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We have studied the temperature dependence of the saturation of the local-vibrational-mode absorp-
tion of H™ ions in CaF, crystals by use of a tunable, high-pressure carbon dioxide laser. We tuned the
laser to the peak of the strongly temperature-dependent local-mode absorption line and found, in the
temperature range 4 to 110 K, strongly temperature-dependent saturation behavior. An analysis of the
results shows that the saturation behavior is determined by three-phonon decay of the local mode. From
our results we derive an anharmonic lifetime of 17 ps at low temperature and we estimate, furthermore,
an effective vibrational charge of about one electronic charge for the local mode.

I. INTRODUCTION

In 1971 Lee and Faust! demonstrated saturation of the
H™ local-mode absorption in CaF,. In this experiment,
use was made of an accidental coincidence of an emission
line of a TEA CO, laser with the local-mode infrared ab-
sorption line at a crystal temperature of 77 K. In this pa-
per we report a study of the temperature dependence of
the saturation behavior performed by use of a tunable
CO, laser that allows tuning of the laser frequency to the
peak of the temperature-dependent H™ local-mode ab-
sorption line and we present an analysis that gives the
lifetime and the effective charge of the H™ local-mode;
our values are noticeably different from the values es-
timated earlier.!

Experimental details are presented in Sec. II, while the
results and their analysis are given in Sec. III.

II. EXPERIMENTAL DETAILS

For absorption saturation studies we used crystals with
a transmission of typically 1% at the absorption max-
imum. Appropriate crystals should be uniformly and
lightly hydrogenated because thin slices with high H™
ion concentration absorb so much energy during each
laser pulse that the crystal temperature can increase, be-
cause of the relaxation of the excited H™ ions, by some
tens of degrees even when immersed in superfluid helium.
Both very lightly and uniformly hydrogenated crystals
are therefore needed for minimizing thermal heating
effects.

The usual method of hydrogenation® is to heat the
crystals in contact with molten aluminum at 850°C in a
hydrogen atmosphere for periods ranging from 1 to 60 h.
The amount of hydrogen introduced increases almost
linearly with the duration of the hydrogenation treat-
ment. However, it was found that, even for the shortest
hydrogenation times (1 h) and the lowest hydrogenation
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temperatures (780 °C), most of the crystals produced were
just too heavily and nonuniformly hydrogenated.

Another method tried with little success was to deu-
terate the crystals and rely on the traces (up to 2%) of hy-
drogen present in the deuterium gas to give a weak H™
localized mode line. It was expected that competition be-
tween the hydrogen and deuterium for available anion
sites would give a significantly weaker H™ infrared ab-
sorption line. Nevertheless, the deuterated crystals fre-
quently showed too much H™ localized mode absorption
and this technique did not, in any case, yield optimally
hydrogenated crystals having H™ lines of the narrowest
linewidth.

The best crystal prepared for the saturation studies
proved to be one treated with aluminum metal in a nomi-
nal vacuum. Traces of water vapor present in the system
gave sufficient hydrogen, through reduction by the alumi-
num, to give a crystal having the narrowest attainable lo-
calized mode line of the appropriate intensity.

For the spectral measurements, the crystals were
cooled either to 1.8 K by immersion in superfluid helium
or down to temperatures of 10 K with a variable temper-
ature cryostat.

Details of the high-pressure tunable carbon dioxide
laser have already been published.> The essential aspect
for the saturation studies reported here is that the laser
delivers infrared pulses of energies of up to 250 mJ in
several spectral ranges. The 965-cm™! H™ local-mode
line lies just within one of the tuning ranges of this laser.
Pumping in the line center of the local-mode line is possi-
ble for crystal temperatures up to 110 K, while at higher
temperatures the line shifts outside the laser tuning
range. The temporal profile of a 200-mJ laser pulse is
shown in Fig. 1. The pulse had a total duration of about
300 ns with most of the energy within 160 ns, a peak
power up to 1.2 MW, and an almost trapezoidal shape
(shown dashed in Fig. 1). The spectral bandwidth of the
radiation was 0.16 cm ~!. The radiation was focused onto
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FIG. 1. Temporal profile of a typical pulse from the tunable
carbon dioxide laser (solid line) and pulse shape adopted for the
calculations (dashed line).

a small spot of about 670 um diameter exhibiting a
Gaussian profile. Both the input laser intensity and the
transmitted laser intensity were monitored using py-
roelectric detectors. Saturation of the absorption is indi-
cated by an increase of the intensity of laser pulses
transmitted by the crystal for pulses of high energy.

III. RESULTS AND ANALYSIS

A. Linear spectroscopy

Figure 2 shows the transmission of the optimally doped
crystal, where the 965-cm™! line has a width of 0.33
cm~! at 10 K. The line contour is found to be close to
Lorentzian, indicating a homogeneously broadened line
even at 10 K. At higher temperatures, the local-mode
line broadens (Fig. 3) by a phonon Raman-scattering pro-
cess* yielding a quadratic increase of the linewidth with
temperature, while the peak shifts to lower energies with
a linear shift for temperatures above 60 K. The area un-
der the absorption contour remains substantially constant
over the measured temperature range.

Other crystals examined were deuterated ones having
more H™ than the optimally hydrogenated crystal.
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FIG. 2. Infrared absorption profile of the H™ local-mode in
CaF, in the weakly hydrogenated crystal. The solid and dashed
lines are Lorentzian and Gaussian line profiles, respectively.
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FIG. 3. Temperature dependence of the absorption

coefficient at line maximum (@) and of the linewidth (@).

These gave closely similar absorption saturation results,
despite having wider H™ local-mode lines.

B. Saturation of the absorption

Saturation of the absorption of the local-mode line is
demonstrated in Fig. 4, which gives the saturation curve
for the optimum crystal at 10 K. The transmission of
this 1.95-mm-thick crystal increases from 2.4% at low
laser pulse energy to 60% at the highest available pulse
energy of 50 mlJ, i.e., nearly complete saturation of the
absorption was realized.

As the crystal temperature is raised, the local-mode
line broadens to give increased transmission at the line
peak (Fig. 3) and increased laser pulse energies (Fig. 5)
are needed to fully saturate the absorption.

The H™ local-mode has a residual linewidth at the
lowest temperatures, which is measured to be 0.33 cm ™!
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FIG. 4. Saturation of absorption. Experimental data

(points); calculated saturation behavior for a homogeneous line
with Is=0.39 MW/cm? (solid line) and for an inhomogeneous
line with I3=0.09 MW/cm? (dashed line) are presented. The
inset gives an expanded presentation of the initial part of the
saturation curve.
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FIG. 5. Temperature dependence of the saturation intensity
I at the line center.

for our optimally doped crystal (Fig. 6). Elliott et al.
consider various contributions to this linewidth, which
include broadening arising from a random distribution of
isotopes in the host crystal lattice, from internal strains in
the crystal, and from possible interactions between vibra-
tions of pairs of H™ ions. They conclude that all these
contributions are negligible for H™ local-modes and con-
sider the principal contribution to the residual linewidth
to be the spontaneous decay of the H™ localized mode
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FIG. 6. Temperature dependence of the linewidth of the H™
local-mode in CaF,. The triangles are the experimentally mea-
sured linewidths (A from laser scans, A from infrared spec-
trometer scans). The linewidth is determined at low tempera-
ture by three-phonon anharmonic decay (dashed line) and at
high temperature by phonon Raman scattering (solid line). The
experimentally determined 1/27¢T; values (dots) obtained from
the saturation experiments follow the anharmonic decay pro-
cess.
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into three or more phonon band modes. Such processes
lead to homogeneously broadened lines and, for these
lines, the absorption coefficient a decreases from the ini-
tial value o, with increasing incident light intensity I ac-
cording to the homogeneous line saturation relation>®

a=ay1+I1/Ig)71,

where I is the saturation intensity, defined as the power
per unit area required to reduce the absorption coefficient
of the transition to one half of the unsaturated value.

For an analysis of the experimental results using this
homogeneous line saturation relation, it is necessary to
consider the changes in both the spatial and temporal
profile of the laser pulse as it passes through the crystal.
The incident pulse is Gaussian (diameter 670 um at
FWHM) with the temporal profile depicted in Fig. 1. For
the calculation of the net transmission of this pulse
through the crystal, it is divided into circular spatial sec-
tions each of 10 um width and into temporal sections
each of 5 ns duration. The contribution to the net
transmission of each of these spatial and temporal sec-
tions is computed for every 50-um section of the 1.95-
mm-thick crystal. The resulting overall calculated
transmission of the crystal, for the best-fit I value of
0.39 MW /cm?, is shown plotted through the experimen-
tal data points in Fig. 4. If a less sophisticated analysis is
adopted, in which it is assumed that the laser pulse has
constant intensity over a 670 um diameter for a total time
duration of 160 ns, a best-fit I value of 3 MW/cm? re-
sults, about eight times higher.

The saturation curves obtained for the higher-
temperature runs were also fitted using the same homo-
geneous broadening relation, with the corresponding
best-fit I values increasing with temperature, as shown
in Fig. 5. For inhomogeneously broadened lines, the
peak absorption coefficient a decreases from the initial
value ay with increasing light intensity I according to the
inhomogeneous saturation relation™®

a=ay(1+1/I5)"1?,

where I is now the saturation intensity for inhomogene-
ous broadening. The best-fit saturation curve using this
inhomogeneous line saturation relation is also shown in
the inset of Fig. 4 for an Ig value of 0.09 MW/cm? and
does not satisfactorily reproduce the observed saturation
behavior over the whole range of incident laser intensi-
ties. The inability to represent the observed saturation
behavior adequately with the inhomogeneous saturation
relation supports the conclusion that the 965-cm ™! line is
homogeneously broadened even at 10 K.

In all these analyses, we assume implicitly that the H™
ions are uniformly distributed throughout the crystal
thickness; an assumption that may only be justified for
crystal thicknesses of 1 mm or less. The diffusion of H™
into the crystal gives an exponential decrease in the H™
ion concentration from the surface.” Crystals, whose
faces have been ground down, show reduced H™ ion con-
centrations. While it is believed that our optimally hy-
drogenated crystal is essentially uniformly doped, the
other higher concentration crystals measured may have
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nonuniform H™ doping, giving rise to Iy values different
by up to 30% for crystals of the same peak absorption.

C. Population lifetime T,

In the limit of high intensity, the population lifetime
T, is given by!®

_ Ntiw
1 za()Is ’

where N is the H™ ion concentration and #iw the local-
mode quantum energy. This is the relation used by Lee
and Faust! to estimate 7',. It is independent of N in so
far that N is proportional to o, and only the absorption
cross section ay/N is needed to calculate T';. Lee and
Faust adopted the value of 8.2X 10718 cm?, as deduced
from experimental measurements® !° of N for a given a.

Alternatively, N can be estimated from the absorption
strength of the infrared local-mode line using a modified
“Smakula formula” for local modes, where the mass of
the vibrating ion replaces the electron mass.!""!? For
lines of Lorentzian shape, as appropriate to the lines
studied here, the relation is

Nf=2.94x106—2 3
J (n%+

2 agAvem™”,
where n is the refractive index of the crystal, a; is the ab-
sorption coefficient at the line maximum (in cm ™), A, is
the half-width (full width at half maximum, in cm™!),
and f is the oscillator strength. For n =1.5, as appropri-
ate!? for CaF, at 965 cm ™, this relation simplifies to

Nf =2.4X10%a,Av cm ™2 .

If we assume that the effective charge associated with
each vibrating H™ ion is one electronic charge, f is unity.
The value adopted by Lee and Faust! for a,/N corre-
sponds to f values of much less than unity, which they
attribute to an effective charge for the H™ ion of 0. 18e.
In the absence of any definitive confirmation of the Lee
and Faust value for ay/N, we take f to be unity in the
modified Smakula formula given above, which yields an
ay/N value of 1.3X 10715 cm?, and obtain a population
lifetime T'; of 17 ps at 10 K. This value is in very good
agreement with the measured 10-K linewidth of 0.33
cm™~! (Fig. 6). The uncertainty in T, can be large be-
cause of the various assumptions made, but the primary
conclusion is that the T, value is consistent with the mea-
sured limiting low-temperature linewidth. The effective
vibrational charge of the H™ ion is closer to one electron-
ic charge than hitherto concluded because the values de-
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rived here for the saturation intensity Ig are smaller than
those given by Lee and Faust.

D. Analysis of the temperature dependence
of the saturation

At higher temperatures, the various Ig values (as given
in Fig. 5) are inversely proportional to the corresponding
a, values and this yields population lifetimes T'; almost
independent of temperature (Fig. 6). This result can be
qualitatively understood because T’ itself is determined
by an anharmonic process in which the local-mode de-
cays into three or more lattice phonons,* a process which
does not vary greatly with temperature. The temperature
dependence of the decay rate 7 !(T) of a three-phonon
decay processes is given by

N (T)=7"Y0)[(1+n N 1+n,)(1+n3)—nnyns],

where 77'(0) is the low-temperature relaxation rate,
n; ~exp(—#iw/kT), and #w a typical phonon energy of
about one-third of 965 cm ™. Thus, 7~ 1(T) changes little
because n, =n,=n; vary only slightly for temperatures
below 150 K. Figure 6 includes a plot of the expected
temperature dependence of this decay process, which fits
well our experimental results.

IV. CONCLUSIONS

In this paper we reported a study of the saturation of
the 965-cm™! H™ local-mode line in CaF,. We studied
the temperature dependence of saturation of this H™
local-mode absorption and presented an analysis giving,
in comparison with a previous study, revised data on the
lifetime of the H™ local-mode vibration and the effective
charge of the H™ ion. Our results show that the satura-
tion intensity Ig is strongly temperature dependent, ac-
cording to the markedly temperature-dependent absorp-
tion line profile, while the lifetime T'; of the local-mode is
found to be nearly constant over the measured tempera-
ture range up to 110 K for this local-mode, as expected
for a three-phonon decay process.

ACKNOWLEDGMENTS

We thank J. Schiitzmann and A. Priickl for their help
with the infrared spectrometer measurements. We ac-
knowledge financial support from the German Bun-
desministerium fir Forschung and Technologie. One of
us (G.D.J.) wishes to thank the Ministry of Trade and
External Affairs, New Zealand and the Deutsche
Forschungsgemeinschaft for additional support for visits
to Regensburg for this research.

IL. C. Lee and W. L. Faust, Phys. Rev. Lett. 26, 648 (1971).

23, L. Hall and R. T. Schumacher, Phys. Rev. 127, 1892 (1962).

3U. Werling, Wan Chong-Yi, and K. F. Renk, Int. J. Infrared
Millimeter Waves 6, 449 (1985); U. Werling, K. F. Renk, and
Wan Chong-Yi, ibid. 7, 88 (1986).

4R. J. Elliott, W. Hayes, G. D. Jones, H. F. Macdonald, and C.

T. Sennett, Proc. R. Soc. London, Ser. A 289, 1 (1965); R. C.
Newmann, Infrared Studies of Crystal Defects (Taylor and
Francis, London, 1973).

SR. H. Pantell and H. E. Puthoff, Fundamentals of Quantum
Electronics (Wiley, New York, 1969), p. 129.

6A. Yariv, Optical Electronics (Holt, Rinehart, and Winston,



6784 LANG, KNOTT, WERLING, RENK, CAMPBELL, AND JONES 44

New York, 1985), pp. 108 and 111. 170, 822 (1968).
7H. W. den Hartog (private communication). 1D, L. Dexter, in Solid State Physics (Academic, New York,
8V. M. Fain and Ya I. Khanin, Quantum Electronics (Per- 1958), Vol. 6, p. 353.

gamon, Oxford, 1969), Eq. 23.23. 12p, G. Dawber and R. J. Elliott, Proc. Phys. Soc. London 81,
°R. E. Shamu and F. O. Bellinger, Bull. Am. Phys. Soc. 12, 393 453 (1963).

(1967). I3M. F. Bishop, Phys. Rev. 11, 901 (1975).

10R. E. Shamu, W. M. Hartmann, and E. L. Yasaitis, Phys. Rev.



