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High-Resolution Study of Excitations in Superfluid 4He

by the Neutron Spin-Echo Technique
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Neutron scattering studies of elementary excitations can now, for the first time, be
extended to the microelectronvolts resolution range by the use of the newly developed
neutron spin-echo method. The first such experiment is described, and its results are
shown to complement substantially previous knowledge on the temperature dependence of
the energy and lifetime of the roton excitation, and the suggested onset of three-phonon
decay beyond the roton minimum in superfluid He.

PACS numbers: 67.40.Db, 61.12.-q

Neutron spin echo' (NSE) represents a concep-
tually new approach in inelastic neutron scatter-
ing. 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 res-
olution (up to two orders of magnitude in certain
cases) under good or acceptable neutron intensi-
ty conditions. NSE can most simply be applied to
quasielastic scattering effects like diffusion' or
spin relaxation. ' The author has introduced earli-
er the generalized scheme for the use of NSE in
the study of elementary excitations. The present
Letter reports the first such results.

The scheme of the experiment made at the Insti-
tut Laue-Langevin on the specially modified IN11
NSE spectrometer' is shown in Fig. 1. In NSE
the initially polarized neutrons perform Larmore
precessions during their flight through a well-de-
fined magnetic field region both before and after
the scattering. The total Larmor precession an-
gle p is given' by the difference of the outgoing
and incoming precession angles:

=q (Vo, V, ),

where yL = 2.916 kHz/Oe, I is the length of the
field regions, H, and Hp are the outgoing and in-
coming field strengths, ~, and ~p the respective
velocities for the considered neutron. The basic
idea of NSE is to use p for the measurement of
the neutron energy change Sco =Ep Ey QxplUp'

——,mv, '=8'co(e„u, ), while the momentum change
is determined by a background spectrometer,
constituted in this case essentially by the veloci-
ty selector and the graphite crystal (Fig. 1).
Since p and ~ are basically different functions of
vp and ~„p can only be a measure of co locally,
with respect to some average values P =y(v„v, )

and ~=~(vo~"x)»

t((d (4)
& (2)

p —p = f [Q7 —(d~(K)] q (4)

where, unlike Eq. (2), the right-hand side de-
pends not only on the absolute value of ~p and
but also on their direction via, s~, /8% 4 0. This
generalized NSE condition can be met by use of
precession field configurations asymmetric,
"tilted" with respect to the neutron beam direc-
tion' (in contrast to those shown in Fig. 1), so that
p p and p y al so be come dependent on the direction
of v, and v, . More details are given in Ref. 6,
and this particular experiment will be described
elsewhere. '

The conceptual difference between the classi-
cal and the NSE approach is that in the first case
the measured energy transfer is given as the
ference between two measured beam averages:
2m((v, 2)) —~m((v, ~))& whereas in NSE the beam
average of a difference quantity ((y, —p,)) is

where t is a constant, and the bar stands for the
average. [For example, when studying the roton
minimum in He, + will correspond to the roton
energy b, (T), i.e. , to the center of gravity of the
roton line. ] This is the fundamental equation of
NSE, which is readily found to be satisfied to
first order in 6ep=vp &p and Ry &y 6] if and
only if

Sy&/H, = tm7tp and y Ll

In practice Eqs. (3) are used to determine the
H, /H, ratio, to which the spectrometer has to be
set, and the parameter t. In the general case of
dispersive elementary excitations we want to
measure v with respect to the dispersion rela-
tion v„(z), where 1=m(v, —v, )/K. Thus we will
require, instead of Eq. (2), that
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measured directly.
In the expel, m.ent the x and y components of

the precessing polarization are measured, ' i.e. ,
the ((cosp)) and ((sing)) averages for the outgoing
beam. The NSE polarization "signal" P»E is giv-
en as P,(((cosy))'+((sing))')' ', where P, is the
polarization efficiency of the NSE setup, and by
definition p = arctan(((sing))/((cosy)))+ 21(n. In
practice it is possible but tedious to measure II,
and H, sufficiently precisely for p to be given an
absolute, rather than a relative, meaning. For a
Lorentzian phonon line given by the scattering
function S(%, &u) = y/(y'+ [~ —~,(Tc)]') 1(, we obtain
by Eq. (4)

PNsE =POJS(K& (d)cos [t((d —(d~)] d&d

=P, exp(- yi),

where the integration extends over the transmis-
sion function ("resolution ellipsoid" ) of the back-
ground spectrometer, which should be broad com-
pared with y (i.e. , the integration can be taken
from —~ to ~) if high NSE resolution is required.
In addition, a relative change in the phonon ener-
gy 6~„shows up as a change in the phase angle
5y=t6~„. In the experiment P»z was measured
versus the time parameter' f ~H, at constant H, /
H, [cf. Eqs. (3)], and y was determined from Eq.
(5) which is represented by straight lines on a
semilog plot, cf. the inset in Fig. 1. The sample
NSE spectra shown for the roton are clearly con-
sistent with Lorentzian line shape.

The raw neutron data have been corrected for
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background, whereas the broad multiphonon and
multiple-scattering spectra cannot contribute to
the finely tuned NSE signal. The spectrometer
configuration shown in Fig. 1 determines the mo-

0
mentum transfer of the excitation with + 0.02 A '
resolution. Parallel with the experiment Monte
Carlo simulation calculations were performed in
order to study the possible spurious effects due
to finite momentum resolution, etc. It has been
found that these effects are less than the statisti-
cal errors if the momentum of the roton mini-
mum and the single-to-multiple phonon scattering
intensity ratio do not change more between 1 and
1.4 K than + 0.02 A ' and + 15%, respectively.
These requirements are known to be largely
met."

In this first NSE experiment of this kind a few
phonon groups were studied in superfluid 4He.
The results obtained for the temperature depen-
dence of the linewidth y(T) and of the energy
A(T) of the roton excitation are shown in Fig. 2

together with results of previous studies. The
previous, classical neutron scattering experi-
ments were limited by insufficient resolution to
temperatures where 2y(T) and b (T)-8 K are com-
parable and thus the final results strongly depend
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FIG. 1. Scheme of NSE experiment for the study of
the roton excitation in superfluid He. Sample NSE spec-
tra for T =1.09 and 1.20 K are shown in the inset, where
the straight lines correspond to Lorentzian fits with g
=20 and 34 mK, respectively.

FIG. 2. Comparison of the present results on the
temperature dependence of the roton energy and line-
width with previous Raman-scattering (Ref. 8) and
neutron-scattering (Refs. 9-11) data, and with theo-
retical predictions.
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on the choice of the model scattering function to
which the spectra are fitted. This is the reason
for the scatter of these results, as was clearly
shown in Ref. 10 in which the two data points
shown in Fig. 2 at each temperature were ob-
tained by use of two different, plausible mathe-
matical expressions for the line shape. The tem-
perature range where y(T) «b (T), and this inher-
ent ambiguity is fully removed, could only be in-
vestigated for the first time in the present work.
As can be seen in the figure, this is particularly
essential for the determination of &(0) —b, (T).
On the other hand it is remarkable that the Ra-
man-scattering results" (dots), obtained indirect-
ly by the use of the two-roton bound-state theory, "
are consistent with the direct neutron-scattering
observations. At temperatures below 1.1 K, how-
ever, the decay of the bound roton pair was
shown" to be dominated by photon processes not
available to the single roton. The most direct
evidence for this is given by the low values of y
found in the present work around 1 K, which are
indeed well below 0.027 K, the value which the T
= 0.6 K Raman-scattering data" would imply (not
shown in the figure).

The first-Born-approximation theory of the ro-
ton-roton interaction by Landau and Khalatnikov"
(LK) predicts that y(T) = 47WTexp[-h(T)/T], where
all quantities are measured in kelvins, and the co-
efficient 47 was calculated from normal-fluid vis-
cosity data. Furthermore, it has been pointed
out that within the LK framework there is a roton-
roton contribution to b, (T) too, which has the
same temperature dependence. A fit to the pres-
ent NSE results then gives b, (0) A(T) =19M-T
x exp[-b (T)/T), while about twice as much ob-
tained by fitting the higher-temperature neutron
data" of Ref. 9. (As a, matter of fact 0.96 K was
the lowest T in this experiment, and the extrapo-
lation to T= 0 was made with use of this expres-
sion. ) The values for h(T) thus obtained with the
accepted value of 6(0) = 6.62 K" were in turn used
for the calculation of the LK prediction for y(T)
(upper curve in Fig. 2). The excellent absolute
agreement over more than two orders of magni-
tude in y, 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 X

point. However, the magnitude of y(T) turns out
to be much too big for the first Born approxima-
tion to be applied, and actually it is about four
times bigger than the upper (unitarity) limit for
single-channel scattering processes, brought

about by the final-state interactions. Interesting-
ly, the present new values for b (0) —E(T) also
turn out to be about four times bigger than the
same type of limit. " Furthermore, within their
range of validity, the Born and Hartree-Fock
(HF) approximations predict that [h, (0) —h(T)]) y(T), in strong contrast to the present results.
This is additional evidence that a strong-coupling
theory has to be used. Following Fomin's sugges-
tion" of several helicity channels, the present
y(T) and 6(0) -b (T) data, and in particular their
ratio, can be explained by a minimum of seven
scattering channels with an average effective
coupling constant@~= —1.2&10 "erg cm', if for
each channel —10 ")g ) —1.8&10 "erg cm'.
It is worth noticing that the T &1.8 K data of Ref.
10 agree well with the present theoretical curves.
This would lend support to the interpretation of
the scattering spectra proposed in this Ref. 10,
if in addition one could assume that both y(T) and

&(0) —&(T) are dominated by the roton-roton pro-
cesses in the entire temperature range above 1
K, which is by no means obvious as yet.

In addition I have determined at a few tempera-
tures the excitation linewidth at K=1.08, 1.72,
and 2.1 A 'with 10 mK resolution, and, as in
Ref. 10, excellent agreement was found with the
above LK expression derived originally for the
roton.

Another high-resolution problem has been
touched on in this experiment, the suggested on-
set of phonon emission decay for phonons with
momenta above 2.1-2.2 A ' (Pitaevski broaden-
ing). Similarly to earlier results" and in spite
of the considerably improved resolution, no such
effect was found. The present 70%-confidence-
level upper limits for the decay rate at 1 K which
I have been able to establish are 10, 20, 20, and
10 mK at 2.1, 2.2, 2.3, and 2.4 A ', respectively.
Following the analysis of Jackie and Kehr" this
indicates that the presumed linear section of the
dispersion curve, which should start at ~=2.25
A ', ends below 2.4 A ', if it exists at all.

The present experiment is the first in which en-
ergy resolutions around 1 peV-10 mK (1 part in
10' in energy transfer) have been attained in
neutron-scattering study of elementary excita-
tions. For the investigated cases this means a
20-40-fold improvement compared with classi-
cal methods, which should be typical for the new
method, as was shown by the Monte Carlo simula-
tion calculations I have performed to assess the
higher-order terms neglected in Eq. (4). The
NSE has, in addition, the interesting feature that
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it is selective for the slope of the dispersion
curve. In the present case this high resolution
made possible the investigation of the tempera-
ture dependence of the roton energy and line-
width at low enough temperatures, where the line-
midth is much less then the energy. This was
earlier found to be a necessary condition for un-
ambiguous data reduction, and it is in fact as-
sumed in the existing theories. Thus the present
work is the first really meaningful direct neutron-
scattering study of this problem.

It appears to me that the present results con-
vincingly show both the feasibility of the NSE
method for the high-resolution study of elemen-
tary excitations (lifetime and energy-shift effects,
crossing branches and hybridization, etc. ) and
the physical interest of such experiments.
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cussions with numerous colleagues, in particular
with Roger Pynn and Fred Zawadowski.
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The ratio of Stokes-to-anti-Stokes phonon Raman scattering of a probe laser pulse at
405 nm is used to obtain a direct measure of the lattice temperature in silicon within 10
nsec after a heating pulse at 485 nm. A lattice temperature rise of only 300'C is found
with a heat pulse power density of 1 J/cm . Since silicon melts at 1412'C, this result
is direct evidence that strictly thermal melting models of laser annealing are inappropri-
ate.

PACS numbers: 68.40.+ e, 78.30.Gt

Pulsed laser annealing has recently shown
great promise for repairing the damage intro-
duced by ion-implantation doping of semiconduc-
tors. ' However, the mechanisms responsible
for annealing a micron thick layer on time scales

of tens of nanoseconds are not well understood.
Strictly thermal models of the annealing can begin
to explain the processes only if the semiconduc-
tor is assumed to melt. 2' Alternative non —ther-
mal-equilibrium models, ~'~ 7 on the other hand,
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