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Measurement of the Development and Evolution of Shock Waves
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ABSTRACT

Space- and time-resolved intérferometric measure-
ments.of electron density in COz-laser produced plasmas
in helium or hydrogen are made hear the laser focal spot.
Immediately after breakdown, a rapidly growing regidn'of
approximately uniform plasma~density appears at the
‘focal spot. After a few tensAof nanosecénds, shock
waﬁes afe formed, propagating both transverse and parallel

to the incident laser beam direction. Behind the trans-

- verse propagating shock is an on-axis density minimum,

which results in laser-beam self trapping. The shock

~ wave pfopagating toward the focusing lens effectively

shields the interior plasma from the incident beam, ' .

because the lower plasma temperature and higher plasma

" density in the shock allow strong absorption of the

incident beam energy. By arranging the laser radiation-

plasma interaction to begin at a plasma-vacuum interface

- at the exit of a free-expansion jet, this backward

‘propagating shock wave is eliminated, thus permitting:

efficient enérgy»deposition>in the plasma interior;
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I. INTRODUCTION
. Interest has been grow1ng in recent years in the p0551b111ty

of ut111z1ng-CO2 lasers for heatlng magnetically confined, weakly

underdense fusion plasmas.l-5 The'configuration most frequently

suggested is a linear device with a plasma column about~103 meters

‘long, a few millimeters invdiametef, eonfined radially by a

magnetic field of several hundred kilogauss strength, and héated<
from the'ends by powerful, long-pulse CO2 lasers. - The |

absorption length for 10.6 um radiation in the heated

plasma, if one assumes inverse bremsstrahlung to be the dominant

vmechanism,=wou1d be comparable to the length of the plasma column,

and the beam would have to be refractively trapped'by the column
to allow effieient,heatiag. | _ _

A number of papers have dealt With £hetfefractive trapping -
,6f¢thevbeam.by pre-existing radial plasma density,distfibution.

Measurementslo and one-dimensional (radial) magnetohydrodynamic

"calculatibnsll have also shown that favorable density profiles

- ting shock - waves. Theoretical predictions12 and observations

(with- a density minimum on axis) arise within a few nanoseconds

of laser absorption in a uniform neutral gas or cool plasma'as'a'

result of plasma expansion and the formation of. radially propaga-

9 of

filamentation due to thermal self- focu51ng have also been reported.'

A modest degree of heating of conflned plasmas by CO2 laser
radlatlon has been observed in a number of exper1ments.8\13<1.6

The longitudinal growth of the heated-region has received

little attention because of theoretical and experimental diffi-

culties. A bleaching wave, in which heating is so fast that
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macroscopic plasma response may be heglected, was treated theoreti-
cally in a one-dimensional model by Rehml7 and by Steinﬁauéf and
Ahlstrom.18 ‘Rehml7 also showed numérically that, when the absorp-
tion length of the radiation is much less than thé characteristic
- length .of the plasma, the bleaching wavé will become a laser-
diiven shock Qave in a time of the order of the_absdrption length

14

divided by the sound speed. § o - . Hoffman™" has

observed the longitudinal propagation of a heated region_in<ah
akially heated theta-pinch. This was interpreted as a . °
' 3/2.

e ‘dependence of the

bleaching wave tesulting_frqm the .T .
inverse bremsstrahlung absorption length, élthqugh”theleVolution
of'electron density‘wés not directly obSétved;~ |
Similarly, measurements of the growth of}the luminous region in
underdense, 1asgr—induced gas bréakdown plasmaslg'20 do‘not-.
admit to a clear interpretation of the mode of pfopagation'along_
the‘beam unless théy are accompanied by spaée— and time-resolved
plaéma density measurements. |

The presént paper reports interferometric measﬁrements of
electronldensity in underdensé‘hydrogen and helium plésmas
produced by gas breakdown at the focal spot of a 30 J, 150 nsec
FWHM,,CO2 laser. 'The temporal and spatial_resoiﬂtions of the
measurements (3 nsec and 50 um, respectively)-are sufficient:to
show the evolution of the eiectron density longitudinally as
well as radially. Within 20 nsec after breékdown, a density
minimum develops on axlis, and density builds up behind shock wavéé
propagating radially and in both longitudinal directions along the

beam. The radially propagating wave becomes a cylindrical blast

wave. The shock waves propagating longitudinally are laser-driven.
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The-ﬁackward—going wave partially shields the interior plasmé
and fhe forward-going QéVe, so that the réiative speeds of £he
two laser-driven shock waves vary with éiasma densitf. By
positioning the focal plane of thevlaser in the steep'gas
'pressure gradient of a-ffeéfexpanSion jet, tﬁe backward-going
wave is eliminated, permittihg efficieﬁt energy deposition in
‘the downstream plasma. Some of these results have been briefly

reported previously.lo’21

II. EXPERIMENT‘

The experiment is shown schematically in Fig. 1. A 4-cm
diameter, b.3-mm thick diaphragm,with a 5-mm diametér orificé
separafeé and iﬁtercohnects tWo_chambers, one on each side of
the focal-plane. The downstream chambér is pulse-filled with
a solenoid valve, while the'upstream.side is held under relative -
.Vaéﬁuﬁ}A The co, laser is pulsea with a'preéset.time deléy‘
feiative.tb the time of valve opening, ana gaé pressufe at the .
tiﬁe of the laser pulse éan-be“varied by adjusting this time
delay;SjTheAgas pressute‘is monitored by measuring.the fringe
- shift résﬁlting from the gas pressure change, using4the game
Mach-Zehnder interferometer used for electron density measurement

=7

(déscribed below). The laser pulse duration is '~ 10 sec, the

gas-pressure filling time is 1072 sec, and its exit velocity at -
4 | /

”the ¢rifice is ~ 10" cm/sec. Thus the gas can be considered as
stationary both in space and time during thé laser pulse dura-
tion, and has a steep agial gas density gradient acfosslthe
laser beam focal plane. In experiments without the interface,
"the upsﬁream vaive_is giosed,-the chambers are'filied to the

desired pressure, and the orifice may be removed.
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The plasma is initiated at the focal spot of a TEA COZ‘laser
with unstable resonator optics, which gives an annular outpu£ beam
with 5-cm i.d. and 10-cm o.d., ané beam divergencé less than
1 mrad. The beam is focused by a KC1l lens of 45 cm focal length.
The radial intensity distribution at the focal plane is roughly
Gaussian, with a measured focal spot diametef of less than 1 mm,
approximately eéual to that expected from:spherical aberration.
Photon drag detectors monitor the'incidentAénd transmitted beam.
The central portion of the apnular transmitted beam has negligible
intensity when no plasma is presenf.

| Electron density is'measured side-on to the plasma with a
He-Ne laser-illuminated Mach-Zehnder interferometer with photo-

10 A lens external to the interferometer

multiplier detection.
foéuses the beam of a 3 mW.He-Ne laser to a diffraction limited
spot in the plasma with a beam waist diameter of ~ 150 um;' The
plasma region is then re-imaged at a photomultiélier which aécépts
aApoftion of the recombined beam corresponding to 50 um in the
plasma. Temporal resolution is limifed by the photoﬁultiplier
(EMI 9785B) which has rise time of ~ 2 nsec. A mechanical

shutter Qith a gate time of about a millisecond is used to pre&ent
photomultiplier fatigue, and an interference filter blocks plasma
luminosity at wavelength outside A 632.8 % 0.5 nm. The phase'of
the interferometer is adjusted to any desired value brior to the

' plasma formation by means of a piezoglectric translator on one of
the mirrors. The photomultiplier then monitors ﬁhe phase shift |

as a function of time, along the chord selected by the external

optics, and the radial and longitudinal dependence isAmapped by



Shot-by—shot scanning. For mosﬁ of the,preSentjmeasuréments, fhe"
Lcontribution.of"neufraLVgas immeaiately behind the shock frohts

to the observed phase shift is négligible, so that ope-Wa&elethh
.interferometry-is sufficient to establish tﬁe electron density
unequivOcaily. "The phase shift arising from'the neufral.gaS'along-
the 4 cm pathuthrbugh the discharge chamber during.pulse—filliﬁg,
bccu:é on.a millisecond time scale and may~easilyvbeldistinguished

from that due to the plasma formation and decay.

III. 'REsuiTs
.'l. Radial Pfofiles‘

Typical plasma behavior for breakdown1of,aﬁbiént gas ié'shOWp
in Fig.'2. ‘Thé gas chamber, with thé orifice femoved;lwas filled
with helium at an initial pressure of 30 torr. For'cémplete‘doﬁble
iOnization-and no hYdfodynamic motion, this would give an electron
de;;ity of . 2 x'1_018 cm™ 3. The inset shoﬁs’the luminous image~at.
50 nsec inﬁervalsjbeginning,‘with the botﬁom framé, approximétely‘
.10 nsec after breakdown. The plasma.is viewed side-on, wifh.the |
QOZAlaéer beam propagating,from_left_to.right, and‘ z #'0 reére—
-sents_the focal plane. At a'given time, thetluminous‘image~is
"approximately dylindricél in-shape;.With a bright éhell, and its
length aiong the beam is several times its diameter.

" The curves in Fig. 2 show electron density radial profilés
: in'ﬁhe foéal plane at 10 nsec intefvals for,the‘first:lod nsec
afte; breakdowﬁ; (These were obtained by A5e1~inversion of the.

22

fringé:shift profiles.”") At 10 nsec the plasma profile 'is nearly

rectangular, with a diameter somewhat larger than the beam waist



diameter. By 20 nsec there is already a deep minimum on ;xis,
with denéity pile-up behind a radially expanding shock wave. At
subsequent times, the central density continues to decrease as
the plasma diameter increases. After 30 hsec the electron density
maximum behind the shock wave begins to decrease as the wave slows
down.

The evolution of electron density profiles in hydrogen is
: qualitatively the saﬁe as that for helium. Figure 3 shows corres-
pOnding.profiles at 30 and 80 nsec after breakdown. The solid
curves are for H2 at 10 téir initiai pressure, and the dashed
cufves are for He at 30 torr. Densities are lower for the
hydrogen case, because of the lowe} filling pressure, and evolu-
tion is faster, because of the lower ion mass in the plasma and
vlowef mass density ahead qf the wave. Othefwise the two cases are
quipe siﬁilar and closely correspond withArecent~numerical solu-
4£ions of One-dimensional_magnétohydrodynamic equatibns for laser-
induéed heating and radial expansion,of a cold, uniform hydrogen

plasma..]'l

It appears, therefore, that the hydrodynaﬁic model,

~.which assumes laser absorption by classical inverse breﬁsstrahlung,

is essenﬁially correct. |
Time-resolved measurements of the intensity distribution of

the CO2 laser beam transmitted through the plaéma10

always show
evidence of self-trappipg of the beam. - The precise character of
the refracted beam intensiﬁy.depends upong the :opacity and lengtﬁ '
of the plasma along thé beam as well as the density gradients |

transverse to the beam. An evaluation of the efficiency of self-

trapping must await much more detailed measurements.



The fadial'propagation speed of the shock is highest
'immediately affer‘breakdown and, .after a few tens of nanoseconds,
varies inversely with the Shock';adial position (plasma boundary).
Figure 4 shows r v, vs. r_ for the two cases pf Fig.'3, whgre 
ry is the radial shock position and V.. is the shock speed.
Curve a corresponds to helium at 30.torr,.and curve b to
hydrogen at 10 torr initial presshre. The asymptotic behavior
(rovr = constant) is observed in both éases, and is characteris-
-tic of ‘a chi’ndrical‘blast_wave.23
A lower limit of laser energy-deposition can be obtained

from the propagation speed of the shock wave. Similarity solution.

of.the hYdrodynamic equations for a cy1indfica1 blast wave23

givés

- 1, , 172 |
7 ) _rovr =3 (EO/pOa) ’ | 4 . (1)

where E, is the "initial" energy input per'unitllength to the
wave, p, -is the mass density ahead of the blast wave

6 gm/cm3 ~for He at 30 torr, 1.1l X 1078

(6.6 x LOT gm/cm3 for
Hz,at-lo torr); and a is a.numerical factor of order unity
determined by the specific heat ratio y of the hoﬁ—core plasma.

If it is assumed that Yy = 5/4, then

EO
E

2.1 J/cm for He at. 30 tori}

o 0.36 J/cm for H2 at 10 torr.

For'Y,= 4/3, the corresponding values are 1.6 and 0.27 J/cm,

respectively.



Thesé values of energy deposited are in qualitative agree-
ment with absolute lower limits obtained by multiplying the maxi-
ﬁum value of electrons per-unit length in each.case (from radial
electron density profiles integrated over the plasma diameter) by
the corresponding ionization potential. The values.are 1.J/cm for
" helium énd 0.2 J/cm for hydrogén.

From these estimates of energy per ﬁnit length, it is clear
that relatively less energy is deposited in hgliﬁm than the
factor -.of 18 which wquld arise from ﬁhe Zing dependence of
the inverse bremsstrahlung absorption coefficient. The ekplana—
tion pfobably lies in a higher .electron teﬁperature and greater
plasma opacity for the helium case.

2. Axial Profile and Beam Shielding

The measured variation along the beam axis of electron line
density 1is shown‘in Fig; 5, at different times subsequent to

"breakdown ét the focal plane (z = 0), for hydrogen plasma at 10
torr initial pressure. At less ﬁhan 20 nsec,Athe profile is
peaked at the focallplane, decreasing toward bothrédges. A
gentle depression first appears. in the profile slightly to the
upstream of the focal plane at 20 nsec. At 30 nsec, aAdenéity
pile-up has already developed on both the fofward'and the
backward fronts. This density pile-up conﬁinués thereafter,
sfronger in the front runniné toward the fbcusing lens. Direct
observation of the‘néutral gas shock wave is indicatéd in Fig.6,
which shows the.measﬁred time change of fringe shift at
z = =2.25 cm. The negativé fringe shift preceeding the positive

one due to the electron density incredse results from the
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increase of gaé preéSure ahead of the leading edge of the plasma,
demonstrating_néutraL.gas compression. It should be noted that

- these layers of heuffal'gas behind the shock waves become measura-
ble only when their thiékness and propagation speed fall within
the limitations of the spatial.ahd temporal resolutions oflﬁhe
present,interferometric'system,'i.e., néar the end:of-the.laser
pulée when theAshock is gréatly weakeﬁed and the iohization
relaxation time therefére is increased.

Streakvpictures'of the_lbngitudihai plasma expansion are
§hownvintFig. 7 for a series. of initiai hydrogen éressures. (The
field“df.view for these pictures is  |z]| g 1.5.cm);- The laser
‘beam is incident from the left. In general, there are two fronts,
propagating in both directions along thé beam. -At vefy low_
pressure, the plasma is ésséhtially trénsparent, ahd_the available |
'enérgy.fpr ébsorption at the forward front is hearly the same as
"that at thé backward f?ont, resulting in almost symmetrical streak
' photographs. As.preSSure is ihcreaéed, the plasma bedomes less
transparent, and more energy abéorption results in~féster propaga-
_tion of both fronts. At still higher pressure, a substantial |
fractionjof the beam intensity is absorbed ip the backward propa-
gating front, consiéerably redpcingfthe intenéity incidept On'the,
forward front, and'resulting in unequal propaéation speeds.l Fur-
-thef increase of pressure eséentially eliminates the’forward
propagating front.

. Laéér—driven lumiﬁous fronts‘in ganbréakdown plasmas have
been the subject of numeroﬁé invesﬁigations, Which will not be

reviewed here. (A bibliographical re&iew of work prior to 1969 .
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was given by De Michelis,.24 References to more recent work,
particularly that utilizing CO2 lasers, may be found in a
paper by Richardson and Alcock.25) Most of these experiments
were concerned with breakdown of high pressure gases, for which
the backward-propagating luminous front alone was present.
Forward—going fronts were observed by Daiber and Thompson in an

26

experiment with a ruby laser,” and by several authors using co,

19-21,27

lasers." From all these investigations, it is clear that,

in the case of laser-induced breakdown of ambient. gas, a sub-
' stantial fractioﬁ, if not all, of the incident intensity will be
ab#orbea in the backward-going front. :The present interfero-
metric measurements show, in addition, that the electron density
behind the longitudinally propagating, laser-driven fronts can
exceed that'in the plasma interior by a substantial margin, as a
result of hydrodynamic motion. In order to efficiently heat a
long, thin plasma column, the backward-propagating front must be
eliminated. |
3. Elimination of Backward-Propagating Shock Wave

Since a shock wave cannot propagate into a vacuum, its
formation and propagation can be simultaneously eliminated at
a plasma-vacuum interface. Such an interface can be made to
occur near the exit of a free-expansion jet whén the focal plane
of the incident beam is positioned at the steep gas-density
gradient across the exit. Plasma formation and heating therefore
will begin at this plane. The scheme has been previously used
by Thompson, Rehm, and Daiber in an experiment in overdense plasma

to simulate laser-solid interactions.28



-12-

Arstreak picture of the free-expansion.jet experiment, with
the focal plane at the orifice exit, is shown in Fig. 8 for an
initial hydrogen pressure ef lO torr. Again, the laser is inci-
dent from the left. The baekward—propagating luminous fron£ is
ho longer present. Similar results are observed for higherp
pressures. It has been also observed_that, by moving the focal
plane to the downstream of‘the_orifice, a backward—propagating-
front will begin at the focal plane,pteward the focusing lems,
and abruptly stop at the 1nterface. It~should be noted that,
durlng the laser pulse, the plasma dlameter is less ‘than the
orifice d1ameter, and therefore no plasma—wall contact occurs.

Direct comparison of time-resolved electron 11ne den51ty at
an upstream location z = -1.25 cm from the focal plane is shown
in Fig. 9 for cases with and without the interface. Figure 9a
- shows the measured fringe Shlft as a function of time with a
“steady filling pressure of hydrogen at 10 torr. ‘The plasma
leadlng edge arrives at thlS location at 60 nsec after breakdown'
at the focal plane. Thezfringe.shift increases rapidly to its
peak value 1.15 in ~ 10 nsec and then immediately decreases.
‘This rapid rise to, and fall from, the peak density. is due to
the passing of a thin layer of hidh density plasma behind the
leading edge of the laser-driven shockIWave._ figure 9b shows the
corresponding plot in an experiment with the plasma-vacuum inter-
face produced with the orifice’arrangement. ‘The pressﬁre in the
high pressure chamber is also 16 torr. The.leading edge of the
free-expansion plasma arrives at this location at ~ 345 nsec.-

The fringe shift rises slowly to a peak value of'0.043. The .
‘ )
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sharp peak characterizing a shock wave is absent. Figure 10 shows
the time of arrival of the plasma leading edge at various distances
‘upstream from the focal plane for both cases. With the interface,
curve b, the leading edge is greatly delayed. (The orifice
arrangement during these measurements limited the access of the
scanning He-Ne 1aser—illuminated‘interferometer to .the plasma at
distances greater than 12.5 mm from the focal plane.) We note
that plasma formation with the forward propagating front, which
has not been possible in high-density cases without the interface,
has been observed at all densities with the present arrangement,
ihdicating that energy deposition for_heafing purposes’ in the

interior plasma is now possible.

IV. DISCUSSION
The presént measurements clearly show the evolution of the
eIéctron density distribution in weakly underdense, laser-induced
gas breakdown plasmas. Within_zo.nsec after breakdown, the local-
ized heating produces hyd:odynamic motion which changes the ini-
tially uniform mass density distribution and leads to the de?elop—

ment of shock waves propagating away from the focél'spot. The

tadial plasma density profiles produced by the transverse hydro-
.dynamic moﬁion have on-axis minima and are favorable for the .
observed refractive trapping of. the laser beam. The buildup of
‘density behind the longitudinally-propagating waves fesults in a
greater rate of eneragy absorption at the ends. of the plasma column
than in the plasma interior. By utilizing a free-expahsion'jet,
the backward-propagating wave is eliminated so that thé'incident

beam is not attenuated before reaching the focal plane.
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These results have a number of importahtAimplicationS;with
reference to'the-proposed 1aser4heated-reactor schemes.l_5
1) If a.long plasma column is to be heated from the ends, ways
must be found to efficiently couple the beam into the column. In
particular} the gas pressure on the laser side of the focél‘plane
must be low so that laser-driven absorption waves éanot nronagate
.up the focusing céne . | |
.and shield the plasma column from the beam; The free-exbansion
‘Avjet prdvides a simple, effective method of eliminating the cold
plasma boﬁndary layer at th¢<end‘of tﬁe plasma column SO that thég
-beam may enter the column without severe attenuatioh; |
‘2.) Trénsverse hydrodynamic motion, caused by ‘localized' energy
deposition.near the axis,_will occur in a time'of.the order of the
. beam diameter diﬁided by the sonic speed, i.e., within a few nano-
seEénds, after absorption begins at'avgiven longitudinal position.
This will result in plasma density profiles which are favorable for
refractive trapping of the laser beam. It is not yet clear
whether it will be necesséry to éstablish a-favorabie profiie‘
before laser irradiation in srder'to permit heating of a long
blasma column. It is clear,'howevér, tha£ any pre-existing ’
density profile will be quickly altered by radial plasma motion,
‘and it is the.altered‘profile; rather than the initial one, that
will govern the beam propagation at later times.
3.) Projected device 1en§ths are so greaf that the time
required for longitudinal growth of the heated region_of,the'
plasma column is,quite substantial. (Even at ﬁhe speed of light,

the transit time is greater than a microsecond.) The mode of
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propagation of the heating wave (bleachin§ wave, shock wave, etc.)
will depend on the laser intensity at the wave front. This .inten- .
sity will be determined by the transverse plasma motion,mentioned
above, aé well as by the laser power and the opacity of the plasma
column. In order to adequafely prediqt events in a ;eacto;-size‘
device, it will bé necessary to construct a two—dimensionai,-self—
consistent model in which the beam intensity, and hence the rate °
of absorption and the'evolution of temperaturé and density profiiés,
is determiﬁed at each ldhgitudinal position by refraétion and
absorption between that point and the laser. '

This work was supported by-fhe United Statéé Atomic Ehergy

Commission Contract AT(11-1)-3073.
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Fig. 1. Schematic of test section. A steep gas pressure
gradient is established at the exit of the orifice when the
pressure side is pulse-filled just prior to laser pulse. In
experiments without the steep-gradient interface, the entire
chamber is filled to desired pressure and the orifice may be
removed.
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Fig. 2. Electron density profiles at 1) nsec intervals
for the first 100 nsec after breakdown. Th= inset shows the
luminous image at 50 nsec intervals beginzing ~ 10 nsec after

breakdown (bottom frame), with CO, laser incident from the left.

He plasma, initial pressure 30 torr.
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Fig. 3. Electron density profiles at 30 and 80 nsec after
breakdown for hydrogen (initial pressure 10 torr) and helium
(initial pressure 30 torr) plasmas
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Fig. -41 XoVy Versus ro, where r, is the shock position
-and vy is the shock speed . Plasma parameters are the same as

those of Fig. 3. ' The. dashed lines are accordlng to theory for
cyllndrlcal blast wave w1th an: "1n1t1al" energy ‘input.
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Eig. 5. Longitudinal distribution of on-axis fring shift.
The time shonw in each curve, in nanoseconds, is referenced to
the time of breakdown at the focal plane, z = 0.



FRACTION OF FRINGE SHIFT

0.4 T T R B | T T | LI 1 | |
H2 10 torr A )
0.3 : Z =-2.25¢cm | - ~
(12. —o— —Q
OOI ! L
oF i |
250 300 - 350 400
‘ TIME FROM. BREAKDOWN
| t(nsec) B
‘ ’ 743950

Fig. 6. Fringe shift versus time at z = -2.25 cm. The
negative shift preceeding the positive shift (due to electron
density increase) is due to the compressed neutral gas. Hj
at 10 torr. A ’

-pz_



—-25~

CO, BEAM
LEFT TO RIGHT

Hz
7.5 torr
8.2
9.8
[&]
@D
17, ]
=
L
=
=
13.4
200 16.6
100
0
L 1 1 L | 1 |
-3-2-1 0 | 2 3
Z,cm

743952

Fig. 7. Streak pictures showing longitudinal propagation
of plasma luminous front (backward and forward) when the (hydrogen)
neutral pressure is varied. Field of view is |Z]| < 1.5 cm.



-26-

C0, BEAM FROM
LEFT TO RIGHT

IIOO nsec

0

Z

743993

Fig. 8. Streak picture showing the elimination of the
backward propagating luminous front. (Z scale is not calibrated).
H, at 10 torr.
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© - Fig. lQ;‘ Arrival time of the plasma leading edge at various
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with interface. Hy at 10 torr.
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