F.

MEZE]

19 Fig 1 6 V09242

KFKI-1980-02

eV RESOLUTION STUDY
OF EXCITATIONS IN SUPERFLUID “He

BY NEUTRON SPIN ECHO

‘Hungarian Academy of Sciences
CENTRAL

RESEARCH

INSTITUTE FOR
PHYSICS

BUDAPEST




.

ueV RESOLUTION STUDY OF EXCITATIONS
IN SUPERFLUID HHe BY NEUTRON SPIN ECHO

F. Mezel

Central Research Institute for Physics
H-1525 Budapest, P.O.Box 49, Hungary

and

Institut Laue-Langevin
156X, 38042 Grenoble Cedex, France

HU 1ISSN 0368 5330
ISBN 963 371 621 7

KFKI-1980-02

A



ABSTRACT

By the use o:f the newly developed neutron spin echo method neutron scat-
tering studies of elementary excitations can now, for the first time, be ex-
tended to the ueV resolution range. The first such exmeriment is described,
and its results are shown to complement substantially previous knowledge on
the temperature denendence of the energy and lifetime of the roton excitation
and the squested onset of three phonon decay beyond the roton minimum in
superfluid “He.

AHHOTALMA

fipn nomou pa3’paorTaHHOro HeZABHO MeToXa HeATPOHHOI'O CNHHOBOIO 3Xa Dlep-
BHe CTasio BO3IMOXHLM PACWHPHTE MCCJIEHOBAHHMA 3JIeMeHTAapHHX BO306ywneHufl, nposonsa-
WHXCA MEeTOONOM HeflITPOHHOI'O paccCesiHMA, HA OOGMACTb C MK3B-bLM pa3spentenreM, B cTa-
The ONHCHBAETCH MNEepPHA IKCNMepHMEeHT TaKor'o pona, H NPHBOOATCA pPe3yJALTaTH C
uensvw yriiyGleHHs cCpeldeHHRl OTHOCHTEJNILHO TeMnepaTypHOR 3aPMCHMOCTH 2JHEpIrHHM H
IVTHTEJIBHOCTH XM3HH POTOHHOI'O BO36GyXneHns, a Taxkxe M BO3IHHMKHODEHHsl MpencKa3laH-
HOTO TpexdOHOHHOrO pacnana Huxe MHHMMyMa pPoTOHa B chBepxxumkom 4He.

KIVONAT

A nemrégiben kifejlesztett neutron spin echo médszer seqitségével most,
elsd izben, lehetdvé valt az elemi gerjesztések neutronszdérissal tdrténd vizs-
ghlatainak a pev-os felbont&si tartomé&nyra vald kiterjesztise. Az elsd ilyen
kisérlet leirasés tartalmazza a cikk. Az eredmények lényeqe:sen kiegészitik a
szuperfolyékony %He folyadék roton gerjesztésének energiljira é&s élettartamé-
ra, valamint a meqgjbsolt h&rom~fononc: bomlés roton minimumon tuli fellépésé-
re vonatkoz§ ismereteinket. !




Neutron Spin Echo [1] /NSE/ represents a conceptually new ap-
proach in inelastic neutron scattering. The basic originality of
the method is that it makes the energy transfer resolution indepen-
dent of the monochromatization of the incoming and outgoing beams.
Thus it offers improved resolution fup to two orders of magnitude
in certain cases/ under good or acceptable neutron intensity con-
ditions. NSE can most simply be applied to gquasielastic scatter-~
ing effects like diffusion [2] or spin relaxation [3). The author
has introduced earlier the generalized scheme for the use of NSE
in the study of elementary excitations [4]. The present letter
reports the first such results, viz. the temperature dependence
of the roton enerqy and linewidth between 0.96 and 1.4 K, and the
suggested onset of three phonon decay beyond the roton minimum
were studied in superfluid 4He.

The method. The scheme of experiment made at the Institut
Laue-Langevin on the specially modified IN11 NSE spectrometer (5]
is shown in FZg. 1. In NSE the initially polarized neutrons r:r-
form Larmor precessions during their flight through a well defined
maqgnetic field region both before and after the scattering. The
total Larmor precession angle ¢ is given (1] by the difference
of the outgoing and incoming precession angles:

©=¢, -0, = YL2H11v1 - VLILHolvo = m(vo,vl) (1)

where YL=2.916 kHz/@e, % is the length of the field regions, Hl
and H, are the outgoing and incoming field strengths, Vi and vy
the respective velocities for the considered neutron. /For the
moment the "field tilt coils" in Fig. 1 are set aside./ The basic
idea of NSE is té use ¢ for the measurement of the neutron energy
change ho = Eo-Ei z %mvé-%mvi = ﬁw(vo,vl), while the momentum
change is determined by a background spectrometer, constituted

in this case essgntially by the velocity selector and the graphite

crystal /Fig. 1/. Since ¢ and w are basically different functions
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Figure 1.

Scheme of NSE experiment for studying
elementary exeitations in superfluid He

of Vo and Vl' ¢ can only be a measure of w locally, with respect
to some average values 6=¢(§°,§1) and 5=w(30,31),

-9 =t(w-w , (2)

where t is a constant, and the bar stands for the average. This
is the fundamental equation of NSE, which is readily found to be
fulfil’ed to first order in 5vi=vi—\7i if and only if

fiy RH, = tm\’ri . (3)

Here and in what follows 1=0,1. In the general case of dispersive
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elementary excitations we want to measure w with respect to the
dispersion relation md(f), where ;=m(31-3°)/ﬁ. Thus in Eq.(2)
will be replaced by wd(x), /the averaqges 30 and 51 are assumed
to correspond to a point on the dispersion relation/ and this gen-
eralised NSE condition can be fulfilled 4] if o, and ®, depend

not only on the absolute value of v_ and V,r as in Eq. (1), but

o
also on their directions, i.e. in differential form

- > -2

where the normalisation (Ei$i)=vi is chosen.
The NSE condition is now found [4, 6] to be satisfied to first

order in 63 = 3 -3 if
i i1

{

- z
ny 1 (v, + grad wy) ' )
(5) ;
hy. 2H, = tmv,[52 + (¥, » grad w,) ] i
Yo' itVy 19 C g

In practice Egs.(3) or (5) are used to determine 31, HOIH1 and t.
The experiment. In Ref. 4 I proposed a method to realize
Eq. (4) by the use of rectangular precession field regions tilted
with respect to the mean beam direction. For the solenoidal opre-
cession fields in this case, however, a better adapted solution
is offered by the "figure 8" coils developed in the early days of
polarized neutron work at Kjeller [7] and shown as "field tilt
coils” in Fig. 1. When a neutron crosses the flat monolayer of
wires at the center of the "8" it goes through the interior of a
certain number n of winding loops /see the insert/. For moderate
activating currents J only the component of the "fiqure 8" coil
field parallel to Hl /i.e. the mean beam direction/ has to be
considered, and the precession field integral Hll will be modi-
fied for the particular neutron by + 4nnJ/c, where the sign cor-
responds to the sense of the windings traversed: clockwise to the
right of the center /where n=0/ and counter-clockwise to thesleft.
Wwith two of these coils activated in the opposite sense at both
ends of the precession field coil Hl [Fig. 1] we find !




where N is the number of windings per unit length in the wire

layer, x, and x, are the x coordinates of the neutron trajectorv

1
at the first and second "fiqure 8" coils, respectively. Thus we
obtain the directional dependence of @ required by Eq./4) with
y,nz) = (4nJN/c2Hl,O,l). The corresponding field tilt

angle is given as 9, = arctan(n_/n ). Note that z}lHi is the mean

n, = ({n_,n
) = Dy»

beam direction. In thie first trial experiment no tilt coils were
used for Ho' the beam cross section was rather reduced instead
when necessary.

In the experiment the x and y components of the precessing
polarization are measured, i.e. the <<cos¢@>> anil <<sing>> averages
for the outgoing beam. ThelNSE polarization "signal"” PNSE is given
as po(<<cos¢>>2+<<sinw>>2)4, where Po is theée polarization effi-

ciency of the NSE setup, and by definition ¢ = arctan(<<sing>>/<<cosg>>)+

+ 2nn. In practice it is possible hut tedious tc¢ measure H and
Hl sufficiently precisely for ¢ to be given an absolute, rather
than a relative meaning. For & Lorentzian phonon line given by
the scattering function S(K,w) = Y/{Yz + [w-md(z)]z}n, we obtain
by the generalised Eq.(2)

PNSE=POIS(;,w)cos[t(w-wd)]dw=Poexp(-yt) ’ (7)

where the integration extends over the transmission function /"re-
solution ellipsoid"”/ of the background spectrometer, which should
be broad compared with vy /i.e. the integration can be taken from
-0 to ©»/ if high NSE resolution is required. In addition, a rela-
tive change of the ohonon enerqgy 6md shows up as a change of the
phase angle &¢ = téwd. In the experiment PNSE was measured vs.
tcHo at constant HO/Hl (cf. Eqs.(3), (5)], and y was determined
from Eq. (7).

The tuning of the spectrometer in order to fulfill the NSE
condition consists of setting the HO/Hl and the field tilt vectors
ﬁo and El to the values given by Eq.(3) or Eq.({). Experimentally,
these values correspond to a maximum of “he NSE signal [6]. This
1s nicely borne out by the NSE tuning curves shown in Fig. 2,
where the arrows indicate the calculated values of the parameters,
as swamarized in Table I. Note that the differences in HO/Hl bet-~
ween different lines mainly come from differences in the slopes
dwd/dz.

s e e e e,
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Figure 2.

Sample tuning curves for NSE parame*ers
/The lines correspond to the expected shape./

Table I.

(El = 3,63 meV)

NSE parameters for various phonone in ‘he

&1
1.
1.
2.

72
92

10

dwg /dk E H_/H )

(mevy) (m:V) ot (é%
-0.96 4.49 1.69 -6.1

0 4.38 1.32 0
1.22

4.48 0.99 8.5
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The conceptual difference between the classical and the NSE
approach is that in the first case the measured energy transfer
is given as the difference between two measurad beam averages:
%m<<vg>>—%nvﬁﬂ€>> whereas in NSE the beam average of a difference
quantity P9 ,>> is measured directly.

Results. In this first NSE experiment of this kind a few
phonon groups were studied in superfluid 4He. The results obtain-
ed at various temperatures T for the linewidth y(T) and for the
change of the energy A(T) of the roton excitation [x=1.92, cf.
Table I| are shown in Fig. 3 together with results of previous

studies.
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Figure 8.
Compartgon of preeent results on the tempera-~
ture dependence of the roton energy and line-
width with previous Raman gcattering [Ref. 8]
and neutron scattering [Reje. 9, 10, 11} data,
and with theoretical predictions




The scatter in the classical neutron scattering data, limited to
temperatures where y(T) and A(T) =~ 8 K are comparable, was shown
[10, 11] to be due to ambiguities in the data reduction procedures.
On the other hand it is remarkable that the Raman scattering re-
sults [8] /dots/, obtained indirectly by the use of the two roton
bound state theory [12], are consistent with the direct neutron
scattering observations.

The first Born approximation theory of the roton-roton in-
teraction by Landau and Khalatnikov [13]) /LK/ predicts that
Y(T)=47/T exo[-A(T)/T], where all quantities are measured in K,
and the coefficient 47 was calculated from normal fluid viscos-
ity data. Furthermore it has been pointed out [14] that within
the LK framework there is a roton-roton contribution to A(T) too,
which has tne same temnerature dependence. A fit to the present
NSE results then gives A(0)-A(T)=19/T exp(-A(T)/T], which leads
to values about two times smaller than previously accepted (15].
/As a matter of fact 0.96 K was the .owest T in this experiment, and
the extrapolation to T=0 was made using this expression./ The
values for A(T) thus obtained with A(0)=8.62 K were in turn used
for the calculation of the LK prediction for A(T) /upoer curve in
Fig. 3/. The excellent absolute agreement over more then two or-
ders of magnitudes in vy, without any fitted parameter, indicates
that the roton lifetime is indeed dominated by the roton-roton
processes for the temperatures shown, with possible deviations
between 2 K and the A point. However, the magnitude of y(T) turns
out to be much too big for the first Born approximation to be ap-
plied, and actually it is about 4 times bigger than the upper
/unitarity/ limit for single channel scattering processes, brought
about by the final state interactions. Interestingly, the present
new values for A(0)-A(T) also turn out to be about 4 times bigger
than the same tvpe of limit [15]. Furthermore, within their range
of validity, the Born and HF approximations predict that [A(0) -
- A(T)] 2 Y(T), in strong contrast to the present results. This
is additional evidence that a strong coupling theory has to be
used. Following Fomins suggestion of several helicity channels,
the present y(T) and A(O)-A(T) data, and in particular their ra-
tio, can be explained by a minimum of seven scattering channels

with an average effective coupling constant (;4=1.2:c10-38 ergcms,
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if for each channel -10‘38ig4i-1.8x10_38 ergem>. It is worth

noticing, that if the present theoretical curves proved to be
adequate for T>1.8 K too, as seems to be the case for the data of
Ref. 11, t“is would prove that both Y (T) and A(0)-A(T) are domi-
nated by the roton-roton processes in the entire temperature range
above 1 K.

Another high resolution problem has been touched on in this
experiment: the eventual onset of phonon emission decay for
phonons with momenta above 2.1-2.2 R-l /Pitevski broadening/.

I found no such effect and the 70 % confidence level upper limits
for the decay rate at 1 K which I have been able to establish up
to now are: 20, 40, 40 and 20 mK at 2.1, 2.2, 2.3 and 2.4 g-l’
respectively . Following the analysis of Ref. 16 this indicates
that the presumed linear section »f the dispersion curve, which
should start at k=2.25 R-l, ands below 2.4 R-l, if it exists at
all.

The preéent experiment is the first in which energy resolu-
tions around 1 ueV /1 part in 103 in enerqgy transfer/ have been
attained in a neutron scattering study of elementary excitations.
For the investigated cases this means a 20-40 fold imnhrovement
compared with classical methods, which should be typical for the
method, as it was shown by the Monte Carlo simulation calculations
I have performed to assess the higher order terms neglected in
Eq. (2) . The NSE has, in addition, the interesting feature that it
is selective for the slope of the dispersion curve /[cf. Fig. 2/.

It appears to me that the presert results convicingly show
both the feasibility of the NSE method for the high resolution
study of elementary excitations /lifetime and energy shift ef-
fects, crossing branches and hykridization, etc./ and the physi-
cal interest of such experiments.

I wish to acknowledge several stimulating discussions with
numerous colleaques, in particular with Roger Pynn and Fred
Zawadowsk1,
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