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Abstract

Adouble shellz-pinch with an axial magnetic field is considered d&-ahell plasma radiation source. One-dimensional
radiation-hydrodynamics calculations performed suggest that this scheme holds promise for the production of the
K-shell radiation of kryptorthy ~ 12—17 ke\). As a first step in verifying the advantages of this scheme, experiments
have been performed to optimize a neon double-shell gas puff with an axial magnetic yield Keskiedl yield and

power. The experiments show that the application of an axial magnetic field makes it possible to incréasaehe
radiation power and reduce the shot-to-shot spread irKtshell yield. Comparisons between the experiments and
modeling are made and show good agreement.

Keywords: Axial magnetic field; Implosion stabilityik-shell radiation sourc&-pinch

1. INTRODUCTION in the 7—20 keV spectral range, high atomic number materi-
als, such as krypton whoselines are in the range from 12
Thez-pinches accelerated in the diodes of high current gento 17 keV, should be used for the working medium. The
erators are now widely used as powerful sources of soft Xefficiency of the conversion of thepinch kinetic energy
rays. The spectrum of this type of radiation source rangemto K-shell radiation decreases substantially with increas-
from 0.1 to approximately 7 keV. For the production of ing nuclear charge. This decrease can be compensated, in
“harder” X rays(with energies of 20 keV and greateelec-  fact, only by increasing the generator current. According to
tron beams interacting with cold condensed targets are enoptimistic estimateéMosheret al, 1999, itis expected that
ployed. Powerful radiation sources operating in the rangeéhe generation oK-shell radiation of krypton might be
7-20keV are not available nowadays. Ratakti®97) com-  efficient (about 10—-25%for z-pinch currents higher than
pared two types of radiation sourtzpinches and electron- 40 MA.
beam-based sourceend considered the prospects for using However, a multimegaampere generator alone does not
them as a base to create a radiation source operating in timeake the radiation production efficient. For the elements
spectral range 7—20 keV. It was shown that only the schemaesith a high nuclear chargé the kinetic processes occurring
based orz-pinches had a promise for solving this problem. in plasma, such as the relaxation of the ion charge state, the
However, even with the-pinch scheme, the creation of a energy exchange between ions and electrons, the spectral
powerful radiation source for the 7—20 keV spectral rangdine radiation, and so forth, come to the forefront. Davis
presents a considerable challenge. For a “softer” spectrat al. (1996 used a one-dimensional radiation magneto-
range, a highly efficient conversion of the kinetic energy ofhydrodynamiq1D RMHD) model to compute the yield of
a z-pinch into K-shell radiation can be achieved. For the the K-shell radiation of krypton during the implosion of a
elements with a nuclear charge of 10-18 wh#sshell  z-pinch on a multimegaampere generator. The calculations
radiation falls in the rangkr ~ 1-3 keV, with megaampere have shown that th&-shell radiation yield for a 40-MA
current generators, the efficiency may reach several tensurrent flowing through the-pinch is 10-50 kdcm; that is,
percent Mosheret al., 1999. To generat&-shell radiation  the efficiency of the conversion of the kinetic energy of the
z-pinch into the energy oK-shell X rays is low(not over

%). This is primarily due to the high radiative ability of
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range, the temperatures necessary for the production d@heir costis lower in comparison with the generators whose
K-shell radiation are very difficult to attain. current rise time is 100 ns or shorter.

Another problem which arises in developimzgpinch The experiments under discussion in this article were
plasma radiation sourcé®RS$ is associated with large- performed with double gas pu#fpinches and an axial mag-
scale instabilities which inevitably develop in an imploding netic field on the IMRI-5 generator producing a current of
z-pinch. This is especially critical for a PRS which radiates400 kA with a rise time of 430 ns. Neon was used for the
in the hard spectral range, since in this case the need to userking gas. The gas-puff parameters were chosen using
high-Z materials dictates the necessity to start an implosiompreliminary one-dimensional RMHD calculations. The ex-
from a large initial radius. To overcome the ionization bar-periments were aimed, first, at investigating the effect of an
rier and to heat the plasma to a temperature at which thaxial magnetic field on the stability, power, and yield of the
K-shell electrons of krypton radiate efficiently, the final K-shell radiation of a double gas puff with a solid inner shell
implosion rate should be no less thar®Xn/s (Whitney  atlong implosion time$> 100 ng and, second, at checking
etal, 1990. To attain these values even on a generator withwhether the model description of an imploding gas puff with
a current rise time of 100 ns, it is necessary that the initiabn axial magnetic field is adequate.
radius of thez-pinch be no less than 3 cm. The available The article is organized as follows. In Section 2, the ad-
experimental and calculation data suggest thainch im-  vantages of thé®, double gas puff scheme are considered
plosions starting from large initial radii> 3 cm) are very  and the results of the preliminary 1D RMHD simulation are
unstable(Bakshtet al,, 1995; Colemaret al,, 1997; Com-  given. The experimental setup and diagnostics used in the
missoet al,, 1998; Cochran, Davis & Velikovich, 1995t  experiments are described in Section 3. The experimental
should be emphasized that an increase in inittginch  data are presented in Section 4 and the results are discussed
radius is also dictated by the increase of the rise time of thén Section 5. The principal results of the research are sum-
generator current, which seems to be unavoidable in thenarized in Section 6.
future multimegaampere generators. Therefore, to create an
eff|C|entz—p|_nqh—based source radlatlng_m the range from 72. PREDICTIONS OF THE NUMERICAL
to 20 keV, it is necessary to take additional measures to

o . . SIMULATION
stabilize the implosion process.

This article considers the possibility of using a double-The configuration used in our experiments is shown in Fig-
shell gas puff with an axial magnetic field to produce high-ure 1. The inner shell is a solid gas coluisolid fill ), while
power pulsed radiation with a photon energy of 7—20 keV. Athe outer shell is an annular gas shell with an axial magnetic
similar scheme was consider&@ol’berg, Liberman & Ve- field inside. The application of an axial magnetic field is the
likovich, 1990 as a candidate for use in realizing inertial well-known method for stabilizing plasnmpinch implo-
confined fusion. In this scheme, the inner shell is a solid gasions. Stabilization of the shell could occur during the run-in
column(solid fill) and the outer shell is an annular gas shellphase of implosion due to the compression of the magnetic
with an axial magnetic field inside. The implosion stability field frozen in the plasmdaRudakov, 1988 In experi-
is provided by the axial magnetic field. One-dimensionalments with single and double gas puffs, the magnetic field
hydrodynamic calculations performed for a multimegaam-used made the implosion much more statf®rokin &
pere generator with a 300-ns current rise time, which ar&haikovsky, 1989, 1993The initial magnetic field neces-
discussed in Section 2 of this article, suggest that this schensary to produce a compact and unifompinch wasB, =
holds promise for the production of tikeshell radiation of ~ (0.5-1)Bg;. Here B (kG) = 1011, (MA)/Ry (cm) is the low-
krypton. In the case of a krypton pinch, the role of the
magnetic field is not limited to implosion stabilization. Ac-
cording to the predictions, the magnetic field reduces the
radiative energy losses in the soft spectral range and thus B
makes the heating of the plasma more efficient. z Lo

An implosion experiment with Kr double gas puffs in the
presence of an axial magnetic field on a multimegaampere
(40—60 MA) generator is still costly and a long way in the
future. Therefore, a contemporary problem to be solved is to /
study the efficiency of the production &f-shell radiation \
using thisz-pinch scheme on available generators of lower
current level, and, hence, for lower atomic number ele-
ments. Of particular interest is this type of experiment with
long (> 100 ng rise times of the generator current. This is
due to the fact that the trend is to longer current rise times in
multimegaampere generators. The generators with a long
current rise time seem to be less complicated in design and Fig. 1. Double-shell gas puff with an axial magnetic field.
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est magnetic field at which the implosion of an annular gas VY'Y 1
shell is still stabléBud’ko et al., 1989; Sorokin & Chaikov-
sky, 1989, werel .4 is the maximum current through the L R H/

gas shell an®, is the initial radius of a single gas puff or the C) u
initial radius of the outer shell of a double gas puff.

An advantage of a solid inner shell is the snowplow sta-
bilization mechanismGol'berg & Velikovich, 1993 that - Z
works when the shell matter is swept during the propagation (a)
of the shock wave. When the inner shell of a gas puff is a
solid fill, the shock wave propagates in the matter almost 60

. . . N Short Circuit T
until the moment of maximum compression; therefore, the Gas Puff
snowplow stabilization may have a substantial effect. '

R

()]
o
T

Early in the process, the generator current flows in the < 40 /
outer shell and accelerates the latter. If the conductivity of = /// \ /
the shells is high enough, then, as the outer shell implodes, E“ 30 /
the axial magnetic field trapped between the shells is com- O 20
pressed. The inner shell is accelerated both by the action of 5 /t"
the azimuth currents, which appear because of the axiallU 10
magnetic field compression between the shells, and by the
action of the gas-dynamic pressure. In this case, the time of 0700 200 300 400
acceleration of the inner shell is determined by the time of Time. ns

collision of the shells, and it is considerably shorter than the
generator current rise time. Therefore, the energy transfer to
the inner shell occurs with an increased power. The materigtig. 2. Lumped circuit of 60-MA generatofa) and calculated current
of the inner shell matter is heated to high temperatures dtaces(b) for a case of short-circuit load and a double shell gas puff.
comparatively weak compression by the action of a strong
shock wave. When the shock wave arrives at the axis, ahock-wave front. The collision-radiative model was used
reflected shock wave forms, and further implosion of thefor computing of the radiation losses and the plasma ioniza-
z-pinch is accompanied by a series of shock waves of lowetion states. It takes into account the following elementary
intensity, which pass through the material of the inner shelprocesses: electron collisional excitation; spontaneous and
(Oreshkin, 199% This has the result that the inner shell stimulated emission; collisional and photoionization; and
appears to be heated to a higher temperature than the outesllisional, radiative, and dielectronic recombinations. For
shell; therefore, the contribution of the inner shell to thethe calculation of plasma ionization states, the quasi-steady
radiation in the “hardest” spectral range is more substantighpproach was used in the model, that is, the plasma ioniza-
than that of the outer shell. tion states were found by solving time-dependent equations
Let us consider the simulation predictions for the kryptonof ionization dynamics, while the population density was
K-shell radiation yield produced by a double gas puff withdetermined by solving the stationary rate equation, since the
an axial magnetic field used for the load of a multimegaam-+elaxation time of the excited ion levels is considerably less
pere generator. The lumped circuit of the generator is showthan the ionization state relaxation time.
in Figure 2a. The generator circuit has the following param- The simulations were performed for double gas puffs by
eters:U(t) = Ugsin(wt/2715), Ug=12 MV, 7= 250nsR=  varying the initial radius of the outer shé®, so that the
0.185Q, L = 12 nH. Figure 2b shows the short-circuit ratio Ri,/R,,: = 0.2 was preserved. HerB;, is the initial
current and the load current calculated for an implodingradius of the inner shell. The gas puff length was 5 cm. The
double-shell gas puff. The generator power is about 200 TWjas puff mass was chosen so thatzinch implodes at a
and the stored energy is estimated to be 70-80 MJ. Theearly peak load current. The inner-to-outer-shell mass ratio
z-pinch implosion was simulated with the use of a one-remained unchangedn;,/my, = 0.5. The initial value of
dimensional two-temperature magnetohydrodynamic codéhe axial magnetic field was varied so that the stabilization
(Oreshkin, 1994 This code employs the one-dimensional criterion B, = B; was satisfied. The predicted dependence
two-temperature radiation magnetohydrodynamics equaef the Kr K-shell yield on the initial outer shell radius is
tions. The following dissipation processes are included irshown in Figure 3. It can be seen that with the given gener-
the model: electron and ion heat conductivity, Ohmic heatator a double-shell gas puff with an axial magnetic field is
ing (for the Spitzer conductivity interchange of energy capable of producing K-shell yield of up to 300 k&m.
between ions and electrons, and radiation losses. The dissihis value is close to the highest possible yield predicted by
pation process coefficients were taken in the frame of ahe simplified estimates using a model of Moskklosher
Braginskii model(Braginskii, 1965. The pseudo-viscous et al, 1999 and is substantially greater than that predicted
pressure was employed in the code for the calculation of they Daviset al. (1996.

(b)
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i ; soft spectral region in the plasma energy balance decreases

g 300 m,,[mg/om] = 200/ R°,,, substantially with decreasing the nuclear charge. Therefore,
9 /\ _Bo[kG]_'5251 Rou the effect of the magnetic field upon tlikeshell radiation
S R =R /5:m =m_ /2 . . .
~ ol n od power and yield for lowZ materials can be negative. Exper-
= 200 iments show that, notwithstanding an improvement in im-
a plosion stability with increasing the initial magnetic field,
T 100 the radiation power and yield decrease both in the spectral
C / \\( region< 1 keV (Sorokin & Chaikovsky, 1989and in the
M \ spectral region> 1 keV (Sorokin & Chaikovsky, 1996

0 . Obviously, this is due to the energy losses for the compres-

6 8 10 12 14 sion of the axial magnetic field. Takasugi et @000 used

R cm

out ’

a longitudinal magnetic field to suppress tkeshell radia-
Fig. 3. Calculated dependence of the Keshell radiation yield on the ~ tion of argon.
initial radius of the outer shell of thB; double gas puff. Prior to the experiment on the IMRI-5 generator, prelim-
inary RMHD calculations of the NK-shell (hv ~ 0.9-1.4
keV) radiation yield had been performed for a double-shell

An important feature of the scheme under consideratiomas puff with an axial magnetic field. The neon gas was
is that the axial magnetic field not only stabilizes the gaschosen because a measurafishell yield was expected at
puffimplosion. The magnetic field preventz-pinch plasma  IMRI-5 generator current level. In the calculations, the peak
from excessive compression that leads to the large radiatiocurrent was 600 kA and the current rise time was 450 ns. The
losses in the soft spectral range and does not allow obtainingoal of these calculations was to determine optimum outer
conditions required foK-shell radiation generation. Simu- and inner shell parametef=dii and massegor maximiz-
lations carried out for the case with no magnetic field haveing the NeK-shell radiation yield. Figure 4 shows the cal-
shown that, when compressed to the same degree as withcalated dependence of the IKeshell radiation yield on the
magnetic field, the plasma is not heated to the requireduter shell radius for B, double gas puff of length 2 cm. In
temperature and thi€-shell yield is negligibly low. the simulations, the gas puff mass was varied so that the

Thus, the key idea of the proposed method is to choose thienplosion occurred at a nearly maximum of load current,
gas puffinitial density profile and the axial magnetic field so and the initial value of the axial magnetic field was set so
that the resulting implosion dynamics would provide thethat the stabilization criterioB, = Bg; was satisfied. As can
heating of the plasma to a temperature sufficient for thebe seen in Figure 4, the maximum radiation yield in the
production oK-shell radiation at a comparatively low plasma simulations was predicted for the outer shell radius equal to
density. This should reduce the energy losses by soft radi&.5 cm; therefore, th&-shell yield dependences on the
tion as the gas puff goes through the “radiation barrier” andjnner shell mass and radius were calculated for this value of
hence, increase the energy available for the emission dhe outer shell radius.
K-shell radiation at the final stage of implosion. Evidently, The calculations, the results of which are presented in
this approach carries a kind of compromise. On the oné-igure 5, were carried out for a constant value of the inner
hand, if there is an axial magnetic field, there should beshell radius(at inner-to-outer shell radii rati®,/Rou; =
energy losses for its compression and a decrease in th®2) in one case and for a constant value of the gas puff mass
energy delivered to the plasma. However, in this case, théat inner-to-outer shell mass ratm;,/m,, = 0.5) in the
radiative losses in the soft spectral region decrease. As a
result, according to the simulations, the plasma temperature
can reach values necessary for the generation d¢-Khell 70
radiation. On the other hand, if there is no magnetic field,
the plasma cannot be heated to the required temperature
because of the substantial radiative energy losses in the soft
spectrum.

As mentioned above, the method under consideration can-
not be verified experimentally on a multimegaampere gen-

[0)]
o
T

[$)]
o
T

K-shell yield, J/cm
N
o

erator, in particular, because generators of this type are not 30r ’ R=R 5m=m ’2‘|

available at present. However, the key aspects of this scheme, 20l | s

such as the implosion stability and the efficiency of the I L I . I

conversion of the generator energy itteshell radiation in 20 25 30 35 40 45 50 55
the presence of a magnetic field can be investigated exper- R, -em

'mema”y on the now avz,i”able generators producmg IOWerFig. 4. Calculated dependence of the eshell radiation yield on the
currents for !OWZ mate”al_s- .|t should howeV_er be nPIEd outer shell radius of thB; double gas puff for the conditions of the IMRI-5
that the fraction of the radiative losses associated with th@enerator.
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70 Table 1. Nozzle parameters
(a) e
/ T Nozzle Mean diameter of Outer diameter of
g 60 configuration the outer nozzle, cm the inner nozzle, cm
=
. / 44/10 4.4 1.0
h=]
= 50 60/12 6.0 1.2
= ‘ N 80/16 8.0 1.6
— 100/20 10.0 2.0
L 40 ——‘ R,=35¢cm; R /R =02
_4::({) out i it
M
30
02 04 06 08 10 12 14 _ _ _
m /m During the experiments, the shell masses were adjusted
oo by varying the gas valve plenum pressure and the time delay
(@ between the gas valve opening and the generator firing. To
70 estimate the shell masses, additional sets of experiments
(b) were performed for each nozzle configuration without an
£ 60 /"\\ a>§|al mqgnetw field both Wlth.the ogter .sheII alone and
3 . with the inner shell alone. The implosion times were deter-
- \\ mined using the signals from magnetic probes, XRDs, and
S 50 Rogowski coils. Then the implosions of the gas puffs were
[5) N . . .
= simulated with the help of the snowplow model using the
= \ current traces obtained in the experiments. For each shot,
O 40 R = 3 5 . / = 0 5 . . - . ..
= ot - 000 €M M fm, = U the iteration calculations, where the initial gas puff mass
Y was varied, were carried out until the calculated implosion
30 : . . . time coincided with the implosion time observed in the
0.0 0.2 R (/)'; 0.6 08 experiments.
in’ out For the preionization of a gas puff, we used a flashboard,
(b) whose operation is based on a discharge over a dielectric
, o surface. The axial magnetic field was created by two mag-
Fig. 5. The NeK-shell radiation yield versus the shell mass rgépand netic coils

the shell radius rati¢b) of the Bz double gas puff on the IMRI-5 generator. . .
In the experiments with neon double gas puff, the follow-

ing diagnostics complex was used. The load current was
other. The calculation allows us to conclude that the ratios ofneasured by a Rogowski coil that was located in the return
the shell parameters optimized for the production of thegyrrent leadsee Fig. 6. The NeK-shell(hy ~ 0.9-1.4 keVf

highest possibl&-shell yield are as followsRin/Roit =  radiation power and yield were measured by two vacuum
0.2-0.25 and 0.5 my, /mg; < 1. X-ray diodes(XRD) with aluminum cathodes and the fol-
lowing filters: aluminum 1Qum + Mylar 3 um (XRD1) and
DIAGNOSTICS cameras were fielded to record the time-integrated image of

_ _ the pinch. One pinhole camera was filtered by@-thick
The experiments were carried out on the IMRI-5 generatorgjuminum foil and the other was placed behind a filter of
whichis a low-inductance capacitor bank with a capacitanceyjuminum 0.2um + Kimfoil 2 um. The implosion dynam-

of 3.23 uF. With a charge voltage of 75 kV, the capacitor jcs was recorded by a visible light streak camera with a
bank stores 9 kJ. In the short-circuit regime, the generator

provides a peak current of 470 kA with a current rise time of
430 ns. Neon gas puffs were formed by pulsed injection of

the gas through supersonic nozzles into the electrode gap Anode mesh 1 100P% Gas puff Nowzles

of the generator. The distance between the anode and the [EL_ Magnetic coil
cathode was either 1.7 cm or 2.2 ¢far the nozzle config- Fashboand Nl R R

uration 100'20). To produce double gas puffs with different A .:—T'—ﬁ cﬂ—'—

initial radii, we used interchangeable nozzles with the Mach P

4—6. The nozzle parameters are listed in Table 1. The outer “***'«*! v _,th

nozzles had an"8nward tilt (see Fig. 6to reduce the zipper Sem, Cathode

effect in gas puff implosions. In all nozzle configurations, Valve

the outer shell was an annular gas puff, while the inner sheltig. 6. schematic drawing of the IMRI-5 generator load unit with 120
was a solid fill. nozzle configuration.
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writing speed of 125 n&m. The inlet slit of the streak @

camera was arranged perpendicular tozipénch axis. o
4. EXPERIMENTAL RESULTS 5;2 : H

= . . £ 2]
The general experimental procedure was the following. At £ z; /'fﬁ\\\ EQ 1 ;
the first stage of the experiments, the outer shell mass at * " A & I//':”/—\\
which the implosion time was in the interval 450—-480 ns % 4 6 8 10 12 14 % 4 6 12 14
. . . . (b) Inner shell mass, ug/cm Inner shell mass, ng/cm
(i.e., approximately equal to the generator current risetime 70 5
was determined for each nozzle configuration. At the sec- e -
ond stage, with the outer shell mass kept equal to the found § * . <
optimum value, th&-shell radiation power and yield were = *3 Y 2 -
measured at different masses of the inner shell that was = *} —=x4 g2t v
varied by changing the plenum pressure in the correspond- Z fz R E 1 /‘L'r\
ing gas-valve volume. Thus, the optimum inner shell mass | ¥, :
with respect tK-shell radiation production and the maxi- R - Y R W B
mumK-shell yield were found for the double-shell gas puff " s
without an axial magnetic field. At the next stage, Kashell % £ 4 .
yield was measured as a function of the initial axial mag- 5?2 z .
netic field for the optimum inner and outer shell masses 3 . 5 L
determined in the preceding stage of the experiments. The % - ] \'\ 2 ’ 1, \
value of the initial magnetic field was varied in the range < 1] f b .
(0.3-1.5 Bq;. Finally, an additional scan on the inner shell ol " — 01 ——
mass was carried out for the double gas puff with the axial Lnner shell mass, ug/cm Inner shell mass, wg/em
magnetic field that was chosen in the course of the preViouﬁig. 7. Nozzle configuration 6012. NeK-shell radiation yield and power
stage of experiments. in the experiments with double gas p(j without an axial magnetic field,

Table 2 presents the values of shell maskeshell radi-  (b) with an axial magnetic field at the constant gas puff mass,(endlith
ation yield and power, and final implosion velocity for the the axial magnetic fieldB, = 0.66 kG at varying mass of the inner shell.
shots in which a maximurk-shell radiation yield was reg-
istered for each configuration with a magnetic fiddg ~
0.5Bg. The experiments have showsee Table Pthat the  experiments without an axial magnetic field. The maximum
configuration with 6 cm outer diamet¢80/12 configura-  K-shell radiation yield, 63/&m, has been fixed for the inner
tion) is an optimum for the generation Bfshell radiation.  shell mass equal to 7.6 2 ug/cm. The mass of the outer

The experimental data on theshell radiation power and shell in these experiments was 15 ug/cm, providing the
yield obtained for this configuration are presented in Fig-implosion time in the interval from 435 to 540 ns. Figure 7b
ure 7. Figure 7a shows the dependence of theKhNghell  illustrates the dependence of tKeshell radiation yield and
radiation yield and power on the inner shell mass in thepower on the initial axial magnetic field. The mass of the

inner shell in these shots was in the range 5x85cm. The
maximum value of th&-shell radiation yield for the initial

Table 2. The gas puff parameters, the implosion velocity, magnetic fieldB, = 0.66 kG is equal to 48/@m, which is
and the maximum K-shell radiation yield and power 30% lower than the maximui-shell yield measured in the
experiments without magnetic field. The averdgehell

Do, Mout, Min, Bo, Yo P, Vi, ields for these two cases are comparable.
cm ug/em  wg/em kG yem GWem  107cm/s ’ In the double gas puff implosions, theshell radiation
44  17+3 2+1 0 5.5 0.2 2.0 power increases with axial magnetic field. The maximum
6 14x5 75+2 0 63 2 1.85 K-shell power measured fd3, = 0.66 kG is 4 GWcm,

8 Sl 1rx5 0 38 2.9 1.4 which is twice that measured in the shots without the axial
10 25+1 278 0 32 0.8 — o i

44  20+3 15+1 077 1 01 27 magnetic field. The dependence of tKeshell radlathn

6 11+ 5 5+2 0.66 485 4 295 yield and power on the inner shell mass for the optimum
8 5+1 17+5 055 285 1.7 1.6 value of the initial magnetic field is shown in Figure 7c. It
10 251 278 049 4 0.2 11 can be seen that théshell yield has a maximum when the

inner shell mass is & 1.5 ug/cm.
Notation:Dy: the outer shell initial diametéthe external diameter of the An increase in initial magnetic field reduced the shot-to-

inner shell was equal to 0.2q in all shotg, my,: the outer shell mass, shot spread in radiation yie(dee Table B With the practi-
mi,: the inner shell mas$B,: the induction of the initial axial magnetic

field, Yx: the NeK-shell radiation yieldPy: the NeK-shell radiation power, C?-”y equal average values of tKeshell y"?ld n t.he shots
andV;: the implosion velocity estimated from streak camera pictures. ~ With By = 0 kG andB, = 0.66 kG, the dispersion of the
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Table 3. The average K-shell yield,X, and the standard m,, = 0 ugicm m, = 3.8 yglom my, = 7.5 pgfom m,,=10 pgicm
deviation D of Y values from an average value at optimum inner *"%*

shell mass for different values of the initial magnetic field B EI “ ‘ l t {

Nozzle Bg, Ykavx D, D/Yka,, Cathode

configuration kG Jcm J/ecm %

60/12 0 35.4 247 70 c "

60/12 0.66 33.8 10.6 31 E[ gy ' ;! H
80/16 0 22.9 13.8 60 ) ) . "
80/16 0.39 19.8 8.8 44

80/16 0.55 19.7 5.9 30 Time, 50 s, Time, 50 e/l Time, &0 nsil. Time, 50 s/

Fig. 9. Time-integrated pinhole images and streak camera pictures ob-
tained at different values of the inner shell mass in the shots without the
axial magnetic fieldin the pinhole camera pictures: the pinch image in Ne
experimental points about the average value in the later cadg"eS—at the left, the pinch image in soft X rays—at the right

is less by half.

Figure 8 shows time-integrated pinhole images and streak The pigher implosion velocities realized in the shots with

camera pictures for the implosion of a double gas puff withyy 5yia magnetic fielésee Table Jlare accounted for by the
the inner shell mass equal to 7ug/cm for a varied initial  gyperimentally observed decrease in implosion time in the
magnetic field. The final implosion velocity estimated from presence of a magnetic field. In the shots with an axial

the streak camera pictures wek4—1.7-10" cm/s. The  magnetic field, the implosion time was 40—60 (RS10%)
presence of an axial magnetic field significantly improvesgnorter compared to the shots without a magnetic field
the implosion stability. At the initial axial magnetic field (Fig. 10. The decrease in implosion time in the presence of

By = 0.66 kG(that is~ 0.5B,; for 60/12 configurationthe 5, 5xjal magnetic field was observed for all nozzle config-
final plasma column becomes quite uniform along#feis.  |,rations used in the experiments.
The diameter of the-pinch radiating in N&-lines is prac-

tically the same in the shots wit, = 0 kG andB, = 0.66
kG. Time-integrated pinhole images and streak camera pic®. DISCUSSION OF THE EXPERIMENTAL
tures of thez-pinch implosions without the axial magnetic =~ RESULTS

field are shown in Figure 9. It can be seen that an implodingy/hen, giscussing the experimental results, we will invoke
single gas puffwithout an inner shelldoes not produce a e resyits of 1D RMHD calculations. In Section 2, the
compact uniform pinch. An increase in the inner shell masgggjts of preliminary calculations of the Neshell yield
improves the radial and axial uniformity of the pinch. Com- ¢ -, aB, double gas puff PRS on the IMRI-5 generator
paring Figure 8 and Figure 9, we can see that the pinclyere nresented. However, the conditions for which these
produced by the imploded double-shell gas puff with ancgcyations were carried out were somewhat different from

axial magljetic fie!d was more uniform. . .. the experimental conditions. Therefore, we performed ad-
Thus,_W|th the glyeq nozzle conf!gurauon, the appl'cat'onditional calculations for the maximum load current and the
of an axial magnetic field not only improved the double gas

puff stability, but also increased th€-shell power with

comparable&-shell radiation yields. 800
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Fig. 8. Time-integrated pinhole images and streak camera pictures ob-

tained at different values of the initial axial magnetic fiéiid the pinhole Fig. 10. Dependence of the implosion time on the inner shell mass of the
camera pictures: the pinch image in elines—at the left, the pinch  double gas puff in the experiments with and without the axial magnetic
image in soft X rays—at the right field.
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shell masses close to those realized in the experiment. Ifor 60/12 configuration are shown in Figure 12. It can be
these calculations, the shell masses were chosen so that, seen that the calculated and experimental yields are in good
the one hand, they correspondg@dthin the experimental qualitative and quantitative agreement. As the magnetic field
errorn to the experimental values and, on the other hand, thevas increased to 0.66 kG, both the calculated and the exper-
implosion time in the simulations was about 500 ns, as inmental yield changed insignificantly. From Figure 8, which
the best shots. Moreover, in the preliminary calculations, thegresents integrated pinhole images aff@nch for different
magnetic field was set equal By, in compliance with the values of the initial axial magnetic field, it can be seen that
lower limit specified by the condition for magnetic-field- as the initial axial magnetic field is increased, the final
stabilized implosions. The experiments, however, havelasma column becomes more uniform alongzfasis, that
shown that for a double-shell gas puff, stabilization is at-is, unstable modes witimn = 0 are more suppressed. When
tained with a magnetic field equal to B5. the magnetic field is over 0.66 kG, along with a further
The experimental and calculat&dshell yields are shown increase in stability, both the calculated and the experimen-
in Figure 11 as a function of the outer shell diameter fortal K-shell yield are observed to decrease.
the initial magnetic fieldBy ~ 0.5B. The experimental As can be seen in Figure 12b, for the experimental values
points correspond to the best shots in each nozzle configef the K-shell radiation power there is a pronounced maxi-
uration with the respective maximurd-shell radiation mum at the initial value of the axial magnetic field equal to
yield. Recall that for all configurations the inner-to-outer 0.66 kG. As the magnetic field is increased, the power de-
shell radius ratio was approximately constant and satisfiedreases because of the increase in the energy lost for the
the condition obtained in the preliminary calculatioRg;/  compression of the magnetic field. With decreasing mag-
Rout =~ 0.2—-0.25. netic field, the radiation power decreases as well, and this
As can be seen in Figure 11, both in the experiments andeems to be associated with the influence of large-scale
in the simulations the maximuit-shell yield corresponded instabilities on thez-pinch formation at the final stage of
to the initial outer shell diameter equal to 6 cm. It should beimplosion. In the absence of an axial magnetic field, the
noted that the optimum diameter of the outer shell was
determined with sufficient accuracy in the course of the
preliminary 1D RMHD simulationgsee Fig. 4.

The maximum yields achieved experimentally are greater 70 T
than the maximum vyield for a single shell gas puff by a goL ° : |
factor of 1.5—2 and are close to the values that can be real- i Level of B, I
ized on a generator with the same current, but with shorter — O T~ i '
implosion times(=~100 n3. Indeed, when optimizing the = 40 E\ i —o—Theory
K-shell yield for single shell gas puffs, we have shown that -1{ 30- 8 Hik \: | ® Experiment
the K-shell yield has a maximum of 3Q/dm at the initial = - AN
shell diameter equal to 6 cm. Estimation of thehell yield ‘;E.« 00 0 . tEe S —
for a single shell gas puff performed with a two-level model bld 10+ =« i .
(Mosheret al., 1999 for a generator producing currents on 0 ! , i oo | |
the level of the IMRI-5 currents with a current rise time of 0.0 0.5 1.0 1.5 2.0 25
100 ns gives a value 74¢m. B, kG

The experimental and calculated dependences of the Ne 0
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Fig. 12. Ne K-shell radiation yielda) and power(b) as a function of the
Fig. 11. Experimental and calculatdtshell radiation yield as a function initial axial magnetic field. Comparison of the experimental and 1D RMHD

of the outer shell diameter of the double gas puff. simulation results.
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K-shell radiation power is lower by a factor of 1.5-2.5 com-yield in the absence of the axial magnetic field by decreas-
pared to its maximum value. ing the outer shell mass and accordingly decreasing the
Comparing XRDs waveformd-ig. 133, one can see that implosion time did not lead to an increasekrshell yield.
the duration of thé&-shell radiation pulse for an imploding ~ The distributions of the calculated thermodynamic param-
double-shell gas puff without an axial magnetic field is eters of the plasma at the instant Kshell radiation power
substantially longer than that for an imploding double-shellpeaks are presented in Figure 14. It can be seen that the
gas puff in the presence of an axial magnetic field. Thisplasma region with a temperature of 0.2 keV that radiates
seems to be due to the fact that different parts of the pincintensely in the N&-lines has a rather large radial dimen-
implode to the axis nonsimultaneously, which is caused byion: Its diameter is 1.4—1.6 mm. The density of this plasma
the development of large-scale instabilities in the absence a§ relatively low, 510-1.5.10'° cm™3, and it is quite uni-
an axial magnetic field. form, without large gradients of the thermodynamic param-
Figure 13b compares the experimental and calculateéters. The plasma intensely radiating in the Kéines
traces of the load current and the XRD response for the casmnsists of the material of the inner shell. Though the mate-
of a double gas puff with an axial magnetic field of 0.66 kG. rial of the outer shell has a higher density, its temperature is
The experimental current coincides very closely with thesignificantly lower. Comparing Figure 14 and the corre-
calculated one, and the absolute values ofikghell radi-  sponding pinhole imagg-ig. 8,B, = 0.66 kG, one can see
ation power and pulse width are in a good agreement as wela very good agreement between the observed and the calcu-
Note that, according to the simulations, the implosion dy-lated radial dimensions of the radiating regions.
namics of a double gas puff with the initial axial magnetic A set of the experiments has been performed with nozzle
field corresponding to the criteridBy > Bg is only slightly ~ configuration 6312 where the inner solid-fill shell was re-
different from that without a magnetic field. In experiments, placed by an annular shell with the same outer diameter. The
however, the presence of an axial magnetic field results in above two configurations are almost identical in respect to
10-15% decrease in implosion time for practically identicalthe energy delivered to the implodirgpinch, since the
initial parameters of the gas puee Fig. 12a and Fig. L0  peak currents, the implosion times, and the final pinch di-
We have yet found no explanation for this effect. It is im- ameters in N&K-lines were practically the same. Neverthe-
portant that our attempts to optimize tKeshell radiation less, in the experiments with an annular inner shell, the
maximumK-shell yield was lower by a factor of 1.7 in the
shots without an axial magnetic field and by a factor of 2.6
in the shots with an axial magnetic field of 0.66 kG com-
1240 pared to that realized for a double gas puff with a solid inner
shell. The decrease Krshell yield in the case of an annular
inner shell can be explained as follows. After the passage of
the first shock wave through the material of the inner shell,
the plasma density is higher by a factor of 1.8-2 for the
annular inner shell compared to that the solid inner shell.
Since the electron temperature at this moment is not high
enough to produc&-shell radiation, the radiation losses
0 et Mo et 0 occur mainly in the softer X rays and are greater for the
0 100 200 = 300 400 500 annular shell than for the solid one. Hence, at the final stage
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ofimplosion, the energy of the annular shell should be lower.
@) To verify this assumption, 1D RMHD simulations of the
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Fig. 13. Load current and XRD tracega) comparison of the double gas
puff implosions with and without an axial magnetic fieléh) comparison Fig. 14. Distributions of the plasma thermodynamic parameters at the
of the experimental and calculated traces of the double gas puff implosiomoment of maximunK-shell radiation power for the case of double gas
at the initial axial magnetic field of 0.66 kG. puff implosion with the initial axial magnetic field of 0.66 kG.
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