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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
10 cm™2 for a 5 mmdiam gas jet. ©2000 American Institute of Physics.
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I. INTRODUCTION will provide a uniform or a parabolic neutral density profile.

Changing the gas pressure will change the initial neutral den-

_The use of gas Jets to Qe”erat,e a suitable densn){ Inter's'ity. Using a combination of gases will give a plasma with a
action medium is important in the field of laser plasma inter-

actions in areas such as laser particle acceleratipm) - mixture of different ions species. Changing the nozzle diam'-
inertial confinement fusiofiCF) 34 x-ray lasers, and h,igh eter could change the plasma length. Compared to the thin

harmonic generatioh.For example, in the context of ICF exploding foil techniques, the use of a gas jet presents some

work, focusing a nanosecond laser pulse with a randonnteresting advantages. In the thin foil technique one focuses

phase platdin order to get a large focal spoa long laser a laser beam o_nto the foil. The th?n foil is heated gnd ex-
pulse onto the edge of a gas jet provides large scale lengfijodes symmetrically, and the density decreases rapidly from
(few mm), uniform, quasistatic and reproducible plasmas.the sol|(_JI den3|_ty to th_e subcritical dgswed density, giving a
Focusing a laser pulse with a spherical or an axicon lens ontgarabolic density profile. When creating a plasma using gas
the edge of the gas jet can generate a preformed chérthel. J€ts, the desired density is reached by choosing the initial gas
This plasma channel can be used to guide a short and intenB&essure. This crucial point gives the advantage of creating
laser pulse over a much longer distance that the diffractiof@rge scale plasmas using moderate laser energy and having a
limited one. This self-guiding has applications for x-ray laserquasistatic plasma with a controlled density profile. Finally,
research or energetit/eV) electron generation. Controlling the use of a gas jet will give us the opportunity to create
the gas flow is essential to provide the desired interactioplasmas with different characteristics than those obtained
density. For example, using a sonic or a supersonic gas flowith conventional targets. Previous measurements were car-
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The gas flow is perpendicular to the paper . .

onto a linear charge coupled Devi€ECD) detector. The
FIG. 2. Schematic of the Abel transformation. The gas flow is perpendiculaimage is demagnifiedl:2) in order to have all of the gas jet
to the page. in the recorded image. A special effort was made to reduce

the noise in the interferograms due to mechanical motions
ried out using an interferometer with a sonic:jét expand-  (pump or gas valve openihgThe spatial resolution is lim-
ing in vacuum and with a supersonic jet expanding intair. ited by the pixel size and is, with the current magnification,

In this article we report on an experiment performedabout 15um. The backing pressure in the gas reservoir is

using axisymmetrical nozzles. Both supersonic and sonic gageasured with a pressure transducer. The vacuum pressure
flow measurements are detailed here. The gas flow is medless than 102mbay in the chamber is measured with a
sured by interferometric measurements over a wide range dfaratron. A commercial solenoid valWgnade by Parker-
pressure. The phase shift induced by the gas jet is experl-ucifer) that is normally closed can be opened, giving the
mentally detected by measuring the fringe displacement frongas jet a constant flow for 80 ms.
their unperturbed position obtained in the vacuum. A com-  The evolution of the gas flow is obtained ugia 2 ms
parison between interferograms, obtained with and withouoptical shutter, which can be opened at different time using a
gas, permits us, using the mathematical treatment, to meaelay box(the rise and fall times of the gas flow are of the
sure very small phase variations. The article is organized agrder of 15 mg A narrow 10 nm bandwidth interference
follows: in Sec. Il we present the experimental setup. In Sedfilter centered at 530 nm was used to reduce the noise level.
Il we present the Abel inversion method. The phase shiffThe CCD is connected to a computer in order to record the 8
measurement method is presented in Sec. IV. The experbit images. Mathematical extractions of the phase shift varia-
mental results are in Sec. V. In Sec. VI gas jet characterization and the Abel inversion are made directly during the
tions are discussed, and we present a brief conclusion.  experiment. Very good shot to shot reproducibility of the gas

flow was observed.

Il. EXPERIMENTAL SETUP

. . . ... lll. ABEL INVERSION
The experiment was performed in the gas jet facility

experimental room at LULI. The experimental configuration A large number of optical diagnostics are based on phase
is shown in Fig. 1. A green He—Ne laser beam working atshift measurement. This phase is always proportional to the
532.5 nm is expanded and collimatexia 1 cmdiam beam product of the index of refraction with the optical path
which propagates in the vacuum chamber. The Mach-ength. More precisely, it is proportional to the integral of
Zehnder interferometer is located in the vacuum chambeindex of refraction along the path length. It is thus necessary
The beamsplitters and mirrors of the interferometer have & know the index of refraction everywhere in the medium. If
surface quality oi/20. The gas jet is positioned in one arm the medium is cylindrically symmetrical, the situation is
of the Mach—Zehnder interferometésee Fig. 1. Outside

the vacuum chamber &5 spherical lens images the gas jet

Intensity (arb. unit.)
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FIG. 3. Intensity profile in the fringe pattern: without gamshed lingand FIG. 5. Typical interferogram obtained with a Laval nozzle with 65 bar
with gas(continuous ling backing pressure.
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FIG. 6. Typical reference interferografie., without gas FIG. 8. Phase shift measurement obtained from the images in Figs. 5 and 6.

greatly simplified, and from the phase shift measurement Finally the neutral gas density is then obtained by
along one direction we can deduce the radial distribution of ~ Ny=(n,—1)Ng/(Ngas—1),
the index of refraction. The transformation which permits an

S . . . wheren,sis the index of refraction of the gdfr argonn is
_ gas
a_X|aI dlstrl_butlon to reach the radial one is called Abel inver- qual to 1,000 28/in the visible ancN, the density of atoms
sion. In Fig. 2 we present a schematic of the phase Shlfg

along they axis and its connection with the radial one. >§1(;1gim§g?ndard temperature and pressuié,=(2.68
The phase shift variation, integrated along ytexis, due '

to the optical path introduced by the gas jet is done by

IV. PHASE SHIFT MEASUREMENT METHOD

A7 (Yo
S¢(X)= o fo [n(r)—1]dy. We now present the mathematical treatni&htused in

_ . _ o order to get the phase shift from the interferogram images,
Changing the Cartesian coordinates by the cylindrical onegne obtained with gas and the other dtfee referenceob-

we obtain tained without gas. We first consider the intensity profile
4 (ro[n(r)—1]rdr I(z) along t_hez a_xis in _the frin_ge pa_ttern. In _Fig. 3 we
Sp(X)= - J =T present the intensity profile obtained with and without gas. If
oJo -

the ®(z) phase shift is induced by the gas, and there is
By using Abel’s inversion this equation can be written as distance between two fringes, we have the following rela-

4w[n(r)—1]__£fr° e(x)dx tlon:
No T Jr (Xz_r2)12' |(Z):2|o 1+C05<$+CD(Z)) .

From the phase, along thex-axisx for n equidistant values _ _
x=kro/n (for k=0,n—1), we obtain the value of the index If ®(z) changes slowly over one fringe, the cosine factor
of refraction corresponding to;=jro/n(j=0,1,2,..n—1) corresponds to the fringe shift. Tlkespectrum presented in

from the simple relation Fig. 4 is obtained by a Fourier transform of these plots. We
see two components, one sharpkatO and a second one
n—1= Ao E a0 broader ak=2/d. Phase information is deduced from the
) 2ary KT difference between the reference and the gas cask at
whereayy is the coefficient tabulated in Ref. 13. =2m/d as follows.

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

~ 32
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FIG. 7. Typical interferogram obtained with a cylindrical nozzle with 65 bar FIG. 9. Neutral density measurement obtained from the images in Figs. 5
backing pressure. and 6.
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FIG. 10. Neutral density profile obtained with a Laval nozzle and a cylin-  FIG. 12. Neutral density value as a function of the backing pressure.
drical nozzle, working with 65 bar backing pressure &g 1.5 (b), and 4

¢) mm from the nozzle. .
© = B. Typical phase measurement

|((2) =10 ex 2i 7Zld+1D(2)] Using th_e_mathematical t_reatment d_escribed_in Sec. VA
9 0 ' for each position along theaxis, we obtain from Figs. 5 and
and the inverse Fourier transform of these components in thé the two-dimensional phase shift presented in Fig. 8. We
reference case, observe that the phase profile is quite constant over a dis-
_ , tance of several millimeters. The phase values change from 0
H(2)=1oexp(2im2/d), (at the gas jet edgé¢o a peak value of 10 rad. We also notice
then we deduce the phase from the logarithm of the rati@ylindrical symmetry, which allows us to use the Abel inver-
l4(2)/1,(z). Comparing two reference images we deducesion technique.
that this method allows us to measure a phase shift variation

of the order of 0.05 rad. C. Typical density measurement

In order to obtain a two-dimensional neutral density pro-
V. EXPERIMENTAL RESULTS file we made an Abel inversion for each line of the phase
C image. A two-dimensional neutral density profile, deduced
A. Typical interferograms from Fig. 8, is presented in Fig. 9. We observe that the gas
We present in Fig. 5 an interferogram obtained with adensity is quite constant over a distance of several millime-
Laval nozzle with argon gas at 65 b@5 bar is the backing ters. The gas density changes fronta the gas jet edgeo
pressure, i.e., the pressure in the resejvdihe internal di- g peak value of X10'°cm 3. To define the symmetry axis
ameter at the output is 5 mm. The gas flow, ejected from thgve calculate for each the integral of the phase along the
bottom to the top, is visible by the shift of the fringes. In Fig. radius. The symmetry axis is chosen when the integrals ob-

6 we present the corresponding reference interferogram. Wigiined from the left partr(>0) and from the right partr(
can see the nozzle on the bottom. These data are recorded a1p) are equal.

a 378x 286 pixef CCD. The achieved spatial resolution of

15 oum is limited in our case by the pixel size. We present |nV| GAS JET CHARACTERIZATION

Fig. 7 an interferogram obtained Wwita 1 mmdiam sonic

nozzle. We observe that with the supersonic jet, which ig*- Neutral density profile for sonic and supersonic
obtained using a Laval nozzle, the gas density stays constalfts

along the flow axis. In sonic expansion the neutral density ~ The density profile is sensitive to the internal profile of
decreases along this axis. This analysis will be detailed inhe nozzle. For example, we present here the density profile
Sec. VB. obtained for a sonic and a supersonic jet. The sonic jet is
realized using a cylindrical nozzle. In order to obtain super-
19 sonic flow a Laval nozzle is used. We observe in the first
210 . . . .
. case(sonic ong that the neutral density profile is a parabolic
] function of the radius and that the on axis neutral den-
1 sity decreases exponentially with asn(cm™3)~1.4x 10%°
] X exg —0.64(mm)]. In the supersonic case the on axis neu-
] tral density is constant over a distance of about 4 mm. The
] radial density profile presented in this case is a plateau.
These results are shown in Fig. 10, in which we present the
radial neutral density profile for the sonic and supersonic jet
0.5, 1.5, and 4 mm from the nozzle.
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FIG. 11. Neutral density profile obtained with a Laval nozzle working with The radial _neUtraI density profile is measured in a_Wide
65 bar backing pressure 1.5 mm from the nozzle. range of backing pressures from 5 to 65 bar. Even in the
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