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Characterization of neutral density profile in a wide range of pressure
of cylindrical pulsed gas jets
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The neutral density profile of cylindrical gas jets is measured with a Mach–Zehnder interferometer
under a wide range of backing pressures. The sensitivity of this diagnostic together with the
mathematical treatment of the data allows us to measure neutral densities for argon gas as low as
1017cm23 for a 5 mmdiam gas jet. ©2000 American Institute of Physics.
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I. INTRODUCTION

The use of gas jets to generate a suitable density in
action medium is important in the field of laser plasma int
actions in areas such as laser particle acceleration~LPA!,1,2

inertial confinement fusion~ICF!,3,4 x-ray lasers,5 and high
harmonic generation.6 For example, in the context of ICF
work, focusing a nanosecond laser pulse with a rand
phase plate~in order to get a large focal spot! a long laser
pulse onto the edge of a gas jet provides large scale le
~few mm!, uniform, quasistatic and reproducible plasm
Focusing a laser pulse with a spherical or an axicon lens o
the edge of the gas jet can generate a preformed chann7–9

This plasma channel can be used to guide a short and int
laser pulse over a much longer distance that the diffrac
limited one. This self-guiding has applications for x-ray las
research or energetic~MeV! electron generation. Controlling
the gas flow is essential to provide the desired interac
density. For example, using a sonic or a supersonic gas
2320034-6748/2000/71(6)/2329/5/$17.00
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will provide a uniform or a parabolic neutral density profil
Changing the gas pressure will change the initial neutral d
sity. Using a combination of gases will give a plasma with
mixture of different ions species. Changing the nozzle dia
eter could change the plasma length. Compared to the
exploding foil techniques, the use of a gas jet presents s
interesting advantages. In the thin foil technique one focu
a laser beam onto the foil. The thin foil is heated and e
plodes symmetrically, and the density decreases rapidly f
the solid density to the subcritical desired density, giving
parabolic density profile. When creating a plasma using
jets, the desired density is reached by choosing the initial
pressure. This crucial point gives the advantage of crea
large scale plasmas using moderate laser energy and hav
quasistatic plasma with a controlled density profile. Fina
the use of a gas jet will give us the opportunity to crea
plasmas with different characteristics than those obtai
with conventional targets. Previous measurements were
FIG. 1. Experimental setup.

a!Electronic mail: victor@greco2.polytechnique.fr
9 © 2000 American Institute of Physics
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ried out using an interferometer with a sonic jet10,11 expand-
ing in vacuum and with a supersonic jet expanding in air12

In this article we report on an experiment perform
using axisymmetrical nozzles. Both supersonic and sonic
flow measurements are detailed here. The gas flow is m
sured by interferometric measurements over a wide rang
pressure. The phase shift induced by the gas jet is exp
mentally detected by measuring the fringe displacement f
their unperturbed position obtained in the vacuum. A co
parison between interferograms, obtained with and with
gas, permits us, using the mathematical treatment, to m
sure very small phase variations. The article is organized
follows: in Sec. II we present the experimental setup. In S
III we present the Abel inversion method. The phase s
measurement method is presented in Sec. IV. The exp
mental results are in Sec. V. In Sec. VI gas jet character
tions are discussed, and we present a brief conclusion.

II. EXPERIMENTAL SETUP

The experiment was performed in the gas jet facil
experimental room at LULI. The experimental configurati
is shown in Fig. 1. A green He–Ne laser beam working
532.5 nm is expanded and collimated to a 1 cmdiam beam
which propagates in the vacuum chamber. The Mac
Zehnder interferometer is located in the vacuum cham
The beamsplitters and mirrors of the interferometer hav
surface quality ofl/20. The gas jet is positioned in one ar
of the Mach–Zehnder interferometer~see Fig. 1!. Outside
the vacuum chamber anf /5 spherical lens images the gas

FIG. 2. Schematic of the Abel transformation. The gas flow is perpendic
to the page.

FIG. 3. Intensity profile in the fringe pattern: without gas~dashed line! and
with gas~continuous line!.
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onto a linear charge coupled Device~CCD! detector. The
image is demagnified~1:2! in order to have all of the gas je
in the recorded image. A special effort was made to red
the noise in the interferograms due to mechanical moti
~pump or gas valve opening!. The spatial resolution is lim-
ited by the pixel size and is, with the current magnificatio
about 15mm. The backing pressure in the gas reservoir
measured with a pressure transducer. The vacuum pres
~less than 1022 mbar! in the chamber is measured with
baratron. A commercial solenoid valve~made by Parker-
Lucifer! that is normally closed can be opened, giving t
gas jet a constant flow for 80 ms.

The evolution of the gas flow is obtained using a 2 ms
optical shutter, which can be opened at different time usin
delay box~the rise and fall times of the gas flow are of th
order of 15 ms!. A narrow 10 nm bandwidth interferenc
filter centered at 530 nm was used to reduce the noise le
The CCD is connected to a computer in order to record th
bit images. Mathematical extractions of the phase shift va
tion and the Abel inversion are made directly during t
experiment. Very good shot to shot reproducibility of the g
flow was observed.

III. ABEL INVERSION

A large number of optical diagnostics are based on ph
shift measurement. This phase is always proportional to
product of the index of refraction with the optical pa
length. More precisely, it is proportional to the integral
index of refraction along the path length. It is thus necess
to know the index of refraction everywhere in the medium
the medium is cylindrically symmetrical, the situation

r

FIG. 4. k spectrum of the intensity profile: without gas~dashed line! and
with gas~continuous line!.

FIG. 5. Typical interferogram obtained with a Laval nozzle with 65 b
backing pressure.
P license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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greatly simplified, and from the phase shift measurem
along one direction we can deduce the radial distribution
the index of refraction. The transformation which permits
axial distribution to reach the radial one is called Abel inv
sion. In Fig. 2 we present a schematic of the phase s
along they axis and its connection with the radial one.

The phase shift variation, integrated along they axis, due
to the optical path introduced by the gas jet is done by

dw~x!5
4p

l0
E

0

y0
@n~r !21#dy.

Changing the Cartesian coordinates by the cylindrical o
we obtain

dw~x!5
4p

l0
E

0

r 0 @n~r !21#rdr

~r 22x2!1/2 .

By using Abel’s inversion this equation can be written as

4p@n~r !21#

l0
52

1

p E
r

r 0 w~x!dx

~x22r 2!1/2.

From the phasefk along thex-axisx for n equidistant values
xk5kr0 /n ~for k50,n21!, we obtain the value of the inde
of refraction corresponding tor j5 j r 0 /n( j 50,1,2,...,n21)
from the simple relation

nj215
l0

2pr 0
(

k
ajkwk ,

whereajk is the coefficient tabulated in Ref. 13.

FIG. 6. Typical reference interferogram~i.e., without gas!.

FIG. 7. Typical interferogram obtained with a cylindrical nozzle with 65 b
backing pressure.
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Finally the neutral gas density is then obtained by

Nk5~nk21!N0 /~ngas21!,

wherengasis the index of refraction of the gas~for argonn is
equal to 1.000 281! in the visible andN0 the density of atoms
at the standard temperature and pressure (N052.68
31019cm23).

IV. PHASE SHIFT MEASUREMENT METHOD

We now present the mathematical treatment14,15 used in
order to get the phase shift from the interferogram imag
one obtained with gas and the other one~the reference! ob-
tained without gas. We first consider the intensity profi
I (z) along thez axis in the fringe pattern. In Fig. 3 we
present the intensity profile obtained with and without gas
the F(z) phase shift is induced by the gas, and there id
distance between two fringes, we have the following re
tion:

I ~z!52I 0F11cosS 2pz

d
1F~z! D G .

If F(z) changes slowly over one fringe, the cosine fac
corresponds to the fringe shift. Thek spectrum presented in
Fig. 4 is obtained by a Fourier transform of these plots. W
see two components, one sharp atk50 and a second one
broader atk52p/d. Phase information is deduced from th
difference between the reference and the gas casek
52p/d as follows.

We take the inverse Fourier transform of these com
nent in the gas case,

FIG. 8. Phase shift measurement obtained from the images in Figs. 5 a

FIG. 9. Neutral density measurement obtained from the images in Fig
and 6.
P license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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I g~z!5I 0 exp@2ipz/d1 iF~z!#,

and the inverse Fourier transform of these components in
reference case,

I r~z!5I 0 exp~2ipz/d!,

then we deduce the phase from the logarithm of the r
I g(z)/I r(z). Comparing two reference images we dedu
that this method allows us to measure a phase shift varia
of the order of 0.05 rad.

V. EXPERIMENTAL RESULTS

A. Typical interferograms

We present in Fig. 5 an interferogram obtained with
Laval nozzle with argon gas at 65 bar~65 bar is the backing
pressure, i.e., the pressure in the reservoir!. The internal di-
ameter at the output is 5 mm. The gas flow, ejected from
bottom to the top, is visible by the shift of the fringes. In Fi
6 we present the corresponding reference interferogram.
can see the nozzle on the bottom. These data are recorde
a 3783286 pixel2 CCD. The achieved spatial resolution
15 mm is limited in our case by the pixel size. We present
Fig. 7 an interferogram obtained with a 1 mmdiam sonic
nozzle. We observe that with the supersonic jet, which
obtained using a Laval nozzle, the gas density stays cons
along the flow axisz. In sonic expansion the neutral densi
decreases along this axis. This analysis will be detailed
Sec. V B.

FIG. 10. Neutral density profile obtained with a Laval nozzle and a cy
drical nozzle, working with 65 bar backing pressure 0.5~a!, 1.5 ~b!, and 4
~c! mm from the nozzle.

FIG. 11. Neutral density profile obtained with a Laval nozzle working w
65 bar backing pressure 1.5 mm from the nozzle.
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B. Typical phase measurement

Using the mathematical treatment described in Sec. V
for each position along thez axis, we obtain from Figs. 5 and
6 the two-dimensional phase shift presented in Fig. 8.
observe that the phase profile is quite constant over a
tance of several millimeters. The phase values change fro
~at the gas jet edge! to a peak value of 10 rad. We also notic
cylindrical symmetry, which allows us to use the Abel inve
sion technique.

C. Typical density measurement

In order to obtain a two-dimensional neutral density p
file we made an Abel inversion for each line of the pha
image. A two-dimensional neutral density profile, deduc
from Fig. 8, is presented in Fig. 9. We observe that the
density is quite constant over a distance of several millim
ters. The gas density changes from 0~at the gas jet edge! to
a peak value of 231019cm23. To define the symmetry axis
we calculate for eachz the integral of the phase along th
radius. The symmetry axis is chosen when the integrals
tained from the left part (r .0) and from the right part (r
,0) are equal.

VI. GAS JET CHARACTERIZATION

A. Neutral density profile for sonic and supersonic
jets

The density profile is sensitive to the internal profile
the nozzle. For example, we present here the density pr
obtained for a sonic and a supersonic jet. The sonic je
realized using a cylindrical nozzle. In order to obtain sup
sonic flow a Laval nozzle is used. We observe in the fi
case~sonic one! that the neutral density profile is a parabo
function of the radius and that the on axis neutral de
sity decreases exponentially withz, asn(cm23)'1.431020

3exp@20.64z(mm)#. In the supersonic case the on axis ne
tral density is constant over a distance of about 4 mm. T
radial density profile presented in this case is a plate
These results are shown in Fig. 10, in which we present
radial neutral density profile for the sonic and supersonic
0.5, 1.5, and 4 mm from the nozzle.

B. Neutral density versus the backing pressure

The radial neutral density profile is measured in a w
range of backing pressures from 5 to 65 bar. Even in

- FIG. 12. Neutral density value as a function of the backing pressure
P license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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2333Rev. Sci. Instrum., Vol. 71, No. 6, June 2000 Density profile of pulse gas jets
lower backing pressure case the shape of these profile
conserved. We present in Fig. 11 the radial density profi
for 5, 15, 25, 35, 42, 52, and 62 bar. It is interesting to n
that the value of the density is a linear function~in this range
of pressure! of the backing pressure. This result is shown
Fig. 12.
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