=(x,y). This reduces Eq43) and (4) to the one-
dimensional equations

X f Vp(Z)V(Q,z=2")[$(Z") +(Z")]dZ' =0,

W(2)—p(2)

d2
2
ﬁ2Q2 ﬁZ d2 {—ﬁw-ﬁ-,u,(Z)—aQ +aﬁ

ho=r@ = 50t smaz

#(2)

+oo XJ Vp(Z')V(Q,z—2")[ (2" )+ ¢(2')]dZ’ =0, (8)
—f_ 3(z,2,0,Q)p(z')dz' =0 (6)

wherea=#A2/2m. We assume that the interaction is the same

and as in bulk helium and use the effective potential of Brueck-
ner and Sawad¥ The Brueckner potential gives a good fit
B e to the experimentally observed quasiparticle excitation spec-
W(z)= \/P(Z)f f_x Gn(z—2;,~ 0,Q) trum in bulk when used with the Bogoliubov spectry@)

and keeps the non-locality of the He-He interaction. The
XV(Q,z1—2')Vp(Z')p(2")dzdZ', (7) Brueckner potential takes the form

Vo [+=sinagyQ?+g?
V(Q.2-7')= 0 oVQ°+q

cosq(z—2z')dq

mJo QTP
(Vo/2)3o(|Q|Na5— (z—2")?) for |z—2'|<ay,
B 0 otherwise,

whereJ, is the Bessel function of the first kind of order zero, to solve for the general solution given particular system pa-
reflecting the cylindrical symmetry associated with the transtameters. To calculate the various scattering probabilities
lational symmetry of the problemV,=17.0KA ! anda, therefore, we always need several solutions at the same en-
=2.26 A %8 For normal incidenceQ=0A"1, the potential ergy and parallel momentum. These are obtained by keeping
reduces to the top hat potentd{z—z')=V,/2 for |z— 2’| how andQ fixed and solving the equation for different val-
=a, and 0 elsewhere. ues ofs.

The variation of the chemical potential is described as To illustrate the process of obtaining the scattering param-
w(2)=|uolf(2). The choice off(2) is required to model the eters from the numerical solutions, FiggaRand 2b) show
change inu across the surface. We have used both the formthe calculated wave functionsolid lineg at fw=12.3K,
f(2)=[1-p(2)] and  f(2)=(2vag) *Inf[1+expr(z |Q|=0.75A"1. At this parallel momentum, simple conser-
+ap)/[1+expr(z—ag)]} (with v chosen to give a sharper vation of energy and momentum shows that atoms cannot be
change than the first formboth forms give comparable re- emitted forz w<<10.6 K and phonons are excluded from the
sults. We use a Fermi function for the surface profi(e). surface processes fhw<12.8 K. At the energy and parallel

momentum shown, in bulk¢(z) has two Fourier compo-
nentsk_ ,k, , corresponding tdR~ rotons andR™ rotons,

lIl. SOLUTION OF THE EQUATIONS AND RESULTS respectively, at precisely the normal wave vectors expected

To calculate the wave functions(z) and(z), we either from the excitatipn spectrum. In- the vacuum it hag a single
solve the full equation(6) numerically for ¢(z) and then componenk=k, in agreement with tf;e \2/aluezfor emitted He
evaluatey(z) from Eq.(7), or numerically solve the pair of atoms calculated fromfw=|uo| +#%(kz+Q%)/2m. ¢(2)
coupled equationés). In either case, we do this in a box of ¢an be fitted with functions of the form
size A (z=—L-—stoz=L-—s, with the surface centered at
z=0 and with bulk helium inz<0); we look for (real B(z<0)= E b, cogk.z+ 6,)
standing wave solutions. We take the surface to have a 90— == e
10 % width of 6.5 A which is within the accepted experimen-
tal estimate®® Depending oo and%Q, one or more qua- $(z>0)= ¢, cogkaz+ 6,),
siparticles may be excluded from the surface scattering
processes by conservation of energy and momentum parallegpresenting the bulkz0) and the vacuumz(>0) limiting
to the surface, but there are normally insufficient constraintsvave functions, respectively; (i=a,—,+) is a phase. The
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FIG. 2. The wave functionst(z) () and ¥(z) (b) at iw FIG. 3. The various scattering probabilitieg; as a function of

=12.3K.|Q|=0.75 AL, The short-dashed line is the surface pro- PUlk €nergy for an atom incident on the surfaceand A, are,
file. The surface is centered 20 (L=48 A ands=20A). The respectively, the roton minimum energy and the maxon energy.

. H 44 . H
long-dashed lines are the numerical fit to the wave functions. P,aa. reflection of a’He atom from the surfacé: a_bsorptlan of
a "He atom into a phonon mode, am},, : absorption of a'He

i + -
“hole-particle” wave functiony(z) can be similarly fitted atom into anR™ roton mode.P,-=0.

remembering that, in the vacuum,= 0. The fits are shown
as long-dashed lines in the figures.

The wave vectorg;, phased,, (rea) amplitudesg; and
¢i (i=a,—,+) are extracted from the fits. The amplitudes
¢; and y; are then used to calculate the currgnassociated
with each quasiparticle or atom from

Figures 3, 4, and 5 show, respectively, the calculated
probabilities as a function of bulk energy for the possible
transitions available to atoms, phonons, &id rotons inci-
dent to the surface at normal incidence. The results can most
easily be understood in terms of the adiabatic model of Mul-
heran and Inksof?. In their WKB-based approaches, through
1 the surface atom states transform adiabatically into phonon
jizzvig((ﬁiz— 42, states and vice versa, whereRs roton andR™ roton states

form standing waves limited to the condensate. Transitions
between these WKB states take place in the surface region.
This means that an incoming atom primarily condenses as a
honon below the roton minimum but as B4 roton above
the maxon, andR™ rotons above the maxon and phonons
below the roton minimum evaporate. Between the roton
minimum and the maxon, aR™ roton scatters as aR™~

wherev? (i=a,—,+) is the group velocity of the elemen-
tary excitationi. From these currents we calculate the vari-
ous scattering probabilities. We do not give details here a
they have been fully discussed elsewh@re:*?

The scattering probabilities from staiteto statej, P;;,
have to satisfy the time reversal symmetry conditiep
=P;; and, the “scattering matrix” being unitary, the unitar-

. . 1. T T T
ity condition that 0

z Pij:]- 0.8
1

for eachj. These two conditions provide a useful check on
the calculated probabilities. We give below a summary of
our calculated probability results. The calculated probabili-
ties satisfy, to within numerical accuracy, both the time-
reversal symmetry condition and the unitarity condition.

Probability
o
o

@
'S

A. Normal incidence 0.2

In this section, the elementary excitations are incident
normal to the surfaceQ=0A"1. For energieshw<A 0.0
~8.7K, the roton minimum energy, only phonons are
present in bulk and the only quasiparticles present at energies
hw>An~13.9K, the maxon energy, aR" rotons. At en- FIG. 4. The probabilitiesP,; as a function of energy for an
ergies between the roton minimum and the maxon all thregcident phonon.P,,: reflection of a phonon from the surface
bulk quasiparticlesphononsR ™ rotons, andR™ rotong take P, evaporation of &He atom by a phonon, arfél,_ : reflection
part in the surface scattering processes. of a phonon mode into aR™ roton mode P, =0.

8o | 10.0 12.0 14.0
A Energy (K)
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FIG. 6. The quasiparticle spectrum as a function of the normal

FIG. 5. The transition probabilities for an incideRt roton as a componenk of the wave vector for various densitipsbetweenp
function of energy P, , : reflection of anR™ roton from the sur- =1 (bulk) andp=0 (vacuum. |Q|=0.75 ALl

face,P, ,: evaporation of &He atom by arR* roton, andP_ _ :

i + i - = . . . -
reflection of anR™ roton into anR™ roton. P ,=0. For incomingR* rotons(Fig. 5), the dominant process at

energies just above the roton threshdlds reflection aR™

roton and vice versa and the coupling between the WKBotons. As the energy of the incomiRj” roton increases to
states varies according to the overlap between the states ihe maxon, the probabilit, _ of the process decreases to
the surface and hence primarily the closeness of the momerero. There the main scattering process is the quantum
tum values. evaporation process, ariR* rotons evaporate atoms with

The results shown in Figs. 3, 4, and 5 follow very muchalmost unit probabilityP . , increases to 1 as the energy of
this pattern. The atomic reflectivit,, is about 0.58 at a the incident roton increases above the maxon, an intuitive
bulk energy just above the binding energy,|, which cor- result—above the maxon the only bulk quasiparticles are the
responds to atoms witknorma) wave vectork,—0, and R™ rotons. Similarly atoms with energies above the maxon
decreases rapidly to 0 with ener@ig. 3. This is in agree-  (relative to bulk condense t&R™ rotons with essentially unit
ment with the experimental results of Edwarisal!? The ~ Probability (Fig. 3).
measuredP,,, however, decreases faster with energy—

probably due to inelastic phonon excitation processes. The B. Oblique incidence

calculated phonon reflectivity,, is equal toP,, as a con- .

sequence of unitarity and time-reversal symmetry for ener- 1. Fixed parallel momentum

gies betweenuo| and the roton minimum. It would also For a given parallel momentum, one or more quasiparti-

be affected by the inclusion of inelastic processes. The cakles may be excluded from the surface scattering processes at
culated(and experimentalatomic reflectivities are continu- certain energies by conservation of energy and momentum
ous across the roton minimudh. These results differ both parallel to the surface. In this paper we discuss parallel mo-
quantitatively and qualitatively from those of Stingatial®®  menta such that phonons do not take part for some ranges of
and Guilleumagt al*° who found that, at normal incidence, energies between the roton minimum and the maxon so as to
Paa=Ppp=0, even at bulk energies just abojg,|, con-  concentrate upon roton effects.
trary to simple quantum mechanical considerations. Figure 6 shows the change in the quasiparticle dispersion,
Atoms condense to phonons with probability,~0.42 at  for a parallel wave vectofQ|=0.75A"1, for a range of
a bulk energy just above the binding ener@jig. 3. P,,  densities to give an indication of the change in wave vector
increases with energy to a maximum of about 0.9 arounaf the quasiparticles through the surface. The important as-
hw~10.5K and then decreases monotonically to zero as thpect is the nonmonotonic change in the energy of the phonon
energy reaches the maxon energy, the transitidR't@otons  minimum with density. This means that effectively there is a
taking over as expected from the Mulheran and Inksorsurface barrier to penetration by atoms condensing as
model?® The probabilityP,, (=P,p) of the converse pro- phonons or phonons evaporating as atoms at this parallel
cess of quantum evaporation by phonons has the same emomentum of approximately 0.25 K over approximately half
ergy dependencéig. 4). Again these results are in contrast the surface region which, given the high effective mass for
with those of Stingariet al?® and Guilleumaset al*>® who  the phonon state, is significant. We believe this barrier is the
found thatP,,=P,,—1 asf.o—|ue| and decrease mono- origin of the structure in the probabiliti€see belowin this
tonically to zero towards the maxon. The dominant scatteringegion. The atom-phonon scattering shows a characteristic
process for incoming phonons at energies near the maxon iesonance maximum expected for transmission above a bar-
the mode change reflection ®  rotons, and for incoming rier which is coupled to enhanced transitions between vari-
R™ rotons the reverse reflectid®™ rotons to phonons, with ous channelgFigs. 8,9,10 resulting from this surface reso-
Pp-=P_p. nance. The effective surface barrier is reflected in the
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FIG. 7. The wave functionsh(z) (@ and ¥(z) (b) at A _ FIG. 9. The probabilitiesP__i- as a function of energy for an
=12.5K.|Q|=0.75A"1. The short-dashed line is the surface pro- incidentR"™ roton. |Q|=0.75A"".

file.

which the phonon channel opens up on top of fairly smooth
enhanced amplitudes in the surface region of the calculategends. This is not an artifact—calculations with other values

“particle-hole” wave function¢(z) and the “hole-particle”  of the parallel momenta show similar structures. Although
wave functiony(z) at hw=12.5K, |Q|=0.75A"1 shown, the phonon barrier is the cause, further work on the physics
respectively, in Figs. (@) and 7b) (compare Fig. 7 with Fig. associated with these features is required.
2). The phonon threshold at this parallel wave vectoA js The atomic reflectivityP,, (Fig. 8 has the expected be-
=12.8K. havior at low energies, i.e., as the normal comporignof
Figures 8, 9, 10, and 11 show the calculated probabilitiethe atom wave vector tends to zeR,, tends to 1. Further
Pi; as a function of energyrelative to the zero in bulkof  as the energy of the incoming atom increases, the reflectivity
the different transitions available to aton®®, rotons,R* decreases, but, again, we note not as fast as the measured
rotons, and phonons incident on the free surface with a fixedeflectivity of Edwardst al'? The general trend is for atoms
parallel wave vectofQ|=0.75A"1. As before, the prob- to condense increasingly @&" rotons though now all the
abilities satisfy both the time reversal and unitarity condi-three channel®" roton, R~ roton, and phonon, play a part
tions, and conservation of energy and parallel momentunespecially around the phonon threshold. Whereas at normal
exclude phonons from the scattering processes for all enefacidence atoms do not exci®™ rotons on condensing, the
gies less than the phonon threshdlg=12.8K. Similarly  probability for the process is finite at oblique incidence, with
there is a cutoff for propagating atom statesAgt=10.6 K P,_ as large as 0.25-0.3 f¢Q|=0.75A 1.
(relative to bulk. For incidentR™ rotons(Fig. 9), the dominant transition at
One striking feature of the results is the structure in theenergies near the atom cutdff, is reflection afR™ rotons as
probabilities P;; (i,j=a,—,+) around the energyA, at  expected. With increasing energy, B roton tends to re-
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L \\ ‘ a+
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FIG. 8. The probabilitie®,; as a function of bulk energy for an 2

atom incident on the free surface with a parallel wave vef@ir

FIG. 10. The probabilitie®; as a function of energy for an
=0.75A°%

incidentR* roton.|Q|=0.75A"1.
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FIG. 12. The various scattering probabilitieg; as a function of

FIG. 11. The probabilitie®,; as a function of energy for an bulk energy for a phonon incident on the surfac@at14° (dotted

incident phonon|Q|=0.75 A"1, lines) and 6=25° (solid lineg. A and A, are the roton minimum
energy and the maxon energy, respectively.

flect less as aR™ roton, the dominant reflection being into a , _ o
phonon at energies approaching the maxon energy. At Oljj_gnceei, different excitations incident on the surface have
lique incidence, the specular reflectiBn roton toR™ roton  different parallel momentaQ(6; ,7w). We have calculated

is now possible, withP__ reaching a value just above 0.1 the scattering rates for flxed_ angles of incidentes 1_4° and _
aroundh = 12.6 K. The most interesting result, however, is #i=25° 10 enable comparison of our results with experi-
the prediction for quantum evaporation By rotons, with ~ Ments. ", -

P_. (=P, ) as large as 0.25-0.3 190 =0.75A"* and We plot+our calcgla'_[ed probabilities for pho_norﬁs, ro-
nonzero even above the phonon cutoff. tons andR rotorjs |er|dent a;, = 14° (dotted Im@ and 6,

That R~ rotonsdo evaporate atoms at energies and par-— 25"’ (sohgl line in Figs. 12, 13,'and 14, respectively. From
allel momenta at which phonons contribute in the surfacéonsideration of the conservation laws, we know that for
scattering processes is in agreement with the recent expen€rgiesho less than about 11.5 K there are no phonons
ments of Tucker and Wy&ttand in contrast with the result With parallel momentum large enough to come in at 25°.
of Dalfovo et al26%” who reported thaR™ rotons quantum S|m|larly.R rotons incident at 25° cannot evaporate atoms
evaporate only in the phonon-forbidden regions, with thet energies less than the atom cutaff(25°) and cannot
probability P_, droppingdiscontinuousliyto zero across the Teflect as phonfms at energies less than the phonon cutoff
phonon cutoff. Our calculations also show that, provided the?p(25°), andR™ rotons coming in with energjio cannot
process is allowed by the conservation lavi®s, rotons
evaporation is more efficient at larger parallel momenta fora 1.0
given energy.

For incidentR" rotons(Fig. 10, the energy dependence
of the mode-change reflection probabilRy. ~ (=P_ ) and 08
the quantum evaporation probabili®, , (=P, ) is similar
to that for normal incidence. One difference, apart from the
structure atA ,, is that at oblique incidence the reflectiBi
roton to phonon is now possiblé(.,#0 for all energy.

For completeness, we show in Fig. 11 the probabilities for
phonon scattering,; (i=a,p,—,+). As mentioned earlier,
for a parallel wave vectdQ|=0.75A"1, phonons are only
allowed in the narrow range of energy,=12.8K<fiw 0.2
<A,~13.9A. The probabilities have the same energy de-
pendence as for normal-incidence, except for reflection into

T : - o 0.0 : -
R™ rotons, which now has a finite probability. 9.0 100 1.0 12.0 13.0 14.0

Energy (K)

Probability
o
[«

o
n

2. Fixed angles of incidence . ) . .
) ) FIG. 13. The various scattering probabilities ; as a function
In experiments on quantum evaporation, the bolometeps pulk energy for arR™ roton incident on the surface at=14°
producing the quasiparticles is fixed at a given position indotted lineg and 6= 25° (solid line. A,(25°) andA ,(25°) are,
bulk helium and the beam of quasiparticles produced is colrespectively, the atom and phonon threshold wRenrotons are
limated so that all the bulk excitations are incident to theincident at 25°.A and A, are the roton minimum energy and the
surface at the samixed) angle. For a fixed angle of inci- maxon energy, respectively.
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FIG. 14. The various scattering probabilities j as a function FIG. 15. The angular dependence of the peak height of the mea-

of bulk energy for a phonon incident on the surfacefat14®  gred (pointy and simulated(curves phonor-atom signals for
(dotted lineg and 6=25° (solid lines. A, is the maxon energy.  angles of incidence ob=25° (full circles, solid curvg, 75° (full

triangles, long dashgsand 83°(open circles, short dashe€ach
evaporate atoms fofw less than about 11.1 K and cannot gistribution is normalized to the maximum data pdiafter Will-

excite phonons fofiw less than about 13.6 K. iams (Ref. 40]. See also Fig. 6 of Brown and WyaRef. 8.

The results show that the calculated probabilities have a
definite angular dependence. In particular, the probabilittheater and, by detecting evaporated atoms, measure the rela-
Ppp of a phonon reflecting as a phonon or the probabilitytive size of the producP;,(k)n;(k).® Recently Tucker and
Ppa Of evaporating an atom depends quite strongly on theyyatt* have independently measured the distributiggk)
angle of incidence for energies up to about 12/Mg. 12.  of high-energy phononsi~10K) and this has prompted
The mode change reflection phonorRRo roton, however, is  williams*® to reanalyze the experiments and to eliminate
independent of the angle of incidence. One possible explasome sources of systematic error. For high-energy phonons,
nation is that the change iimorma) momentum involved in  the corrected model, which assumes tRgj(k) is constant
this reflection does not depend very strongly on the angle of—0.3), agrees with the mechanical accuracy of the experi-
incidence(for angles and energies such that the process ifents. Use of our calculated phonon evaporation probabili-
allowed. . . _ _ ties P, for phonons incident a#;=25° (solid line in Fig.

Again, for an incomind}™ roton(Fig. 13, the probability  12) does not change the solid curve in Fig. 15 by a signifi-
P_p of the reverse reflection is independent of the angle otant amount® Finer details’® however, show that our calcu-
incidence, whereas the probability of the incident quasipartitations probably overestimate the phonon-atom probability.
cle rEflecting as alR™ roton or evaporating an atom is not. A proper test of our calculated phonon evaporation prob-
For instanceR™ rotons incident at 25° are at least twice as apilities will require a direct measurement of the evaporation
likely to quantum evaporate than those incident at 14°. Thigrobability, or a source that generates a much wider phonon
enormous variation in th®”™ roton evaporation probability spectrum.
comes at the expense of only a 10% decrease irRtheo There have been no successful attempts to measure the
R™ scattering channel. We again note tiiat, is nonzero distributionn. (k) of injectedR* rotons. Brown and Wyt
for energieshw>A[(25°) showing that the presence of modelled their experiments assuming some thermal distribu-
phononsdoes notinhibit R™ rotons from evaporating atoms tion for n (k),
in contrast with the result of Dalfovet al 252

The probabilityP ., of quantum evaporation bR" ro- kK dk .
tons is independent of the angle of inciderigey. 14, but . (k)dke expiow/Teg—1) with =2
the reflectionR™ roton to phonons and 8~ rotons change
markedly with the angle of incidence. This distribution is dominated by the value of the parameter

All the above results differ significantly from those of Te;.° Figure 16 shows the results of the numerical simula-
Dalfovo and co-worker’ who reported that their calculated tions of Williamg® using the evaporated atom signals of
probabilities do not depend significantly on the angle of in-Brown and Wyatf the thin lines assume th&t, =1 and
cidence, apart from threshold effects. the thick lines uses our calculaté’™ roton evaporation

There are no direct measurementsRyf with which to  probabilities(shown in Fig. 14. The simulations show that,
compare our results. However, our calculated evaporatiowhile our calculated evaporation probabili§y,, has the
probabilities have been us&d®together with experimental correct energy dependengee., it tends to 1 as the energy of
evaporated atom signal data from time of flight experimentghe incident roton approaches the maxon engrigyises too
in numerical simulations. sharply with energy—it is too small at lower energies. There

The published experiments inject a distributioifk) of  are, at present, insufficient data for atom signals due to
ballistic excitationsi in the liquid by pulsing a thin-film evaporation byR™ rotons and, furthermore, the distribution
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1.0 and can be understood in terms of the change in the nature of
the states through the surface region.

In particular, our results show that atoms impinging on
T the surface have a finite probability of reflecting in the limit
of small atom normal wave vector both for normal incidence
and oblique incidence, in agreement with both experinténts
. and basic scattering theory. The probability, however, does
not fall as rapidly with energy as the experiments suggest
and it is reasonable that atom condensation through pro-
. cesses such as two-phonon production would reduce the
probability at high energies.

The results also show that at oblique incidence all transi-
- tions allowed by energy and parallel momentum conserva-
tion requirements take place whereas at normal incidence
certain channels are not excitaslithin our calculation accu-

: : : Bt racy). For instance, whildR™ rotons do not quantum evapo-

0.0 20.0 40.0 600 800 rate and atoms do not condenseRis rotons at normal in-
Corrected bolometer angle, 6, cidence, these channels open up as the parallel momentum
increases. Calculations at energies and parallel momenta
which do not exclude phonons from the scattering processes
show thatR™ rotonsdo evaporate atoms in the presence of
phonons, in agreement with the recent experiments of Wyatt
and Tucker! HoweverR™ rotons are always less efficient at
guantum evaporating th&" rotons.

0.8 -

Integrated signal energy

FIG. 16. The angular dependence of the integrd&éd-atom
signal energy. The angle of incidence ds-14°. The signal are
integrated up to 16@s after the start of the heater input pulse. The
points are experiments using two different heater power27 dB
(full circles) and — 24 dB (open circles The curves are simulations

using injected-roton spectra at two characteristic temperatuiggs, . - . .
=1.0K (solid lineg and T,g=1.5K (dashed lines The thin lines  __ EXperimental simulations using our calculated evapora-
assumeP, ,=const and the thick lines use the values reported intion probabilities show very good agreement with experi-
this work [after Williams (Ref. 40]. See also Fig. 8 of Brown and ments _f‘?f phonons, but ShOW th?t our model underest_lmates
Wyatt (Ref. 9. the efficiency of evaporation bR™ rotons at low energies.
This suggests possibly the need for a better description of the
roton—one, for example, that includes backflow. Inclusion
of backflow effects and inelastic processes into the present
formalism is difficult, but important, and work along these
lines are in progress.

of R™ rotons produced by the heater is still unknown to
enable one to do similar simulations.

IV. SUMMARY AND CONCLUDING REMARKS
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