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ABSTRACT

A time-resolved measurement on the recovery of saturation in
p-Ge was performed with picosecond COZ laser pulses. It was directly
confirmed that the relaxation of hole excitation in p-Ge was faster
than 40 psec and that this type of measurement can provide additional

temporal information on picosecond pulses.

*Present address.



INTRODUCTION

p-type germanium is a common saturable absorber at the CO2 laser
wavelengths. It has been well-established that its dominant absorption
mechanism is by direct heavy to light hole valence band transitions,i
with a Targe absorption cross-section of 6.8 x 10“16 cmz. In the past,
it has been successfully used as a passive mode-locker for the CO2
?aser92 and as a broadband interstage isolator for high power laser
cha‘ins,3 The saturation mechanism in p-Ge has been demonstrated to be
inhom@geneous and it has been indirectly éhowm that the saturation of
absorption recovers on a picosecond timescale from a spectral hole-
burning measurement.4

In this paper we describe a time-resolved saturation measurement
in p-Ge using picosecond C02 laser pulses. It is shown directly that
the saturation recovery in p-Ge is indeed on a picosecond timescale

and that it can be employed as a method for measuring short laser pulse

durations.

EXPERIMENT I

The generation of picosecond C0, laser pulses using optical free
induction decay has been described adequately prev?ous1y,6 Briefly,
an ordinary TEA Taser pulse is rapidly truncated in 10 psec, and the
fast component of the truncated pulse is then filtered out by using
a resonant absorber., This high frequency component manifests jtself

in the time domain as an ultrafast short pulse.




In the first experiment, we made use of both the truncated pulse
and the generated picosecond pulse. The experimental arrangement is
shown in Fig. 1. The laser system consisted of a hybrid type high

7 to obtain a smooth single

pressure TEA and Tow pressure gain sections
longitudinal mode 100 nsec Taser pulse without any mode beating. The
laser pulse is truncated by a gas breakdown plasma switch8 in 10 psec.
The breakdown can be triggered precisely by a d.c. electrical spark
with no appreciable jiiter.g The truncated pulse is then split into
two channels. One channel was focussed onto a p-Ge sample with a
variable time delay. The other channel was sent through a 700°K tube
filled with 250 torr of CO2 gas. A picosecond pulse was produced at
the output of the hot CO2 gas tube and was focused onto the p-Ge as a
probe. The transmitted probe pulse was detected by a cooled Ge:Au
detector and integrated by a slow amplifier.

The sample was a piece of polycrystalline p-Ge doped to 0.5 Q-cm.
It has both faces polished but not coated. This might create a problem
of standing waves inside the crystal. However, since absorption by the
holes in the semiconduction was high, and that the pump and probe
channels were not exactly collinear, standing wave effects were
minimized.

The focussing of the truncated pulse channel was rather gentle to
avoid any laser induced damage of the sample. The estimated intensity
of the pump beam was 28 Mw/cm2 which was much larger than the saturation

intensity of 3.2 Mw/cm2 as measured by Phipps et a?,g The probe channel

had to be attenutated in order to avoid any saturation effects of its
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own. However, because of the short pulse duration and hence the small
pulse energy of the probe, it could not be attenuated too much before
getting into detection problems. In the experiment, we found that
there was a slight saturation due to the probe pulse. The transmission
of the probe pulse was 9% instead of 5.3% measured with a much weaker
nanosecond pulse. |

In Fig. 2 we plot the transmission of the prdbe pulse at the pre-
sence of the pumping truncated pulse as a function of the time delay
between them. It can be seen that when the two pulses overlap in time,
which is towards the left hand side of Fig. 2, the transmission of the
probe pulse is 22%. This is due to the strong absorption saturation
by the pump puise. As the delay is increased, the transmission of the
probe pulse decreases rapidly to its small signal value of 9%. This
corresponds to the case when the two pulses do not overlap in time at
all. The recovery of saturation in Fig. 2 can be nicely fitted with
an exponential time constant of 40 + 5 psec. Let us examine what this
recovery time means physically.

From the analysis of Brown and Bray,jo the dominant relaxation
mechanism for the excited holes in p-Ge are inelastic by acoustic and
optical phonons, and by ionized impurities. Keilmann included hole-
hole scattering and also scattering by neutral impurities in his dis-

cussion on the various lifetimes of the excited ho1e§,7

The results are
that only lattic scattering is important in the relaxation process,
with scattering times of 0.97 psec and 1.25 psec respectively for

optical and acoustic phonons at room temperature.
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It has been shown that6 the free induction decay pulse can be
approximated by a rapid rise on the order of 10 psec and then followed
by a exponential fall with a time constant of TZ/uL where TZ is the
dephasing time of the hot CO2 molecules and ol 1is the absorption of
the CO2 laser by the hot CO2 gas tube. The interpretation of the
experimental measurement represented in Fig. 2 is rather complicated
since it involves the convolution of the transmitted pump pulse with
the prbbe pulse. But physically the truncated pulse can be regarded
as a step function so that we are basically convoluting the fast decay
edge of the truncated pump probe with the TZ/aL decay tail of the
picosecond probe pulse, It is interesting to find that the observed
falltime agrees quite well with the calculated value of 45 psec for
Tz/aL, Therefore, the reCovery of saturation in Fig. 2 should not be
due to the relaxation effect in p-Ge but rather comes from the finite

pulse duration of the pulses used.

EXPERIMENT I1I

In the second experiment, we sent the entire truncated TEA laser
‘pulse through the hot CO2 absorption cell to generate a single pico-
second pulse with 4 Mw\peak power. This picosecond pulse was split
into two channels in the usual pump and probe arrangement. The two
channels were of different intensity with the stronger pulse acting
as a pumping channel with variable time delay. The weaker probe

channel was detected and integrated as in experiment I. A box-car



integrator was used for data averaging and the scanning of the pump
channel was done automatically with a controlled speed motor.
This experimeht was basically the same as experiment I except

that instead of a step function the pump pulse was replaced by another

picosecond pulse. Figure 3 represents the result of such a measurement.

We observed that there was a factor of two increase in the transmission
of the probe pulse as induced by the pump pulse.

In this experiment, both the pump and probe pulses were focussed
onto the sample by the same 5 inch focal length lens. Therefore the
degree of induced transmission depends quite sensitively on the spatial
overlap of the two pulses. Unlike the previous experiment, the zero of
time delay can be exactly located because the two pulses have the same
shape. The measured FWHM was 55 psec for a CO2 gas cell pressure of
250 torr. In the next section, we shall discuss the interpretation of
the experimental results and also point out some of the applications of

these experiments,

DISCUSSION

In order to interpret the saturation curves obtained in Fig, 2
and 3, let us look at the equations governing the propagation of the
two pulses through the absorbing medium. Let Ip(zat) and I(z,t) be
the probe and pump intensity as a function of position and time, Then
for an inhomogeneously broadened absorber, and for the case where the

relaxation time is much shorter than the laser pulse duration,



“8“%%& = - al(z,t) / /T + 1{z,t)/1) (1)
9l (z,t)

where o, IS are the small signal absorption coefficient and saturation
intensity respectively. In general, to obtain a solution of Ip(zgt)S

we have to solve (1) first, and then use the solution to I(z,t) to solve
(2). Obviously this is analytically impossible to perform. But we can

observe that from (1), (2)

1 alp(z;c) 1 91(z,t) (3)

Ip(zat) 3z T I1(z,t) 3z

This equation implies that Ip(zgt) and I{z,t) are proportional to each

other

Ip(zat) = C(t) I(z,t) (4)
The constant of proportionality C(t) can be obtained explicitly by
inyoking the initial condition at the entrance surface of the crystal.
Let the pulse shape function of the probe pulse and the pump pulse be
f_(t) and f(t) respectively, and that the time delay between them be

p
1, then

and therefore



Lzt = f () Gt (6)
Thus once the solution to eqguation (1) is found911 the transmitted
probe pulse can be obtained immediately without solving (2). The
physical interpretation of (6) is straightforward. The function
I(z,t + 1)/Ff(t + 1) is just the transmission function of the saturable
absorber T(t + t) which is determined by the pump pulse instantaneous
intensity. Therefore (6) simply means that the transmitted probe pulse
is given by T(t + ©) multiplied by the input intensity of the probe
pulse. Notice that (3) and hence (6) are not valid when I(z,t) is
equal to zero. In that case T(t + t) should be replaced by the small
signal transmission value of the sample. In the following, let us
examine some salient features of the experimentally observed data with
the help of equation (6).

First of all, since the detection system cannot time resolve the
picosecond CO, pulses used in the experiment, the observed signal S{t)

must therefore be time-integrated. Hence

[ee]

S(t) = jgﬂdt fp(t) T(t + 1) (7)
0
i.e., experimental curves in Fig. 2 and Fig. 3 are simply the convolution
function of the picosecond COZ pulse with the transmission function T(t).
For experiment I, as pointed out in the experimental section, T(t)

can be taken as a step function and the signal obtained is a direct



measure of the TZ/aL falling edge of the free induction decay pulse.
As mentioned above, the experimental fall time of 40 = 5 psec is in
good agreement with the calculated value of 45 psec for TZ/uL,

For experiment II, the two pulse shape functions for both the
pump pulse and the probe pulse are the same. However, the transmission
function T(t) is in general quite different from the original pulse
shape. In particular its width may be narrower or wider than f(t)
depending on whether the system is slightly or strongly saturated.
Also since (7) is not symmetrical in T, the measured convolution
function is therefore asymmetric in time delay. The measured FWHM on
Fig. 3 is 55 psec. The corresponding autocorrelation function of the
picosecond pulse under the same conditions was measured to be 32 psec.5
This is an indication that we are strongly saturating the absorption
in p-Ge. )

Let us discuss here the usefulness of the induced transmission
method as applied to the measurement of picosecond pulse durations.
The saturation methods described in this paper do not yield the first
order autocorrelation as in the two photon fiuorescenceiz or second
harmonic me'thodq5 Instead they provide correlation functions with
some other pulses. 1In particular, the arrangement in exﬁeriment I
gives'the correlation function of the picosecond pulse with a step
function. Therefore it is a valuable method of extracting temporal
information about the picosecond pulse. -

This method is not Timited to 10.6u only since fast saturable

absorbers exist for other frequency ranges. The other requiremeht
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for this type of measurement is the ability to generate a step function
using a gas breakdown plasma. This is not a serious problem since
most picosecond laser systems are capable of inducing gas breakdowns.
For example, it would be interesting to repeat this experiment with a
mode-locked Nd:Yag laser in a saturable dye solution. This should
provide more information on the temporal characteristics of such laser
pulses,

Another application of the induced transmission method has been
demonstrated recently in the measurement of the picosecond intramolecular

13 In such picosecond pulse

vibrational energy transfer time in SF6V
experiments, it is often necessary to have a pump and probe arrangement.
Putting in a known fast saturable absorber instead of the sample not
only provides us with an idea of the system time-resolution, it also
clearly defines the zero of time delay which cannot be obtatned accur-

ately otherwise.

CONCLUSION

We would like to emphasize here the general applicability of
picosecond COZ laser pulses to solid state physics gxperiments, Because
of the high peak power and small energy content, picasecond pulses are
idea for the study of solid state interactions at high Tight intensit"ies,14
For example, the saturation experiment ‘in p-Ge as a function of laser

intensity could easily be extended to over 1 GW/cm2 without procuring

material damage. It is a desirable advantage because only at very high
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laser intensities, can inhomogeneous and homogeneous broadening
mechanisms be distinguished,3

In conclusion, we have directly demonstrated the fast dephasing
and depopulation in p-Ge. Moreover, we turned the coin around and found
that the general method of induced saturation can be quite useful in
characterizing picosecond pulses.

The author would Tike to thank Professors E. Yablonovitch and N.
Bloembergen for their guidance, and Professor Y. R. Shen for commenting
on the manuscript. The work was partially supported by tﬁe Joint
Service Electronics Program at Harvard University and by the Division
of Chemical Sciences, Office of Basic Energy Sciences, U.S. Department

of Energy under contract No. W-7405-Eng-48.
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FIGURE CAPTIONS

Fig. 1.
Fig. 2.
Fig. 3.

Experimental arrangement emplying the truncated TEA laser
pulse as a pump source and the picosecond free induction
decay pulse as a probe. Attenuators and filters are not
shown.

Induced transmission of the p-Ge sample as a function of the
time delay between the two pulses. The exponential fall time
is 40 £ 5 psec.

Saturation of absorption recovery scan using both picosecond
pulses as pump and probe. FWHM of this trace is 55 psec.

See text for a discussion of this measured width.
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