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ABSTRACT

The design, test and optimization of a picosecond CO2 pulse-forming system are presented.
The system switches a semiconductor's optical characteristics at 10 /im under the control of a
synchronized 1.06-/̂ m Nd:YAG picosecond laser pulse. An energy-efficient version of such a system
using collimated beams is described. A simple, semi-empirical approach is used to simulate the
switching process, specifically including the spatial distributions of the laser energy and phase,
which are relevant for experiments in laser-driven electron acceleration.

1. INTRODUCTION

Lasers have been proposed as a tool for electron acceleration since early in their develop-
ment. But only with the advent of sufficiently high-power lasers has this idea become feasible, and
research programs are under way in several laboratories. The Accelerator Test Facility (ATF)1

at Brookhaven National Laboratory (BNL) is presently preparing to test three laser-acceleration
schemes. In all cases, the laser will interact with a 50 MeV high-brightness e-beam produced
by a conventional RF linear accelerator. One program investigates electron acceleration by the
inverse Cerenkov effect, first demonstrated in an experiment at Stanford University.2 Computer
modeling of the ATF experiment predicts that a radially polarized CO2 laser beam with 10-GW
peak power, focused in an axicon-like geometry on the electron beam may result in an acceleration
of up to 10 MeV in a 20-cm interaction length.3 Other methods to be tested are acceleration on
micrograting structures4 and an inverse free-electron laser.5

The high-power picosecond CO2 laser system being assembled at the ATF includes a CO2

oscillator and amplifier, and a semiconductor switching system for cutting a picosecond laser pulse
from the 100-ns pulse of the CO2 oscillator. The control beam for the semiconductor switch is an
Nd:YAG laser, used also as a synchronous photocathode drive for the linac's electron gun.

A semiconductor switching method,6'7 presently deemed most appropriate for gating low-energy
picosecond 10-fJ.m pulses from the output of a free-running CO2 oscillator, is based on modulating
the reflective and transmissive properties of a semiconductor by optically controlling the free charge-
carrier density N. A short-wavelength picosecond laser pulse with a photon energy above the band
gap of the semiconductor rapidly creates a highly reflective subsurface electron-hole plasma in a
semiconductor, such as germanium, which is normally transparent to 10-firn radiation. N is linearly
proportional tc the absorbed control-pulse energy £ by the relation

N = aE/(hu), (1)
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where a is the absorption coefficient and hu is the photon energy. For an Nd:YAG control laser,
a"1 = 1 fim, and, for a characteristic pulse fluence of « 1 mJ/cm2, the density of excess free carriers
created in Ge is more than 2xlO19/cm3. This is suflicient to "metallize" the Ge so that it switches
from a window at 10 ftm to a highly reflective mirror. Fig. la illustrates a semiconductor switch in
operation. A Ge plate is illuminated by p-polarized CO2 laser light at the Brewster angle (76°), to
insure a low background reflection. The control 1.06-fim beam is predominantly s-polarized so that
after a partial (about 20%) absorption the bulk of the energy will be reflected from the Ge plate.
As a result, the beam can be used on several successive switches without splitting and additional
synchronization.

ONE-STAGE REFLECTION SWITCHING

TRANSMISSION SWITCHING

(a) (b)

Figure 1: Principle and observations of the CO2 pulse semiconductor slicing with the Nd:YAG
picosecond laser pulse.

(a) - Principal scheme for semiconductor optical switching of a picosecond 10-/im pulse with the
1.06- fim control pulse. Time scales are given by the order of magnitude.

(b) - Oscilloscope traces of the Nd:YAG (upper trace), transmitted CO2 (middle trace), and reflected
CO2 (lower trace) radiation observed after a reflection switch. Sharp NdrYAG (« 6 ps) and
transient reflected CO2 (« 300 ps) pulses are not properly resolved in time.

After the termination of the control pulse, the main process governing the time evolution of
the excess free carriers, and hence the reflectivity, will be ambipolar diffusion:8

N (r, t) = N (r, 0) exp (a2Dt) erfc [a {Dt)Ui\, (2)

where the ambipolar diffusion constant D = 65 cm'sec"1, and N(r,Q) is the free-carrier density at
the end of the control pulse according to Eq.(l). The characteristic time, a~2D~l, is then 150 ps.
Electron-hole recombination is much slower, with a typical time of « 50 ns.9



To define the trailing edge of the pulse, shortening it to a few picoseconds, the complement
to reflection switching, transmission switching, is used for a second stage. An optically delayed
control pulse cuts off the trailing edge of the transient pulse by initiating reflection and absorption.
The resulting "sliced" transmitted pulse has the desired few-picosecond length.

This method can produce picosecond CO2 pulses close to the initial pulse in power (1 MW).
When two successive reflection switches used with an additional polarizer placed after them, the
ratio of background "leakage" power to the picosecond signal was reported6 to be as low as lO"5.

Previously, such a three-switch configuration was used with converging laser beams.6 Here
we employ collimated laser beams to reduce damage to the switches, and aberrations and optical
breakdown problems in the high-pressure multi-pass CO2 amplifier that follows the switch. Two
different slicing schemes, one, with double-plate reflection and single-plate transmission Ge switches,
and other, with the control beam polarization rotation between the two single-plate stages, were
experimentally compared during present study.

Note that the previous investigations of the semiconductor optical switching technique focused
primarily on fundamental aspects of the switching process itself. As a result, some practical ques-
tions important to specific applications have not yet been addressed. One such issue is the influence
of the spatial power distributions of the CO2 and control beams on that of the switched picosecond
pulse. In the present work, we attempt to consider the effect of laser radial energy distributions on
the spatial profiles of energy and phase in of the switched pulse, since these profiles are of prime
importance in electron acceleration.

2. SPATIAL DYNAMICS OF REFLECTION SWITCHING

The reflection switching is the most critical stage of the overall slicing process. Due to its high
threshold and sharp dependence on the control energy density (see below), reflection switching to a
large extent determines such ultimate characteristics of the switched radiation as the leading-edge
shape and the spatial and temporal power and phase distributions of the entire pulse. Consequently,
our first experiments investigated the proper conditions for reflection switching. We analyzed the
results semi-empirically, considering spatial and phase effects in reflection, to guide the optimization
of the slicing set-up. Here we describe this arrangement and its performance.

2.1. Experimental set up
The hybrid single-longitudinal zero-transverse mode TEA CO2 laser oscillator was the source

of the 10 yum beam. Its UV-preionized main discharge with a 60x2x2 cm3 volume was sustained
by application of a 40-kV pulsed voltage between two optimally profiled electrodes. A diffraction
grating, used as an end reflector in the laser cavity, selected a predetermined line in the COL.
rotational spectrum. A low-pressure auxiliary discharge tube served to specify a narrow high-gain
spectral zone in the vicinity of the selected rotational line and create favorable conditions for single
longitudinal mode selection. Final fine cavity length adjustment was performed by the piezo-electric
drive of the output mirror. Two intracavity on-axis iris diaphragms were used to select a single low
order transverse mode. The energy of the output laser pulse varied from 50 to 100 mJ about 50%
of which was contained in the leading main pulse with a FWHM duration of 50-75 ns.

The control beam was provided by an actively-mode-locked CW Nd:YAG oscillator, followed by
a fiber for pulse chirping and a regenerative amplifier to select, compress and amplify a single pulse,
resulting in 6-ps 10-mJ pulses of linearly polarized 1.06-/4 light.10 To drive the photocathode of the
linac's electron gun, this radiation is frequency quadrupled to 266 nm. The remaining infrared,
about 60% of the initial laser pulse energy, was deflected to the switching system. Controlling
the electron beam and the picosecond CO2 beam with the same source allows the synchronization
essential to laser accelerator experiments.
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The CO2 discharge is synchronized with the Nd:YAG by properly sequencing the triggers for
the Pockels cells of the Nd:YAG regenerative amplifier and the thyratrons of the C02 oscillator.

The semiconductor switches were composed of polished intrinsic Ge slabs fixed on 0.3 arc-sec
resolution rotary stages. The use of collimated laser beams helped to simplify the double-reflection-
switch configuration by placing two strongly parallel Ge plates with a small spacing between onto
a common rotary stage. We can illustrate this scheme by Fig. 5 where mirror Mx in the reflection
switch should be replaced by the second Ge plate. Half- and quarter-wave plates were not used
with a double-plate reflection switch. The angle between the CO2 and Nd:YAG beams directed
onto the two-plate reflection switch was kept to about 1°. The resulting relative lateral shift of
the beams between the 1-cm-spaced parallel slabs of the switch is only 0.75 mm. This makes it
possible to modulate the reflection of both Ge slabs without redirecting the Nd:YAG beam. It, is
also important to keep the angular spread between the 1.06- and 10-/um beams small in order to
achieve a symmetric profile of the reflection coefficient within the cross-section of the CO2 beam.
That, in turn, is the necessary condition for preserving the azimuthal symmetry of the reflected
CO2 beam. As a result, we avoid redirecting the beams between the plates and simplify overall
alignment of the system.

The control system used made possible a parameterization of the CO2 and Nd:YAG radia-
tion at the various stages of the slicing process within a time resolution of 300 ps (limited by
the oscilloscope), 50 nj in energy, and 0.1 mm over a laser beam's cross-section. Spatial energy
distributions in the laser beams were monitored in a single shot by an Electrophysics 5400-00Z
piroelectric camera which was read by a Spiricon LBA-100 Laser Beam Analizer.

2.2. Initial radial laser energy distributions and reflection switch performance

Fig. 2 shows typical measured radial distributions of the total (time-integrated) output energy
of the initial CO2 and Nd:YAG laser beams at the position of switch SR. The Spiricon plots
(Fig. 2a,b) are consistent with absolute measurements (Fig. 2c), performed ratiometrically with
two joulemeters, a beamsplitter and variable diaphragm in front of one joulemeter. Note the close
correspondence between energy distributions in the CO2 and Nd:YAG beams.

The onset of reflection was monitored on an oscilloscope, as shown in Fig. 1b, which shows the
NdrYAG sampled by a photodiode (upper trace), the transmitted CO2 recorded by a photon-drag
detector (middle trace), and the reflected CO2 pulse recorded by a photoelectromagnetic HgC'dTe
detector (lower trace).

Experiments were performed with control 1.06-̂ m pulses of energy varying between 1.5 and
5 mJ. For some experiments, the Nd:YAG beam was telescoped (compressed in diameter) by a factor
of 2 by a positive and negative lens, in order to test the switching efficiency at a higher control
fluence. Within this control-beam energy range, the maximum CO2 pulse reflection signal, 6 x 10~5

of the incident energy, was obtained with the telescoped 1.06-̂ m beam of 5 mJ energy. With 3.5
and 1.5-mJ control pulses, the reflected signal was 4xl0~5 and 2xlO"5, respectively. With an
untelescoped control beam, the reflected transient signals were about an order of magnitude lower.

The measured energy distributions have been used to calculate the spatial distributions of the
Ge transient reflectivity and the power and phase-shift profiles of the switched pulse.

2.3. Spatial energy distributions after reflection switching

From theory and experimental evidence it is well established that the transient reflection co-
efficient in Ge is a very steep function of the excess free-carrier density N.9 For an optically thick
Ge plasma it increases by a factor of 30 as N changes from 10~19 to 2 x 10"19. A nonuniform
transverse energy distribution in the control beam can thus lead to a strong nonuniformity of both
the reflectivity and the resulting spatial distribution of the sliced radiation.
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The reflectivity profile at the end of the control pulse, when N reaches maximum, may be
calculated using the control-beam fluence distributions shown in Fig. 2c and the experimental
dependance8 of the reflectivity at 10.6 ;um on the incident energy in a 6-ps 1.06-/xni pulse (Fig. 3a).
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Figure 2: Radial output energy distributions in the C02 (a) and Nd:YAG (b)laser beams measured
in single shots by the Spiricon analyser, and in multi-shot absolute measurements (c). In (c)
Gaussian fits are presented.

The calculated reflectivity profiles are shown in Fig. 3b for both telescoped and untelescoped
control beams. They were used to determine how the spatial distribution of the C02 beam is
modified in the transient reflection. The results of such calculations are shown in Fig. 3c for
the cases of the 5-mJ control pulse acting in the telescoped and untelescoped mode. These plots
represent the distributions just at the moment of the control pulse termination. The dot-dashed
curve gives the initial CO2 intensity distribution.

The spatial integration of these plots gives a total power reflected with telescoped and untele-
scoped control beams, of 21% and 13% respectively, and correspondingly a reflection efficiency of
a few percent in two-plate geometry. These calculations agree well with the experimental observa-
tions. A two-fold decrease, in the control pulse amplitude results in about a factor of 5 decrease in
reflectivity on the beam axis and an even stronger decrease on the wings (from Fig. 3c) leading to
a drop in the two-stage reflectivity by a factor of 25, consistent with the observed decrease in the
reflected signal for a 2-mJ untelescoped control pulse. From Fig. 3 it is evident that low reflectivity
can be caused by either a very narrow and steep reflectivity profile, in the case of a telescoped
control beam, or by a low peak intensity, in the untelescoped case.

The reflection efficiency of a two-plate switch, with unfocused laser beams of the energy distri-
bution shown, is limited by the 20% absorption in each Ge plate for an s-polarized control beam.
While this allows the same beam to control all three Ge switching plates in a straightforward
manner, the small absorption precludes the efficient use of the Nd:YAG pulse energy. Changing
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the proportion of s- and p-components in the control beam will not improve the overall efficiency:
although the p-polarized radiation will be completely absorbed at the first Ge plate, creating a
higher first-stage reflectivity, the reflectivity of the two-plate system will not exceed the reflectivity
of the second plate with a low illumination level.

From Jamison et. ai. (1976) Reflectivity Profiles E. 5 mJ

M =
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Figure 3: Experimental and model results for the spatial reflection characteristics of the Ge
switch.

(a) - Reflectance of Ge at 10 ̂ m vs. the incident energy of the 6-ps 1.06-/im pulse (normal incidence).8

(b) - Calculated reflectivity radial profiles at the end of a 6-mJ control pulse. Radial coordinate is
measured in the normal cross-section of the incident/reflected beam.

(c) - Intensity profiles of the reflected C02 . Dashed line indicates the initial CO2 power distribution.
(d) - Spiricon measurement of the reflected CO2 profile taken with the telescoped ^ontrol beam.
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2.4. Spatial nonuniformity of the phase shift upon induced reflection
Another effect resulting from the initial spatial inhomogeneity of the control laser beam is the

spatially inhomogeneous phase shift of the reflected beam. According to the Fresnel formulae of
classical electromagnetism, the phase shift of a reflected wave depends on the material and the angle
of incidence. For oblique incidence, it may vary from 0° for metals to 180° for dielectrics. With
optical "metallization" of Ge we have, within the cross-sec iion of the control beam, practically all
intermediate cases from "nearly dielectric" at the periphery to "nearly metallic" on the axis.

Fig. 4a represents the results of calculations9 for the phase change upon reflection from Ge
at the Brewster angle as a function of N. The observed discontinuity is in the vicinity of the
critical density where the real part of the dielectric function passes through zero. Relating Ar with
E according to Eq. (1) we can calculate the radial phase-shift distribution for any control-pulse
profile. The results of such calculations for three different cases of interest are presented in Fig. 4b.
Here again we consider the moment of control-pulse termination, when the reflection is maximum.

From Aicock & Corkum (1979)

ioo ,2

130

ISO

140

120

100

80

SO

40

20

0

co2

•

Phase

/ / /

.--

t

Shift Profiles

/
/

- onbcUicopcd 5 mi puixe
• t«]«seop«d 5 mJ puixt
• t*l**oop*d 2J mJ poll* -

Plasma Density [10*19] Radius [sun]

(a) (b)
Figure 4: Calculated CO2 phase variation upon reflection from the Ge plate a) vs. the excess
carrier density;9 b) vs. beam radius for various switching conditions.

Note that in a two-plate reflection switch any phase shift will double. We see that the rapid
phase shift occurs at the wings of the control pulse where the plasma density goes through the
critical value. Fortunately, for such low fluences the reflectivity is also quite small. Nevertheless, this
effect should be taken into account when in the amplifier and the electron acceleration experiment
or in other applications of the semiconductor-switched light pulses.
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3. SEMICONDUCTOR SWITCHING
WITH ROTATION OF THE CONTROL BEAM POLARIZATION

3.1. Proof of the slicing system modification
We can increase the reflection efficiency and reduce the phase shift by a factor of two by using

a one-plate reflection switch. In addition, this provides an effective way of utilizing the control
pulse with maximum efficiency by optimally redistributing its energy between the reflection and
transmission switches. Since the reflection switch is at Brewster angle, by properly polarizing the
Nd:YAG beam before each switch, we could arrange to absorb most of the energy at the reflection
switch and, after an additional rotation, absorb the remainder at the transmission switch.

One consideration in favor of the two-plate reflection switch is its suppression of the back-
ground in reflection, which is typically 0.1% of the initial CO2 intensity from every surface.68 In
our experiment, with an additional Brewster filter placed after the two-plate reflection switch, a
background-to-incident-energy ratio of about 2xl0~7 was obtained.

Note that, for a COa beam with an angular divergence of 1 mrad, the Fresnel equations give
a background less than 10~6 even with a one-plate reflection switch, if proper fine alignment is
introduced in both the incidence and perpendicular planes, and if the incident CO2 radiation is
strongly p-polarized. Further suppression of the background may be possible by using a saturable
absorber or spectral filter (recall the narrow-band spectral structure of the background and wider
transform-limited spectral band of the picosecord pulse). These considerations encouraged us to
construct and test the modified slicing system described below.

3.2. Experimental set up
The modified slicing optical set up is presented in Fig. 5. The reflection switch has been placed

on two perpendicularly oriented rotary stages giving the alignment in vertical and horizontal planes
with the accuracy 0.3 arc-sec. Mirror Mi, placed on the same stage as the Ge plate, automatically
conserved overall alignment of the slicing system during angular adjustment of the reflection switch.
A half-wave plate in the path of the incident control beam regulated Nd:YAG energy consumption at
the first Ge plate between 20% and 100%. The s-polarized Nd:YAG reflected beam was transformed
into a p-polarized beam after two passes through the quarter-wave plate. After a variable time-delay
introduced by the movable mirror M4, the Nd:YAG pulse was directed to the second Ge switch.
onto the spot irradiated by the transient CO2 pulse. Optical detectors, placed where indicated in
Fig. 5, allowed characterization of the 1.06 //m and 10 (ira. radiation in energy and time at every
stage of the slicing process.

3.3. Transmission switching and 10 /im pulse slicing
At the final stage of the slicing, transmission switching, the main effect should be free-carrier

absorption with a cross-section11 a = 6 X 10"16 cm2. Now take into consideration the number of
free carriers created per unit surface area N" = E/(hi>). Given the control pulse parameters on
transmission switch, we can construct profiles of N" and the optical attenuation (exp(-JVV)) at
various times, hence modeling the trailing edge of the sliced pulse.

Oscillograms of the Ge transmission at different control energies are shown in Fig. 6. This
shows the same dip as that shown in Fig. lb (middle trace), but with better time-resolution.

Fig. 7 displays the experimental dependence of the transmitted COj energy upon the delay time
of the control pulse coming to the transmission switch. This curve was obtained with an energy
absorption on the reflection and transmission switches of 3 mJ each. 1'nder these conditions,
the total energy contained in the transient pulse (infinite delay) was 100 fiJ, indicating a high
reflection-stage efficiency. Differentiation of this curve gives the transient reflected-pulse shape.
Its 200 ps plateau at the pulse maximum corresponds to a linear rise at the beginning of the
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experimental energy curve. For these times the free-carriers density is about twice that required
for 100% reflection at the first stage of switching.

COn psec PULSE SLICING OPTICAL LAYOUT

from TEA
CO2 OSCILLATOR

a -. -?— from psec
^ 2 j s YAG USER

plate H O i

toCO2

AMPLIFIER

Figure 5: The CO2-laser pulse-slicing configuration using a single reflection switch.

By properly positioning mirror M4, the 10 pm pulse can be sliced to various picosecond pulse
widths with an energy proportional to the width. The shortest length for efficient slicing depends
on the transient pulse's rise-time, which is, from these observations, shorter than 20 ps. In our
experiment we could not properly resolve the shape of the leading edge due to a compaxetively high
background level which was equal to the energy contained in a 30-ps sliced pulse.

3.4. Background after reflection switching
Low-level passive (without a control pulse) background of about 10~5 of the initial COa intensity

has been demonstrated by fine alignment of the reflection switch in two perpendicular planes.
But after slicing we observed w 10 times increase in background. Fig. lb (lower trace) clearly
demonstrates that this background is induced by the control Nd:YAG radiation. We attribute it
to incomplete diffusion and recombination of the undersurface free-carrier cloud. As a result, the
refractive index is less than in the steady state, the Brewster condition is violated, and a residual
reflection of the p-polarized CO2 radiation due to nonexact Brewster incidence occurs.

We plan to reduce the background by at least two orders of magnitude after gating the sliced
pulse through a nanosecond electro-optical shutter using a Pockels cell in front of the CO2 amplifier.
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4. CONCLUSIONS

By modeling and experimental tests, the transformation of the TEA COj laser beam profile
during semiconductor picosecond switching has been demonstrated. To reduce a phase shift over
the beam's cross-section and increase the energy effeciency of switching performed with collimated
laser beams, a modified design has been tested with control-beam polarization adjustment on both
the reflection and transmission stages. The spectrally narrow-band background radiation that
accompanies slicing has been demonstrated to be a result of the original CO2 pulse reflection due
to nonrecombined residual excess free carriers created by the control pulse.

The slicing system described here is intended to generate 10-ps, l-/ij, 10-^m pulses as input
for a multi-atmosphere TE CO2 amplifier. The amplified 100-mJ pulse will be used in Laser-Driven
Electron Acceleration Experiments at BNL.

TEMPOMl PAOflLE OF THE SWITCHED CO: PULSE

a)

Figure 6: OscillogTams of the trasmis-
sion of the Ge switch obtained with a) 2 mJ
and b) 4 mJ absorbed energy of the NdtYAG
laser pulse, observed after the first reflec-
tion switch with full-aperture collimated laser
beams (2 ns/div).

TIME IPSKI

Figure 7: Sliced CO2 laser energy vs.the
arrival-time delay of the Nd:YAG pulse at the
transmission switch, relative to the transient
CO2 pulse (right), and the shape of the CO2
pulse (left) calculated by differentiating the
experimental curve.
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