Accounting for spectral bandwidth broadening due to self-phase modulation
in measurements of laser pulse transmission through a dense plasma
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Abstract

A method has been developed to characterise the frac-
tion of laser energy transmitted through an initially over-
dense plasma whilst accounting for broadening in the
transmitted pulse spectrum. As such, this method ac-
counts for the effect of self-phase modulation which may
occur as an intense pulse propagates through beam-line
optics before being detected.

1 Introduction

At high intensities (>10'® Wem™2), some fraction of an
incident laser pulse can propagate through a nanometre
scale target due to relativistic self-induced transparency
(RSIT) [1-3]. The onset of RSIT has been shown to en-
hance the maximum energy of ions in a hybrid accelera-
tion scheme [4], and to result in ion beams of relatively
narrow energy spread [5]. Such a scheme has also been
proposed as a means to control the collective response of
electrons and ions accelerated during a laser-plasma in-
teraction [6,7]. The fraction of laser energy transmitted
during the interaction is indicative of RSIT onset time
relative to the peak laser intensity, and gives an indica-
tion of whether these mechanisms will occur. In this re-
port, a method for quantifying the fraction of laser pulse
transmission through an initially overdense plasma is de-
tailed and applied to results from a recent Astra-Gemini
(TA3) experimental campaign. On analysis, measure-
ments of the transmitted pulse spectrum demonstrate
broadening relative to the initial laser spectrum, indi-
cating the pulse had undergone self-phase modulation
(SPM) whilst propagating through optics after the tar-
get. Measurements of the transmitted spatial-intensity
distribution, often used to quantify the fraction of laser
pulse transmission, were made using a CCD camera fit-
ted with an interference filter so as to only measure light
at the fundamental laser wavelength. As a result, the
camera was unable to quantify the entirety of the broad-
ened transmitted light spectrum. By combining spec-
tral and spatial measurements of the transmitted light,
a comprehensive technique has been developed to char-
acterise the fraction of incident energy transmitted dur-
ing a laser-plasma interaction whilst accounting for SPM
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which may occur before the measurement is made.

2 Experimental methodology

Using the Astra-Gemini facility (TA3), linear-p polarised
pulses with a central wavelength, Ar, of 790 nm, full
width at half maximum (FWHM) bandwidth of ~ 30
nm, a duration, 77, of 40 fs (FWHM) and energy, Fy,
of ~ 5 J, were focused to ~ 3 pm (FWHM) using a
f/2 OAP, as shown in Fig. 1 (a). Aluminium targets
with thickness ranging from 10-113 nm were irradiated
at 0" with respect to target normal and light transmitted
through the target was re-collimated using another f/2
OAP and directed out of the chamber using two low
reflectivity (~ 4% at 800 nm) wedged mirrors so that the
polarisation of transmitted light could be characterised
using a Stokes polarimeter [8].
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Figure 1: (a) Illustration of the experimental setup
where a high intensity pulse is focused onto a thin alu-
minium target. Light transmitted through the target is
re-collimated and diffusely scattered by a PTFE screen
for (b) imaging using CCD cameras. Photos of the dif-
fuse scatter screen and the filtered camera setup are
shown in (c) and (d) respectively.



Using a PTFE screen, transmitted light was diffusely
scattered and imaged using CCD cameras situated out-
side the chamber (as shown in Fig. 1 (b) and (d)).
To collect light at only the fundamental (1w) and sec-
ond harmonic (2w) wavelength, interference filters with
a central wavelength of 800 nm and 400 nm were placed
in front of the respective cameras as shown in Fig. 1
(b). The spectral bandwidth of these filters, measured
at FWHM, is 40 nm, and so transmitted light with wave-
length outside this range will be strongly attenuated and
essentially undetectable to the camera. An optical fibre
mounted behind the scatter screen was coupled to a spec-
trometer as shown in Fig. 1 (a) and (c) to collect a small
cross-section of transmitted light for spectral analysis.

3 Measuring transmitted energy using a filtered
camera diagnostic

As shown in Fig. 1 (a), several diagnostics were used to
analyse light transmitted through ultra-thin aluminium
targets by summing the number of ‘counts’ across each
pixel of a detector. However, for these measurements to
be of use, a ‘signal-energy’ calibration must first be gen-
erated from a series of shots with no target in the beam-
line. The transmitted light signal was measured for each
of these shots using the filtered 1w camera and increases
linearly with increasing incident laser energy (black data
in Fig. 2) as expected [9]. By taking the gradient of a
linear fit to this data, the summed signal measured af-
ter transmission through a target can be converted into
energy and compared to the incident laser energy. As
such, the fraction of light transmitted through a target
when RSIT occurs can be characterised.
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Figure 2: Transmitted light measurements for no target
shots with varying incident laser energy. Transmitted
light was measured using the lw filtered camera alone
(black) and by combining filtered camera and spectrom-
eter measurements to account for SPM-induced spectral
broadening (red).

4 Spectral broadening of the transmitted pulse

Complimentary spectral measurements of the transmit-
ted light displayed broadened spectra compared to that
of the incident laser pulse which has a bandwidth, A\,
of ~ 30 nm (FWHM). As the camera was fitted with
an interference filter of AX = (40 £ 8) nm, a significant
proportion (50% - 80%) of light went undetected by the
camera as shown in Fig. 3.
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Figure 3: (a) Transmitted light spectra for several no tar-
get shots display increased bandwidth (FWHM) with in-
creasing incident laser energy, suggesting SPM-induced
broadening. (b) An example transmitted light spectrum
(solid red) is shown for a no target shot, alongside the
transmission curve of the AX = 40 nm interference fil-
ter placed in front of the CCD camera (green). Spec-
tral measurements were multiplied by this transmission
curve (dashed red), indicating the proportion of trans-
mitted light which has gone undetected by the filtered
camera.

Such spectral broadening results in a poor linear fit
(R? = 0.62) to the calibration data presented in Fig.
2, where transmitted light was measured using the fil-
tered camera alone. Ultimately, this leads to an incorrect
method for measuring the fraction of energy transmitted
through a target. The observed spectral broadening oc-
curs as the transmitted pulse propagates through a 3 cm
thick fused silica wedged mirror as shown in Fig. 1 (a),
at which point the beam has been re-collimated to a di-
ameter of ~ 15 cm. On propagation through the mirror,
there is an intensity dependent modulation to the pulse
spectrum as described by the B-integral [10];
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where no is the nonlinear component of the refractive
index, n = ng + nalp(2). For fused silica, ny = 2.48 x
10716 cm?W~1 at 800 nm [11], resulting in a B-integral
ranging from 7 to 19 for the example no target shots
presented in Fig. 3. Self-phase modulation is generally
expected when the B-integral is >3 [10] and so, the spec-
tral broadening observed throughout the experiment can
be attributed to SPM as the pulse propagates through
the low reflectivity wedged mirror. In future, if a similar
experimental setup is employed, the transmitted light
spectrum will be characterised before the fused silica
wedge to confirm this conclusion.



5 Measuring transmitted energy whilst accounting
for self-phase modulation

As discussed, transmitted energy measurements made
using the 1w filtered camera alone will not account for
SPM induced spectral broadening due to the bandwidth
of the interference filter. To account for SPM, the signal
measured by the optical spectrometer was first multi-
plied by the spectral transmission curve of the interfer-
ence filter (green in Fig. 3 (a)). The spectral signal was
then summed before and after this filtering, with the
resultant ratio conveying the proportion of transmitted
light which the camera is unable to detect. Signal cap-
tured on the camera was then summed and multiplied by
this ratio, effectively replicating the signal which would
have been captured by the camera had there been no
filter in place. Additionally, by using the spectrometer
to scale the camera measurements in this way, signal
which typically goes undetected as a result of the cam-
eras quantum efficiency is accounted for.

Using this method, the relationship between the mea-
sured transmitted light signal and the incident laser en-
ergy is well approximated by a linear fit (R? = 0.94) over
a series of no target shots as shown in Fig. 2. This is
not the case when measuring the transmitted light signal
using the filtered camera alone (R? = 0.62).

Using the spectral and spatial measurements together,
signal-energy calibrations were calculated and employed
to characterise the degree of transparency when irradi-
ating aluminium foil targets of varying thickness.
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Figure 4: Aluminium targets of varying thickness were
irradiated using linear p-polarised pulses of Ef, ~ 5 J
and 7, ~ 40 fs. Light transmitted through the target
was detected and converted to an energy measurement
using both the filtered camera method and the method
developed to account for SPM.

As aresult, the fraction of energy transmitted through
a target when RSIT occurs can be measured whilst fully
accounting for SPM which occurs as the light propagates
through optics before detection.

6 Conclusion

A technique has been developed to measure light trans-
mitted through a nanometre scale target under condi-
tions where the intensity is sufficient for self-phase mod-
ulation to occur before the light is detected. Using both
spectral and spatial measurements of the transmitted
light, SPM induced spectral broadening of the transmit-
ted pulse is fully accounted for. As a result, this diag-
nostic technique can be applied to a wide range of ex-
perimental conditions and setups to accurately measure
the fraction of incident laser energy transmitted through
a target when RSIT occurs.
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