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Measurements of the efficiency of electromagnetic detection and generation of ultrasonic shear waves in
superconducting tin are presented. Theoretical calculations of the generation efficiency are given, based upon a
model by Quinn. Similar calculations are made for the radiation (detection) efficiency by adapting the Pippard
model for ultrasonic shear wave attenuation, and lead to an identical temperature dependence as that
predicted for the generation efficiency. Excellent agreement with this predicted behavior is found for
experimental observations of the radiation efficiency for an electropolished (001) surface in tin at 15.3 MHz,
using a single adjustable parameter. This parameter corresponds to a value of the London penetration depth
AL(0) = 253 £ 25 A, in agreement with values found in the literature. The experimental generation efficiency is
found to be strongly power dependent and is described theoretically by adapting the theory to the case of the
intermediate superconducting state established at the surface by the rf magnetic field. Experimental radiation
efficiencies are also found to be very sensitive to surface damage, a fact which is attributed to collision drag of
the electrons by the lattice in the damaged layer. The theory, modified to allow for surface damage, gives
reasonable agreement with experimental radiation efficiencies for etched and spark-planed surfaces.

1. INTRODUCTION

In recent years the electromagnetic generation
of ultrasonic shear waves has been investigated
experimentally and theoretically for several pure
metals and semimetals in the normal state. For
a free-electron metal such as potassium,’ shear
waves are generated in the absence of an external
magnetic field by the self-consistent electric fields
acting upon the lattice ions in the bulk of the metal.
In the case of a compensated metal? or semimetal,?
the corresponding shear-wave generation is do-
minated by the collision-drag forces of both sets
of carriers on the lattice atoms. Theoretical cal-
culations? ® have been based on a model by Quinn,*
and are generally in good agreement with experi-
ments for frequencies of the order of 10 MHz.

Studies of the modification of the generation effi-
ciency in the superconducting state have concen-
trated primarily on pure thin films at microwave
frequencies.’® In this experimental regime it is
expected that the breakdown of screening of the
electromagnetically generated current by the elec-
trons in the bulk’ will cause the self-consistent
electromagnetic field in the interior to become
very small, resulting in a very small generation
efficiency. It has been suggested® that the domi-
nant mechanism for generation in thin films at 9
GHz is diffuse surface scattering.

Some of us have recently reported preliminary
results of the first such experiments in a bulk
single crystal of tin at 15.3 MHz in the supercon-
ducting state.® In the course of these experiments
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it was learned that in order to study the intrinsic
behavior of the physical mechanism in a bulk
superconductor, it is necessary to measure the
efficiency of detection (radiation efficiency) rather
than the generation efficiency, because of the per-
turbing effect of applied rf fields on the supercon-
ducting state near T.. The geometry of the detec-
tion mechanism lends itself rather well to a theo-
retical consideration based upon the Pippard mod-
el for ultrasonic attenuation,” coupled with theoret-
ical expressions for the self-consistent fields first
derived by Fossheim,® in considering the attenua-
tion of ultrasonic shear waves in a superconductor.
It will be seen in Sec. II that the Pippard model
leads to a radiation efficiency which is identical

to that calculated on the basis of the Quinn model.*
In Sec. III we shall describe the experimental tech-
nique. In Sec. IV we present experimental radia-
tion efficiencies for electropolished surfaces, and
find excellent agreement with the theory described
in Sec. II. Generation efficiencies of such surfaces
are also described in Sec. IV, and are found to be
power dependent. Adapting the theory of Sec. II

to the case of the intermediate superconducting
state, we are able to account qualitatively for the
observed power dependence. Experimental radia-
tion efficiencies were found to depend strongly on
surface damage. In Sec. IV we show that the ob-
served behavior may be attributed to the fact that
in the damaged surface layer the self-consistent
electric fields tend to zero, owing to the collision
drag of the electrons by the lattice. We show rep-
resentative data for etched and spark-planed sur-
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faces, and compare these data with the theory of
Sec. II, modified to incorporate the screening of
the internal electric fields by the damaged super-
conducting layer, and find satisfactory agreement.

{I. THEORETICAL CONSIDERATIONS

A. Generation efficiency—Quinn approach

The purpose of this section is to construct a
theoretical model of the electromagnetic genera-
tion of sound in a bulk type-I superconductor. No
first-principles calculations of the electromagnetic
generation of sound in bulk type-I superconductors
have been reported in the literature, except for a
brief calculation in a recent note by some of the
present authors.® Although Abelés,® and later
Goldstein and Zemel,® have addressed themselves
rather extensively to this problem, their treat-
ment was specifically tailored to fit the case of
superconducting thin films, nof bulk superconduc-
tors. In the view of those authors, the electro-
magnetic generation of sound, in thin films at
least, is entirely due to surface scattering. In
the present paper we shall treat quite a different
situation. We have in mind an isotropic free-elec-
tron metal which becomes superconducting at a
temperature T =T, occupying the half-space z>0,
with an electromagnetic wave impinging on the sur-
face from the vacuum z<0. We shall take the
point of view that the electromagnetic generation
of sound is solely a result of the force exerted by
the self-consistent electric field inside the super-
conductor on the background of positively charged
ions. Thus we neglect possible contributions to
the generation efficiency from surface scattering
or collision-drag mechanisms by assuming that
the surface scattering is specular, and the elec-
tron mean free path is sufficiently large. These
are admittedly rather stringent conditions, but
the theoretical framework becomes very simple,
and as we shall show, excellent agreement with
our experimental results is obtained.

Assuming that all field quantities vary as
exp(iwt —igz), Maxwell’s equations lead to

=T low | w .
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where B,(0*) and B,(0*) are the components of the
magnetic induction of the electromagnetic wave at
the surface of the superconductor, and j, and j,
are the components of the total current density.

Defining a transverse electric field E, =Exf+ E,j,

where 7 and 7 are unit vectors along the x and y
axes parallel to the surface of the superconductor,
we can rewrite Eq. (1) as

E (g, ) =%gﬁj,(q, w) +%T'Bf(o+> , (2)

where T is the rotation operator given by

~ 0 1
T= .
-10
The equation of motion of the (isotropic) back-

ground of the superconductor is

w dzf:
p&=G dz2 tn;ZeE,, (3)

where £, is the transverse elastic displacement field,
p is the density of the superconductor, and G is the
shear modulus. The last term on the right repre-
sents the coupling of the positive elastic back-
ground with the self-consistent electric field in-
side the superconductor. Z is the valence of the
ions and #; is the number of ions per unit volume.
For a metal, n; Z =n, where n is the conduction-
electron concentration. Since in this paper we
are only interested in transverse acoustic waves,
Eq. (3) contains no longitudinal elastic terms.
Since all field quantities vary as exp(iwt —igz),
we may rewrite Eq. (3) as

&i(a, w)=p(Tqu_?)-E,(q, w), 4

where s =(G/p)1/2 is the velocity of transverse
sound in the superconductor.
Finally we set

jilg, w) =05(q, WE (g, w) +reiwt,(q, w), (5)

where o4(q, w) is the wave-number- and frequency-
dependent transverse electronic conductivity of

the superconductor, and the last term represents
the contribution of the ionic current density. Com-
bining Egs. (2), (4), and (5), and transforming
£,(q, w) to real space, we obtain

neiw +
- TB,(0")

gt(z! t)=

5§ ei(wt-qz) dq

X[ EEC AR ey
(6)

where we have defined 63% = u,wog. At frequencies
of the order of 10 MHz, the last term in the
denominator of the integrand may be neglected.
The integrand in Eq. (6) possesses two acoustic
poles, and poles corresponding to highly damped
modes. We are only interested in the acoustic
mode traveling in the positive z direction. Its
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form is given by

ne - giwl(t=z/s)

£e(2,t)=—5; TB,(0") (1)

43 +ipowos
where o is evaluated at ¢ =¢,=w/s. We define
0g =0, —10,5 (8)
and
by = (Howoy) ™, 9

where oy is the conductivity in the normal state,
and where 0y is an effective skin depth character-
izing the degree of screening of the electromag-
netically generated current by the electrons.”

The generation efficiency of the superconductor
I'g is defined to be the ratio of the acoustic flux
leaving the surface to the electromagnetic flux
incident on the surface, i.e.,

Spsw? £, (0
T :_f_&w_t____, 10
$ 7 Fc/uol B, (07)]? (10)
where we have made use of the boundary con-
dition B, (0*)=2B, (incident). Using Egs. (7)-(10),
we find

r, = 4 w3n’e? 6% .
psc (q%0% + 0,5 /0x)* + (0,5 /a3
(11)
In the normal state, Eq. (11) becomes
ry- S a2)
so that the ratio of I'g to I'y is given by
s qady +1 (13)

Ty (@505 +0,5/04) + (0,5 /oy?

In Egs. (11)-(13), the conductivities are evaluated
at =g, =w/s. Equation (13) was first derived

in Ref. 8 from the expressions for the self-con-
sistent electromagnetic fields developed by Fos-
sheim? in discussing the ultrasonic attenuation

in a superconductor. It should be noted that Eq.
(12) is identical to that obtained by Mertsching,!!
who generalized a previous calculation by Alig'?
for the normal state.

B. Radiation efficiency—Pippard approach

The inverse of the generation of sound described
above is the radiation of electromagnetic energy
which occurs when transverse sound propagating
in a metal is reflected from the surface. The
purpose of this section is to give a derivation of
the radiation efficiency and show that it is identical
to the generation efficiency given in Sec. IIA.

We shall consider an undamped transverse sound
wave &, (2, t)~exp(iwt — ig42) incident from the
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left on a metal surface at z=0. From Maxwell’s
equations and Eq. (5) we have

qZEt (qy (.l)) == iMOW[OS(q, (.U)E‘ (q; w) +neiw€t (qy (.d)].

(14)
Solving for E, (q, w), transforming to real space,
and using Eq. (8), we obtain

urew?t, (2, t) '
q% +ipw(o,s — 0,5)

E,(z,t)= (15)
The radiation efficiency of the superconductor,
Hg, is defined as the ratio of the electromagnetic
flux leaving the surface to the acoustic flux in-

cident on the surface, i.e.,

3c€ E, (0)]?

Hs = TpsuTE, 0T 1o

Here we have made use of the acoustic boundary
condition which gives rise to an antinode at a
free surface. Using Egs. (9), (15), and (186), to-
gether with the boundary condition which requires
that E, (0")=E, (07), we obtain

_ pwne? 0%
4psc (‘135%1*‘025/0”)24'(013/0”)2 ’

)
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which is equal to I'g, as given by Eq. (11). In
the normal state the radiation efficiency Hy is,
therefore, equal to I'y, as given by Eq. (12).

III. EXPERIMENTAL TECHNIQUE

Experimental measurements were made of
I's/Ty and of Hg/Hy as a function of temperature
on a single crystal of tin for frequencies in the
range 15-45 MHz. The crystal was machined
in the form of a right circular cylinder by spark
erosion. The cylinder was 9.5 mm in diameter
and 12 mm long, with its faces parallel to (001)
crystallographic planes. The faces were pre-
pared with various depths of surface damage be-
tween experimental runs by using different ener-
gies of spark discharge. Measurements were
also made on electropolished surfaces, which
best approximated the condition of surface specu-
larity assumed in developing the theory presented
in Sec. II. These surfaces were prepared initially
by spark planing at the lowest available energy.
Next, a perchloric-acid-anhydride mixture was
used for electropolishing, following a procedure
described by Tai ef al.'®* Only the results of mea-
surements taken on electropolished surfaces are
compared directly with the theoretical prediction
of Eq. (13).

Since the generation efficiency in the normal
state expected from Eq. (12) is very small (~-100
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dB), the design of the rf coil was found to be an
important factor in achieving a signal sufficiently
strong to carry out the experiment in the super-
conducting state. Previous experiments!''? have
utilized rf coils in the form of a finite-length
solenoid to generate linearly polarized shear
waves. Such coils have rather poor efficiencies,
however, since the rf fields outside the coil are
exponentially decaying. The rf-coil geometry
which was used in our experiments is shown sche-
matically in Fig. 1. The section of the coil which
is pressed lightly against the surface of the speci-
men consists of eight parallel wires. The wires
in this section are packed closely together in a
slot in the cylindrical copper mount and are backed
by a layer of dielectric material. The return loops
of the coil are bent away in a groove in the side

of the mount, so that the center of the sample
surface is kept as far away as possible, and shield-
ed from the returning currents in the coil. This
geometry was found to yield considerably better
generation efficiency than that of a conventional
solenoid, and also provided a well-defined polar-
ization direction. A 5-MHz ac-cut quartz trans-
ducer with its polarization direction aligned with
the eight parallel wires of the coil was bonded to
the opposite surface of the sample. The coil and
sample were mounted in a copper cell, together
with a carbon resistor thermometer and a small
heater, all of which were maintained in direct
contact with the liquid-helium bath. The ambient
magnetic fields at the position of the sample were
cancelled to within approximately 50 mG prior

to cooling the specimen to liquid-helium tem-
peratures.

Conventional ultrasonic-pulse-transmission tech-
niques were used, transmitting on the coil and
receiving with the quartz transducer to measure
I's /Ty, and reversing the procedure to measure
Hg/Hy. In both cases the superheterodyne re-
ceiver was preceded by a tuned low-noise pre-
amplifier. A boxcar integrator was used to moni-
tor the height of the detected signal pulse from

o DIELECTRIC

COIL

\

—

COPPER

FIG. 1. Schematic diagram of rf-coil geometry.

the receiver at the time of flight of the sound
wave. The dc output of the boxcar integrator was
displayed on the y axis of an X-Y recorder. An
attenuated comparison pulse of the same fre-
quency and delay time as the signal was developed
by a signal generator and fed simultaneously to
the input of the preamplifier. With the sample

in the normal state, the comparison pulse was
attenuated well below the noise level of the re-
ceiver, Following a temperature sweep below the
superconducting transition, the generation ef-
ficiency drops rapidly and the signal pulse drops
below noise level. The signal generator was then
used to calibrate the signal. In a second temper-
ature sweep the quartz transducer was used alone
in pulse reflection, in order to obtain the tem-
perature dependence of the ultrasonic attenuation
over the same range of temperatures. The gen-
eration signal was then corrected for the attenua-
tion corresponding to its time of flight prior to
comparing with Eq. (13).

The carbon resistor thermometer was monitored
by means of a resistance bridge, the output of
which was displayed on the x axis of the recorder.
The thermometer was calibrated by measuring
the vapor pressure of the liquid-helium bath as
the temperature was lowered.

IV. EXPERIMENTAL RESULTS

A. Radiation efficiency of electropolished surfaces

A typical X-Y recorder trace of the signal de-
tected by the rf coil at 15.3 MHz for an electro-
polished surface at temperatures close to 7, is
shown in Fig. 2. It can be seen that the radiation
efficiency drops very rapidly below 7, having de-
creased by about 15 dB at 7=0.997,. For pur-
poses of comparison, it may be noted that the cor-
responding decrease in attenuation of the propagat-
ing sound wave is only about 1 dB. Thus, at 15
MHz, the temperature dependence of the received
signal for this sample is dominated by the decrease
in radiation efficiency.

In order to make a comparison of the data with
the behavior predicted by Eq. (13), it is necessary
to estimate the quantities g,0,, 0,5/0y, and o,5/0y
under the present experimental conditions. Page
and Leibowitz'* have carried out measurements of
the electromagnetic part of the shear-wave attenu-
ation at frequencies above 1 GHz, from which they
estimate that 6, =0.23 um. This is the limiting
value of 8 for g,/ > 1, where [ is the electron
mean free path. Assuming this value for 6,, and
using s =1.82X10° m/sec, we find that g,6 ,~ 0.01,
so that Eq. (13) may be written

H 1 _
Hy (055/03)%+(0,5/04)?

(18)



14 ELECTROMAGNETIC DETECTION OF ULTRASONIC SHEAR... 4893

3.70 3.71 372 373

SIGNAL (dB)

!
(@]
I

12 ! | i
3.70 3.71 3.72 3.73
T (K)

FIG. 2. Recorder tracing of the peak pulse height
detected by the rf coil for a 15.3-MHz ultrasonic shear-
wave indicent on an electropolished (001) surface for
temperatures close to the superconducting transition.

Equation (18) is readily evaluated, provided that
AT=(T,-T)<T,, as is the case for our measure-
ments. In this limit we use the approximate ex-
pressions for o,5/0y and o,5/0y, as given by Cullen
and Ferrell*®

015/0 5 = 2f(€) +3 Be In(8e/e fiw) — 0.853(Be)?,
(19)
and
0,5/0y =203AT/A2(0)T, ,

where f(¢) is the Fermi-Dirac function, 8 =1/kT,
€ is the temperature dependent superconducting
energy gap, e is the base of the natural logarithm,
and A, (0) is the London penetration depth at abso-
lute zero. Equations (18) and (19) show that Hg/H,
can be compared with the experimental data with
only one adjustable parameter 5,/X;(0), all other
quantities being known for tin.'* We have plotted
(0,5/0y)? and (0,5/0y)* in Fig. 3 for 5,/r(0) =15.74.
One sees that for large AT, (0,5/0y)>> (0,5/0y)%, so
that Hg/Hyoc (AT)"%. At log-log plot of the experi-
mental data is shown in Fig. 4, illustrating this
behavior for the radiation efficiency of an electro-
polished surface. A detailed comparison with Eq.
(18) is shown for the electropolished surface in
Fig. 5, with 6,/x;(0)=15.74+ 0.25. The fit is good
over the entire temperature range. Under our ex-
perimental conditions, ¢ 4.=0.9+0.2, as deduced
from the observed frequency dependence of the
normal-state attenuation. Using this value of g,4l,
together with Pippard’s” expression for ay(g,l),

100 | — TroTT 100
2 2
Lo aq A
/(25/ N) & (4T)
10 [ 10
1 Wit 1 1 1 ] 1
100

AT (mK) 1©

FIG. 3. Log-log plots of (0.5 /0y)? and (04 /0y)% as a
function of AT =T, —T. Note that for large AT, (045/
oy)? dominates the behavior of Eq. (18).

we find 6,/2,(0)=9.1+ 1 for g,l > 1. This value is
in good agreement with that of Page and Leibo-
witz,* who find a value of 9.47 for this parameter.
If our result is combined with their estimate 6
=0.23 um, we obtain from our data 1 (0) =(253

+25) A, in good agreement with Page’s!* value of
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77 e ]
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> 20 / -
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FIG. 4. Log-log plot of the measured radiation
efficiency as a function of temperature below T, at
15.3 MHz for shear waves propagating along [001] in tin.
The dashed line shows the expected behavior in the limit
of large AT . The error bars include an estimate of
possible systematic errors.
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FIG. 5. Comparison of the observed radiation effici-
ency at 15.3 MHz (points) with Eq. (18) (solid curve).
One adjustable parameter, 65/A;(0) =15.74+0.24, was
used, as described in the text.

243 A, as well as with Tai ef al.’s'® value of 252 A,
which they measured by means of a SQUID tech-
nique.

From Egs. (18) and (19) it can be seen that the
frequency dependence of the normalized radiation
efficiency is predicted to be weak, provided that
gyl =1 and q46,<<1. The data for frequencies of
25, 35 and 45 MHz qualitatively support this con-
clusion, with temperature dependences similar to
that shown in Fig. 5 for 15.3 MHz. Signal-to-noise
ratios deteriorated at the higher frequencies, how-
ever, and the correction for attenuation became an
increasingly larger fraction of the total signal, so
that it was not possible to determine quantitatively
conclusive trends as a function of frequency for
this sample.

B. Generation efficiency—power dependence

Although the theory of Sec. II predicts the tem-
perature dependence of the generation efficiency
to be the same as that of the radiation efficiency,
experimentally it is found to be very different.
Moreover, the temperature dependence of the gen-
eration efficiency depends on the power delivered
to the coil, as can be seen from Fig. 6. At full
power, the signal is observable at all tempera-
tures. As the power to the coil is reduced, the
temperature dependence tends towards that ob-
served for the radiation efficiency, although there
was not sufficient signal to achieve the asymptotic
behavior of the generation, I'y/Ty. At the lower
powers a broad maximum in the temperature de-
pendence may also be noted, which does not appear
to be related to the decreasing attenuation of the
specimen, as the temperature is lowered. A
power dependence of the generation efficiency has
also been reported by Goldstein and Zemel® in their
microwave experiments on the superconducting

20
30
] L
0.3 0.2 01 o
AT (K)

FIG. 6. Temperature dependence of the ultrasonic
shear-wave generation efficiency at 15.3 MHz for dif-
ferent rf power levels. The values of I'(0) indicate the
relative rf power supplied to the coil.

film, and was attributed by them to the rf mag-
netic field exceeding the critical field B,(T).

We shall sketch a simple model which accounts
qualitatively for the salient features of the power
dependence observed in our experiments. Since
B.(T) decreases with increasing temperature, the
sample will be in an intermediate state for suffi-
ciently large B,(z), or sufficiently small AT. The
field B,(z) is, of course, very nonuniform, decay-
ing to zero in a length L, so that the interior of
the sample remains superconducting. We then as-
sume that this intermediate state may be described
as a superconductor with a thin normal surface
layer of thickness L <L. We further assume the
conductivity in this intermediate state may be
written as yog +(1 - y)oy, where y=(L -~Ly)/L.
Using the theory of Sec. II A, the generation effi-
ciency becomes

E& = 1

I"N 7’2(025,/0N)2+[(1 —7)+Y(UIS/GN)]2
In writing Eq. (20) we are neglecting higher-order
terms in B;, emphasizing only its role in creating

the intermediate state. In the normal layer the
field is given by

B,(2) =B(0*) exp(-2/5,) , (21)

(20)
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where 8, is the skin depth in the normal state. At
a given temperature, the position z =L of the
N-S interface is determined by setting B,(L )
=B,(T) =B.(0)[1 -(T/T,)?]. The fields extend a

further distance L —L y=A.(T) = (0)[1 = (T/T,)?]""?

into the superconducting interior. The expression
for ¥ then becomes

1o In[B(0")/B,(T)]
Y X, (T)/84+1n[B,(0*)/B.(T)]

Equation (22) is restricted to the temperature
range for which B,(0*) = B,(7), and for which

A (T) <8, sothat a normal layer exists, and to
take into account the fact that the ac fields decay
at least as rapidly in the superconducting region
as they do in the normal state. This temperature
range is given by

[1-B(0")/B.(0)]/* < T/T. < {1 - [A,(0)/5,]%"*.
(23)

(22)

We set y=1 for lower temperatures, and y =0 for
higher temperatures. At a frequency of 15 MHz,
we estimate x;(0)/6,= 0.01 for our sample. Using
Egs. (19), (20), and (22), we obtain the curves
plotted in Fig. 7. It should be noted that the model
sketched above predicts a temperature dependence
of the generation efficiency with a negative curva-
ture, and a slope which decreases with increasing

O”/,,,J,f——*—r—*
-10.— —
o
o]
~-20
(44
_30.— —
| |
0.3 0.2 01 0

AT (K)

FIG. 7. Theoretical curves for the temperature de-
pendence of the generation efficiency of ultrasonic
shear-waves at 15.3 MHz, calculated from Eq. (20). As
in Fig. 6, the values of I'g(0) indicate the relative rf
power. For the top curve we take lB(O*)/Bc(O)]2:0.25,
and the lower curves are normalized to this value.

power in the temperature interval defined in Eq.
(23). This behavior compares favorably with the
experimental observations (Fig. 6). In contrast,
the temperature dependence of the radiation effi-
ciency shows positive curvature throughout the
temperature range of interest, and is independent
of the transmitter power over the same range of
powers.

C. Effects of surface roughness on the radiation efficiency

In Sec. IV A, it was noted in reference to Fig. 4
that for an electropolished surface, Hg/Hy is as-
ymptotically proportional to AT~2. If the surface
is roughened in any way, however, a faster de-
crease in Hg/Hy, is observed. For example,
lightly etching an electropolished surface caused
a faster decrease just below 7, and a limiting be-
havior Hg/Hy« AT™%-%, as shown in Fig. 8. A
finely spark-planed surface yielded an even sharp-
er decrease, with Hg/Hyoxc AT™%-2, also shown in
Fig. 8. This behavior can be understood if one as-
sumes that in a damaged superconducting layer of
depth d, g4l <1, so that collision-drag effects must
be taken into account. The electronic collision-
drag current and the ionic current are in opposite
directions, and cancel exactly in the limit gl < 1.
In this limit (corresponding to a completely dam-
aged region) the self-consistent electric field also
tends to zero, resulting in a negligible radiation
efficiency for this region. The self-consistent
electric field, which is uniform in the interior of

Or—

_10._

o

©

A

—-20|-

e

..30._
1 | llll | L 1 1
30 10 1

AT (mK)

FIG. 8. Log-log plots of the measured radiation ef-
ficiency as a function of temperature below T, at 15.3
MHz for a lightly etched surface (+) and for a spark-
planed surface (@) . The solid curves are calculated from
Eq. (24) using values of assumed surface damage depth,
d=0.24 pum (top curve) and d =0.54 um (bottom curve).
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the sample and is given by Eq. (15), will then de-
cay in the damaged layer with the characteristic

length A (7). The radiation efficiency is, there-

fore,

D H

Ls - Zs g2angm 2

o : (24)
where Dg/D, represents the radiation efficiency
for the case of a damaged surface, and where Hg/
H, is given by Eq. (18). Equation (24) has been
used to fit experimental data for a spark-planed

surface, as well as for an etched surface. The
results are shown in Fig. 8. The value of d =0.54
um needed to fit the data for the spark-planed sur-
face is consistent with the damage depth expected
for the spark energy used in preparing this sur-
face. The value of d =0.24 obtained for the etched
surface is smaller than that for the spark planed
surface as one would expect. Radiation efficiency
data for more deeply spark planed surfaces show
an even more rapid decrease with AT, in qualita-
tive agreement with Eq. (24).
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