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In this paper, we present the development and application of a full-aperture backscatter diagnostics system 
at the Texas Petawatt Laser (TPW) facility. The diagnostic system includes three independent diagnostic 
stations. With this system, we obtained TPW on-shot focus properties, and high-harmonic spectral emission 
from solid foils (e.g., Cu and Al) and their Si substrate in an experiment to study laser hole boring, which 
show the hole-boring mechanism at relativistic intensities. The measured on-target full-power focal spots 
from ultrathin film targets help determine the optimum target thickness at certain laser contrast parameters 
for particle acceleration and neutron generation experiment, which is also a relative measurement of shot-to-
shot intensity fluctuations.
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High-power, ultrafast laser backscatter diagnostics are 
essential for characterizing the energy and spectrum of 
scattered light produced by laser–plasma interactions. 
Such diagnostics have been developed for most large 
laser facilities, such as the National Ignition Facility[1], 
the Trident Laser Facility at Los Alamos National Lab[2], 
and the Shenguang Laser Facility at SIOM[3].

In this paper, we report the development and  
application of full-aperture backscatter diagnostics 
at the Texas Petawatt Laser (TPW) facility. This  
diagnostic includes three independent backscatter 
diagnostic stations. The TPW is a laser with interac-
tion intensities of >1021 W/cm2 and pulse durations of  
<150 fs (full width at half maximum, FWHM)[4]. Apply-
ing this laser, opens up new potential for producing 
high-energy particles, including electrons[5,6], protons[7], 
and neutrons[8] through laser–plasma interactions. Here, 
we describe this diagnostic and introduce the alignment 
procedure. We also give an example of applying this 
diagnostic: the experiment on laser hole boring[9]. In this 
experiment, we measured the TPW on-shot laser pulse 
at focus and obtained harmonic spectral emission from 
the front side of free-standing, solid ultrathin targets  
(Cu, Ag, and Si). We compared the results from full- 
energy (~100 J) shots with those from lower-energy 
(~40J) shots, which shows the hole-boring mechanism 
at relativistic intensities. We also applied this diagnos-
tic to study the interaction of ultrashort laser pulses  
with ultrathin, over-dense plastic targets used in elec-
tron and proton acceleration, and neutron generation. 
Using this backscatter technique, we can obtain more 
information to determine the optimum target thickness 
at certain laser contrast parameters. Finally, we pres-
ent our conclusions and describe our future plans on 
this diagnostic, including time-resolved spectroscopy to 
investigate the dynamics of target heating and expansion 
processes, and the transparency or opaqueness of the 

plasma at peak interaction. This information is key to 
determine the particle acceleration mechanisms at work 
and to optimize the interaction with respect to laser and 
target parameters.

The backscatter diagnostics can capture laser focus 
information on a foil target and measure generated  
harmonic spectra from the target in a full-power sys-
tem shot. Figure 1 is an overview of the diagnostic 
setup. When the incident TPW laser pulse focuses 
on a film target, backscattered light from the front 
surface of the target is collected by an f#/3 off-axis  

Fig. 1. (Color online) Overview of the backscatter diagnostic 
experimental setup. Dashed blue lines indicate the backscatter 
diagnostic optical collection path and solid red lines indicate 
the main short-pulse laser path. The light blue lines indicate 
the alternative backscatter diagnostic beam path, where M 
is mirror. BS, beam splitter; SP, spherical mirror; Spec., 
spectrometer.
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parabolic (OAP) mirror, and it gets collimated with beam  
diameter of 254-mm. After passing through the mirror 
M1 inside the laser compressor, the backscattered beam 
hits on the mirror M2. The transmitted portion of the  
backscattered beam from M2 is used for Backscatter 
Station I (as shown in Fig. 1), whereas the reflected 
portion is further reflected by an f#/40 spherical mirror 
(SM) and focused to Backscatter Station II. The part of 
the beam leaking through the spherical mirror is focused 
by a very long focus lens behind it to the Backscatter 
Station III in the TPW Laser Bay. Figure 1 also shows 
a side view of Backscatter Station III. A beam split-
ter (a wedge) splits the focused backscattered beam to 
a CCD and a spectrometer for capturing the on-shot 
laser focus image and backscattered harmonics spectra, 
respectively. The reflective magnification is ~12×, mag-
nification with lens is ~10×, and all reflective imaging 
is achromatic.

Alignment of the backscatter diagnostics is crucial to 
their successful application. To align the backscatter 
diagnostics, the best focus of the OAP is achieved using 
an equivalent plane imaging system at target chamber 
center, based on a microscope objective and a low-power 
CW or an attenuated optical parametric amplified 
(OPA) alignment beam. However, this focal-spot char-
acterization method cannot be used on a full-power shot 
because of the strong thermal effect and B-integral effect 
at laser full power. The backscatter diagnostic allows 
us to directly measure the actual full-power on-target  
as-shot focus, which can differ from the low-power  
measurement[2].

The alignment process is the following: 1) Position 
microscope objective so as to image best focus from the 
OAP with CW beam, and switch to attenuated OPA for 
fine adjustments/focus confirmation. 2) Switch back to 
CW and pinch the beam to provide a backlight. 3) Move 
the tip of scanning tunneling microscope (STM) into 
the correct focal plane (get STM tip in focus through 
the objective, which had not been moved). 4) Confirm 
positioning by unpinching the beam. 5) Look at position 
off scattered light on side-scatter diagnostic, then move 
the target into the CW beam. When the scattered light 
off of the target is in the same position as the scattered 
light from the STM on the side-scatter diagnostic, the 
target is at the focus of the OAP.

To align the backscatter diagnostics, we use a 532-nm 
alignment beam to obtain the best image of an object 
at the OAP focus, such as the STM tip. The 532-nm 
alignment beam is from a green laser diode mounted in 
a mirror mount, as shown in Fig. 2(a). The alignment 
beam passes an STM tip at the OAP focus (tip diameter 
is ~5-μm) through an optical window of the chamber 
and arrives at the camera of a backscatter diagnostic. 
By adjusting the position of the camera, a best-focused 
tip image can be obtained after the alignment, as shown 
in Fig. 2(b), which indicates the best position of the  
camera. By applying certain kinds of glass filters, 
the backscatter diagnostic allows us to capture back-
scattered beams at the different wavelengths that are  
produced in the laser–plasma interaction.

Further, the scale calibration of the camera is  
achieved by moving the STM tip 150-μm in the focal 
plane of the OAP, recording images of the STM tip 

before and after the movement, and calculating pixel  
differences of the tip position in the two images.  
We obtained 0.34-nm/pixel for the CCD in focal-spot 
imaging. The absolute calibrated value of the spectrom-
eter combined with the camera is 0.39 nm/pixel by 
using Pen-Ray Pare Gas lamps where the spectrometer 
is microHR Imaging Spectrometer with Basler AF320f 
camera.

We can align the Backscatter Station III by using the 
same method we used for Backscatter Station II (Fig. 1). 
Alternately, if Backscatter Station III is aligned, we can 
use the image of an STM tip in Backscatter Station II as 
a reference to align other backscatter stations.

We developed the backscatter diagnostic at a laser 
hole-boring experiment at TPW and characterized the 
hole-boring mechanism through this system. The laser 
hole-boring regime was first numerically simulated by 
Wilks et al.[10]. They found that a laser could bore a 
hole when irradiated on a solid target if the laser focal-
spot size typically is diffraction-limited to about 8 μm, 
and the laser intensity is sufficient that Il2 is much 
larger than 1018 Wcm−2μm2, where I is the laser intensity 
and l the laser center wavelength. Hole-boring results  
primarily from pressure imbalance:radiation pressure 
pushes the critical surface into the target, and electrons 
accumulate in a sheath inside the target, creating charge 
separation, and when radiation pressure is equal to the 
pressure exerted by the charge separation, electrons 
stop acceleration[11,12]. Although hole-boring velocity has 
been measured by observing the redshift in the reflected 
hole-boring beam, experimental data on this regime are 
limited[13].

If we define β = v/c, where v is the hole-boring  
velocity and c the speed of light, we have β propor-
tional to I1/2 and ne

−1/2, where ne is the target solid 
density[11]. Because the intensity of TPW is one to two 
orders of magnitude greater than that used in previous 
experiments, we are expecting to see an order of mag-
nitude larger hole-boring velocity than that observed in  
previous experiments[12].

Fig. 2. (Color online) Backscatter Diagnostic III alignment by 
using a scanning tunneling microscope (STM) tip. (a) A green 
laser diode (532-nm) illuminates an STM tip at the center of a 
TPW target chamber, and (b) Forms a sharp focused image at 
a camera of Backscatter Station III after alignment.
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pedestal of incompressible noise. The pedestal, or the 
pre-pulse, often changes the optimum thickness of  
targets in the experiment[14].

As it is very important to find the optimum thickness  
for the TPW Laser facility, a bright laser focus image 

Fig. 3. (Color online) Backscattered on-shot focus image and 
spectra in a TPW laser hole-boring experiment. (a) Measured 
on-shot focus image (infrared wavelength filtered by a KG3 
glass filter). (b) Measured spectrum from a 0.5-mm-thick 
Si foil at laser energy of 99 J at blue wavelength range.  
(c) Measured spectra from Ag (1 μm thick) and Cu (0.9 μm 
thick) foil at different laser energy at green wavelength range.

In our experiment, the TPW laser is incident at  
22° from the target normal. The targets are Cu, 
Ag, and their Si substrates. The target thickness is  
0.9 and 1.6-μm for Cu, 1-μm for Ag, and 0.5-mm for 
Si substrate. The through-hole diameter on the Si  
substrate for fabricating free-standing thin Cu and Ag 
foils is 1-mm.

The typical on-shot focus image and spectra captured 
from Backscatter station III are shown in Fig. 3. For 
this shot, the laser pulse energy at 99 J, pulse duration 
150 fs, and center wavelength lL = 1057-nm, irradiates 
a Si substrate at 22° from target normal. Figure 3(a) 
shows the captured focus of the laser beam on Si slab 
target by focusing the backscattered visible wavelength 
range. The focal-spot diameter (FWHM) is larger than 
10-μm because we aligned the system by using a green 
532-nm beam. The lens behind the spherical mirror may 
produce chromatic aberration in the captured focus 
image in a wide backscattered wavelength range. In  
Fig. 3(b), we can determine the redshifted wavelength 
of the third-harmonic generation lrf from the laser–solid 
film interaction. With lrf, we then calculate the frequency  
(or wavelength) that the generated plasma emitted 
lSou from (lSou – lL)/lL = (lrf – lL/2)/(2lL). By using 
the equation [(1 + β)/(1 − β)]1/2 – 1= (lObs – lSou)/lSou,  
we can obtain the value of β. The calculated β from 
Fig. 3 is 0.2, which shows that the generated plasma by 
the TPW laser moves about 20% of the speed of light 
c at this experiment. This very fast recession velocity 
is probably due to the pre-pulse we have in the laser. 
The pre-pulse may generate a layer of pre-plasma with 
densities significantly lower than solid densities that the 
critical surface of the pre-plasma will be pushed forward 
much more quickly.

Further measured results on the thin Cu and Ag 
foils at different laser energies are shown in Fig. 3(c), 
which indicate the redshifting of the generated second- 
harmonic beam. The calculated β values at different 
redshifted wavelengths are listed at the bottom of the 
x-axis, which shows we may be able to get the hole- 
boring velocity about 20% of the speed of light even 
though limited by our spectrometer properties, we did 
not capture the whole redshifting spectra of second- 
harmonic beams. For these shots, the energy of the 
laser changed from ~40 to ~120 J for different targets 
with the same pulse duration of 150 fs (FWHM). We 
also measured redshifting of a third-harmonic spectrum 
by capturing the reflected beam in 10° to the target  
normal. The results are prepared for publications.

In addition, we have applied this diagnostic to an 
ultrathin foil experiment for electron and proton accel-
eration, and neutron generation experiment at TPW, 
which helps determine the optimum target thickness at 
certain parameters of the laser system.

In this experiment, we applied very thin plastic films 
as transparent over-dense targets to have high propa-
gation and high interaction density for laser-induced 
ion accelerations[14]. For such thin targets, very high 
laser contrast is required. However, in the high-power  
ultrashort pulse generation process, because of the 
nature of chirped pulse amplification process, reflection 
of optical surfaces, and ghost focuses of lenses in the sys-
tem, the short high-intensity pulse sits on a nanosecond  
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from a backscatter diagnostic station indicates that 
the high-intensity laser pulse is actually interacted 
with an over-dense target, which can narrow down the  
target thickness ranges. As Fig. 4 shows, in the exper-
iment, the OAP focuses the TPW laser pulse and is  

incident on thin-film targets in target normal. While the  
captured backscattered image from a 13-μm plastic film 
target [as shown in Fig. 4(a)] saturated the camera, the 
image from a 20-nm polyethylene terephthalate (PET) 
plastic film [Fig. 4(c)] is much weaker than that from 
a 300-nm TPX plastic (polymethylpentene) thin film  
[Fig. 4(b)]. We could not capture any backscatter focus 
images if the target is too thin to backscatter any light 
to the diagnostic station. With this, we narrowed down 
the optimum target thickness range for ion accelera-
tion and neutron generation experiments. This target  
thickness–dependent backscattered focal-spot informa-
tion strongly indicates the laser intensity and contrast 
information during the laser–solid interaction. Our 
group has submitted the result from this experiment 
to PRL for review. In addition, if we image the laser–
solid film interaction region in third-harmonic order, we  
could further use the backscatter diagnostic as a 
more accurate focal-spot diagnostic for high-intensity  
laser–solid interactions[15].

In conclusion, we have developed a full-aperture  
backscatter diagnostic at the TPW Laser facility and 
applied it to a TPW laser hole-boring experiment  
and a laser particle acceleration from a laser–plasma 
interaction experiment. With this diagnostic, we obtained  
the laser full-power on-shot focus information and  
measured the backscattered high harmonic emission 
from the TPW laser hole-boring experiment on Cu and 
Ag foils, and their Si substrates. The measured high- 
harmonic backscattered emission spectra suggest the 
laser hole-boring velocity could be 20% of the speed  
of light or larger. This higher velocity is very likely 
due to the extremely high TPW power (>1021 W/cm2)  
with very tight focus on a solid foil and the lower  
density of the pre-plasma created by the laser  
pre-pulse, which may be pushed forward much more 
quickly.

As the TPW laser is upgrading to a much high 
laser intensity contrast, this full-aperture diagnostic  
could help us determine the optimum target  
thickness of thin films at certain laser contrast parame-
ters by characterizing the laser full-power on-shot focal  
spot on target. Because the obtained results are time 
integrated, in the future, we will focus on developing 
time-resolved backscatter diagnostics to explore the  
evolution of the target properties on shot, and the laser- 
induced target heating and expansion processes. 
The technologies that we can use include frequency- 
resolved optical gating technologies for charactering 
the backscattered beam generated from laser–plasma  
interaction[16].
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