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R~ Rotons and Quantum Evaporation
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We apply Beliaev’s theory to superfluitHe with a free surface & = 0 K to derive equations of
motion valid in bulk helium, through the surface, and in the vacuum. We solve the equations and
calculate probabilities for the one-to-one surface scattering processes as a function of energy, both
for fixed parallel momenta and fixed angles of incidence. In particular, in contrast with the recent
calculations of Stringari and co-workers, we show tRat rotonsdo quantum evaporate atoms in the
presence of phonons. We also compare our quantum evaporation results with those of experimental
simulations. [S0031-9007(99)09007-9]

PACS numbers: 67.40.Db

There have been a number of studies, both experimentabton minimum energy (~ 8.7 K). Unless an unknown
[1-3] and theoretical [4—10], of quantum evaporation andmplicit symmetry or other conservation law is operating,
the reverse process of quantum condensatictHmover it is difficult to see how this can arise. At oblique inci-
the years. It has been established experimentally [1—3]ence, their main result [8,10] is thR{ rotons quantum
that the evaporation of atoms by bulk excitations is esevaporate atoms only in the phonon-forbidden regions
sentially a one-to-one process, where a bulk quasiparticl@.e., at energies and parallel momenta for which the con-
incident on the surface ejects an atom. This process cagervation laws exclude phonons from the surface scatter-
be represented by the energy conservation equation- ing processes), whereas preliminary analysis of the recent
lwol = A*k?/2m = R*(Q? + k2)/2m, whereliw is the  experiments of Tucker and Wyatt [11] shows that
energy of the quasiparticle anifk?/2m [k = (Q,k,), rotonsdo indeedevaporate atoms in regimes which do not
wherek, is the component of the atom wave vector normalexclude phonons.
to the surface] is the kinetic energy of the evaporated atom. In a recent article [9], Sobnack and Inkson reported the
mo (= —7.16 K) is the chemical potential of the system. results of their study of quantum evaporation at normal
Because of the translational invariance of the system in acidence, where, in particular, their numerical results
direction parallel to the surface, the momentii@ paral-  showed that the atom reflectidh,, (= P,,, the phonon-
lel to the surface is also conserved. The energy thresholphonon reflection probability) is finite for uy < hw <
for quantum evaporation igto| + #2Q?/2m. A and that the atom-phonon scattering probabity, =

Neglecting inelastic processes, several channels am,, < 1there. The purpose of this Letter is to report the
open to a bulk excitation incident on the surface, subjectesults of the extension of the work to the case of oblique
to the energy and momentum conservation requirementfcidence (lengthy details are omitted here—these will be
it can either reflect as itself, undergo a mode-change rgaublished separately).
flection, or evaporate an atom. The microscopic theory of As before [9], we assume that all the quasiparticles
Mulheran and Inkson [4] gave quantitative predictions forhave long mean free paths with respect to the surface
all the one-to-one surface scattering processes, but theicale lengths and travel ballistically. We neglect inelastic
results were confined to normal inciden®® € 0 A~').  (multiphonon, ripplons) processes. Using Beliaev’s [12]
Stringari and coworkers [6—10] have recently studied thdormalism in a real-space formulation, we derive equations
problem in the framework of a linearized time-dependenbf motion for the “particle-hole” wave functiog(r) and
density functional theory and have calculated probabilitieshe “hole-particle” wave functiow (r) [Egs. (2) and (4) of
for the various processes. The equations of motion theff], respectively].
derive do not have the expected symmetry in the surface As in [9], we use a Fermi function for the surface
region and, as a result, some of their normal-incidencerofile and use the effective potential of Brueckner and
probabilities [8] P;; (the probability of state scattering Sawada [13] for the helium-helium interaction. We use
into statej, wherei, j = atoma, phononp, R~ roton—,  this semiempirical approach for two reasons: first, it al-
R™ roton+) are surprising and possibly unphysical (seelows us to fit to the experimental dispersion curve and
[9] for a discussion). In particular, their atom-atom andhence connect to experiments and, secondly, it avoids the
phonon-phonon reflectivities are identically zero, i.e.,problem of calculating the surface density distribution—a
P.,, = 0 = P,, atall energies, even at energies just aboveground state problem of major magnitude and not directly
the atom threshold- ¢, and therefore, as a consequencerelevant to the present analysis. We take the surface to lie
of unitarity and time-reversal symmetrg,, = 1 = P, in the x-y plane (centered at = 0 and with bulk helium
for bulk quasiparticle energigsw between—pu, and the in z < 0) and to have ®0%-10% width of 6.5 A [14].
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Since the momentuniQ parallel to the surface is con- 10 P r——— :
served, we look for solutiong(r) and(r) of the form /

p(r) = Mp(2),  yr) = TRY(2), 08 | ‘

whereR = (x,y). For a given bulk quasiparticle energy
heo and parallel momentumQ, we solve Eq. (2) of [9]
numerically for (real)p (z) for the same finite geometry as
in [9]. Equation (4) of [9] then givegs(r) = ¢'QRy(z).
Depending omiw andQ, one or more elementary exci-
tations may now be excluded from the surface scattering
processes.

Because of the geometry we need to extract the appro- o2 |
priate parameters for the dynamic scattering processes. To A
do this we use a numerical procedure to fit sinusoidal fune- |/ & =
tions of the form 0.0 * st R T
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FIG. 1. The various scattering probabiliti®s ; as a function

PR ; P __of bulk energy for anR™ roton incident on the surface at
(where the summation is over the different excitations By — 14° (dotted lines) andd, — 25° (solid lines). A,(25°)

p_hononS,R* rotons,R™ rotons, atoms—allowed at the gnq A,(25°) are, respectively, the atom and phonon threshold
given energy and parallel momentum) to the calculate@vhen R~ rotons are incident a5°. A and A,, are the roton
(standing wave) wave function#(z) and ¢(z), respec- minimum energy and the maxon energy, respectively.

tively, to extract the real amplitudes; andq;, the normal

(z-) component,; of the wave vectors and the phagks

in bulk and in the vacuum (witly, = 0—the atoms are At 6y = 25°, atoms with energies less than the atom cut-
free in the vacuum). From these parameters, one can tharff A,(25°) = 9.8 K (with respect to the zero in bulk)
construct the current associated with each excitation (seend phonons with energies less than the phonon threshold
[9], and references therein), and these are used to calculate, (25°) = 11.4 K do not propagate, and are thus excluded
the various scattering probabilities. from the scattering processes.

We have calculate@;; for all the one-to-one surface  For both angles of incidence shown, the probability
scattering processes allowed as a function of (bulk) enf_, for this process is very small at energies just above
ergy both for fixed angles of incidence and fixed parallelthe roton minimium, increases with energy, and then de-
wave vector and we only present the results relevant focreases as the energy is further increaged - A,,). For
this Letter below. Time-reversal symmetry and unitarityf, = 25°, we note thatP_, is nonzero at energies above
of the “scattering matrix” require that;; = P;; and that the phonon threshold ,(25°), showing that? ~ rotonsdo
Zj P;; = 1 for eachi. Our results satisfy both require- evaporate atoms in the presence of phonons in contrast
ments to within numerical accuracy. with the results of Stringast al. [8,10]. It is clear from

Fixed angle of incidence—In experiments on quantum Fig. 1 and from other angles of incidence we have investi-
evaporation, the bolometer producing the quasiparticle igated thaik ~ rotons become increasingly efficient at emit-
fixed at a given position in bulk helium and the beamting atoms as the angle of incidence increases (provided the
of quasiparticles is collimated so that all bulk excitationstransitionR ™~ roton— atom is allowed by the energy and
are incident to the surface at the same (fixed) amgle parallel momentum conservation requirements).

at a given energyiw, different elementary excitations Figure 1 also shows that, at these angles,rotons do
have different parallel momentaQ; = /Q;[6o, k;(w)], not significantly reflect a® ™~ rotons -- = 0). This
with [Q;| = k;(w) sindy, wherek; is the magnitude of the process involves a large change in normal momentum
wave vectork; of elementary excitation, k; = |k;|. which has to be absorbed at the surface, and it is not

We will concentrate on just two aspects of our calcu-surprising that it is suppressed. The dominant transition
lations: R~ roton scattering and the measured quanturat energies near the roton minimum enefgis the mode-
evaporation signals. change reflectio® ~ roton— R roton. With increasing

We first considerR~ roton evaporation where the re- energy, the probability?_, for this process decreases,
cent results of Stringaet al. [8,10] claim thatR™ rotons  approaching zero as the energy of the incident roton
gquantum evaporate only in the phonon-forbidden regionsapproaches the maxon energy, and the mode-change
Figure 1 shows the probabilitieB_; (j = a,p,+) as a reflection R~ roton— phonon becomes the dominant
function of energy in the range roton minimum energyprocess.

A < hw < maxon energy,, for all the possible chan- There are no direct measurements of quantum evapora-
nels into which an incoming ™ roton, incident ahy = tion probabilities for emission of atoms by phonow®s ()
14° (dotted line) anddy, = 25° (solid line), can scatter. and rotons ®,,) with which to compare our results. This
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is because the published experiments inject a distributionsing two values offs. In the figure, atoms detected
n;(k) of ballistic excitationsi in the liquid by pulsing a at large bolometer angles have been evaporate® by
thin-film heater and, by detecting evaporated atoms, meaetons with relatively low energies. The thin lines assume
sure the relative size of the produey, (k)n;(k) [2]. Re- Py, = 1and the thick lines use our calculated evaporation
cently the distributiom , (k) of phonons has been measuredprobabilities. The shift in the angular distribution between
independently for high-energy phonorig/ ~ 10 K) [15]  the two suggests that our results are too small at small
and this has prompted a reanalysis of the experimentsnergies. This highlights the need for a better description
and the elimination of some sources of systematic erroof the roton in our model—possibly the inclusion of roton
[16]. For high-energy phonons the corrected model, whictbackflow.
assumes thapP,,(k) is constant {-0.3), agrees with the There are no experimentd#~ roton-to-atom signals
mechanical accuracy of the experiments. Use of our calwith which to compare ourR™ evaporation results.
culated phonon evaporation probabilities, [shown as a Wyborn and Wyaitt [3] reported a strolj roton-to-atom
function of energy in Fig. 2(a)] changes the solid curve insignal, but they no longer stand by the analysis of the
Fig. 2(b) [16] by an insignificant amount, although finer results [17].
details [16] show that our calculation probably overesti- Fixed parallel momenta—Figure 4 shows our calcu-
mates the phonon-atom probability. A proper test of oudated probabilities as a function of energy for scattering
calculated phonon evaporation probabilities will require ainto the various channels available to &1 roton inci-
direct measurement of the evaporation probability, or alent on the helium/vacuum interface with a parallel mo-
source that generates a much wider phonon spectrum. mentum/Q, [Q| = 0.75 A~!. The thresholds for atoms
For R* rotons incident at an anglé, = 14°, the cal- and phonons, i.e., the energies below which atoms and
culated quantum evaporation probabiliBy, increases phonons are excluded from the scattering processes by
monotonically from 0 at the roton minimum energyto  the conservation laws, are, respectively, ~ 10.6 K and
1 just above the maxon energy, [Fig. 3(a)]. Unfortu- A, ~ 12.8 K.
nately there have been no successful attempts to measureAs for the case of fixed angles of incidence, at low
the distribution . (k) of injectedR * rotons. Experiments energies the probability_, of an R~ roton evaporating
have been modeled [2] by assuming that an atom is very small. It increases as the enefigy
i dk of the incomingR ™ roton increases, reaches a maximum
0.25-0.3, and then decreases to zeroias approches
explliw /Terr = 1) the maxon energy. Again we note that, even at energies

The shape of this distribution is dominated by the value of

ny(k)dk o with A = 2.

the parametef.s, which lies within the rangé.0to 1.5 K 1.0 10
[16]. Figure 3(b) [16] shows the results of the simulation @) ®)
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FIG. 2. (a) The calculated probabilit®,, of evaporation by signals are integrated up td60 us after the start of the

phonons incident at, = 25° as a function of bulk energy. heater input pulse. The points are experiments using two
A is the roton minimum energy and,, the maxon energy. different heater powers;-27 dB (full circles) and —24 dB

(b) The angular dependence of the peak height of the measurédpen circles). The curves are simulations using injected-roton
(points) and simulated (curve) phonem atom signals for an spectra at two characteristic temperaturBg; = 1.0 K (solid
angle of incidence of, = 25°. Each distribution is normalized lines) andT.; = 1.5 K (dashed lines). The thin lines assume
to the maximum data point (after Williams [16]). See also P, = constant and the thick lines use our calculated values
Fig. 6 of [2]. (after Williams [16]). See also Fig. 8 of [2].
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1.0 ' experimental results of Tucker and Wyatt [11], and in
contrast with the results of Stringaet al.[8,10]. Our
calculatedP_, also show a strong dependence on the

0.8 ] angle of incidence (and hence parallel momenta) of the
incoming R~ roton, again in contrast with the results of
Dalfovoet al. [6,7]. Use of our calculated probabilities in

206 | simulations of experiments has shown that our calculations
E overestimate the evaporation efficiencies of phonons and
g o4 L | underestimate, at low energies, thoserdf rotons.
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