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the carriers' lowest permissible energies re-
sulting in fewer states at the surface. Also,
the electrostatic repulsion between electrons
in the surface layer may hinder the occupation
of the surface states. Our data show that there
is no strong P-type inversion layer at the de-
generate germanium clean surface. Detailed
calculations with which to compare our findings
in helping to formulate an accurate model are
not yet available.

The authors wish to thank Professor P. Hand-
ler for suggesting this experiment and for dis-
cussions during the initial phases of these in-

vestigations.
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OBSERVATION AND SATURATION OF A MULTIPHOTON PROCESS IN NdC13

S. Singh and J. E. Geusic
Bell Telephone Laboratories, Murray Hill, New Jersey

(Ret..eived 15 September 1966)

We have observed intense visible fluorescence
(3300 to 9500 A) and intensity-dependent atten-
uation at 1.06 p, in single crystals of NdC13,
Nd'+:LaCl„and Nd'+:LaBr, using 1.06-p ra-
diation from a cw Nd-doped yttrium aluminum
garnet (YAIG) laser. ' In this Letter only the
measurements on NdC1, will be discussed. '

At low excitation levels, the fluorescence
shows a fourth-power dependence on 1.06-p,

power; this together with the fact that fluores-
cence is observed at wavelengths shorter than
one-third the laser wavelength indicates that
the excitation process involves four laser pho-
tons. NdC1, is transparent at low intensities
at the Nd: YA16 laser frequency vt because
Nd'+ has no levels with energy hvt above the
ground state; however, the material does have
known levels'~' (see Fig. 1) which we simply
designate as e„e„and e4, such that e,-e,
and e~-e3 are each 2hv~. These facts about
the energy-level scheme suggest that the four-
photon process we observe in NdCl, is a step-
wise process involving a double-photon tran-
sition ('I», -'G», ) followed by another double-
photon transition (4F», - 'D», ). The two double-
photon steps each satisfy the selection rules
5S =0, AL, AJ &2 for an electronic double-
photon process. &' In this Letter we present
results which clearly indicate that saturation
of this multiphoton process in NdCl, is readily
achieved with power levels available from the
cw Nd: YA1G laser. To date, two-' "and three-

photon" absorptions at optical frequencies have
been observed only with Q-switched pulsed
lasers; here we report the first observation
and saturation of a four-photon process with
a cw laser.

A schematic of our experimental setup is
shown in Fig. 2. The 1.06-p. radiation from
the Nd: YA16 laser was focused within the sam-
ple of NdCl, by the 12-mm focal length, f/4
lens, L,. For room-temperature measurements
oriented single crystals of approximately 2 mm
&&2 mm&&2 mm were enclosed in evacuated rec-
tangular quartz optical cells, whereas for low-
temperature measurements they were mount-
ed in a cold-finger metal Dewar having three
optical access windows. Light transmitted
through the crystal was collected with lens
L, and received by thermopile T,. The inci-
dent laser beam was measured with thermo-
pile T~. Each thermopile was provided with a
1.06- p, narrow-band interference filter. The
intensity of the incident beam was varied by
means of a calibrated optical attenuator, and

the laser was operated at a constant output of
1 W. Observations of the fluorescence were
made at right angles to the incident laser beam
using a spectrometer and photomultiplier as
shown. A Corning 7-57 filter was placed at
the output of the laser to keep any visible la-
ser pump light from reaching the sample. A
narrow-band dielectric mirror with 99@ reflec-
tivity at 1.06 p, was placed on the entrance slit
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FEG. 2. Schematic of the experimental arrangement.

rescent groups between 3300 and 9500 A. All
groups exhibit a fourth-power dependence on
incident laser flux I, for fluxes less than -3
x 10"photons/cm' sec, and at incident fluxes
above 2& 10"photons/cm' sec the fluorescence
tends to saturate. In Fig. 3 the dependence
at 300 K of transmitted 1.06-p laser flux I on
incident flux I, is shown for NdC1, . Below about
3&& 1066 photons/cm2 sec the crystal is trans-
parent and the transmitted flux is linearly pro-
portional to the incident flux level. Above 2
X 10'4 photons/cm' sec the transmitted flux is
again linearly proportional to the incident flux

FlG. I

Z( Ig/ )

FIG. 1. Energy levels of trivalent neodymium in the
anhydrous chloride. Fluorescent levels are marked
with a semicircle.

of the monochromator to remove scattered la-
ser light.

The effectiveness of the 1.06-p, laser light
in exciting fluorescence in NdCl, by multipho-
ton absorption is evident from the fact that flu-
orescence groups detected with the monochrom-
ator and photomultiplier were 60 dB more in-
tense when excited by the 1-W 1.06-p. laser
than they were when excited by a 1-kW Hg lamp.
The fluorescence spectrum excited by the las-
er was identical to the previously known spec-
trum of these crystals.

The dependence of the intensity of fluorescence
upon incident laser power was investigated for
a large number of fluorescence groups origin-
ating from levelsA, B, C, D, E, G, I, L, and
M. Figure 3 shows the dependence of the 6600-
O

A group which originates from the F. levels.
Similar results were obtained for other fluo-
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FIG. 3. Dependence at 300'K of transmission and
fluorescence upon incident 1.06-p. laser flux for NdC13.
The solid fluorescence curve is calculated from I+
= (const xIO )S ~, and the solid transmission curve is
calculated from Eq. (6) in the text. For each of the sol-
id curves we have used o&

——1.3x10 cm sec, o~o2p
= 2.1 x10 cm sec, (0&a+0&5) =4.24 x10 cm sec,
20&02c =4.5 x10 cm sec, and const=2. 5 x10
cm sec A.
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N, = [v,NnP+v p, NpE']S

N, = [v,NyP+ v p2NGI~]S

N, = [v,v,NqI4)S

where S is a saturation denominator given by

S = 1+ (v,a+ v,b )P + 2v p,cI4,

(2)

N is the density of ions, 0, and o, are the cross
sections of the two double-photon transitions
(e,-e,) and (e,-e,), respectively, and n, p, y,
b, g, a, b, and c are constants (not necessari-
ly independent) containing the decay times of
the levels e» e„and e4. Fluorescence ema-
nating from levels higher than 2hvL above the
ground manifold will be fed only by the N4 pop-
ulation and will have an intensity proportional
to N4. Similarly, fluorescence from levels
lower than 2kvL will have an intensity propor-
tional to a linear sum of either N, and N4 or of

N2, N„and N4. With regard to transmission
through the medium, the change in beam flux
with distance is given by

dI/dx = -m[v, NP+ v p2NpI4]S

where p, as for the N's, contains the decay
times of the levels concerned and n is the re-
fractive index of the medium. Upon integra-
tion of (5), the dependence of transmitted flux
I upon incident flux I, in a length l of the medi-

level. In the intermediate incident range of
3x1022 to 2&&10'4 photons/cm' sec a limiting
type of intensity-dependent attenuation is ob-
served.

The above behavior was observed when the
laser was polarized parallel as well as per-
pendicular to the c axis of the NdC1, crystal.
It was observed that the limiting portion of the
transmission curve occurred at higher power
levels at 10'K than it did at 300'K. The observed
dependence on temperature is accounted for
if the two-photon absorption of our multipho-
ton process originates from a Stark level of
the ground manifold at 224 cm

As mentioned earlier, on the basis of the
energy levels of NdCl„ the process which ac-
counts for our observations is a stepwise four-
photon process involving two double-photon tran-
sitions. A steady-state solution of the appro-
priate rate equations for such a process can
be shown to predict that the population densi-
ties N» N„andN4 of levels e» e3p and 8

respectively, will depend on laser flux I as

um is given by

2Q 1 1 1
[I I]--

Np g~N I Io,

[p(v,a+v, b) v-,p' 2-v, c]
v,Np(v~)'"

&& (tan '[I(v~)i "]—tan[ID (v~)' ']) = —n,L (6)

The result of fitting Eq. (6) to our experimen-
tal transmission data on NdCl, is shown by the
solid curve in Fig. 3. Using the values of l
= 3 ~ 10 ' cm, n = 1.8, and N = 10"cm ' appro-
priate to our NdC1, experiments, a best fit
was obtained with the constants given in the
figure caption. A value for 0, of 1.3x10
cm4 sec was thus determined. Using values
of the lifetime-dependent constants as calcu-
lated from measured lifetimes" of the levels
involved, we also determined that o, = 1.6& 10-"
cm4 sec. An attempt at a theoretical estimate
of 0, from Kleinman's'4 simplified formula,
taking the width of the final state ('6», ) equal
to 6&10 sec- &L 2 8&&10 4 sec-x and the
oscillator strength of the intermediate state
equal to unity, yielded v, (calc)=4.6&&10 "cm'
sec. This is considerably smaller than our
observed value, and the disparity is undoubt-
edly due to the fact that in Kleinman's expres-
sion it is assumed that only a single interme-
diate state at very high energy connects the
initial and final states. Obviously a careful
sum over all possible intermediate states of
NdC13 will be necessary to account for our mea-
sured value of 0,. The reason that the measured
0, is larger than o, is probably related to the
fact that, for v„ the intermediate states are
in closer proximity to the initial and final lev-
els of the two-photon transition.

From the above values of 0, and 0, and val-
ues of n, P, y, and b calculated from the life-
time measurements, ' we find that over the
range of our present fluorescence observations
the terms containing P in the numerators of
Eqs. (1) and (2) are negligible compared to the
I4 terms, and thus the intensity of observed
fluorescence I~ versus incident flux I, should
be given by II; = (constant&&I, 4)S '. As shown
in Fig. 3, this is exactly what is observed ex-
perimentally for the multiphoton-excited fluo-
rescence in NdCl, .

In the present Letter we have demonstrated
that in NdC13, multiphoton spectroscopy can
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be conducted with a cw Nd: YalG la.ser of mod-
erate power and that in this material a step-
wise four-photon process involving two double-
photon transitions is operative.

We acknowledge discussions with R. G. Smith
and are indebted to D. W. Tipping for techni-
cal assistance and to M. L. Hensel for construct-
ing the laser used. A special thanks to P. Fleu-
ry for his very constructive comments on the
manuscript.
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TEMPERATURE DEPENDENCE OF HEAT-PULSE PROPAGATION IN SAPPHIRE

R. J. von Gutfeld~ and A. H. Nethercot, Jr.
IBM Watson Research Center, Yorktown Heights, Neve York

(Received 31 August 1966)

Results of heat-pulse measurements between 4 and 54'K are reported for sapphire and
show that the propagation is ballistic below 18'K and diffusive above 40'K. In the inter-
mediate range, the propagation is a superposition of the two.

Data have been reported earlier on the prop-
agation of heat pulses in quartz and sapphire
at 3.8' and -8.5'K. ' Other reports have since
appeared on the propagation of heat pulses in
sapphire and other solids. ' ' Heat-pulse da-
ta, taken as a continuous function of tempera-
ture, can give information on phonon-phonon
scattering phenomena. A wave-like propaga-
tion of heat pulses (second sound) may result
from a high rate of normal-process events com-
pared to all other scattering events. 6 The ex-
periment in solid helium has been interpreted
as evidence of second sound. We wish to re-
port results on heat-pulse propagation in sap-
phire. The material is particularly well suited
for this investigation since its thermal conduc-
tivity is high and its elastic properties are
well known. Also, the acoustic velocity is quite
isotropic and the singleness of the crystals
can be assured. We have observed the super-
position of several modes of thermal transport
but none corresponding to second sound. It
appears that if indeed second sound has been
observed in solid helium, the phenomenon is
not as general as recent theory predicts. '

We have extended our earlier low-tempera-
ture work as a continuous function of temper-
ature up to 54'K. This is well above the tem-
perature (-30'K) of the thermal conductivity
maximum, ' the temperature near which a max-
imum number of N-process compared with
U-process collisions should occur, and there-
fore near which second sound is most likely
to occur.

The findings of the present experiment are
that (l) the observed onset time of the arriv-
ing heat pulses for the longitudinal phonons
is essentially constant for the temperature
range 4-40'K and for the transverse phonons
this time is almost constant, increasing by
only -5% over this temperature range; (2) as
the temperature increases the amplitude of
the sharp transverse pulse relative to the lon-
gitudinal pulse decreases; also by 18'K appre-
ciable phonon-phonon scattering is present which
gives rise to an additional diffuse maximum
at times substantially later than either the acous-
tic-energy transport time or that expected for
second sound; (3) from 40 to 54'K, no observ-
able heat arrives at the acoustic velocity, but
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