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Table II-1. Summary of pulse-delay data.

Experiment Pulse Reference Delay (psec) Velocity (km/sec) Mode
Incoherent 1 leading edge 3.4 5.7 longitudinal
Phonons
(Fig. 1I-1) 1 peak 3.8 5.1 fast-transverse

2 leading edge 4.3 4. 5} %

2 peak 4.7 4.1

3 leading edge 5.2 3. 7} v

3 peak 5.45 3.5

di d 6.0 3.2

N leading edge } slow-transverse

4 peak 6. 25 3.1
Coherent { leading edge 3.35 5.8 longitudinal
Ethgflgnéc ty peak 3. 8; 5.1 fast-transverse
(Fig. II-2) tz leading edge 5.9 3.3 slow-transverse

*Since the coherent phonon experiment involved observations of reflected pulses,
actual delay times have been divided by 2 in order to correspond to the single-pass
measurements made on the incoherent phonon pulses.

is capable of generating simultaneously all of the vibrational modes of an elastic propa-
gation medium that have their Poynting vectors lying within a solid angle of 2« about any
point on the surface of the film. The degree of excitation of any given mode will depend
upon the characteristic of the emission of the metallic generating film and on the phonon
excitation spectrum of both the generating film and the elastic propagation medium, It
seems likely that the characteristic of the emission of the generating film is essentially
Lambertian, modified by the effects of the elastic mismatch between the metal and the
propagation medium and by the detailed geometrical nature of the interface.

Thus each of the pulses in the incoherent phonon experiment (Fig, II-1) actually
contains a mixture of all of the modes whose Poynting vectors lie within the solid angle
subtended by the receiving bolometer. The arrival time of each mode depends not only
upon the phase velocity of the mode but also upon the angle § between the wave vec-
tor X and the Poynting vector S and the angle ¢ between the Poynting vector S and the
x axis of the quartz rod. These angles are illustrated in Fig. II-3 in which we have
indicated a ray of elastic energy emanating from an arbitrary point O in the metallic
generating film and propagating in the direction of the Poynting vector § The cross-
hatching in the ray represents surfaces of constant phase, which are perpendicular to
the wave vector K. It must be emphasized that Fig. II-3 is a diagram presented for the

sole purpose of defining angles. Physically, a single ray of incoherent elastic energy
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Fig. II-3. Phonon propagation in a rod of an anisotropic solid

for arbitrary wave vector kK. The Poynting vector

-—

S denotes the direction of energy propagation.

cannot be characterized by a single wave vector, as there are no surfaces of constant

phase. Rather, each ray contains an infinite distribution of k vectors, varying both in
length and direction. It is just this sort of distribution in k-space that could give rise
to the pulse broadening that is evident in Fig. II-1. In order to see this more clearly,
we write an expression for the arrival time of elastic energy as a function of the wave

-_

vector TZ and the angles ¢ and o, which are also functions of the wave vector k.

£ cos ¢

k~ v, coso ?
k

where Tk is the delay time of the kth mode, Vi is the phase velocity of the kth mode,

(1)

g = kb(}_;) is the angle between wave vector E and Poynting vector §, o = U'(I{h) is the angle
between Poynting vector S and quartz rod axis, and { is the length of the quartz rod.

Thus the broadening of the incoherent pulses could arise from the distribution in the
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arrival time T because the angle between the wave vectors k and the rod axis OX
varies between zero and w, subject to the restriction 0 < o = T axt The maximum
value of the angle ¢ is simply the angle subtended by the bolometer

O ax = tan™! (d/9), (2)

where d is the diameter of the quartz rod and £ is the length of the quartz rod.

The salient effect of the elastic mismatch between the metallic generating and
receiving films and the quartz propagation medium manifests itself in the time constants
of the generator and the detector. At low temperatures a thermal discontinuity, AT,
exists at the interface between any two solid media in thermal contact whenever a heat
flux passes across the interface. This so-called thermal boundary resistance, R;;, is
similar to the Kapitza resistance between liquid helium and a solid and is defined as

’ _ AAT

Q , (3)

B

where Q is the rate of heat flow (watts), A is the area of interface (cmz), AT is the
thermal discontinuity (°K), and R];) is the thermal boundary resistance (°K crn2 Watts—l).
A theoretical expression for the thermal boundary resistance has been derived by W. A,
Little,5 and is expressed as a function of the elastic properties of the adjoining media,
Experimental values for the boundary resistance between indium and sapphire have been
obtained by Neeper and Dill_inger.6 The results of their experiments compare favorably
with an extrapolation of the theory of Little; hence, we have estimated the boundary
resistance of a quartz-tin interface, using a similar extrapolation. Thus

-3

RS = 8T7% °K cm? watts ™" (estimated for quartz-tin). (4)

B

It is not entirely obvious that the Kapitza resistance between a liquid helium-metal

interface should have the same order of magnitude as the thermal boundary resistance

between quartz and tin; yet with gold and copper this has been the experimental obser-
7
vation

=3 °K cm? watts ™t (observed for gold-liquid helium). (5)

Ry = 8T
We have no data on the Kapitza resistance of tin; we assume that the value

for gold represents a very good approximation. The thermal time constant of
a metallic film on a solid substrate submerged in liquid helium is determined
by the parallel combination of the thermal boundary resistance and the Kapitza

resistance.
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_3KT
Ypeak ~ n ° (8)

(3]

The peak of the Planck distribution occurs at Vp 0.4 X 1012 sec_1 in our experiment,

eak
The lattice constant of quartz is approximately 5 A. This places the edge of the
7

first Brillouin zone at 6.3 X 10 cm_l. Thus, the maximum frequency that can be

propagated on the longitudinal branch of the acoustic mode is given by

_ 12 -1
Vonax = 07X 1077 sec . (9)

For the slow-transverse branch,

vmaxzs.3x1012sec'l. (10)
These considerations serve to point out a second possible origin of the signal-pulse
broadening that is evident in Fig. II-1. From the foregoing analysis, it appears that a
significant portion of the elastic energy of these incoherent phonon pulses is carried by
modes whose frequencies are close to the cutoff frequency of the lattice. Whether dis-
persion effects are making an appreciable contribution to the pulse broadening is a sub-
ject for further investigation.

At low temperatures the mean-free path of a phonon in a crystal approaches the
dimension of the crystal, Our observations are consistent with rectilinear propagation of
the phonons, without evidence of the dominant scattering mechanism that characterizes
heat flow in solids at room temperature. Thus we have observed the breakdown of the
diffusion equation, As we have mentioned, approximately 20 per cent of our total input
power is dissipated in the aluniinum generating film. Of this, half flows directly to the
ligquid heliura through the Kapitza resistance. Thus, for a peak input power of 40 watts,
only ~4 watts enters the quartz rod through the thermal boundary resistance., Because
of rectilinear propagation, only 4 X 10_3 watt intercepts the receiving bolometer
directly, if we assume that the thermal energy at the generating film is distributed
evenly over a solid angle of 27,

In order to estimate the resulting voltage rise in the bolometer, we draw upon an

. - 8
expression for the responsivity of a bolometer,

AV _iaRR"
r = —

T ST 5A s (11)
A0 2A
where AV is the voltage rise (volts), AQ is the power input (watts), i is the bias current
(amps), a = _}15 %% is the temperature coefficient of resistivity (°K_1), R is the resis-

tance of the bolometer (ohms), Ra< is the effective thermal resistance of bolometric film
2 -1 . . . 2
(°K cm ™ watts ), and A is the area of the bolometric film (cm ).

In Eq. 11 we have assumed that the bolometer is terminated in a load impedance
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Fig. II-5. Signal voltage as a function of bolometer temperature. The peak occurs
at the maximum slope of the resistivity for the superconducting transition
of the bolometer.

.equal to its own resistance, R. In order to estimate a, we plotted the received signal
as a function of bolometer (ambient) temperature. This is shown in Fig. II-5. We see
that the sensitive region of the bolometer occurs within a temperature range of 0. 05°K.
Since a¢ = (AT)—I, we estimate ¢ ® 20. The resistance of the bolometer, R, is ~0.1%,
and the bias current was 38 ma for our observations. The effective thermal boundary
resistance, previously calculated, is ~4T_3, and the area, A, of the bolometer is
0.07 cmz. These values, substituted in Eq. 11 yield a responsivity, r ~0.05 volts/watt,.
With 4 X 10—3 watt incident upon the bolometer, we expect a voltage rise of the order of
200 pv. Within the approximate nature of our calculation, this compares favorably with
the observed voltage of 90 uv.

The author wishes to express appreciation to Professor J. F. Cochran, who pointed
out the importance of the thermal-boundary resistance and the Kapitza resistance, and
to acknowledge the assistance of Mr. M. C. Graham, who took part in the experi-
ments,

J. M. Andrews, Jr.
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