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Scanning cross-correlator for monitoring

uniform 3D ellipsoidal laser beams
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Abstract. The specific features of experimental implementation of
a cross-correlator with a scan rate above 1600 cm s and a spatial
delay amplitude of more than 15 mm are considered. The possibility
of measuring the width of femtosecond pulses propagating in a train
300 ps in duration with a repetition rate of 1 MHz is demonstrated.
A time resolution of 300 fs for the maximum time window of 50 ps
is attained. The cross-correlator is aimed at testing 3D pulses of a
laser driver of an electron photo-injector.
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1. Introduction

The electron beams used in modern free-electron lasers
(FELs) should satisfy very stringent requirements. A high
peak current (on the order of 1 kA after several stages of elec-
tron bunch compression), a low normalised transverse emit-
tance (less than 1 mm mrad), and a small energy spread
(~0.1%) are necessary for efficient operation of such systems
as the FEL in Hamburg (FLASH, DESY, Germany); the
American project LCLS (Linac Coherent Light Source) based
on the Standford Linear Accelerator (SLAC); and the
European X-ray FEL (European XFEL, Germany), which is
being developed in Hamburg.

Currently, the most promising electron beam sources are
injectors based on the use of high-frequency guns with a pho-
tocathode, emitting electrons under irradiation by the so-
called cathode laser. In recent years, these injectors have pro-
vided beams with parameters necessary for successful FEL
operation (peak current ~ 50 A, electron beam duration
10-20 ps, and normalised emittance below 1 mm mrad). A
distinctive feature of the FELs based on superconducting lin-
ear accelerators (FLASH, European XFEL) is a high on—off
time ratio of cathode-laser pulses. The electron beams in these
accelerators are modulated in time as follows. Short bunches
with a width of several picoseconds are combined into rela-
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tively long (from 1 us to 10 ms) trains, propagating with a
repetition rate of 1-50 Hz [1-4]. Under these conditions, the
average FEL radiation power increases, due to which many
research problems can be solved. A high peak power is
obtained by providing necessary individual parameters of
each bunch in the train. In particular, to obtain a beam with
desired brightness, one needs electron bunches with a trans-
verse normalised emittance of ~1 mm mrad (or even less) and
a charge no less than 1 nC. Moreover, these parameters must
be reproduced with a high stability both within a train and
from train to train.

Generation of low-emittance electron beams in high-fre-
quency photoguns is a complex multiparameter problem.
Since a significant fraction of uncorrelated emittance is
formed during photoemission, the shape of the cathode-laser
pulse plays an important role in optimisation of electron
beam parameters. Therefore, profiling of the temporal shape
of a cathode-laser pulse is a very important problem. A tran-
sition from Gaussian to rectangular shape changes to a great
extent the space charge structure in the electron bunch emit-
ted by the photocathode.

Currently, studies aimed at generating such beams are
under way in many laboratories. Photo-injectors with laser
drivers are used in most cases. For example, electron bunches
with a charge of 1 nC and an emittance of 2.1 mm mrad at an
electron energy of 100 MeV have been obtained on the
FLASH photo-injector of the DESY accelerator for 10-ps
Gaussian laser pulses. The DESY-PITZ photo-injector pro-
vided an emittance of ~0.7 mm mrad for trapezoidal laser
pulses with a width of 21.5 ps and a leading-edge width of
2 ps [2].

The electron bunch emittance can be reduced even more
using 3D profiling. In this case, a distribution in the form of a
3D ellipsoid (with a time coordinate and two transverse spa-
tial coordinates) with a uniform electron density corresponds
to the strictly linear radial dependence of the forces of elec-
tron-bunch space charge (Kapchinsky— Vladimirsky distribu-
tion [5]). Under these conditions, the transverse emittance is
minimally increased. The generation of ellipsoidal pulses by a
cathode laser is considered to be the first step in this direction.
The requirements for the electron bunch parameters impose
the corresponding requirements on the parameters of laser
pulses. The spatial and temporal lasing characteristics should
correspond to the analogous parameters of the electron beam.
Below we will refer to picosecond pulses and long trains of
micropulses as micropulses and macropulses, respectively.
The energy of micropulses that is necessary to form electron
bunches depends on the photocathode efficiency and the total
bunch charge. The most stable and efficient Cs,Te cathodes,
which can operate for many months with an efficiency of
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~5% call for a lasing wavelength of 0.2—0.3 um and micro-
pulse energy ~1—10 pJ.

The aforementioned requirements to the lasing parame-
ters should be supplemented with the requirements for high
stability of micropulse repetition frequency and tuning this
frequency to the high pump frequency of accelerator mod-
ules. Commercial lasers cannot satisfy all these requirements.

Currently, we are developing a laser driver for the linear
electron accelerator DESY. The output laser radiation at a
wavelength of 262 pm is expected to have a form of a set of
3D micropulses of ellipsoidal shape with an energy up to
15 wJ, width of 67 ps, and a repetition frequency of 1 MHz.
The micropulses are combined into 300-pus macropulses,
which are repeated with a frequency of 1-10 Hz.

When developing and exploiting cathode lasers with ellip-
soidal micropulses (3D pulses), one must perform spatial and
temporal measurements of the radiation intensity. It is most
convenient to do using a cross-correlator. To this end, a cath-
ode laser, along with the operating channel, which emits pico-
second (main) pulses, should be equipped with a diagnostic
channel, emitting pulses much shorter than the operating
channel pulses and with a minimally possible time jitter with
respect to the operating channel pulses. For a laser driver
with 3D ellipsoidal pulses, a cross-correlator is a key unit
both in the formation of 3D ellipsoidal light structure and
during laser operation.

As will be shown below, the scan rate of the diagnostic
channel in lasers of this type is rather high. This problem is
difficult to solve using conventional time scanning methods.
In this study we propose a design of a cross-correlator that
successfully solves the problem of monitoring 3D ellipsoidal
pulses from a cathode laser.

2. Specificity of scanning the cross-correlator
for a laser driver of an electron accelerator

As was noted above, the fundamental difference between the
cross-correlator scheme for measuring cathode-laser pulses
and the conventional schemes is the high scan rate. Let us
estimate it.

Figure 1 presents a time diagram explaining the scanning
of micropulses in the cross-correlator. It can be seen that, in
the time interval of the macropulse (7= 300 us), one must
scan the operating channel pulse with a width ¢z, by a short
diagnostic-channel pulse with a width z4. To ensure confident
diagnostics of micropulses, the scan window width ¢, should
exceed f,,. The maximum number of ‘scans’ that can be done
during the time 7 does not exceed the number of pulses N per
train (macropulse). Each subsequent ‘scans’ is shifted with
respect to the previous one by a time interval Az, = t,,/N. For
a scan window with a width 7, = 15 ps and N = 300, At =
50 fs. This number gives the limiting time resolution of the
cross-correlator when an infinitely short pulse is used in the
diagnostic channel.

To make the diagnostic channel pulse shift by a value ¢,
during time 7, the rate of change in its spatial delay with
respect to the operating channel pulse in the case of propaga-
tion of these pulses in air, V' = ct,,/T, should be 1500 cm s~! (¢
is the speed of light) and remain constant during the entire
scanning interval f,. The real width of diagnostic channel
pulses in the cross-correlator under consideration is larger
than that presented in Fig. 1 by a factor of 6 and amounts to
300 fs (see below); correspondingly, the time resolution will
be lower by a factor of 5, but the scan rate should remain, as

previously, no less than 1500 cm s

3. Physical model of second-harmonic
generation in a cross-correlator

The correlator operation is based on a nonlinear optical pro-
cess: generation of the sum frequency. Our device generates
the second harmonic because the operating and diagnostic
pulses have identical frequencies. The correlator scheme
(Fig. 2) implements noncollinear interaction between the
main (1) and diagnostic (2) pulses, at which sum-frequency
pulses (3) are generated. The dependence of the energy of the
sum-frequency signal 173 on the time delay 7 of the diagnostic
pulse with respect to the main pulse is (under certain condi-
tions) a cross-correlation function (CCF) of the intensity pro-
files of the interacting pulses.

T'=300 ps

fp=1lus Diagnostic pulse

ty + Aty =1 us+ 50 fs

Main pulse

Im=6Ds tq=150fs
NN |
ty=15ps First micropulse

T+ t,=300us+ 15ps

Y

Last (300th) micropulse

Figure 1. Time diagram of 3D pulsed diagnostics.
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Figure 2. Interaction of pulses in a nonlinear crystal.

The main cross-correlator elements are a nonlinear crys-
tal, in which the frequencies of the operating- and diagnostic-
channel pulses are summed, and the delay line in the diagnos-
tic channel. The requirements to the delay line will be formu-
lated below. Now, we will determine the optimal conditions
for sum-frequency generation and present the results of 3D
numerical simulation as applied to the experimentally real-
ized parameters. This must be done to provide adequate rep-
resentation of the real parameters of operating-channel radia-
tion in terms of CCF.

The nonlinear noncollinear process of sum-frequency
generation (0o —e phase matching) is described by a system of
truncated quasi-optical equations:

~ X 21'1;%(2) * .
LIAI = — AzA 3CXp{—l[k3 — 2](1005(6!/2)]2},
klc cos(al2)
A 2TCX(2) *
1, A, = —i|—F———|A4,Asexpi{—ilks — 2kcos(a/2)]z}, (1)
krc?cos(al2)
2 (2)
fady = L]A A explilks — 2k cos(al2)]z}.

Here, A, are the complex amplitudes of strengths (n = 1,2, 3);
a is the angle between the propagation directions of the diag-
nostic and main pulses in the nonlinear crystal;

9.1 iky, 0> | 0
Ln=%: " war 2kA 2 5 Prox

is a linear differential operator; w,, and k,, are the central fre-
quencies and wave numbers, respectively; u, are the compo-
nents of the group velocities in the z axis; p; = /2 and p, =
—al2 are the angles under which pulses 1 and 2 propagate; p;
= Pwalk-ofr 1 the walk-off angle of the extraordinary wave; k»,
are the parameters characterising the group-velocity disper-
sion of the interacting pulses; and y? is the quadratic suscep-
tibility of the medium.

The nonlinear process must be implemented in the unsat-
urated regime, i.e., the energy of the sum-frequency radiation
W5 at the output of the nonlinear crystal should satisfy the
condition W3 < W, W,, where W, and W, are the energies of
the main and diagnostic pulses, respectively. It is important to
reduce the influence of the dispersion effects: group walk-off
and group-velocity dispersion of pulses, as well as the dia-
phragm-aperture effect, caused by the angular walk-off of the
extraordinary wave.

Another important aspect is the accuracy of adjusting the
phase matching angle 6,. The optimal adjustment is obtained
when the following condition is satisfied:

AKLI2 = [ks — 2kicos(al2)]LI2 < 1. (2)
Here, L is the nonlinear-crystal thickness. When the afore-
mentioned requirements are satisfied, the measured depen-
dence of the sum-frequency radiation energy on the time
delay is proportional to the CCF of the intensities /; and I, of
the main and diagnostic pulses:

Wy o< [ h - bdr. (3)

If the diagnostic pulse is a d-function in time, the mea-
sured dependence of the sum-frequency energy is propor-
tional to the main-pulse intensity. In this context, the case
where the diagnostic pulse is much shorter than the main
pulse (i.e., 13 <K 1) is implemented in the correlator under
consideration.

Generally, when the phase-matching conditions are vio-
lated and the thickness of nonlinear crystal is incorrectly cho-
sen, the measured dependence W;(r) is not a CCF, and this
circumstance significantly hinders the determination of the
main-pulse temporal structure.

The initial conditions for the main and diagnostic 3D
ellipsoidal pulses will be set using the following model pulses:

A = Alocosz<%P? >exp(iat|2/2),

_ 2X12 (2}11)2 <2l1>2
=30+ (3] + (3 4> =0, 4)
2
Ay = Axpexp|—21In2 ‘+y2+t2)]
D3 D} T3

Here, 7 and T, are the widths of pulses 1 and 2, respectively,
and D, and D, are the diameters of the corresponding beams.
Note that the expression for field 4, takes into account the
quadratic dependence of the phase on time, i.e., the linear fre-
quency chirp. As will be shown below, this consideration
must be performed to adequately describe the operation of
the laser driver cross-correlator.

To solve Eqn (1) with initial conditions (4), we developed
a numerical code to simulate the cross-correlator operation.
Typical values of the parameters of cathode-laser micropulses
were used: energies W, =0.1 uJ and W, =0.2 uJ, beam diam-
eters D; = D, = 0.5 mm, and pulse widths 7, = 7 ps and 7, =
0.2 ps. The centre wavelengths of the main and diagnostic sig-
nals are identical: 1.03 wm. In accordance with these parame-
ters and with allowance for the results of numerical simula-
tion, we chose a 1-mm-thick BBO crystal as a nonlinear crys-
tal for our cross-correlator. The crystal was cut in the direction
of the first-type (0oo—e) phase matching at the angles /= 23.4°
and ¢ = 30° to the optical axis. The dependence of the conver-
sion efficiency on the phase-matching angle detuning is close
to the corresponding dependence for plane waves. The total
phase-matching width in the critical plane for this crystal was
12 mrad at an internal convergence angle of 3° for the diag-
nostic and operating beams.

At a small detuning from the phase-matching angle
(within the experimental error), the correlator is expected to
adequately reproduce both the time CCF and the transverse
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distribution of pulse intensity at different instants (3D pulse
structure). Figure 3 shows the results of simulating the time
profile of the radiation tested and the CCF under conditions
of exact phase matching and detunings by 2.5 and 5 mrad
from the phase-matching angle. It can be seen that the CCF
shape and intensity distribution for the second-harmonic
radiation change only slightly at deviations of the nonlinear
crystal from the exact phase-matching direction within
+2.5 mrad. For these detunings, the correlation coefficient
between the CCF and time intensity distribution exceeds 0.97.

Signal (rel. units)
o o —
2N =S <)

T T

e
~
T

<
o
T

0 1
-10 -5

L
5 t/ps

Figure 3. Time intensity profiles of (/) a tested signal and (2)—(4) a
cross-correlator signal at exact phase matching (2) and at detunings
from the phase-matching angle by (3) 2.5 and (4) 5 mrad.

If there is a detuning of the phase-matching angle, the
transverse intensity distribution of the 3D pulse is also dis-
torted. Figure 4 shows intensity distribution patterns in the
plane of the central (i.e., at T = 0) cross section of the 3D pulse
at the fundamental frequency and at the second-harmonic
frequency for different detunings from the phase-matching
angle. The correlation coefficient between the spatial intensity

Near-field zone

y/ mm

y/ mm

0.5 0 0.5 0.5 0 0.5
x/mm x/mm

Figure 4. 3D-pulse intensity distributions in the central cross section
for the (a) fundamental harmonic and (b—d) the second harmonic in a
crystal oriented exactly at the phase-matching angle and detuned from
the phase-matching angle by (c) 2.5 and (d) 5 mrad.

distribution at the fundamental frequency (Fig. 4a) and the
intensity distribution at the second-harmonic frequency at
exact phase matching and at detunings from the phase-match-
ing angle by 2.5 and 5 mrad are, respectively, 0.947, 0.945 and
0.844. Hence, one can draw the following conclusion: at devi-
ations of a nonlinear crystal from the exact phase-matching
direction within £2.5 mrad the shape of the cross-correlator
pulse repeats that of the operating-channel pulse. This accu-
racy of crystal setting can easily be implemented in experi-
ments.

4. Design of the scanning delay line

As was shown in Section 2, our laser driver calls for a delay
line shifting the diagnostic pulse with respect to the operating
pulse over a distance of 4.5 mm at a constant velocity of
1500 cm s~!. Standard solutions to this problem in the form of
a ‘trombone’ with two mirrors, oriented at an angle of 45°
with respect to the optical axis and mounted on the solenoid
core, do not provide the desired parameters. In addition,
when scanning is performed, the radiation wave vector should
not deviate (in order to retain the conditions of second-har-
monic generation in the cross-correlator). Will and Klemz [6]
reported a design of a cross-correlator with a scanning delay
line, in which the scanning mirror moves uniformly with a
velocity of 30 cm s!. Since this mirror is located in a regen-
erative 23-pass amplifier, the effective velocity is 690 cm s,
which is close to the desired value, but, nevertheless, is still
insufficient.

A delay line made of a single-mode polarisation-maintain-
ing optical fibre was used as cross-correlator scanner. This
fibre (80 m long) was coiled as a spiral onto a thin piezoelec-
tric ceramic washer [7]. When a linearly increasing sawtooth
voltage (0—400 V) is applied to the washer electrodes, the
fibre length linearly increases, due to which scanning can be
performed within the scan window for 300 pus with a limiting
constant rate of more than 1500 cm s~!.

A high-speed video camera, which is intended to record
the transverse intensity distribution of 3D pulses, must be fast
enough to capture all frames for 300 pus; to this end, the rate
must be no less than 3300 frames s~! [8]. In the experiments
described below, we used a photodiode and a standard CCD
camera.

5. Experiment

In accordance with the theory [9], for the second-harmonic
intensity to be proportional to the operating-channel radia-
tion intensity, the frequency doubling efficiency # should be
much smaller than unity. We implemented the relation 7 <
0.1% in our experiment.

As was mentioned above, the laser driver has two chan-
nels: a main channel for irradiating the cathode of the elec-
tron photo-injector and a diagnostic channel for the cross-
correlator. Both channels are formed by the same radiation
source: a pulsed fibre laser. The mean power at the output of
fibre amplifiers in each channel is 0.5—-1 W. The pulse width
(FWHM) is 100 ps. The emission spectrum with a centre
wavelength A, ~ 1.03 um in both channels has a width A =
11 nm (FWHM) (Fig. 5). Compressors based on diffraction
gratings are mounted at the output of each channel. Figure 5
shows the autocorrelation function (ACF) of the operating-
channel pulse and the emission spectra of the diagnostic and
operating channels when the optical compressor is tuned to
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Figure 5. (a) ACF of the operating-channel pulse and (b) the spectra of
radiation at the outputs of the (/) diagnostic and (2) operating chan-
nels of the fibre part of the cathode laser.

minimum duration. According to the measurement results,
the pulse width does not exceed 235 fs for the diagnostic chan-
nel and 192 fs for the operating channel.

Figure 6 shows a CCF obtained with our cross-correlator.
For the temporal intensity profile 1(r) = cosh™(1.76¢/At), the
pulse width Az can be estimated as 335 fs. Its difference from
the pulse width derived from the ACF (235 fs) can be explained
by rather large path lengths of the diagnostic and operating
beams in air (more than 5 m) and in optical fibres (more than
80 m). Fluctuations of the difference in these lengths may be
as high as 0.1 mm, which would lead to an increase in the
minimum pulse width that can be measured by the cross-cor-
relator to 335 fs.

As was mentioned above, a high scan rate is necessary for
a laser operating in the regime of fairly long (300 us) but
rarely repeating (from 1 to 10 Hz) trains. The operating
capacity of the cross-correlator was verified at scan rates from
410 1600 cm s7!. To this end, we calibrated the device with the
aid of an external micrometer air delay line. The calibration
was performed by measuring the displacement of the correlo-
gram profile caused by the introduction of a known addi-
tional delay into the diagnostic channel. Thus, one can obtain
a calibration proportionality factor K between the pulse delay
in the diagnostic channel and the voltage applied to the piezo-
ceramic washer. To increase the calibration accuracy, the
operating-channel pulse was compressed to the Fourier limit
during calibration. Figure 7 shows the dependence of the cali-
bration factor K on the scan rate V. As one would expect, the
attainable amplitude of fibre extension is somewhat smaller at
high scan rates; therefore, the calibration factor slightly
decreases. This can easily be taken into account in the cross-
correlator operation.

K/ps V!
16 \\’\‘
12 +
8 -
4+
1 1 1
0 500 1000 1500  V/ems™!

Figure 7. Dependence of the calibration factor K on the scan rate V.

Other important characteristics of the cross-correlator are
the linearity of the fibre-scanner scan rate and the scan win-
dow. Although the temporal profile of the linearly increasing
voltage applied to the electrodes of the scanner piezoceramic
washer does not contain any sharp jumps, the nonzero spec-
tral width of the control voltage is sufficient to excite mechan-
ical resonances in the washer, which lead to a change in the
spatial delay rate. These changes were also measured using an
external air motorised delay line. Figure 8 shows the depen-
dence of the scan rate " on the time delay of the diagnostic-

o
)
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Figure 6. CCF of ultrashort radiation pulses in the operating and diag-
nostic channels.
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Figure 8. Dependence of the scan rate on the time delay of the diagnos-
tic-channel pulse.
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channel pulse at the maximum (available in our device) rate
of increase in the voltage across the piezoceramic washer:
400 V ms~!. It can be seen that, for a scan window width ¢,, =
52 ps, the relative change in the rate (AV/V) does not exceed
+8%, for t,, = 30 ps this change is £ 1.5%, and for ¢, = 15 ps
itis £0.5%.

The obtained limiting rate V' (above 1600 cm s7!) allows
one to scan operating-channel pulses with widths up to 15 ps
during a 300-ps macropulse. The limiting number of ‘scans’
that can be done using a diagnostic 200-fs pulse may reach 50.
This number is quite sufficient for measuring the parameters
of a 3D ellipsoidal 6-ps pulse.

Figure 1 shows that, if the pulse in the diagnostic channel
is much shorter than the operating-channel pulse ( 74 << t,,)
and the transverse sizes of the beams, dy and d,,, satisfy the
relation dy4 >> d,,,, one can measure transverse intensity distri-
butions for the second-harmonic beam at different delays of
diagnostic-channel pulses in order to reconstruct the spatial
and 3D temporal structure of operating-channel pulses. In the
experiments described here, we used Gaussian beams with a
bell-shaped time profile. Different transverse intensity distri-
butions for the operating-channel beam, obtained with a
CCD camera, are similar to Gaussian but have different
amplitudes. The shape of the dependences of the intensity dis-
tributions integrated over spatial coordinates on the time
delay between the operating and diagnostic pulses reproduces
the CCF profile. It can be seen in Fig. 9 that the CCF shape
recorded with a photodiode reproduces with a high accuracy
the CCF shape obtained by integrating the intensity distribu-
tion over the cross section.

120

100 |

CCF (rel. units)
&

D
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T

o
S
T

0 5 10 15 20 25 /ps

Figure 9. CCFs obtained (o) using a photodiode and (#) by integrating
the intensity distribution over the cross section of second-harmonic
pulses, using a CCD camera.

6. Conclusions

We considered a scanning cross-correlator aimed at testing
the spatial and temporal 3D structure of ellipsoidal pulses
emitted by the cathode laser of the photo-injector of linear
electron accelerator.

The above-described physical model of the cross-correla-
tor and the numerical code formed on its basis made it possi-
ble to estimate the distortions of the spatial and temporal 3D
structure of pulses at the experimentally attainable accuracy
of adjusting the nonlinear crystal of the cross-correlator.

The regime of cathode-laser operation imposes stringent
requirements on the rate of change in the pulse spatial delay in
the correlator diagnostic channel. For example, to implement
scanning of an operating-channel pulse with a width of 7 ps dur-
ing 300 ps, the minimum rate of change in the delay of diagnos-
tic-channel pulse should exceed 700 cm s~!. The design of the
delay line (based on a single-mode, polarisation-retaining optical
fibre, wound as a spiral onto a piezoceramic washer) used in the
cross-correlator under consideration, provided rates exceeding
1600 cm s~!, which made it possible to scan operating-channel
pulses with widths to 16 ps for a time of 300 ps.

The calibration of the correlator, performed at different
extension rates of the optical fiber of the diagnostic-channel
delay line, showed that the calibration factor at high rates
decreases only slightly, and this decrease can always be taken
into account in the correlator measurements.

The scan-window width in our design of the delay line
exceeds 50 ps during a scan time of 1 ms, and the correspond-
ing amplitude of the pulse spatial delay in the diagnostic
channel is larger than 15 mm. Under these conditions, the
relative change in the scan rate does not exceed 16 %. For the
scan window width corresponding to the operating-channel
width of 6—7 ps, it is no more than 1%.

Preliminary experiments with the cross-correlator showed
that its time resolution is 200-300 fs. The CCD camera,
which cannot record more than 60 frames per second, allowed
us to obtain images of transverse distributions of the cross-
correlator pulse intensity at different time delays 7 within the
scan window. The CCD data are in good agreement with the
CCF recorded using photodiodes.

Furthermore, we propose to use the above-described
cross-correlator in the UV range (fourth harmonic of a Yb
laser with A = 250—-260 nm). To this end, the nonlinear crystal
in the cross-correlator will be replaced with a BBO crystal, cut
so as to implement a nonlinear process with subtraction of the
fundamental-harmonic frequency from the fourth-harmonic
frequency in it. This scheme is in good agreement with the
concept of a correlator operating at the fundamental lasing
frequency, which was proposed in this study. The third-har-
monic power generated in this process (at A = 340 nm) can
easily be measured by photodiodes, while the spatial intensity
distribution can easily be visualised using a high-speed CCD
camera. With allowance for the fact that the effective nonlin-
earity of BBO crystals during frequency doubling is close to
that during third-harmonic generation, all our conclusions
obviously hold true for the cross-correlator operation in the
UV range.
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