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Experiments on radiative collapse in laser-produced plasmas relevant to astrophysical jets
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We report a laser experiment of astrophysical interest on radiative jet formation. Conically shaped targets are
irradiated by intense laser light. An ablated plasma flow collides at the axis of the cone targets, then propagates
at high Mach number, forming a jetlike structure. We measure time-resolved x-ray self-emission images from
the jets. The diameter of the jet increases with decreasing atomic number of the irradiated target, suggesting
that the collimation is due to radiative cooling. Two-dimensional simulations reproduce essential features of
the experimental results.

PACS numbds): 52.50.Jm, 52.35.Tc, 52.70.La, 98.38.Fs

Astrophysical jets are one of the most exciting phenom-of the cone targets was 1.6 mm. Five beams of the GEKKO
ena in our universe. Previous observations provided welllaser irradiated the inner side of the cone target in a symmet-
collimated jet images ejected from active galactic nugléi  ric pentagonal orientation. The incident angle of each beam
and from young stellar objecf{2—4]. Protostellar jets such was 37.4° to the normal of the cone surface. An additional
as (Harbig-Harg-47 [2,4] were been well studied observa- beam irradiated the center of the cone from the direction
tionally [5-7]. They propagate at a high Mach numbdr  exactly face on to the cone target. We employed random
>10, and are well collimated and narrow. The reason for thephase plate$17] on all laser beams to generate an overall
significant collimation of these jets is not completely under-spatially uniform irradiation. The overlapped laser spot di-
stood, but some calculations indicate that radiative cooling immeter and effective laser intensity were approximately 1.2
a probable candidate for the collimatid8,9]. Radiatve mm (FWHM) and~3x 10" W/cn?, respectively.
cooling is very important not only for the formation of ra-  When a high-intensity laser pulse irradiates a material,
diative jets, but also in magnetic confinement fusion plasmataser energy is absorbed, and the surface of the target is
[10], Z-pinch plasmas[11], and laser-produced plasmas heated up. The heated mass is ablated from the surface as hot
[12,13. A recent experimental study indicated that a high-plasma, which moves rapidly away from the surface in a
power laser allows the creation of a high Mach number raperpendicular direction. The ablated hot plasma “implodes”
diative jet in the laboratory14]. onto the axis of the cone. The axial component of the im-

Motivated by astrophysical interest in radiative jets, inploding plasma is largely unaffected, and the plasma “jet”
this Brief Report we focus on a study of radiation effects onpropagates along the cone axis. In our estimation from the
the formation of high Mach number jets. Conically shapedsimulation(which is described latgrthe ion mean free path
targets were irradiated by a short burst of intense laser irraef the colliding plasma is very small even for the I&CH
diation, and we measured the x-ray emission from the jeplasma; the “interpenetration” of the imploding plasma is
propagating from the target. Radiative effects are a strongegligible in this experimental condition. As the ablated
function of the atomic numberZ). In order to isolate the plasma stagnates on the axis of the cone, the radial compo-
effects of radiation in our laboratory jets under otherwisenent of incoming momentum fluxp@?) is converted to
similar conditions, we varied th€ of the targets, employing pressure on axi§(Z+ 1)njeTier]. Equating, and replacing
CH (palyreng, Al, Fe, and Au. The higheZ- jets were nar-  jon number density with mass density, we hapg?2
row and collimated(“collapsed”), whereas the lower-
plasma jets were much broader. We simulated the jet forma- Backlight
tion with the two-dimensional2D) radiation-hydrodynamics laser beam
codeLASNEX [15]. The radiative cooling effect observed in
the experimental results was reproduced by the 2D simula:
tions, showing that radiative collapse occurs in the High-
jets, but not in lowZ jets. Conical target

The experimental configuration is shown in Fig. 1. Coni-
cally shaped solid targets were irradiated by six beams of the
frequency-doubled (wavelength 0.53 um) GEKKO-XII N
Nd:glass lasef16] at the Institute of Laser Engineering, \

Drive laser beam
(6 beams)

ght target
“—| X-ray framing camera
X-ray streak camera

Osaka University. The full width at half maximutRWHM) ,‘ @'x-ray —_—r

pulse duration of the laser and the total laser energy were for x-ray radiography

100 ps(Gaussiah and ~500 J, respectively. The opening

angle of the conically shaped target was 120°. The diameter FIG. 1. Schematic view of the experimental setup.
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=const<[(Z+1)/AlpjeTjer, that is, pvi=pjeTier. Hence, @fr 7 chzas|® Al(Z13)
if radiation cools the plasma jet on axis, lowering the tem-

perature, the density has to increase to maintain the pressure, & ~» [ v

an effect we call “radiative collapse.” Note, that the ablated |

plasma should emerge like a “bullef18], not a continuous B 3
outflow, because the pulse duration of the laser is relatively 1 mm X
short. As we stated above, the formation of a well-collimated (©)
jet depends on radiative cooling. Since the radiation from the

jet plasma increases with increasing ionization stae df ' pam—
the plasma, we employed four kinds of target materials: pa-
lyrene (GHg: Z=3.5), aluminum (Al: Z=13), iron
(Fe:Z=26), and gold (Au:Z=79).

We measured the x-ray self-emission from the jets. An (©)
x-ray framing cameréXFC) was used to obtain snapshots of
two-dimensional self-emission images of the jets every 100
ps for 500 ps. The XFC was located at 90° to the axis of the
cone target in order to have a side-on view of the jet. The
XFC was coupled with a 1pm-diameter pinhole imager Fe backlit jet T
with a magnification of 6. The temporal resolution and the {esfins} Rkl Posilon Far
spatial resolution of the XFC were 80 ps and /A, respec-
tively. Another XFC was also located at 90° to the axis of F|G. 2. Snapshots of two-dimensional side-on self-emission im-
the cone, from but on the other side to observe a backliages from the XFC fofa) CH, (b) Al, (c) Fe, and(d) Au targets at
image of the irradiated cone target by x-ray radiography. The.3 ns after the laser irradiatiofe) Backlit Fe jet image from the
uranium(U) backlight disk was located at 3 mm away from XFC at 2.0 ns, andf) radial lineout plot at 1 mm from the center of
the axis of the cone target. The uranium backlighter targethe cone target.
was irradiated by one beam of the GEKKO to generate a soft

x-ray source. The pulse width, focusing diameter, and laseg 20 ,m, so features or perturbations smaller than this are
energy of the backlighter beam were 100 ps, 1.5 mm, and 8 yisible for our diagnostics in this experiment.

J, respectively. The uranium backlighter emits x rays with \y/e analyzed the diameter of the jets for each spatial po-
the photon energy of around 1.0 kg10]. We also measured jtion, and each observation time from the two-dimensional

the jet speed with an x-ray streak camex&C), which was  gelf.emission images taken from the XFC. First, we plotted

located at 90° to the normal of the cone. The XSC is coupleghe peak intensity point for each image in order to determine
to a 10<50-um” slit imager with a magnification of 7. The ne “jet peak,” because the peak intensity coincides with the

temporal resolution and the spatial resolution of the XSCyeak density as describe above. Normalized lateral lineouts
were 90 ps and 2pxm, respectively. The XSC measured the for the axial position corresponding to the location of peak

x-ray emission on the axis of the cone target. Data from thgntensity at 1.3 ns are shown in Figiad We show this with
XFC's and the XSC were recorded onto charge coupled de-

vise cameras.

Figure 2 shows the snapshots of two-dimensional self- (a)
emission x-ray images from the XFC fé) CH, (b) Al, (c)
Fe, and(d) Au target at 1.3 ns after the laser irradiation. The
data show jetlike emission structures from the center of the
cone. We can see the difference in the diameter of the x-ray
emission between each jet, that is, the diameter increases
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with decreasing atomic number of the target. From the XSC 200 -

image of the Au jetnot shown herg the peak intensity of Position (pum)

the emission moves rapidly away from the cone target. This (b) = 400 | =Ty ' = 10 g
indicates that the high density mass from the cone target E a0l —m— Radiation cooling time o
propagates rapidly like a bullet because the x-ray emission % .. L S
for optically thin plasma is a strong function of the ion den- ‘aE‘> 200 + §
sity (~n?), that is, the peak in emission coincides with the S 0.1 3
peak in density. The jet tip velocity was taken to be the s | TT— =
velocity of the position of half maximum of the self- 7 ok L L L L L 0013
emission. The typical tip velocities were (6-8) ° 5 W0 1 = = 0 7T

x 10" cm/s. The backlit radiograph Fe j¢at 2.0 n$ is
shown in Fig. 2e). We confirmed that the mass actually  FiG. 3. (a) Lineouts of the four jets at 1.3 ns after the laser
exists along the axis line of the cone from the snapshots Gfradiation and at around the peak emission point of eacttijetet
the backlit image. In our jets, we did not see any turbulenceiameter and radiation cooling time vs effective ionization state

or knots caused by hydrodynamic or radiative hydrodynamidor each jet. The radiation cooling time,qand({Z) were calculated
instabilities[20]. Note that the spatial resolution of the XFC by theLasNeEx 2D simulation.
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(a) % TABLE I. The dimensionless parametetd ( Mach number;y:
= § radiation cooling parametein our experiment and the Harbig-Haro
< @ (HH) jets.
© 2
qé- f—f* Parameters HH jets CH jet Au jet
g @
S Y 5 M 10-20 2-8 10-50
= 1 | 1 0.0001=%
8 o 500 1000 1500 X 0.1-10 ~40 ~0.7
w Position (pm)

T

time and the hydrodynamic time. We also did the calculation
turning off the radiation transportnot shown herge The

54
=
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[, /—'— R U—
S < 3

[ 1.2

¢ 5

& 0.8 g 2N * i @ radiation-off calculation of higltZ jets resembles the adia-
g - 4 0.01 E. batic jets, that is, there is no obvious cooling during the jet
5 @ propagation.

S : , 0.001 g Since the criterion of the radiative jet should be deter-
g o 500 1000 1500 - mined by the ratio of the radiative cooling time to the hydro-
L

Position (um) dynamic time, we calculated the radiation cooling time for
_ _ all the jets using theAsNEx 2D simulations. The squares in
FIG. 4. Examples of theasnex 2D simulation of thga) Al and Fig. 3(b) are the radiative cooling time.g, which is defined

(b) Fe jets. The solid curves and the dotted curves represent theyn o 1asma energy content divided by the radiative flux:
electron temperature and the mass density in the jet propagation

direction, respectively. Trad= 3NK(T; 1Z+ T /210,49, Wheren, is the electron den-
sity, k is the Boltzman constant;; is the ion temperaturd;,,
a plot of the diametefFWHM) of each jet vs ionization state is the electron temperature, agglyis the radiative fluxz,,4

Z in Fig. 3b). Z is calculated value from theasNex simu- IS from calculated values at 1.3 ns and at around the peak
lation for each target material. The radiation transport algoPoint of the self-emission. All the parameters were calculated
rithm used in the simulations was multigroup diffusion as-PYy the LASNEX 2D simulation. This plot clearly shows that
suming a non-local thermodynamic equilibrium plasma, withthe radiation cooling time decreases with increasingrhe

256 to 512 bins encompassing photon energies from 1 eV teadiation cooling time of the Fe and Au jets is much smaller
30 keV and with detailed emission and absorption lines. It ithan a hydrodynamic time scaleé(q.,= Rjei/Cs), While for
very clear that the diameter of the self-emission decreasesl 7,q<7ag, and for CH, we haver, g < ag. This is
monotonically with increasing atomic number of the target.consistent with our interpretation that the radiative collapse
When the strong radiative cooling occurs, the density rapidlyforms the well-collimated jets.

increases while the temperature drops to maintain pressure. The radiation time scale can also be roughly estimated by
Since the local sound speed of the plasma is determined hy steady-state coronal equilibrium modgf]. This model

the temperaturgcs=(yP/p)Y?<TY?], the sound speed de- assumes that the plasma is transparent to its radiéioti-
creases with radiative cooling. Since the radial flow velocitycally thin), and that the electron collisional ionization rate is
of the jet is approximately determined by the sound speedsxactly balanced by the total recombination rate. The cooling

the radiative collapse reduces the diameter of the jets, angteq[erg/(cn? s)] is given byg=nenI'=Zn?T", where the

slows any subsequent expansion. _ _ “cooling curve” T'(Te) is given graphically in reference
Examples of the output from theasNEx 2D simulations [21] as erg criVs. For Fe afT,—=0.5-1.0 keV, this model

are shown in Fig. 4. Figure(d gives electron temperature gives T=5x10"1° erg cn¥/s=3x107 eV cnf/s. Di-

and mass density of the Al jet at several time steps, and Fig/iding the plasma energy content by the cooling rate, we
4(b) shows the same for Fe. The results shown represent the

average from 10 to 3@m from the axis of the cone. The virite the ra_diazltion cooling time 75 ) as la}j:[w/_z) (Z
dotted curves and the solid curves in the Fig. 4 represent thé DM T1/(I'Zn; )~5X10°T (eV)/n;, sinceZ is relatively
mass density and the electron temperature, respectively. Tharge (=15 both from theLAsNEX simulation and from Ref.
electron temperature of the Fe jet shows significant cooling21]. Since the radiation cooling time is approximated as
in vicinity of the tip of the jet, while the electron temperature 7,,q~ 1/nj~ 1/p, if p=10"2 gl/cn?, then 7,,¢~50 ps, or if

of the Al jet shows no evidence of cooling near the tip. Also,p=5x10"2 g/cnt, which is the result from the simulations
the mass density of the Fe jet increases with decreasing elee,~100 ps. This estimate suggests that the radiative
tron temperature around the tip of the jet. Note that the massooling occurs in the early moments<{~1 ns) in our ex-
density of the Fe jet is higher than that of the Al jet by aperiment. Note also that the cooling parameter for Al
factor of 50 at 1.6 ns, and at 1 mm. Although we observedat T.=0.5-1.0 keV given in Ref. [21] is ~2
backlit images for the higheZ-jets (Fe and Ay, we were X 10 “° erg cni/s, i.e., a factor of 25 smaller than that of
unable to record backlit images for the low&jets (CH and  Fe and at the same temperature. This is consistent with our
Al), due to their lower overall optical depth. We can seeobservation that the Al is not radiatively cooled, whereas the
weak radiative cooling of the Al jet at 1.6 ns near the coneFe is.

target. However, the radiative cooling does not catch up with In Table |, we compare some important dimensionless
the jet propagation, resulting in formation of the “adiabatic” parameters in our laser-produced jets with those in the astro-
jet during our observation time scale. Thus the radiative colphysical jets. The ranges of the dimensionless parameters for
lapse should be sensitive to the ratio of the radiative coolingypical astrophysical jets are taken from Ré&9]. The pa-
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radiative cooling parametey is of the same order of mag-

simulations. An important dimensionless parameter of thenitude as astrophysical jets. Thevalues for our laboratory

hydrodynamics of jets is internal Mach numbevi
=vjet/Cs, the ratio of velocity of the jebj, to the sound
speeccs within the jet. We confirmed that the jet velocity,

jets differ by up to a factor of 50 between Au and CH,
showing that we span nearly adiabatic to radiatively cooled

conditions.

for each target material shows good agreement with that In conclusion, we have developed laboratory jet experi-

from LASNEX simulation. Also compared is the dimension-

less radiative cooling parametgr which is the ratio of the
cooling length to the radius of the jeb - 7a4/Ro), Where

ments relevant to astrophysical jets. The experimental results
show that jets of higlZ material are more radiatively cooled
and are well collimated, whereas |atv-materials jet are

Ry is the radius of the jet at the location of peak self-adiabatically expanded. The experimental results were well

emission. Whery is small, y<1, the jet is “radiative” be-

reproduced by 2D ASNEX simulations. The simulation re-

cause the radiation cooling time is smaller than the hydrodysults indicates that the radiative cooling time is important for

namic time. We used calculated values from thesNEX
simulation except foRy. The y in Table | are values at 1.3
ns and at the jet peak. The Mach numibérof our jets is

the formation of the well-collimated jets. The internal Mach

numbers and radiative cooling parameters of our experimen-

tal jets are relevant to those of the astrophysical jets.

very close to that of the astrophysical jets. Since the sound

speed of the higlz jet is reduced by the radiative cooling,
the Mach numbers of the high-jets are relatively higher

than those of the lovZ jets. The ratio of the jet density to
ambient mediumy is much larger than that of the astro-
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