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Quantum evaporation from superfluid *He: Normal incidence
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We study the scattering of atoms and quasiparticles at the surfdtéecdt T=0 K. Using the microscopic
theory of Beliaev in a real-space formulation we derive an equation of motion for the quasiparticles valid in
bulk helium, through the surface and in the vacuum. Assuming normal incidence, we solve the equation and
calculate probabilities for the various surface scattering processes for a range of efieigwesn 7.5 and 15
K). Some of the scattering rates obtained are markedly different from those reported recently.
[S0163-18207)51646-9

Quantum evaporation is one manifestation of the scatterminimum energyA and the maxon energy,, do not evapo-
ing of quasiparticles from a free liquitHe surface in which rate atoms, whereas experiméritshow thatR* rotons do
an incident quasiparticle, be it a rotolR{ or R™) or a  contribute to quantum evaporation at energies betweand
phonon, results in the emission of a sindlde atom. A

Direct experimental evidence that the process was a quan- The microscopic theory of Mulheran and InkSopre-
tum process was provided by the time-of-flight experimentdicted scattering rates for all the one-to-one surface pro-
of Baird et al! The evaporation process is characterized bycesses. They derived an equation of motion which they

the energy conservation equation solved in a WKB approximation for normal incidence and
used the quantum states associated with the WKB solutions
h2k? to perturbatively study the surface scattering processes. Their
fiw—| ol = om ' (1) results were in broad agreement with experimental evidence.

Stringari and co-worketS *2have recently produced scatter-
wheref w is the energy of the quasiparticle and lies on theing rates for the surface processes using a linearized density
phonon-roton energy spectruny, (=—7.16 K) is the functional theory. They used a phenomenologigal density
chemical potential, an#i?k2/2m is the kinetic energy carried functional(the “Orsay-Trento” functionaf’) to derive equa-
off by the evaporated atom. Together with this energy contions of motion for the elementary excitations, which they
servation, the momentumiQ parallel to the surfacgk  solved numerically for the flux of phonons, rotons, and at-
=(Q,k,), wherek, is the component of the atom wave vec- 0ms, and used these to calculate the probabilities associated
tor normal to the surfaddés conserved because of the trans-Wwith each one-to-one surface scattering process.
lational symmetry of the problem. The current study removes the WKB restrictions in the

More generally a quasiparticle incident on the surface idMulheran and Inkschtheory. Following Mulheran and Ink-
expected to undergo mode conversion, reflecting either a80on, we neglect inelasticipplons, phonon-decayrocesses,
itself or another quasiparticle or evaporating subject to thé.€., we assume that all quasiparticles are stable and propa-
conservation laws described above. gate ballistically. We take a real-space formulation of the

Unfortunately despite the considerable success of the exguantum field theory of Beliaé¥ and, from the two
perimental studies on quantum evaporation, the probabilitiescoupled diagrams” for the quasiparticle propagators, we
of the different surface scattering processes cannot be detetrite down the equation of motion
mined experimentally using the present available techniques. 52 .

Instead the best one can hope to do is to describe the experjs _ 2 * , N a3
mental features via a realistic microscopic model and predictb_ hro=p(r)+ 50V 6= J_m 2(r,r @) ¢(r)dr
the relative probabilities of mode conversion both for the 2
evaporation process and its inverse, the absorptiofiHz . . o

atoms into the surface. It is clear that any realistic treatmenfor the “particle-hole” wave functioné(r) valid in bulk,

of the surface scattering problem has to take into acc6unt through the surface and in the vacuum. The funciicm)

the nonlocality of the He-He interactiofij) the change in changes from @in bulk) to x| (in the vacuum across the
the properties of the condensate through the surface regioﬁyrface. The central feature of this equation is the self-energy

and (iii ) the finite width of the surface. We include all these

in the present study. 2(rr',0)=\p(r) V(r=r)yp(r')
Most of the earlier theoriés* of quantum evaporation/ o
condensation were not very successful. They used a pertur- + \/p(r)p(r’)j f V(r—rq)vp(ry)

bation method in which the quasiparticles are weakly
coupled to the atoms, contrary to the experimental evideénce. o — \A43, 43
Maris® used an “adiabatic” model and found that quasipar- XGn(r1=r2, =) Vp(r2) V(rz=r")dryd™r,,

ticles (phonons and rotonsvith energies between the roton 3)
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where G(r,w) is the “normal” Green’s functiont® The 0 '
self-energy is a function of the helium densjifr) and the 1.0 I b 7
nonlocal helium-helium interactiov(r—r’). The corre- ‘ ,
sponding “hole-particle” wave functior)(r) is given by T oof ‘"/\\/\VAVAVAVAVAVAV/'
1.0 | 1
too (a)
w<r)=f J, Gy(r—rq,—w) : : : : :
10 L 0() ]
Xp(ry) V(re=r")Vp(r')g(r")d% d® . - N M
@ = T WV
10 1
The hole-particle wave functiog(r) is necessary to cor- ‘ . ‘ ‘ )
rectly describe the effects associated with a quasiparticle -60.0 -30.0 0.0 30.0 60.0
propagating }Trough a correlated systésee, for example, z (Angstroms)
Dalfovo et al.™). FIG. 1. The wave functionsp(z) (@ and (2) (b) at hw

In deriving the above equations, we have allowed the con=11 5 K. The dashed line is the surface profile. The surface is
densate density(r) to vary with position and we use this t0 centered az=0 (L=67.8 A ands=0).
describe the free surface. Deep in bulk the density has the
value of bulk superfluid condensate and high above the suigith the value calculated from#w=|uo|+%2k2/2m,
face it has the vacuum value. Equati®) has the correct whereasy(z) is zero.¢(z) can be fitted with functions of
limits—in bulk it is the Schrdinger equation for the quasi- the form
particles(of energy% w) and in the vacuum it is the Schro
dinger equation for the free atofof energys w—|ug|).

We assume that the quasiparticles and atoms are incident H(z< 0>=i=p2 . picogkiz+ ),
normal to the surface|Q|=0 A1, since momentum par- Y
allel to the surface is conserved, this reduces the problem to $(2>0)= pacogk,z+ 6,) ,

a one-dimensional onend we use a Fermi function for the
surface profilep(z) (we takez to be the direction normal to where 6; is a phase and labels the quasiparticles, atoa)
the surfacg We also assume that the interaction is the sam@hononp, R~ roton —, R* roton +. The “hole-particle”
as in bulk helium and use the effective potential of Brueck-wave functiony(z) can be fitted with a function similar to
ner and Sawadd. The Brueckner potential gives a good fit the first one forz<0 andy,=0 for z>0. The difference in
to the experimentally observed quasiparticle excitation spedsehavior stems directly from the condensate nature of the
trum in bulk when used with the Bogoliubov spectidrand  Jiquid and the noncondensate form of the vacuum. “Hole”
retains the nonlocality of the He-He interaction. The varia-states are not supported by the vacuum and therefore no ex-
tion of the chemical potential is described gs(z) citation is possible. A small evanescent penetration of the
=|uo|f(2). The choice off(z) is required to model the vacuum by the liquid hole states can be seen in Fig) ih
change inu across the surface. We have used both the formghe region where a low-density liquid remains. T{real)
f(2)=[1-p(2)] and f(2)=(2aap) 'In{[1+expa(z  amplitudes; and ¢; extracted from the fits are used to
+ap)/(1+expa(z—ap)]} (with o chosen to give a sharper calculate the curren}; associated with each quasiparticle/
change than the first form arag of the order of the range of atom from
the interatomic potentigl both forms give comparable re-
sults indicating that the results are not too sensitive to this 1
=g 42 g2

parameter. Ji_ZUi (P —47),

We solve the full equatiof2) numerically at a given en-
ergy o for the wave functionp(z) in a box of size 2 (z  wherev? (i=a,p,—,+) is the group velocity of the elemen-
=—L—s to z=L—s, with the surface centred a=0 and tary excitationi, and from these currents we calculate the
with bulk helium inz<0). ¢(z) is then evaluated using Eq. various scattering probabilities. We omit the details here as
(4). To calculate the various probabilities, we need severalhey can be found elsewhefsee, for example, Ref. 11
solutions at the same energy. These are obtained by keeping Figures 2, 3, and 4 show our calculated probabiligs
f o fixed and solving the equation for different valuessof respectively, for a range of energies betwées— 7.5 K and

We take the surface to have a-900% width of 6.5 A, 7% w=15 K (all energies relative to the zero in bulfor at-
which is within the accepted experimental estim@tee, for oms, phonons, anR™ rotons incident on the surface. Note
example, Ref. 1B Figures 1a) and Xb) show the wave that, because of the form of the energy spectrum, only
functions ¢(z) and (z), respectively, aiw=11.5 K. At  phonons are present in bulk fbw<A~8.7 K and onlyR™
this energy, in bulk, botlb(z) and (z) have three Fourier rotons are present fohw>A,~14 K. As expectedP;
componentk=Kk, ,k_,k, , corresponding to phonon&™ =Pj; (a consequence of unitarity and time-reversal symme-
rotons, andR™ rotons, respectively, at precisely the wavetry) and, for each, the probabilities do satisfy the unitarity
vectors expected from the excitation spectrum. In theconditionX;P;;=1 (i,j=a,p,—,+) to within numerical ac-
vacuum ¢(z) has a single componehi=k, in agreement curacy.
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FIG. 2. The various scattering probabilitifg; as a function of
bulk energy for an atom incident on the surfaceand A, are,
respectively, the roton minimum energy and the maxon enétgy.
— reflection of a*He atom from the surfacé?,,—absorption of a
“He atom into a phonon mode, aRyg, —absorption of &He atom
into anR* roton modeP,_=0.

FIG. 4. The transition probabilities for an incideRt roton as a
function of energyP. ,—reflection of anR* roton from the sur-
face, P, ,—evaporation of a*He atom by anR" roton, and
P _—reflection of anR™ roton into anR™ roton. P.,=0.

discussed later, with the results of Stringatiall® who
_ o found that P,,=1 at small energies and then decreases
Consider now the three principal processes. monotonically to zero.
Evaporation. We note that, at normal incidenc&" The evaporation probabilities f&t* rotons can be related
rotons do not evaporate atorti®.,P_,=0). This is readily ~to the results of the experiments at normal incidence of
understood if one considers the large momentum change inForbes and Wyatt® Agreement in terms of the trendse.,
volved at the surface during the process remembering that _ increases monotonically from O to 1 #s» increases
R~ rotons have a negative “phase momentum.” Since thefrom the roton minimum energy to the maxon enérdg/
“extra” momentum has to be absorbed/provided by the surgood (as indeed are those of Stringatial 9.
face, the processes that involve smaller changes in momen- Condensation. Figure 2 shows the probabilitie@s a
tum are more likely to take plac&®" rotons, on the other function of bulk energy of the various transitions possible
hand, are efficient at evaporating atoms. The probalility ~ when an atom is incident on the surface. The atom reflectiv-
is finite as soon as the roton channel opens up at the rotagy P,, is large at low(atom) energies £ near|uo|) in
minimum (Fig. 4), increases monotonically with energy, and agreement with basic scattering theory and drops rapidly to
the R" — atom evaporation process becomes the dominaniero asfiw increases. The experiment of Edwareisal®
one near the maxon. The probabil®,, (Fig. 3) of a pho-  showed that the experiment&l,, falls much faster ak,
non evaporating an atom is small at small energtas (ear (ﬁzkg/zm:ﬁw— |o|) increases. However, we would ex-
|ol), increases with energy to a maximum of about 0.9, anghect the calculated reflectivity also to decrease much faster if
then decreases to zefiearA ,)). This is in sharp contrast, as we were to include multiple phonon excitation processes
[atom—n(>1) low energy phonorwor even ripplons, both
10 excluded from the present calculation. Again our atom re-
flectivity results are in contrast with the results of Stringari
et al,’® who found thatP,,=0 at all energies in conflict
with both experiments and simple physical considerations.
Contrary to the predictions of various previous theories
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(see, for example, Ref.)6our results show that the atom
reflectivity probability P,, is continuous across the roton
minimum. This is in agreement with the experimental obser-
vations of Edward®t al> However, they deduced from the
absence of any discontinuity B, at A that multiexcitation

oz | > / | or ripplon processes are dominant over the single excitation
process at the roton threshold. The present study shows that
\ " even without inelastic process€g, would still be continu-
0.0 L— e, ous at the roton threshold; so the absence of a discontinuity
80 L 1°'°Energy ) 120 140 should not be taken as evidence for the dominance of inelas-

tic processes.
The coupling of atoms tR* rotons increases with energy

FIG. 3. The probabilitiesP,; as a function of energy for an
incident phonon.P,,—reflection of a phonon from the surface,
Ppa—evaporation of d&He atom by a phonon, arfel,_—reflection
of a phonon mode into aR™ roton mode P, =0.

and P,, reaches unity above the maxon where the only
available bulk quasiparticle states are &ie rotons. On the
other hand, atoms do not couple B rotons at normal
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incidence P,_=0), a result again easily understood if one and decay inelastically into smaller energy phonthé?
considers the momentum change involved in the proces®©ur phonon reflectivity is again in contrast with the results
Below the roton minimum the only transition to bulk modes of Stringariet al,*° who found thatP,,=0 at all energies,
available to the incident atom is condensation as a phonoritself possibly a consequence of their unphysieg}, result.

As expected from time reversal, the probabilRy,, for the In searching for the reason behind the discrepancies be-
process has the same energy dependence as the evaporati®gen our results and those of Stringarial,*° we note that
probability P . the system of equatior{®) and(4) can be rewritten as a pair

Reflection. We note from Figs. 3 and 4 that phonons do of coupled equations for the wave functioagr) and (r),
not reflect aiR™ rotons and vice versa and tHat rotons do  each with the self-energ (r,r)=p(r)V(r—r")Jp(r’).
not reflect asR™ rotons. These processes involve a largeThe coupled equations derived by the Trento gfougre
change in momentum which has to be absorbed at the sujdentical in form but hav& (r,r)=p(r')V(r—r’), and thus
face and it is not surprising that they are suppressed. Thgeir helium-helium interaction is different from ours in the
surprising result is that there is a small range of energy neasurface region. This is principally where their unphysical re-
Ap whereP., . #0. At energies near the roton minimuR;  sults stem from. We have calculatd; using their self-
rotons reflect aR™ rotons(and vice versawith essentially  energy and indee®,, (= Ppp) is now smaller and, corre-
unit probability (P,._=P_.~1). These are the reflection spondinglyP,, (=P,,) is larger. Although the difference in
processes that require the smallest momentum changes. A¢lf-energies is apparently small, our version follows directly
energies approaching, the equivalent mode change reflec- from the Beliaev equatiofi$and importantly retains the non-
tion R™— phonons dominates. We also note from Figs. 2local character of the condensate wave function and also the
and 3 thatP,,= P,, as indeed they should be, at least for required symmetry irr,r’. It is surprising, however, that
| ol <hw<A following from unitarity and time-reversal such a small difference makes such a marked change in the
symmetry. The surprising result is that the equality hdtds results.
within numerical accuragyeven acros\ where the roton The work presented here is for normal incidence, but the
channels open up. study lays the groundwork for the case of oblique incidence.
We would expect the phonon reflectiviy,, to fall off ~ Work for Q#0 A~ is in progress.
more rapidly as the energy is increased frlqnar if we were
to include inelastic phonon processes in our model—in prac-
tice, because of the anomalous phonon dispersion, phonons The authors would like to acknowledge financial support
with energies up to about 10 K have a small mean free patfrom the EPSRC.
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