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Photon spectra in the energy range 60 keV to 1 MeV were recorded from targets irradiated by the LLNL
Titan and LLE EP picosecond lasers. The radiation consisted of K-shell radiation, bremsstrahlung radiation
from MeV electrons, and preliminary evidence for 511 keV positron annihilation radiation. The spectra
were recorded by two instruments, an energy-dispersive CCD detector with a CsI phosphor coating that
operated in the single-hit per pixel mode and was absolutely calibrated using a Cs-137 662 keV source,
and a wavelength-dispersive Cauchois type spectrometer employing a curved Ge(220) transmission
crystal that operated in the first and second diffraction orders with high spectral resolution. The cali-
brated photon energy distributions from Au, Eu, and Al targets are compared to the energetic electron
distributions emerging from the targets.

Published by Elsevier B.V.
1. Introduction

When focused to a few micron diameter, a powerful laser pulse
(>100 TW) has electric field strength >30 MV/mm and can accel-
erate electrons in solidmaterial on fsec time scales toMeV energies.
In high-Z materials such as gold, these electrons slow downwithin
a mm and produce intense hard X-ray bremsstrahlung radiation.
This in turn can create electron-positron pairs when target nuclei
interact directly with such energetic electrons (the trident process)
[1] or indirectly with energetic bremsstrahlung photons (the
BetheeHeitler process) [2]. High-energy electrons and positrons
have been observed to emerge from gold and other targets, where
acceleration results from the intense sheath field particularly at the
backside of relatively thin targets, and beams of energetic electrons
and positrons were produced by shaping the backside surface [3].

While the study of energetic particles emerging from solid
density targets can provide useful information about the laser-
target interaction, the inferred particle parameters are not neces-
sarily characteristic of the energy distributions inside the target
owing to the slowing down process and to acceleration at the
surface. A better indication of the energy distribution inside the
target is gained by the study of the energetic radiation emerging
from the target such as MeV X-rays and 511 keV positron annihi-
lation radiation. As indicated in Fig. 1, the radiation with energy
).

B.V.
>300 keV undergoes low attenuationwhile escaping frommm size
gold targets. By use of transmission crystal spectrometers and
targets having several heavy metal wires distributed within the
targets, the hard X-ray K-shell spectra were recorded and were
utilized to infer the energies of electrons generated in the focal spot
and propagation over mm distances from the focal spot in a variety
of materials [4,5].

In this paper, we report the observation of MeV gamma ray
spectra from gold and other targets irradiated by the LLNL Titan and
the LLE EP picosecond lasers. The gamma ray fluence is compared
to the energetic electron and positron fluences emerging from the
targets. These results, when combined with numerical modeling,
can be used to characterize the positron creation and annihilation
mechanisms inside the target.

2. Single-hit CCD detector

The gamma ray spectra were recorded by a CCD detector having
1700 by 1200 pixel format, 20 mm pixel size, and a CsI scintillator
[6]. The detector was calibrated using the K-shell lines from a W
discharge source [7], and more recently calibrations were per-
formed using a Cs-137 radioactive source having 1.0�1011 Bq
activity at 662 keV. When exposed to the Cs-137 source, it was
found that numerous individual pixels had high counts and were
surrounded by pixels with low background counts. The number of
bright pixels was proportional to the integration time, decreased
with source to detector distance as R�2, and decreased with added
lead or tungsten shielding as expected for attenuation of 662 keV
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Fig. 1. Photon attenuation in 1 mm thick Au calculated by the NIST XCOM code. Fig. 2. The data points are gamma hits recorded by the CCD detector using the 662 keV
Cs-137 radioactive source and 10 s integration time as functions of the source to
detector distance. The curve was calculated using the photoelectric absorption of
662 keV gammas in the CCD’s CsI scintillator.
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photons. The individual bright pixels are therefore interpreted as
resulting from single 662 keV photons.

The number of 662 keV gamma hits in a 500� 500 pixel region
during 10 s exposures for source to detector distances in the 138 cm
to 571 cm range is shown by the data points in Fig. 2. At the smallest
distance, only 0.6% of the pixels have gamma hits, and thus the
probability of multiple gammas producing a hit is negligible. The
curve in Fig. 2 was calculated using the 0.031% photoelectric
absorption in 60 mm thick CsI. The average deviation of the data
points from the curve is 12%, and this represents the uncertainty in
the measurements.

The histogram of the number of pixels versus the counts per hit
was calibrated using the conversion factor 125 counts/662 keV
photon which was consistent with the conversion factor for
60 keVWK lines [7]. This conversion factor was used to convert the
histogram of hits to an energy spectrum in the Titan and EP laser
experiments.
Fig. 3. Gamma ray hits produced by the Titan shot 31 having 349 J short-pulse energy
and 9.6 J long-pulse energy in the open CCD region and regions having 0.9 mm Pb and
12.7 Pb added attenuation filters.
3. Spectra from Titan shots

The CCD detector was positioned outside the Titan laser-target
chamber at a distance of 2.85 m from the target. The detector had
a clear line of sight to the target through a Lexan vacuum window.
The detector was housed in a lead shielded box with a viewing
aperture and a lead tube collimator facing toward the Titan
chamber windowand the target. The viewing aperturewas covered
by a thin aluminum plate to make the box a Faraday enclosure, and
CCD images were acquired on each Titan shot without electro-
magnetic interference (EMI). When the CCD box and collimator
were positioned just outside the Titan chamber window, at
a distance of 1.22 m from the target, EMI occurred on some shots
and those data are not discussed here except to say that the number
of gamma hits varied with distance from the target as R�2 for the
two distances 1.22 m and 2.85 m.

Disk-shaped targets 1 mm thick and 2 mm in diameter were
irradiated by a laser pulse having 10 ps duration and energy in the
200e350 J range. On some shots the target was also irradiated by an
additional laser pulse having 3 ns duration and <10 J energy to
create a longer scale-length plasma to investigate the effect on the
generation of positrons and gammas, and for the data presented
here the two pulses were focused to the same spot and arrived
simultaneously.

Shown in Fig. 3 is a 400� 600 pixel region of the CCD image
recorded on Titan shot 31 having 349 J short-pulse energy and 9.6 J
long-pulse energy on an Au target. Indicated are the (open) region
of the image having no added attenuation filters, a region with
0.9 mm lead, and a region with 12.7 mm lead. The open region has
0.051 average gamma hits per pixel, and the hits in the filtered
regions are smaller. These images had an additional step wedge of
0.9 mm leadwith x1, x2, and x4 thicknesses, and it was verified that
the hits/pixel decreased with increasing lead thickness character-
istic of >100 keV photons from the target and passing through the
Lexan vacuum window.
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Shown in Fig. 4(a) are the total numbers of photons emitted from
the targets, irradiated by varying short-pulse energies, as deter-
mined from the pixel hits in the open regions of the CCD images
(without added attenuation filters). The data are corrected for
transmission through the Lexan vacuumwindow and the air path to
the detector and assume isotropic emission. The data points are
identified by the Titan shot numbers in the range 31e38, the target
material (Au, Eu, or Al), and, when present, the long-pulse energy. It
is apparent from Fig. 4(a) that the number of emitted photons
increases with the short-pulse energy and with the long-pulse
energy. In addition, the number of emitted photons increases with
the atomic number of the target, approximately proportional to Z.

Shown in Fig. 5 are the energy spectra determined from the
calibration of the CCD detector using the Cs-137 source at 662 keV.
The energy scale was established by the conversion factor of counts
per energy absorbed by the photoelectric process in the CsI scin-
tillator from the Cs-137 calibration and assuming a linear rela-
tionship between the counts and absorption at other energies. This
is an approximate energy scale that should be improved by cali-
brations at energies in addition to 662 keV; however, the energy
scale is sufficiently accurate to make comparisons among the
spectra from the Titan and EP shots. The spectra are in units of
photons/keV/sr emitted by the target, corrected for transmission
through the Lexan vacuumwindow and the air path to the detector
and assuming isotropic emission.

Fig. 5(a) shows the spectra from Titan shot 31, a Au target irra-
diated by 349 J short-pulse energy and 9.6 J long-pulse energy and
Fig. 4. (a) Photons emitted from the Titan shots (numbers 31e38) as functions of the
short-pulse energy, long-pulse energy, and target atomic number. (b) Average
weighted energies and the characteristic energies of the high-energy tails of the
photon distributions.

Fig. 5. Photon spectra from the Titan targets (a) Au, (b) Eu, and (c) Al. Straight lines are
drawn through the data points in the high-energy tails of the photon spectra.
from three regions: open (no added attenuation filters), 3.6 mm
lead, and 12.7 mm lead. Straight lines are drawn through the data
points in the high-energy tail of the spectra to indicate differences
in slope. It is seen that with the added attenuation, the numbers of
detected photons decrease and the tails of the spectra have
decreasing slopes. Spectra from Eu and Al targets, having similar
trends with added attenuation, are shown in Fig. 5(b) and (c). In
general, with increasing atomic number of the target, the number
of photons increases, the spectra have higher energies, and the
high-energy tail has smaller slope. This implies a hardening of the
spectra and a more efficient gamma production mechanism in
the focal spot with increasing atomic number.

The characteristic energies of the exponential falloff of the high-
energy tails of the spectra are shown in Fig. 4(b), where the data
points are identified in Fig. 4(a). Also shown in Fig. 4(b) are the
weighted average energies in the spectra, where the weighting is
by the photons/keV/sr values. This illustrates the hardening of the
spectra with increasing short-pulse energy and increasing atomic
number of the target, while the presence of the long-pulse has
a smaller effect on the spectral hardness.
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Shown in Fig. 6 are comparisons of (a) the gamma spectra fromAu,
Eu, and Al targets and (b) the energy distributions of the electrons
emerging fromthe same targets. Theelectron spectra, and thepositron
spectra discussed later, were recorded by electronepositroneproton
spectrometers (EPPS) as described in Ref. [8]. They were placed
approximately 20 cm from the target tomeasure the energy spectra of
the electrons andpositrons emerging fromthe target. It is seen in Fig. 6
that both thephotonandelectron energies andnumbers increasewith
the atomic number of the target. The electrons extend to higher
energies because of acceleration by the electric sheath field at the
target surface. The photon spectra are characteristic of the energy
distributions inside the targets because of minimal attenuation in the
targets.
4. Spectra from EP shots

The CCD detector was placed outside the EP target chamber and
had a clear line of sight to the target through the 6.7 cm thick
aluminum chamber wall. The CCD acquired images when placed
3.7 m from the chamber wall and suffered EMI when placed closer
to the chamber wall.
Fig. 6. (a) Photon spectra from Titan irradiated Au, Eu, and Al targets. (b) Distributions
of energetic electrons escaping from the targets on the same Titan shots.
Gold disk targets 1 mm thick and 2 mm in diameter were irra-
diated by the EP side-lighter and back-lighter beams having 9.5 ps
durations, overlapping focal spots, and simultaneous arrival. Shown
in Fig. 7(a) is the gamma ray spectrum from a shot having 759 J
side-lighter energy and 843 J back-lighter energy compared to the
spectrum from the Titan shot 31 having 349 J short-pulse energy
and 9.6 J long-pulse energy. The EP spectrum is corrected for the
transmission through the EP chamber wall and air path to the
detector and assumes an isotropic distribution. Shown in Fig. 7(b)
are the energetic electrons and positrons emerging from the EP
target.

The Titan shot produced 2.1�1012 gammas and the EP shot
produced 3.2�1013 gammas, a factor of 15more gammas produced
by a factor of 4.5 higher energy. This implies that the number of
gammas increases non-linearlywith laser energy and intensity, also
indicated by the Titan data at higher energies as shown in Fig. 4(a).

5. Positron annihilation radiation

A goal of this research is to spectrally resolve the positron
annihilation photons near 511 keV. The accurate measurement of
the energy and width of the 511 keV spectral feature would be
a measure of the slowing down of the positrons inside the target
and would inform the positron production and annihilation
mechanisms. While there are small bumps in the CCD spectra near
511 keV and at twice that energy in the spectra from the Au targets,
as indicated by the arrows in Figs. 5(a) and 6(a), the spectral
features are near the noise level and are inconclusive. The inherent
low energy resolution of the single-hit CCD spectra also inhibits the
observation of the 511 keV feature.
Fig. 7. (a) Comparison of the photon spectra from an EP shot and a Titan shot.
(b) Energetic electrons and positrons escaping from the EP target.



Fig. 8. High-resolution spectrum recorded by a transmission crystal spectrometer
from an Au target irradiated by the Titan laser.
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A high-resolution transmission crystal spectrometer was
designed and fielded on the Titan laser shots discussed in Section 3.
The spectrometer achieved the high dispersion necessary to
observe 511 keV photons by using a Ge (220) crystal having a rela-
tively small lattice spacing (0.200 nm) and bent to a large Rowland
circle diameter (965 mm). Compared to previous transmission
crystal spectrometers successfully utilized at laser facilities [5], the
instrument sensitivity was increased by employing a small source
to crystal standoff distance (254 mm) and a relatively thick Ge
crystal (0.4 mm). The spectra were recorded on Fuji MS image
plates, and the sensitivity of the image plate and scanner was
calibrated at 662 keV using the Cs-137 source. The spectrometer
bandwidth includes the Au K-shell lines in the 67e80 keV range in
the first diffraction order and the 511 keV region in the second
order. The energy scale was accurately determined, and the
shielding against scattered photons was optimized, using the
K-shell lines and high-energy continuum from a W laboratory
source with 400 kV peak kilovoltage.

Spectral features at 511 keV were observed on many Titan laser
shots on Au disk targets (1 mm thick, 2 mm diameter) but were not
observed on all Au shots. An example spectrum is shown in Fig. 8
where the first-order Au K lines and the second-order 511 keV
feature are identified. The high-energy scattered photon level was
high in all spectra, comparable to the scattered photon level in
spectra recorded from the NRL Gamble 2 MeV discharge machine
with a similar spectrometer [7]. The identification of the 511 keV
spectral feature must be confirmed by additional laser shots and
by further improvements in the spectrometer sensitivity and
suppression of the background level. The spectrometer sensitivity
can be increased by use of a thicker crystal having higher atomic
number (higher coherent scattering cross-section), and these
improvements are underway.

6. Discussion

We have presented the first calibrated gamma ray spectra, up to
approximately 1 MeV, produced by the irradiation of millimeter
size gold targets by intense picosecond laser pulses. The numbers
and energies of the gamma rays are correlated with the laser
energy andwith the atomic number of the target as well as with the
numbers of energetic electrons escaping from the target. Evidence
is presented for the observation of the 511 keV positron annihila-
tion feature in the spectra recorded by a high-resolution trans-
mission crystal spectrometer.

In contrast to the escaping electrons and positrons, which slow
down inside the target and are accelerated by the sheath field at the
target surface, the gamma ray spectra experience low attenuation
while escaping the target and are characteristic of the energy
distribution inside the target. Continued improvement in the
sensitivity and spectral resolution of the instrumentation, as well as
the increased X-ray continuum and 511 keV fluences produced by
short-pulse lasers with increasing energy and focused intensity,
will enable the accurate measurement of the energy and width of
the 511 keV spectral feature and characterization of the positron
creation and annihilation mechanisms inside the high-Z solid
density targets.
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