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ABSTRACT

We present the design and characterization of a thin, high density pulsed gas jet for use in the study of near critical laser plasma interactions
with ultrashort Ti:sapphire laser pulses. The gas jet uses a range of capillary nozzles with inner diameters between 50 and 150 ym and is
operated in the sonic regime. Cryogenic cooling of the gas valve body to —160 °C provides the necessary density enhancement for reaching
overcritical plasma densities at A = 800 nm (N, ~ 1.7 x 1021 cm™?) using hydrogen gas at jet backing pressures below 1000 psi. Under certain
conditions, fast expansion of the gas from a nozzle can lead to formation of clusters; here, we use our previously demonstrated all-optical
method to estimate the cluster mean size and density. For the jets studied here, we find that cluster formation only begins at distances from

the nozzle exit greater than a few times the nozzle orifice diameter.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5109033

. INTRODUCTION

Gas jets have been employed as targets in high intensity laser-
matter interaction studies for decades. These experiments span a
wide variety of applications including electron and ion accelera-
tion,"* high harmonic generation,”” x-ray lasers,” and even gen-
eration of fusion neutrons.” The main advantages of gas jets, com-
pared to thin foil solid targets or static gas fills, are that they are a
well-controlled, automatically replenishing target that can be used
at high laser pulse repetition rates without requiring target rasteri-
zation schemes, and they allow the laser to propagate through vac-
uum before reaching the interaction volume. Fine control of the
gas density and profile has been demonstrated by multiple groups
through engineering of the valve design,”'' nozzle geometry,"” "
and through external shaping of the resulting gas flow.'* "

In prior experiments with gas jets, the gas density has generally
been limited to less than ~10*° cm™>, with interaction lengths on the
millimeter scale. For typical hydrogen or helium gas jets, this density
limitation precludes the study of near critical laser plasma interac-
tions using Ti:sapphire laser systems (A = 800 nm, critical density N,
~ 1.7 x 10*! cm73), which is of interest for laser driven electron™”’
and ion”"* acceleration experiments. Two notable exceptions to this
limitation are the schemes presented by Sylla et al.'’ and Kaganovich

et al." for achieving thin, high density plasmas suitable for the study
of near critical phenomena. Sylla et al. achieved a critical density
plasma by implementing a novel valve design, which boosts the pres-
sure above 4000 psi behind a 400 ym nozzle. Kaganovich et al. gen-
erated a shockwave in a standard gas jet by ablating a nearby metal
surface with a nanosecond laser pulse a controlled time before arrival
of the main interacting pulse. The density in the thin shock can be
many times higher than the ambient gas density, boosting the target
density into the near critical regime.

Here, we present a method for generating thin, near criti-
cal density plasmas, which avoids pressure boosting schemes or
secondary lasers. The technique uses a cryogenically cooled high
pressure solenoid valve coupled to a variety of thin nozzles with
inner diameter as small as 50 ym. Cryogenic cooling increases the
density of atoms or molecules inside the gas valve reservoir for a
fixed valve backing pressure, which, in turn, increases the gas den-
sity at the nozzle exit plane. The jet can be operated in pulsed
or continuous flow modes. Because near-critical plasma densities
significantly reduce the threshold for relativistic self-focusing, this
method of high density jet generation has made possible our recent
results in accelerating meV-scale electron bunches using peak laser
powersuwel{ below 1 TW at high repetition rates, currently up to
1 kHz. """
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We note that in recent years, liquid jets, from flowing lig-
uids or cryogenically cooled gases through microscale nozzles, have
been used as nearly debris-free and renewable targets suitable for
high repetition rate laser-plasma interactions””® at well above crit-
ical density (for near infrared lasers). The flow velocity of these
jets is typically high enough to support a >kHz repetition rate.”
The use of liquid jet targets has led to electron acceleration to
mega-electronvolt energies at kilohertz repetition rate (in the direc-
tion opposite to the laser propagation);”” given the high density and
sharp boundaries of the liquid jets, these targets, as well as solid
hydrogen extrusion targets, have been employed for laser-driven
proton acceleration,” '

Il. HIGH DENSITY VALVE DESIGN

The high density jet design consists of a homemade nozzle and
a high speed solenoid valve (Parker series 99 miniature valve) con-
trolled through a commercial valve driver (Parker Iota One). The
solenoid valve and the high pressure gas feed tube are held in a cus-
tom cooling jacket, which uses a combination of liquid nitrogen and
electrically driven heating elements to control the valve reservoir
temperature. The reservoir temperature can be controlled to within
1°C between room temperature and —160 °C.”* The valve seal is
formed by a Teflon poppet on a 1 mm diameter orifice. The valve
body is modified for mounting of a 3 mm thick adaptor plate. The
poppet seat orifice transitions directly to a straight 1 cm long stain-
less steel capillary (the “needle nozzle”) with inner diameter ranging
from 50 ym to 150 ym soldered to the adaptor plate. The needle noz-
zle length is set by accessibility of small f-number laser focusing in
our laser interaction experiments. Upon opening of the poppet, the
gas is forced through the needle nozzle into the vacuum chamber.
The volume of the gas exiting the nozzle is negligible compared to
the volume in the valve and feed tube, where the gas is effectively
under stagnation conditions. As is well known, the nozzle shape has
a significant effect on the gas density profile.”’ As discussed below,
our use of straight nozzles and sonic flow give different profiles
than supersonic nozzles employing a converging-diverging design
to achieve high Mach number flows.””*

Controlling the reservoir temperature To and pressure Py,
along with the nozzle diameter, enabled access to peak molecular
densities in the range 10'°-10*' cm ™ while maintaining a ~200 ym
target thickness. The radial density profile of the gas flow was nearly
Gaussian with full width at half maximum (FWHM) of 150-250 ym
at a height 150 ym above the nozzle orifice, depending on the nozzle
inner diameter. Depending on the gas species used, when ionized
this covers underdense through overdense plasma regimes for an
A\ = 800 nm Ti:sapphire laser (Neri; ~ 1.7 x 10 cm73).

The flow of gas from the jet can be modeled as the steady, one-
dimensional isentropic flow of an ideal gas into a low pressure reser-
voir.”” Gas from the reservoir is forced through the needle nozzle by
the pressure gradient between the reservoir and vacuum chamber,
which is held at a pressure P, ~ 10 mTorr. In an ideal 1D isentropic
flow, the gas density N can be expressed in terms of the gas specific
heat ratio, y = % > 1 and the local Mach number, M = v/c; where v
is the gas velocity, ¢; is the sound speed, and N is the gas density at
the reservoir,

N:No(1+%le)_yj. 1)
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Equation (1) indicates the gas density drops rapidly as the Mach
number increases [(y — D! =25, using y = 1.4 for H,]. There-
fore, to reach the highest density possible at the nozzle exit, the Mach
number should be minimized. This is in contrast to supersonic noz-
zles used for laser-plasma interaction experiments where a flat top
transverse density profile is desirable. For both sonic and supersonic
nozzles, the mass flow rate and the peak density are limited by sonic
choking, which limits the flow velocity to M = 1 at the minimum
orifice diameter.”

For an ideal diatomic gas (y = 1.4) under 1D isentropic flow
conditions, the molecular density at the choke point (M = 1) is

1
N* :No(i)“ = 0.63Np = 0.63 L. )
Y+ 1 kb To

Equation (2) shows that increasing the gas density at the nozzle
exit is achieved simply by increasing the gas density in the reser-
voir. Increasing the reservoir density is achieved by increasing the
backing pressure Py and decreasing the reservoir temperature T.
Cryogenic cooling of the reservoir thus serves to increase the jet out-
put density proportional to T for fixed backing pressure. It should
be noted that this relation holds regardless of the sonic (M = 1) vs
supersonic (M > 1) nature of the nozzle, so cryogenic cooling is
an effective method for increasing the density of supersonic nozzles
such as those in Refs. 9, 10, and 34.

lll. EXPERIMENTAL SETUP

The output density of the gas jet as a function of temperature,
pressure, and nozzle geometry was characterized by transverse inter-
ferometry with a 70 fs, 400 nm probe pulse derived from our 25 TW
Ti:sapphire laser system.””*’ Figure 1 shows a diagram of the exper-
imental setup. The probe pulse passes through the gas jet and
enters folded wave front interferometer, with the phase shift A¢(x,
z) extracted using Fourier techniques,” where x is the coordinate
transverse to the gas jet flow direction and z is the distance from the
jet orifice along the flow. The extracted 2D phase profile is related
to the radial refractive index profile n(r, z) through the inverse Abel

transform
1 o fdAd(x,z) dx
—l1=-—
n(r)Z) km [ ( dx _xz — 7'2 ’ (3)

giving the gas density profile

N(r,z) = M
27

Here, k = 27/A is the probe wavenumber, r is the radial coordinate,
ro is a radius at which the gas density goes to zero, and « is the
gas molecular polarizability [a(H>) = 0.67 x 107%* ¢m® and a(He)
= 0.20 x 102" cm*®"’]. The integral transform of Eq. (3) can be
solved numerically or analytically with a suitable analytic profile fit
to Ag(x, 2).

In all measurements, A¢(x, z = zp) was well fit by a Gaussian
function at heights zy = 50 ym or more above the nozzle orifice. Tak-

ing Ad(x,20) = A(/)oexp(—;‘—;), the index profile is calculated from
Eq. (3) to be

1 A¢o
ko T

n(r,z0) - 1=
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A numerical Abel inversion routine based on the fast Fourier
transform was also implemented.”’ Numerical Abel inversion gen-
erally agreed with the Gaussian fit-based analytical Abel inversion
to within ~10%. The panels in Fig. 1 depict a sample raw interfero-
gram (b), Abel inverted density profile N(r, z) (c), a sample image
of Rayleigh scattering (d) used to measure cluster size in the high
density jet (see Sec. V), and a picture of the setup (e) showing the
liquid nitrogen and the gas feed tubes, as well as the solenoid valve
held by the cooling jacket. The adaptor plate, with the needle nozzle,
is mounted on the valve head.

IV. HYDROGEN JET DENSITY MEASUREMENTS

Hydrogen gas is commonly used in laser plasma interaction
experiments because of the ease with which it is fully ionized by the

H2 Molecule Density, 1000psi -160C 102
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FIG. 1. Experimental setup for character-
izing the high density gas jet (a). Density
measurements were made using trans-
verse interferometry. A raw interferogram
(b) and Abel inverted density profile (c)
are shown along with a raw image of
Rayleigh scattering (d) used to measure
the cluster size and density in the jet.
Picture of the setup (e) shows the lig-
uid nitrogen and gas feed tubes, and the
solenoid valve held by the cooling jacket.
The needle nozzle is mounted on the
valve head via the adaptor plate.

leading temporal edge of a suitably intense femtosecond laser pulse.
Complete ionization mitigates ionization-induced refraction of the
main interacting pulse. However, since each hydrogen molecule can
only contribute two electrons, high plasma densities have been very
difficult to reach without the use of some higher Z gas such as nitro-
gen or argon. Figure 2(a) shows a sample Abel-inverted density
profile N(r, z) of the hydrogen gas jet (100 um needle nozzle, 1000
psi backing pressure, and —160 °C reservoir temperature). The line-
outs in Fig. 2(b), taken 70, 100, and 200 ym above the nozzle, show
a near-Gaussian radial density profile. The peak molecule density
70 ym above the nozzle is 9 x 10%° cm ™3, which, when fully ionized,
gives a peak plasma density of 1.8 x 10*! cm™3 or 1.03 x Ny for
A =800 nm. Figure 2(c) shows the exponential decay of the peak
gas density as a function of height above the nozzle for a series
of backing pressures. The decay length is approximately 67 ym,

= 8 gl ——400 psi
=300 a —— 600 psi
3, s & ——— 800 psi (c)
o g Or 1000 psi
[o] — - - - Fi 3 |
% 200 4 ; . Fit curves o« P_exp(-h(um)/67)
[0} =
:
z 100 *o8 oy
a
70 . . . . FIG. 2. Sample 2D hydrogen molecule density profile (a)
300 -150 0 150 300 0 100 200 300 400 with 1000 psi backing pressure and —160 °C reservoir tem-
Radial Position (;:m) Height above nozzle (um) perature and lineouts 70, 100, and 200 m above the nozzle
(b). The peak density as a function of height decays expo-
600 nentially (c), and the FWHM increases linearly with height
8l 70um s00l — FWHM above the jet (d).
o~ —— 100 um | ——Fitcurve «=1.2h
og 6l ——200 um §400_
NO ~
Ao 4 % 300¢t
46
g | (b) = 2001 (d)
82}t
100
0 : ob—- : :
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independent of the valve backing pressure. The exponential decay (a)

of the peak density is driven by the gas expansion, and the profile

FWHM increases linearly as a function of height above the nozzle, 3t o Density

as shown in Fig. 2(d). — Fit curve «2.68E17 P

To minimize gas loading of the experimental chamber, the "’E

solenoid valve should have a fast rise time, reaching the desired sta- RS

ble output quickly. Figure 3 shows the measured temporal evolution ‘©

of the helium gas output from a 150 ym diameter needle nozzle with Z
>
7]
c
O]
(m]

the valve reservoir held at 1100 psi and —140 °C for four different
durations of the solenoid current pulse that drives the valve poppet.
Each point in Fig. 3 represents the maximum measured gas den-
sity at 200 ym above the needle nozzle. The 10%-90% rise time of
the gas density is approximately 400 ys, after which the measured 0 ) ) ) . ‘
output stabilizes for all four current pulse durations. The rise time 0 200 400 600 800 1000
was found to be relatively independent of pressure, temperature, Pressure (psi)

and gas species. To minimize gas load, a current pulse duration of (b

700 us was used for all subsequent results in this paper. For high 25
repetition rate applications, such as in our recent demonstration of I
mega-electronvolt electron acceleration at 1 kHz repetition rate, the
current pulse can be set at arbitrarily long durations.”” Also where
the gas load is not an issue, it is possible to switch to continuous flow
mode by removing the poppet.

Figure 4(a) shows the peak hydrogen molecule density 200 ym
above the 150 ym diameter needle nozzle as a function of backing
pressure with a fixed temperature of —160 °C. In agreement with
the isentropic flow model, the measured density varies linearly with
pressure. Figure 4(b) shows the dependence of the peak gas density 1.0
at the same location for a fixed pressure of 1000 psi as a function of A A A A
temperature. The peak density at —160 °C is enhanced by a factor 100 150 200 250 300
of ~2.4 compared to the peak density at room temperature, high- Temperature (K)
lighting the effectiveness of cryogenic cooling for increasing gas jet
density output. The measured density as a function of temperature FIG. 4. Peak hydrogen molecule density 200 um above the 150 um needle nozzle
is roughly proportional to T,”%. D eparture from the 1/To depen- as a function of valve backing pressure at a fixed reservoir temperature —160 °C

f . . . . (113 K) (a) and as a function of reservoir temperature at a fixed backing pressure
dence is possibly caused by viscous effects in the flow, as the dynamic 1000 psi (b).
fluid viscosity is a function of the fluid temperature.*

Finally, the density of hydrogen gas was measured for a series of
nozzles with inner diameters of 50, 100, and 150 ym. Viscous forces
cause significant pressure drop and therefore lower peak densities for smaller diameter nozzles. For all nozzle diameters, the peak den-

sity drops exponentially and the FWHM of the gas profile in the

transverse direction increases linearly with height above the nozzle.
3 Figure 5 shows the output density as a function of height for a fixed
reservoir temperature and pressure of —160 °C and 1000 psi for all
o e 8 N three nozzle diameters.

e e Density
——Fitcurve « T

0.87

V. CLUSTER SIZE AND DENSITY MEASUREMENTS

In many experiments involving high pressure gas jets, clus-
5 ms tering of molecules can play an important role. Collisional ioniza-
20 ms tion within the solid density clusters can greatly enhance ionization
50 ms and increase laser-plasma coupling.””*® The laser cluster interaction
100 ms has been demonstrated as a source of fast ions,”"” electrons,®*’ x-
= . . rays,””’ and even neutrons.””' Ballistic cluster flows can also be
0 20 40 100 used to make shaped plasma density profiles using obstructions
Time delay (ms) smaller than the cluster mean free path.w

The mean size and density of clusters in the high density gas jet
can be estimated through an all optical technique combining trans-
verse interferometry and collection of Rayleigh scattered light from

the clusters.”’ The Rayleigh scattered energy into a collection lens by

o 0 o *

FIG. 3. Helium density vs time delay at 200 um above the 150 um nozzle with the
jet reservoir held at 1100 psi and —140 °C for 5 ms, 20 ms, 50 ms, and 100 ms
current pulse durations.
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100 200 300 400 500
Height above nozzle (um)

FIG. 5. Hydrogen molecule density as a function of height above needle nozzles
with 50 um (green), 100 um (red), and 150 um (blue) inner diameter, all at —160 °C
and 1000 psi.

a laser propagating from point x to x + Ax through a cluster jet is
given by AEp,;s(x) ~ EinGlens(x)Nc(x)Ax, where Ej, is the incident
laser energy on the scattering volume, 4y, is the cross section for
scattering into the lens averaged over the cluster size distribution,
and N, is the average cluster density. For 90° scattering and cluster
sizes much less than the laser wavelength gy, = 7k*|T|* (a® — a*/4),
where k = 271/) is the laser wavenumber, I' = a’(e — 1)(¢ + 2)™ " is
the cluster polarizability assuming a spherical cluster of radius a and
dielectric constant ¢, and « is the collection half angle of the imag-
ing lens.”’ Using this cross section in the equation for the scattered
energy gives

— 1
6N —
@*Ne = k4

+22AE 1
[ ‘ lens . - , (4)
e-1| EnAx\ a2 —a*/4

where af is an average of a® over the cluster size distribution."
Transverse interferometry allows measurements of the real part
of the refractive index n,(x) = 1 + 2aN.I;, where I', = Re(I).
Rearranging gives

= mr(x)-1(e+2
a’N, = T(:) (5)

Combining Egs. (4) and (5) yields an effective cluster radius a.y

(a6/a3)1/ ’ and number density N = a3NC/a§ﬁ.4U

The above model assumes complete clustering. If the jet con-
tains a monomer fraction 8, = Nu/(Nm + Nchc), where N, is
the monomer density and 7, is the average number of atoms in the
cluster, the assumption of complete clustering causes an underesti-
mation of a. by a factor (1 - 6m)_1/ ? ' The underestimation arises
from the additional contribution of the monomers to the measured
phase shift while contributing negligibly to the Rayleigh scattered
signal. The cube root dependence greatly reduces the effect of the
uncertainty in 8, since even an assumption of 95% monomers only
increases the calculated aeff by a factor of 2.7. Furthermore, the effect
of the cluster size distribution on a. can be calculated by compar-

— —\V3
ing agy = (a5 / a3) to a for various cluster size distributions, f(a),
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where a" = fo°° a"f(nc)dnc and a = rwsny3 with rws the intr-
acluster Wigner-Seitz radius. Using a log normal distribution for
the number of molecules per cluster, we find that this method will
tend to overestimate the cluster size. However, if the distribution is
sufficiently narrow that the standard deviation is within 40% of the
mean, then the retrieved cluster size, e will be correct to within a
factor of 2.

Rayleigh scattering is collected from the cluster jet by focusing
a 25 mJ, ~10 ns (pulse duration set by unseeded regenerative ampli-
fier) beam derived from our Ti:sapphire system (A = 800 nm) into
the thin jet at f/9.5. A calibrated imaging system collects the scat-
tered signal in a plane perpendicular to the pump polarization and
images the signal onto a CCD camera. The experimental setup and
a raw image of the Rayleigh scattered light are shown in Fig. 1. The
same transverse interferometry diagnostic described in Sec. 1T was
used to measure the clustered gas refractive index.

The hydrogen cluster size and density is found to vary as a
function of the beam height above the nozzle orifice. Near the
orifice, where the hydrogen molecule density is highest, negligible

)
—0.7mm —— 10X 1.3mm
~———10X 1.6mm
5 2
2
>
2 1
[}
Q e
060 =200 0 200 400
Radial position (um)
(b)
2.5+ 0.7mm 1.3mm 1.6mm
.'.N\m‘\ A A poa M\ ‘J'J“*
E A AMIWIAA ., AV TV
£
» 2.0 W
>
2
o
@
5 1.5F
=]
(@)
1.0 1

200 0 200 400
Radial position (um)

400

FIG. 6. Average cluster density (a) and average cluster size (b) as a function of
radial position at various heights above the 150 um diameter nozzle orifice at jet
backing pressure and temperature 1000 psi and —160 °C.
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Rayleigh scattering was detected. A stronger Rayleigh scatter sig-
nal was observed farther from the nozzle, consistent with cooling-
induced clustering as the gas expands into vacuum. Figure 6 shows
the cluster size and density as a function of radial position at various
heights above the 150 ym diameter nozzle with a jet backing pres-
sure of 1000 psi and reservoir temperature —160 °C. The minimum
average cluster radius measured for any conditions was approx-
imately 0.5 nm limited by the sensitivity of the Rayleigh scatter
diagnostic.

At positions greater than approximately 500 ym above the
orifice, the cluster size is measurable and the dependence of clus-
tering on jet backing pressure and reservoir temperature can be
determined. Figure 7(a) shows the nonlinear dependence of the
spatially integrated Rayleigh scatter signal on jet backing pressure
at a height 1 mm above the 150 ym nozzle when the jet reser-
voir temperature is held at =160 °C. Figure 7(b) shows the cluster
size (dotted line) and density (solid line) at the same position as a
function of backing pressure. The effective cluster radius dropped
rapidly as the valve temperature was increased. For 1050 psi back-
ing pressure and —160 °C valve temperature, the average cluster
radius 1 mm above the 150 ym orifice was ~1.8 nm. At —140 °C, the
cluster radius dropped to ~0.5 nm for the same backing pressure.
Above —140 °C, the cluster size was below the 0.5 nm measurement
threshold.

(a)

150
= e Rayleigh scattering
8 | ——Fitcurve « (P-590)°%
2100}
g
®
O
(0]
< 50t
=)
Q
>
©
o

0

600 700 800 900 1000
Backing pressure (psi)
(b)

—— 750 psi —— 850 psi

28— es0psi —1050psi {202
& P p c
520 a9
A 152
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2 @
3 1.0 9
% 104
Oos ©

00460 =200 ¢ 260 400>

Radial position (um)

FIG. 7. Rayleigh scatter signal vs backing pressure (a) and cluster density (solid
line) and size (dotted line) at a height ~1 mm above the 150 um nozzle (b) with
the jet reservoir held at —160 °C.
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VI. CONCLUSIONS

The development of thin, high density gas jet targets for near
critical laser-plasma interaction experiments with Ti:sapphire laser
systems has thus far been limited to a few approaches. In this paper,
a jet design based on a cryogenically cooled pulsed solenoid valve
was described. The jet was shown to be capable of reaching hydro-
gen molecule densities as high as 9 x 10*° cm™ in a ~200 ym FWHM
Gaussian density profile when the jet was backed with 1000 psi and
cooled to —160 °C. When fully ionized, this brings the peak plasma
density above the (nonrelativistic) critical density for Ti:sapphire
lasers, making this jet an interesting target for electron and ion
acceleration experiments.

Estimates of the output density scaling with valve backing pres-
sure and temperature were made by modeling the gas flow through
the nozzle as steady and isentropic. Reaching the highest density out-
put possible was found to require a sonic nozzle design, with the
output molecular density directly proportional to the density within
the valve reservoir. The equation of state prediction, that gas density
at the nozzle exit scales as T; ', is borne out by our measurements of
cryogenically cooled jets, which yield a density scaling of Ty *¥’.

Rayleigh scattering measurements showed that clustering of
the high density gas occurs only ~500 ym and farther above the
nozzle orifice. Average hydrogen cluster radii of ~1 nm were mea-
sured approximately 1 mm above the nozzle for the highest back-
ing pressures and lowest reservoir temperatures. The cluster size
measurements show that clustering is negligible in experiments
operating near the nozzle exit plane where the gas density is
highest.
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