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Optoelectronic measurement of x-ray synchrotron pulses: A proof of concept

demonstration
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’Birck Nanotechnology Center, Purdue University, West Lafayette, Indiana 47907, USA
3Advanced Photon Source, Argonne National Laboratory, Argonne, Illinois 60439, USA

(Received 11 December 2012; accepted 28 January 2013; published online 7 February 2013)

Optoelectronic detection using photoconductive coplanar stripline devices has been applied to
measuring the time profile of x-ray synchrotron pulses, a proof of concept demonstration that may
lead to improved time-resolved x-ray studies. Laser sampling of current vs time delay between
12keV x-ray and 800nm laser pulses reveal the ~50 ps x-ray pulse width convoluted with the
~200 ps lifetime of the conduction band carriers. For GaAs implanted with 8 MeV protons, a time
profile closer to the x-ray pulse width is observed. The protons create defects over the entire depth
sampled by the x-rays, trapping the x-ray excited conduction electrons and minimizing lifetime
broadening of the electrical excitation. © 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4791559]

Optoelectronic techniques have greatly expanded the
capabilities for subpicosecond measurement and generation
of optical pulses. Optoelectronics bypasses the challenges of
terahertz bandpass electronics by relying instead on ultrafast
optical pulses from readily available lasers to provide supe-
rior time resolution.'™ The time profile of laser pulses can
be measured optoelectronically with subpicosecond preci-
sion, limited only by the ability to reduce photo-induced
carrier lifetimes in the substrate to sufficiently low levels.
This would be a very attractive capability for determining
x-ray synchrotron pulse profiles, since a laser pump x-ray
probe experiment can produce changes in x-ray reflectivity
in less than a picosecond.”™® Standard x-ray detectors, how-
ever, are unable to resolve time responses faster than the
synchrotron pulse duration (~50-100 ps). Subpicosecond
resolution is possible using time slicing techniques where an
ultrafast laser pulse interacts with an electron bunch in the
storage ring, or bypassing synchrotrons for an x-ray free
electron laser or a laser-induced plasma source.”~® Efforts to
obtain higher time resolution at standard x-ray synchrotron
beam lines include the development of x-ray streak cameras,
which have demonstrated 2 ps resolution.'® For an alterna-
tive approach, we report here on the optoelectronic detection
of x-ray synchrotron pulses using GaAs substrates whose
carrier lifetime is reduced by deep implantation with ener-
getic protons.

Subpicosecond measurement of high repetition rate laser
pulses begins with illuminating a biased coplanar stripline pair
on the surface of a semi-insulating semiconductor (see Fig. 1,
top). The photo-induced current pulse across the gap launches
an electrical pulse down the stripline whose spatial profile
follows from the laser pulse time profile, lengthened by the
photo-induced carrier lifetime. A time-delayed sampling laser
pulse, split off from the original laser pulse, illuminates the
photoconductive gap to a sampling electrode. The current
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across the sampling gap is proportional to the instantaneous
value of the original voltage pulse at the sampling electrode,
but also convoluted by the photo-induced carrier lifetime in
the sampling gap. Standard electronics are used to measure
this current vs time delay between the two laser pulses, con-
trolled with picosecond precision.

The photoconducting material is typically a thin layer of
a semi-insulating semiconductor that has a negligible carrier
density until illuminated by photons with an energy above
the band gap. High absorption of these photons results in
sub-micron penetration depths that determine the minimum
device thickness. Because the photo-excited carrier lifetimes
can be much longer than the desired time resolution, the
semiconductor must have excess defects that trap the photo-
carriers with subpicosecond rates. This can be achieved
using 0.5 um silicon on sapphire substrates with oxygen ion
implantation.'' Similar results have been achieved by doping
of various semiconductors, including InN and GaSb.'*!?
Another common approach is to employ “low temperature”
gallium arsenide (LT-GaAs), in which a GaAs epilayer is
grown by MBE such that excess As is incorporated, produc-
ing the needed trapping sites; these can also be fabricated as
freestanding, micron thick devices.'*"?

None of these approaches, however, are well-matched to
the x-ray penetration depths in the ~10-100 yum range. We
minimize the depth using GaAs substrates with 12keV
x-rays, just above the Ga and As K absorption edges, which
reduces the exponential absorption length to ~11 um. (For
comparison, the absorption length in Si would be ~230 um.)
Standard implantation methods cannot reach this depth, and
MBE growth is challenging for a thickness of the several
absorption lengths needed, so instead we implanted with
8 MeV protons using the PRIME Lab van de Graaf accelera-
tor at Purdue.'® The implanted dose was 10 em™2; simula-
tions predict a near-surface vacancy density of ~10'8cm™3;
the relative penetration depths are indicated in Figure 2.'7
Proton bombardment of GaAs at 200keV has reduced

© 2013 American Institute of Physics
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FIG. 1. Optoelectronic detection of x-ray synchrotron pulses. Top: Layout of the coplanar stripline on a GaAs substrate surface. A DC voltage is applied across
the 25 um gap. The x-ray pulse produces carriers that become a current pulse shorting the gap, creating a propagating voltage pulse. A time-delayed laser pulse
creates photocarriers in the sampling gap, leading to a brief current proportional to the voltage at the gap. The current versus x-ray/laser pulse delay (/,(r))
maps out the time profile of the original x-ray pulse, convoluted with carrier lifetime effects. Bottom: Layout of the synchrotron experiment. X-ray pulses are
monochromated to 12keV and focused by Kirkpatrick-Baez (KB) mirrors to a 50 um spot size and intensity of ~6 x 10'! photons/s centered on the coplanar
stripline gap, after passing through a 1kHz chopper. The RF signal that controls the synchrotron electron bunches (351.933 MHz) is divided by four
(87.9835 MHz) to provide the reference signal for the Ti:sapphire laser oscillator. The laser produces one laser pulse per x-ray pulse at a fixed time delay deter-
mined by a delay generator that controls a RF phase shifter. The laser pulse is focussed with a microscope objective onto a 10 um photoconducting gap
between the striplines and a sampling electrode, with an average power of ~80 mW. The collected current is converted to voltage by a preamplifier, and meas-
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ured by a lock-in amplifier referenced to the chopper frequency.

laser-excited carrier lifetimes from 200 ps to as low as 0.5 ps
for comparable doses, suggesting similar results are possible
at8 MeV.'®"”

The goal of optoelectronic x-ray detection is to deter-
mine the time profile of the incident x-ray pulse, X(#). What
is measured is the sampling current versus x-ray/laser pulse
time delay, I;(¢) (Fig. 1). Making this current proportional to
X(#) requires the following: (1) The x-ray induced carriers in
the stripline gap, which produce the shorting current, should
have subpicosecond lifetimes. (2) The laser induced carriers
in the sampling gap also should have subpicosecond life-
times. (3) The propagating electrical pulse should remain
undistorted by dispersion before being detected at the sam-
pling electrode; this is readily achieved by minimizing the
distance travelled (~100 pm).

Coplanar striplines were fabricated with CMOS compat-
ible microfabrication processes on a semi-insulating GaAs
wafer. X-ray pulses are generated at the Advanced Photon
Source (APS), an x-ray synchrotron that operated at an
88 MHz repetition rate with nominal 50 ps (FWHM) pulses;
x-rays were monochromated to an energy of 12keV at the
Sector 7-ID beamline.”® Laser sampling was accomplished
with a Ti:sapphire oscillator laser producing 800 nm pulses

of ~100 fs duration. Synchronization of x-ray and the laser
pulses is achieved by phase locking the 4th subharmonic of
the 351.933 MHz rf signal that drives the electron bunches in
the synchrotron to the laser, to produce output pulses at that
frequency (87.9835 MHz). The phase error signal is fed back
to a piezo motor that controls the laser cavity to stabilize the
cavity length. To change the time delay, a delay generator
(Stanford SDG 645) and a mechanical rf phase shifter (Colby
PDL-100A, resolution 0.25 ps) are used to shift the phase of
the synchrotron rf signal. The estimated jitter between x-ray
and the laser pulses is about 1 ps.?’

A side effect of implantation with 8 MeV protons is the
transmutation of some of the target Ga and As nuclei into
radioactive isotopes. In particular, ®Ga transmutes into **Ge
(half-life 39h), and °As into °Se (half-life 120d).>* Initial
activity determined by gamma spectroscopy found levels
below 200 kBq. This corresponds to a negligible dopant den-
sity, less than 10"2¢m—3.

The measured sampling current for a standard semi-
insulating GaAs substrate is shown in Figure 3 (top). A pro-
nounced drop in the baseline current is observed for a dura-
tion consistent with the 50 ps x-ray pulse duration broadened
by a carrier lifetime of ~200 ps. Note that in optoelectronic
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FIG. 2. Penetration depths into the GaAs
substrate. Top: Cross-section view of
GaAs substrate and the biased coplanar
striplines, indicating the much greater
penetration of 12keV x-rays relative to
the 800nm laser light (not to scale).
Middle: Exponential decay curves for
the laser and x-ray radiation. Bottom:
Vacancy density versus depth for 8 MeV

protons, showing a nearly constant den-
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FIG. 3. Relative sampling current versus x-ray/laser pulse time delay. Top:
Sampling current for semi-insulating GaAs, showing a pronounced signal (a
drop from the baseline) caused by the x-ray generated voltage pulse passing
the sampling gap. The width is consistent with 50 ps x-ray pulses convoluted
with ~200 ps carrier lifetime in GaAs. Bottom: Results for GaAs after bom-
bardment with 8 MeV protons. The baseline current is much reduced after
bombardment; the absolute deviation from baseline is smaller by 1074
Three well-resolved structures are visible (a)-(c), corresponding to the x-ray
induced voltage pulse and its reflections from impedance mismatches in the
stripline. The bare line corresponds to the nominal 50 ps (FWHM) profile of
the synchrotron pulses.

sity for the top region exposed to x-rays.

8 MeV proton-induced
vacancy density

400 500

measurements of laser pulses, the photocarriers are directly
excited into the conduction band by the absorption of a sin-
gle photon, whereas for x-rays there is a cascade of events
following K shell absorption that leads to electrons in the
conduction band. These data establish that the additional
x-ray de-excitation processes still lead to conduction band
dynamics similar to direct laser absorption, at least at pico-
second time scales.

Figure 3 (bottom) shows the result of 8 MeV proton
bombardment of the GaAs substrate. Note that there are now
three separately resolved peaks in this time profile, each of
them broadened somewhat compared to the nominal 50 ps
(FWHM) gaussian synchrotron pulse width (although with
low count rate limited statistics). This is very strong evi-
dence that the proton bombardment has created trapping sites
that significantly reduce the carrier lifetimes from the intrin-
sic value (~200 ps). Analysis of the actual electrode configu-
ration provides an explanation of the three peaks. As shown
in Figure 4, there are two impedance mismatches in the stri-
pline circuit, where previous time domain reflectometry
measurements show first a drop from Z = 60 Q to 40 Q where
the electrode width abruptly increases (and would produce a
reflected pulse of the same polarity), and then a jump to
Z =150 Q from the wires bonded to the electrodes (which
would produce a reflected pulse of opposite polarity). These
mismatches are consistent with the small positive peak
(labelled “b” in the figure) and the larger negative peak
(labelled “c”), assuming a pulse group velocity (v=c/n)
determined by an index of refraction n =4.2.

Proton implantation in GaAs caused the x-ray induced
sampling current to drop by nearly a factor of 1074, signifi-
cantly greater than expected if the carrier lifetime were
simply reduced by a factor of 10™%; the small signals made
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FIG. 4. Generation and reflection of
voltage pulses in the coplanar stripline.
Top: Layout of the coplanar stripline
circuit (not to scale). The central region
has a measured impedance of Z =600,
bracketed by regions of 40 Q and 150 Q.

b) S

-—’

(a) X-ray pulse excitation near the center
of the coplanar stripline circuit (above)
creates voltage pulses that propagate in
both directions along the wave guide. (b)

The initial pulse is partially reflected at
the first impedance mismatch, with posi-
tive amplitude. (c) The pulse is then
reflected at the second impedance mis-

larger time step sizes necessary as well as the larger error
bars. In standard optoelectronic measurements, the laser pho-
ton energy is only slightly greater than the band gap, so the
direct promotion of a valence electron results in a conduction
electron with little initial kinetic energy. When an x-ray is
absorbed, however, the energetic photoelectron and subse-
quent Auger electrons produce electron-hole pairs with an
average energy over 10eV.” These electrons may also inter-
act with the defect sites created by proton bombardment, and
become trapped before they thermalize in the conduction
band. This would effectively remove them from the carrier
population, possibly accounting for the large suppression of
current. This model needs to be tested with future studies of
x-ray interactions with proton-implanted GaAs.

These results are a proof of concept demonstration
that synchrotron x-ray pulses can be detected using optoelec-
tronic techniques, and several avenues are apparent for
improving on these results. The impact of reflected pulses
can be minimized by increasing the length of the striplines
and improved impedance matching on the device. The
proton-induced loss of signal needs to be studied as a func-
tion of dose and perhaps annealing to remove certain defects.
That problem might also be solved by switching from proton
implanted GaAs to MBE-grown LT-GaAs or other thin film
devices with shorter lifetimes, where greater efficiency may
compensate for thicknesses less than the x-ray absorption
lengths. With sufficient progress in these areas, measure-
ments of picosecond x-ray time responses in laser pump
x-ray probe studies “inside” the synchrotron pulse duration
should become feasible, opening up a new ultrafast time
domain for x-ray synchrotron sources.

We acknowledge Tom Miller, Shih-Chieh Liu, Jason
Boomsma, Calvin Ebinger, and Tony Clevenger for assis-
tance with the experiments. This research was supported by
the U.S. Department of Energy, Office of Basic Energy
Science, through Award No. DE-SC0004078. Use of the
Advanced Photon Source was supported by the U.S. Depart-
ment of Energy, Basic Energy Sciences, Office of Science,
under Contract No. DE-AC02-06CH11357. The PRIME

match with negative amplitude.
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