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Magnetized implosions driven by intense ion beams
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Intense beams of heavy ions, envisaged for the near future at the Institute for Theoretical and
Experimental PhysiceMoscow and Gesellschaft fuSchwerionenforschungDarmstady, will be

well suited for conducting implosion experiments in cylindrical geometry. In such implosions, the
initial pressure generated by the direct beam heating can be enhanced by more than a factor of 10.
If, in addition, an external magnetic field is introduced, the effect of magnetothermal insulation may
allow to reach kilovolt temperatures and significant thermonuclear neutron yields in magnetized
implosions driven by the beam heating intensities as lowead TW/g. It is shown how the
combined effect of the electrical resistivity and thermal conductivity sets a lower limit on the
productUR (R is the radius, andl is the velocity of an imploding plasma voluinas a necessary
condition for the regime of self-sustained magnetized implog®8MI). The optimal plasma
parameters required for initiation of this regime are evaluated. In cylindrical geometry, the threshold
for the SSMI regime is determined by the total driver energy deposition per unit areal density of the
cylinder, p~YdE,/dZ (kicnf/g). The results of one-dimensional magnetohydrodynamic
simulations indicate that the advantages of magnetized implosions begin to manifest themselves at
a beam energy level d&,~100 kJ. © 2000 American Institute of Physics.

[S1070-664X%00)01911-X]

I. INTRODUCTION =0.5-1 GeV/u) envisaged for the future facilities at the In-
stitute for Theoretical and Experimental Physi{¢EEP) in

Once intense beams of heavy ions become avaifaBle, Moscow (Russia' and at the GS#® Such ions can be fo-
they will offer a new way of generating high energy density cused on a circular spot of a submillimeter diameter and
states in matter. On the one hand, experiments with ion-beamave a multimillimeter range even in the most dense materi-
generated plasmas can be considered as a first step towagi$, thus creating a long cylindrical channel of heated matter
controlled fusion driven by heavy ion beams. On the otheiin a target. As specific examples, we quote the parameters of
hand, due to special features of the energy deposition mechghe Terawatt AccumulatokTWAC) beam at ITEP, N,
nism by fast ions, such experiments can make a contributior-1.2x 10'2 ions of 5iCo*?’ with the kinetic energy of
of their own to fundamental plasma physics research. E;/A;=0.7GeV/u and the total beam energy Bf=N;E;

In the simplest case, a quasicylindrical plasma volume<~100kJ, and those of the High-current Accumulator Ring
can be created by focusing an ion beam onto a unifornfHAR) proposed for the future GSI synchrotrom\; = 102
sample. The peak pressure and temperature values that c@ns of ;3,Xe™™* with the kinetic energy of E;/A;
be attained in this way and the ensuing hydrodynamic mo=1.1 GeV/u and the total beam energyi~ 20 kJ. Within
tion have been analyzed recently by Tattiral*® for realis-  10% accuracy, these two beams have equal stopping ranges
tic beam parameters of the heavy ion synchrotron at the Geyf {(p!)~30 g/cnt in solid gold, and pl)~15 g/cnt in gas-
sellschaft fu SchwerionenforschungGSI) in Darmstadt eous(]_ atm) deuterium. When we take the corresponding
(Germany. In such simple experiments, if one aims at mattervalues of the focal spot radius.=0.8—1.0mm for the
states with maximum concentration of energy, hydrodynamiqawAC beant andr,.=0.4 mm for the HAR beamwe cal-
expansion plays a negative role by weakening the pressuigilate essentially the same value of the specific energy depo-
and temperature peaks in irradiated targets. At the same timeition,
hydrodynamic flow in a converging geometry can be em-
ployed to enhance the initial energy concentration created by
the beam heating. In this paper we examine the possibility of 1 N;|dE
using cylindrical implosions in combination with the effect €= FI?OC? dz|
of magnetic insulation to achieve maximum possible pres- -
sures and temperatures in the compressed plasma column
along the target axis. for both cases. Her& =E;(z) is the energy of individual

The cylindrical symmetry of hydrodynamic motion jons as a function of the coordinatelong the beam trajec-
arises naturally in experiments with energetic iolS$/@;  tory. Hydrodynamic consistency between the above values
of € and ry,. sets a limit on the ion pulse duratiok

30n leave from the Institute for Theoretical and Experimental Physics,s(l00 nS).("f(.,cll mm), WhiCh agrees reasonably Wel! with
Moscow, Russian Federation; electronic mail: basko@vitep5.itep.ru the capabilities of the ion bunch compression technigde.

100 kJ/g in gold,
, 1200 kJ/g in deuterium, @
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temperature T (eV), pressure P (Mbar)

ion beam

FIG. 2. Pressure and temperature profiles along the trajectory of 1.1 GeV/u
Xe ions in three different target materials after a short pulse with the irra-

diation intensity of 2 10**ions/cnt.
FIG. 1. Schematic view of a cylindrical target for implosion experiments aton t v !
with ion beams. The implosion is driven by an annular beam irradiating a
100 n _
1. n TWI/g in gold,
p

gold liner layer atrt,co<r <ryy.

€= )
The specific driver energy depositidh) is used as a refer- _ 100 ”j TW/g in deuterium
ence value in all the hydrodynamic and magnetohydrody- p ’
namic (MHD) simulations discussed below. which corresponds to the total energy depositionesfL00

Magnetized cylindrical implosions of hydrogen-isotope kJ/g in gold.
plasma columns have been discussed previously in the con- "4 check the uniformity of the ion energy deposition
text of u7ltrah|gh magnetic field generation in gas-puff Z 5,504 the cylinder length under realistic experimental condi-
pinches>’ and with imploded metallic line$The quality of tions, a separate one-dimensiotialD) run has been per-
the magnetic field confinement was characterized by controk .. for stopping of the 1.1 GeV/u Xe ions in the plane-
ling the corresponding magnetic Reynolds values Rm. HoWpa g geometry. The ion fluence was fixed at a value of
ever, to the author's knowledge, the parametric analysis oﬁ‘/(mzc) for N, =10 andr,,=0.4mm. The pulse dura-
magnetized implosions has never been carried out in suchg - wafg set artlificially ShOI’ttOCI 01ns. in order to avoid
way as to single out the regime of self-sustained magnetizegymjications due to the hyd?odynamic expansion. The re-
:cmplosmhr.](S?rll\(ll) and to ‘{'rehf,""f ttrt]e nec?j;?ary cpr)dltt(dﬂzc sulting temperature and pressure profiles along the ion tra-
or reaching this regime. This latter condition originates from; ; PR
simultaneous constraints on the magnetic Reynolds and tIJ‘%CtOry at t'he end of the ion pglaectp are shown in Fig. 2
) ) r three different target materials. For gold and copper, nor-
Pa:let_ numbers of & mag.netlz.ed plasma vqum_e.corr_]pressqum initial densities were assumed, deuterium was simulated
by a liner. The SSMI regime is, of course, of critical impor- . po=10"3g/cn?. Figure 2 demonstrates that the ion en-
tance for the concept of magnetized target fusidhrF), -ergy deposition is uniform to within 10% along the initial
although_lts comprehensive parametric analysis is missing iB0%—70% of the range, which corresponds te acm long
the published work on MTHsee Ref. 9 and references ..jinder of gold, and to an almost 2 cm long cylinder of
therglr). The SSMI (_:ondmons derived in this paper should copper. The double-hump structure of the Bragg peak in gold
provide a useful guidance when one is exploring the large,,q copper is caused by the specific temperature dependence
parameter space of the MTF targets. of the ion stopping power in dense plasmas inherent in the
stopping model used for the present calculations and dis-
cussed in detail in Ref. 10. From this figure one learns also
Il. PRESSURE PEAK ENHANCEMENT IN that the highest pressure @n stati_c_r_natter is_ achie_zved in
CYLINDRICAL IMPLOSIONS hlgh-Z materials with the highest initial denS|ty_. This (_BX-
plains why gold was chosen as the target material for simu-
The imploding configuration that we consider here islations discussed below.
shown in Fig. 1. It consists of a metallic tulgkner) filled In this work we distinguish between two different cases
with a low-density deuterium gas, which is referred to asof target irradiation, which correspond to two different im-
thermonuclear fuel. The initial inner and outer liner radii are,plosion patterns. The simplest configuration, referred to as
respectivelyR, andR;y. We assume that fast ions propagatethe case of exploding pusher, is realized with a uniform
along the cylinder axis and heat matter uniformly inside thebeam profile, when the ion current fills the entire beam cross
focal radiusr . during the pulse of duratiot}, at a constant section at 6<r <ry.. The gaseous cavity is then imploded
rate, by the hot metallic vapor of the unloading inner edge of the
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' RN R(0)=Ro
1000 | wemmesn (@) SOl AU SAMple E r:m, 3
; . —v— (b) exploding Au pusher ma
\\.\_ *(©) cold Au pusher ] wheret o iS the time when the pressurerat 0 reaches its
& 100k \‘\0\.\.\.\ . peak valuePay. _ _ .
= : .} The main conclusion from Fig. 3 is that the pressure
o b, ] enhancement factor has modest values of 1.2—1.5 in the case
z> Foo ~v—y_ of an exploding pusher, and becomes as high as 10 and
£ o '«Tt;\{@v\,\'\ E larger in the case of a cold pusher. Our simulations indicate
g — also that the peak pressure obtained with the exploding
pusher is virtually independent &, when C,>10; for a
o cold pusher, on the contrary, it increases noticeably ®jth
! 0 50 100 150 200 At this stage, it would be premature to fix any upper limit for

realistic values o€, in these types of implosions. Trying not
to set unjustified limits, we assume tentatively that any value
FIG. 3. Peak pressure values on the target axis versus ion pulse dugation of C,=100 might be feasible. When calculating the curves
The beam specific energy deposition and its focal radius are fixed, respe¢b) and (c) in Fig. 3, the initial fill gas parameters,, T,
tively, at e=100 kJ/g and ,,=0.4 m_m. Two_implosion configqratior(b) were adjusted such as to keep tﬁe values in the range
ﬁ?;jd(icgti(gse the teytare compared with the simplest casgof solid sample 20=C,=40: (b) py=3X 1074 g/CIT?, To=1eV, full brems-
' strahlung and conduction losse&;) po=3x10"*g/cn?,
To=5 eV, adiabatic compression of the fill gas. With these
parameters, the values @f, varied betweerC, =30 for t,
heated liner. The second case of cold pusher requires a ho-200ns andC,=40 for t,=1 ns in casgb), and between
low (annulay ion beam, which heats the liner material only C,= 24 for t,=200ns andC,=42 fort,=1 ns in casec).
in the annular regiom,.o<r <rf,. Again, we assume that In view of clear advantages offered by implosions with a
the heating rate in this region is given by Eg). In this case  cold pusher, we consider only this case in what follows. The
the cavity is imploded by the cold inner portion of the liner geometric target proportions used in all subsequent simula:
originally at Ry<r<r,o, which is accelerated inward by tions are those given for the cagg above. As a precaution
heated matter atq,o<r<ry.. Note that, while the inner, against the Rayleigh—Taylor instability at the pusher—
R(t), and the outerR(t), edges of the liner move, the absorber interface=r,, the initial aspect ratio of the cold
boundaries of the energy deposition regioRe and ri,, pusher,Ap=rtoco/ (oo~ Ro) =12, is chosen to be not too
remain fixed. There may be different methods of creatinghigh (for more details see Sec. IV)D
hollow beams by either an appropriate target design or beam
manipulations, but we do not discuss them in this paper.
_Figure 3 shows the peak pressure values attained on the g ApIABATIC COMPRESSION OF THE
cylinder axis in 1-D hydrodynamic simulations when the im- CENTRAL GAS
ploding liner is halted by the compressed cavity gas. In these
simulations, the focal spot radius was fixed gt=0.4 mm, Let us assume for the moment that the deuterium gas in
while the pulse duratiort, was varied. The three cases the central cavity has uniform temperature and density dis-
shown in Fig. 3 have been realized by assigning the follow+ributions and implodes quasiadiabatically. Then, its param-
ing target proportions(a) solid Au sample:Ry="rty0=0, eters would scale as
Rio=1.57%.; (b) exploding Au pusher:ry=0, Ry
=0.Trtoc, Rip=1.57c; and (c) cold Au pusher: Rq
=0.551yc, loc0=0.6r10c, Rip=1.5c. The effect of pres-
sure enhancement due to the hydrodynamic cumulation iiith the radial convergence rati@; . Hence, with an initial
the converging flow is demonstrated by comparing the casedréheat ofTo=20-30eV one could reach temperatures in
(b) and (c) with the reference cas@). the keV range and generate significant amounts of thermo-
First of all note that, if the cavity at< R, were void and nuclear neutrons in quasiadiabatic implosions v@tl= 30.
the imploding liner material obeyed the laws of ideal hydro- Theé main question addressed in this paper is under what
dynamics, the pressure on the cylinder axis at the time ofonditions and how close can one approach this regime by
void closure would be infinité! In reality, the central pres- using the effect of magnetothermal insulation.
sure peak is always finite because of the initial gas fill and  The principal energy loss mechanisms from the fuel
dissipation processes in the converging flow. Intuitively, it isPlasma under the conditions of interest are the bremsstrah-
clear that in the limit of large convergence rati@> 1, the lung radiation and the electron heat conduction. For a qua-
peak pressur®,,,, must be insensitive to the properties and sjadiabatic implosion, the ratio of thg bremsstrahlung cooling
the initial state of the fill gas: it should be determined solelytime scalet; to the hydrodynamic time scatg,
by the liner configuration, energy deposition in the liner, and 112

ion pulse duration tp (ns)

p=poCl, pR=(pR)oC,, T=ToC/"?, 4)

1/2
the_ value ofC,. Here the radi_al convergence rat® is Fffztﬂ=2.0>< 10‘9KU kev To UCr—1/3, (5)
defined for the gas/metéD/Au) interface, th PR (pR)o
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scales only weakly withC,. Hence, the bremsstrahlung 10F L diabatic T s
cooling can be brought down by choosing a sufficiently low sl @ ——e— bremsstrahlung cooling only
initial value of the fuelpR. In Eq.(5), A is the mean atomic 4t —¢— bremsstrahlung + heat conduction ]

mass of the hydrogen-isotope plasroas |dR/dt| is the im-
plosion velocity,T,ey is the fuel temperature in keV; we use
the CGS units in all the practical formulas. Specific details
on definitions ofts; andty, are given in the Appendix.

--v-- magnetized, By = 3x1 05 G

peak temperature (keV)
o
[e2]

The role of the heat conduction losses is characterized
by the Pelet number, 04}
. UR 0.2}
n
Pe=—=—, 6
th K ( ) 0.1 ':- _:
10 F E
wheret,. is the time scale for conduction cooling,is the 100k 2

heat conduction coefficient, is the electron number density ~_ s}
in a fully ionized plasma of hydrogen isotopésr details
see the Appendix Clearly, in quasiadiabatic implosions we
must have Pe 1. In the nonmagnetized case we can use the
Spitzer conductivity x = = T%?, which yields the scaling

2.5-MeV neutrons (cm
<)

104 ;_ I - -
3 e /0—-—/'
(pR)O ~713 103 E v 3
Pex ﬁ—ng uc, =, (7) ok ]
101 | L Il
10° 10* 10°

for quasiadiabatic implosions. This scaling tells us that, even
when we start with Pe1, the Pelet number decreases rap- initial deuterium density p, (g/cm3)

idly in the course of implosion, and, finally, when it drops

below 1, the fuel begins to lose entrapy at an ever increasinf{Z. (L TRCEI PlE Crecs 8000 ot o ine represent
ra}te' Note also that, _m (_:OntraSt to t_ﬂqu p_arame_te_r_, the nonmagnetized §,=0) iorﬁplosions uﬁder different assdqmp);ions ab%ut the
Peclet number scales in direct proportion with the initial fuel cooling losses from the deuterium plasma. Magnetized implosionsByith
pR. The latter means that, trying to keep boththeand the  =3x10°G are shown with triangleda) Peak values of the plasma tem-

Pe values as large as possible, we will fifiak a givenT,) perature averaged over the central 10% of the deuterium mass. For each

; implosion the corresponding value of the radial convergence Ktigs
an optimum for the parametepl(_?)o. . . indicated. (b) Total numbers of 2.5 MeV DD neutrons generated in the
The above arguments are illustrated in Figisée also  ¢orresponding implosions.

Fig. 8 with three series of 1-D simulations of nonmagne-

tized implosions. In these simulations, the target dimensions

(corresponding to;,.=0.8 mm), the ion pulse characteristics

(e=100 kJ/g,t,=100ns), and the initial deuterium tempera- IV. MAGNETIZED IMPLOSIONS

ture TO:20 eV were kept fixed, while the initial deuterium A. Self-sustained regime of magnetized imp|osi0n

density p, was varied between 310 ° and 10 3 g/cn?. _ _

One clearly sees that, when both the bremsstrahlung and the A_ssume now _tha.t a tra_nsyeréwlth respect to th? ra_d|al

conduction cooling are accounted fdrack diamonds the direction magnetic f|§IdB is introduced into a gyhndnc_:al

peak temperature does not rise above 180 eV, and the thefHellgI%smg xolumef_vvll(tjh param?teﬁsT, R.In prlanple_, th'sf

monuclear neutron yields remain relatively low. The opti—Couh € E.'t er & hield or ag& 1€ ,Iorr? com mathnl 0

mum (for achieving a maximum peak temperatuvalue of both. In this paper we consider only the case Oi be d.

the (oR), parameter corresponds g~ 10~* g/cn®. Once because the latter has an advantage of attaining its maximum

however, the heat conductidboth electronic and ionjcis on the cylinder axis(whereas the¢ field must vanish

fully suppressedPe=c<; black dots in Fig. % the results for there—exactly where the temperature peaks and where the
. i — ' : effects of magnetic insulation are mostly needed. Also zthe

low (_ano_ugh |n_|t|al densitiego=10"* g/cr_r?, bgcome V|_rtu- field is com rgssed more effectivelwccg) than theg fielj

ally indistinguishable from the pure adiabatic cdaethick Mpressed . . i X

gray line in Fig. 4a)] and the peak deuterium temperature(B“Cf) in cylindrical implosions of ideally conducting

rises well above 1 keV. This gives us a hope that, by supPl2sma columns.

pressing the radial heat conduction with a strong magnetic 1 Ne Impact of a macroscopic magnetic field on the elec-
field, we can possibly reach keV temperatures and significarjffon transport coefficients is characterized by the magnetiza-

neutron yields in implosion experiments with a speciﬁctIon parameter,

driver power deposition as low as=1 TW/g. In the next B T2
section we ar_lalyze cor_ldltlons_ required for such a regime of Xe= weTo=3.18< 10" TA— LkeY' ®)
magnetically insulated implosions. P Lei
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wherew.=eB/mgc is the electron cyclotron frequency, is
the electron—ion collision tim¥ and L.; is the Coulomb
logarithm; in all practical formulas, the field strenddhs in
Gauss. When we substitute the Braginskii formtikar the
transverse electron heat conduction coefficientxg, into
Eq. (6), we obtain the following expression for the dhet
number:

plei 3.77+14.793+ X2

—5
Pe=3.15x 10 URATEL?V 11.92+ 4.664°

9

In the case of strong magnetization, whe® 1, the electron
heat conduction is suppressed by a fae%oé, and the Pe
clet number is increased correspondingly.

Magnetized implosions driven by intense ion beams 4583

o¢, =e’n.7e/M, is the transverse conductivity of a strongly
magnetized hydrogen plasnfar B=0 this conductivity be-
comes a factor 1.96 highe®

Thus, the quality of magnetic insulation of the imploding
fuel is controlled by the values of three dimensionless pa-
rametersx,, Pe, and Rm: once the valueg>1, Pe-1,
Rm>1 are established, the fuel plasma is compressed qua-
siadiabatically(provided that the radiation cooling is unim-
portan} with a frozen-in magnetic field. In this case, under
the assumption of uniform radial profiles, the above three
parameters scale as
PecUCY?, (12

xeoccrz, RmfoCr,

It should be noted here that in strongly magnetized plasith the radial convergence rat®, , and all three only con-
mas withx.>1 the ion heat conduction becomes also impor-tinye to grow in the course of implosion with a given implo-

tant, and, strictly speaking, we should use the stk

sion velocityU. As a result, we obtain a self-sustained re-

+ i, In Egs. (6) and (9). We ignore the ion conductivity gime of magnetized implosion, whose quality in confining
when analyzing the qualitative aspects, scalings, and optimaihe entropy and magnetic flux only improves as the flow
initial conditions for magnetized implosions in this and theconverges toward the axis. One can verify that the SSMI
next sections, but it is fully accounted for in numerical Sim“'regime is parametrically unstable in the sense that, once the

lations discussed in Sec. IV C.

values of either Pe or Rm fall below unity, the imploding

a fully frozen-in magqetic field, when the magnetic flux in jncreasing rate, and the implosion deviates only further away
each plasma element is conserved. The ability to preserve thgym the magnetically insulated regime.

magnetic flux is characterized by the magnetic Reynolds

number,

thgt 27
Rm=ﬂ:?ULUR,

~ tpn (19

B. Initial conditions for the SSMI regime

Here we examine plasma parameters required for initiat-

wheret,q; is the time scale for radial diffusion of the mag- ing the self-sustained regime of magnetized implosion. First
netic field,t,, is the time scale for ideal hydrodynamic com- of all note that the SSMI regime should not start necessarily

pression of this fieldfor more details see the Appendglixr,
is the transverse plasma conductivity, ang the speed of
light. Evidently, we need Rl for effective compression
of the frozen-in magnetic field.

In general, we have to distinguish between two differentthe

with x.>1. If we have initiallyx,<1 combined with Pe1
and Rn®1, the implosion still proceeds in the quasiadiabatic
mode with a frozen-in magnetic field until the decreasing
Peclet number, PeUCr_m, drops below unity. If, however,

magnetization = parameter—which ~ grows  as

magnetic Reynolds numbers for the target configuratiorxeocCf—becomes larger than unity before this happens, such

shown in Fig. 1: one for the pusher, Rmand the other for
the deuterium gas, Rm A separate value of Ryiis needed

an implosion enters the SSMI regime as well. One readily
verifies that both situation@vith x,<1 andx,>1) can be

for the cold metallic pusher because its initial conductivity isaccounted for by setting a lower limit on the initial value of
typically one to three orders of magnitude higher than that ofhe product,

the fuel plasma preheated Ig=10-30eV. In the course of

implosion, however, the value of Rydecreasetbecause the

conductivity o, of a metallic pusher decreases as it heats

up, and because the radiBsbecomes smallgr while the

URB
X, Pg=1.18x10 1! ,
TkeV

(13

value of Rm typically increasegbecause the fuel conduc- Where Pe is the value of the Reet number in Eq(9) at

tivity, oy, T2 grows with temperatuje Hence, even

Xe.=1. Note that the produck.Pe scales only weakly,

when the magnetic field is initially confined by a highly con- Xe Pa=UC,; ", with the convergence ratig, in quasiadia-

ducting cold pusher (Rp1), one still has to ensure Rm

>1 at later stages of implosion if thermonuclear plasma pa-

batic implosions.
Finally, we conclude that a plasma column with initial

rameters are to be reached. To simplify the qualitative an@arameterg,, To, Ro, andB, can enter the SSMI regime
scaling analysis, we consider in the first place the Rm numwith an implosion velocity only when the conditions

ber of the fuel,

3/2
keV

I-ei ,

2
Rm=Rmf=?(ruUR=0.019JR (11

but remember that a high initial value of Rrallows us to
reduce the initial threshold for Rnto =0.3-1. In Eq.(11),

UR,B,
Xe P =1.18x10 "t ——="7Pe,, (14
TO,keV
URo T3 rey
Rm=0.019———=Rmy, (15

I—ei
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are satisfied; her®e, and Rmg are certain numbers on the small to observe the advantages of magnetized implosions
order of, or greater than 1. Inequaliti€sd) and (15) imply  with feasible values of the initial field streng®,. This
that, for a given initial magnetic fiel8,, there is an opti- conclusion is also confirmed by the detailed 1-D MHD simu-
mum value of the initial fuel temperature, lations.

By |25 RmgLe;| % For the MH_D _simulatipns, t_he target config_uration_ was
To,0p=20 ev( 5 G) ( T 2, (16)  set exactly as it is described in Sec. Il. The implosion is
0 driven by uniform heating of the gold liner in the annular
and an “absolute’(independent oT 5, pg, Rp) lower bound  regionro<r <r, with a fixed total specific energy depo-
on the producUR,, sition of e=100 kJ/g. The focal radiuss,, the ion pulse

em? [10P G 35 durationt,, the initial deuterium gas parameters, To, and
UR,=>1.8X 10— (_) Peg/5(RmoLei)2/5, (17)  the strengttB, of the initially uniform axial magnetic field
s | Bo are treated as free parameters. Simulations have been per-

required for the regime of self-sustained magnetized imploformed with the upgraded version of the %;D three-
sion. Note that the initial plasma densijpy does not enter témperature Lagrangian hydrodynamics cogerA.™ In its
Eqgs.(14)—(17). This means that, once the fuel is preheated tdVIHD version, thepeirRA code solves a 1-D system of single-

the optimum temperatur€él6) and the conditio(17) is ful-  fluid dissipativ_e mlggnetohydrodynqmics equations. deduced
filled, the value ofp, can be used to bring under control the from the Braginskii two-fluid equation for the particular
bremsstrahlung energy losses. case of cylindricalor planay geometry with a purely axial

The above arguments can be easily repeated for a leggagnetic field; the terms with the electron viscosity are omit-
interesting case of low-temperature magnetized implosionged. The effects of the magnetic field on all the transport
characterized by a negligible role of the fuel plasma conduccoefficients—including the electron and ion heat conductivi-
tivity o, compared to the pusher conductivity, . In this ti_es, e_zlectrical conductivity, ion viscosity, an_d alpha particle
case one also obtains an “absolute” lower limit on the prod-diffusion—are properly accounted for by using the formulas

uct UR, from the condition Rm+ Rm,=Rm, but no con- from Refs. 12.and 14. _
straint from below on the initial fuel temperatuifg. Three series of MHD simulations have been performed

for three different values of the focal radiug., namely

loc=0.4mm (with t,=50ns), ry=0.8mm (with t,

=100ns), and t,c=4 mm (with t,=100ns). The results for

o ) ~ the first case of,=0.4mm are not shown here because
In order to reach the SSMI regime in implosions drivenhey are essentially negative: wiB,<5x10° G the effects

by ion beams, one has in the first place to satisfy the criteriopt target magnetization manifest themselves neither in the

(17). For a fixed specific energy deposition &£100 kJ/g  pheak fuel temperature nor in the total neutron yigldte that

we have more or less fl_xed |mpIOS|on_ velocity for ri.=0.4mm we haveR,=0.22 mm). The physical rea-

~10° cml/s, prowde_d th'c_lt the ion pulse duratigndoes not son, expressed by conditiof8) and(19), is simply that the

exceed the implosion timéy=Ro/U. Then, forPep~3,  target size in this case is too smébr the given value of),

C. 1-D MHD simulations of magnetized cylindrical
implosions

Rmo~1, Lei~7, Eq.(17) implies a lower limit of and one cannot find a region in the parameter space with
10° G\ 35 both Pe-1 and Rn»1. As a result, either the heat or the
Ry=0.8 m By ) , (18 magnetic field dissipate from the fuel volume faster than the

latter collapses onto the axis.

on the initial fuel cavity radius and, consequently, on the  The results obtained far,.=0.8 mm are shown in Figs.
focal spot radius of the ion beam. In other words, a critical4—7. This case corresponds roughly to the parameters of the
parameter for achieving the SSMI regime is not the intensityfWAC beant and, according to Eq$18) and(19), is close

of the ion irradiation but rather an extensive quantity associto the threshold for the SSMI regime B=3x 10° G. Fig-

ated with the mere energy scale of the experiment. Morgre 4a) demonstrates indeed that the peak plasma tempera-
precisely, for a family of similar target configurations with tures(the electron and ion temperatures are practically equal
proportions of the case) in Sec. Il, the lower limit(17) on  in all the cases consideredeached in magnetized implo-
the productUR,= e, translates into the following con- sions (triangles exceed noticeablyby about a factor 1)7

straint on the ion beam parameters: those obtained without a magnetic figiiamonds, although
N |dE K] (1P G\65 they still remain well below the 1-3 keV range reached in
?I‘d_zl 20.34W B—) PeS/E’(RmOLei)4’5. (19 simulations with the zero heat conductidaircles. Note
0

that, in order to smooth out possible spurious numerical ef-
This criterion, applied withPey=3, Rmg=1, L¢;=7, tells  fects, Fig. 4a) displays temperature values averaged over the
us that the effects of magnetic insulation could marginally banner 10% of the fuel mass, which typically contained eight
demonstrated with the future TWAC beafa~100 kJ/g, mesh zones. The initial deuterium temperature in all the nu-
ltoc~0.8—1 mm,Ry~0.4—0.6 mm) if the initial fieldBy~3  merical runs was fixed al,=20eV, which is close to the

X 10° G were provided. By contrast, in the 20 kJ option of optimum value given by Eq16).

the future HAR GSI beam, which should generate practically  Figures 5, 6, and 7 display the dynamics of one implo-
the same energy deposition €£100 kJ/g, but within a fac- sion, namely the one starting ay=10"“*g/cn?, from the

tor 2—2.5 smaller spot size, the total number of ions is tocseries plotted in Fig. 4. General hydrodynamical features
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discussed in this paper. The inner boundary of the cold
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radial convergence ratio C,

constant rate to a maximum implosion velocity 1.1
X 10° cm/s. The cold pusher behaves itself almost as inco
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FIG. 6. Density(a) and pressuréb) profiles at three characteristic times in

the same implosion as in Fig. 5.

FIG. 7. (a) Evolution of the principal dimensionless parameters in the same
implosion as shown in Figs. 5 and 6. The valdg=48, corresponding to

Mihe temperature peak in Fig(a}, is marked as a stagnation poitit) Evo-

lution of the central values of the magnetic field strengthand the electron
temperatureT . in the same magnetized implosi¢solid curve$ compared
with the fully frozen in,B=Bg(p/p,), and the adiabatic]=Tq(p/po)??,

laws (dashed curves The dashed—dotted curve shows the central tempera-
ture in the corresponding nonmagnetiz&}€ 0) implosion with the same
value of py and full (bremsstrahlungtheat conductionenergy losses.

pressible fluid: most of the time its temperature and density
are stabilized at a level 6F~2000K, p~20 g/cn?; its in-
flight aspect ratidIFAR) steadily decreases in the course of
implosion (note that a constant IFAR would correspond to a
constant vertical size of the pusher area in Fig. 5 along the
logarithmic scale for the radiiusThe deuterium temperature
peaks at=_81.0 ns when its radius converges by a factor of
C,=48. The pressure and density profiles in Fig. 6 are given
for the timet= 281 ns of the temperature peak, tor 80 ns at

half the radial convergence of the temperature peak, and for
t=50ns when the pusher is accelerated to about one-half its
peak implosion velocity.

Evolution of the main parameters that characterize the
fuel magnetization is shown in Fig. 7. Here physical quanti-
ties are plotted versus current valGe=C,(t) =Ry /R(t) of
the radial convergence ratio. It is clearly seen that up to the
moment ofC,=25-30 the plasma parameters evolve quali-
tatively, as predicted for the SSMI regime. A somewhat
weaker scaling ok, Pe, and Rmwith C, than predicted by
Eqg. (12) is due to the increasing nonuniformity of the radial
temperature and density distributiofsee Fig. 10 beloy
Once, however, both the Ryrand Rm magnetic Reynolds
numbers drop below unity &,~ 30, the fuel volume begins

Downloaded 22 Feb 2002 to 130.183.91.214. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



4586 Phys. Plasmas, Vol. 7, No. 11, November 2000 M. M. Basko

to lose rapidly the magnetic flux and the entropy, which is

reflected in turning down of the, and Pe curves. Figure 20 '(;)' ' " adiabatic
7(b) shows also that both the magnetic field and the electron —*— bremsstrahlung cooling only
10 - —e— bremsstrahlung + heat conduction

temperature on the target axis follow closely the ideal mag-

layer, and Rmis calculated by using the deuterium plasma
conductivityo;, atr=0. One clearly sees that the dominant
role in compressing the magnetic field and supporting the o2r
SSMI regime belongs to a relatively high conductivity of the -
pusher. We are inevitably led to this regime when we want to 10
obtain a magnetized implosion with a relatively low implo- __ 92|
sion velocity U and the smallest possible radial siRg.
Under such conditions, the imploding pusher is typically in a
state of a liquid metal whose conductivity,, is inversely
proportional to the temperature. Hence, it is important to
keep the entropy of the imploding pusher as low as possible.

The enhancement of the total 2.5 MeV neutron yield due
to the target magnetizatidiriangles versus diamonds in Fig. 3
4(b)] is below factor 10 and appears as rather modest. Thisis N s L 3
partly because most of the neutrons in the nonmagnetizec L ]
case are generated at rather high values of the convergenc
ratio C,=100, which are not reached in the magnetized case 3
and may be unattainable in real experiments. The realistic initial deuterium density p,, (g/cm”)
situation for the neutron diagnostics may, in fact, be more
favorable than it is implied by Fig.(#). This is suggested by
the following result: if we evaluate the total numbers of neu- ) ) _
trons generated in the magnetized and nonmagnetized casBS strong departure from the uniform compression explains
up to a fixed value o€, = 30, the difference between the two iSO why thex., Pe, and Rmparameters in Fig. (&) scale
cases turns out to be almost a factor 1000. weaker withC, than predicted by Eq12). _

To illustrate the properties of magnetized implosions in ~ AS @ remark on the dynamic role of the magnetic pres-
the case when conditiofl7) is fulfilled with a significant ~Sure, we note that in our case §»B force manifests itself
margin, we have simulated also a larger target with@s @ gradient of the magnetic pressig=B?/8x. For im-
loe=4.0mm. The results obtained fof,=20eV, B, pI05|0r'15. F:onS|dered here, the magnetic pres$yeis al-
=10° G are shown in Figs. 8 and 9, which are analogous tdeady initially at least comparable to the plasma presByre
Figs. 4 and 7. Now the peak temperature in magnetized im! th_e fuel region. The_:y both,_ however, haye little eﬁept on
plosions exceeds by a factor 4—5 the nonmagnetized valudg€ implosion dynamics until the stagnation phase is ap-
[see Fig. 8)], and temperature values above 1 keV areProached. At stagnation, the magnetic pressure—which
reached forpy=<3x 10 ®g/cn?. The main plasma param- Scales asPyxp® compared toPy=p®® for the plasma
eters, plotted in Fig. 9 for the case p§=3x 10 5 g/cn?, pressure—typllcally strongly dominates in the.hot magne-
evolve, as expected in the SSMI regime. The behavior of théized core, whilePy prevails at the cold fuel periphergee
Rm, and Rm curves in Fig. @) tells us that initially, at Fig. 10. In other Wor_ds, the pus_her implosion is flnally.
C,=10, the magnetic field is confined by the conductivity of halted by the magnetic pressure in the hot fuel core. This
the metallic pusher, whereas at a later stage, beyopd shogld be a typlcgl situation for implosions opt|m|zeq fqr
=20, the conductivity of the hydrogen plasma becomes mor&aximum magnetization effects because for smaller initial
important. fields B, the magnetic insulation effects become weaker,

The increase in the neutron production due to the targé{"_h”e for still larger !30 the_magnetic pressure be_comes too
magnetization, shown in Fig.(8, is much less dramatic high and halts the implosion too early before h|gh_ en_ough
than one would expect from the temperature increase digt@lues ofC, are reached. For the case presented in Figs. 9
played in Fig. 8a). The cause is that, by the time of stagna—a”d 1Q, the initial fieldB,=10°G corresponds just to such
tion, the hot magnetized fuel core comprises only about 1094" Optimum between the two extreme cases.
of the total fuel mass. Figure 10 shows that most of the fue
mass—which is initially uniformly preheated to
To=20eV—has been snowplowed into a thin dense bound- An important issue for the implosions considered here is
ary layer between the cold pusher and the hot central spothe hydrodynamic stability of the cold pusher layer. The

0
~ 8

netized laws as long as Rm1 and Rm>1, i.e., up toC, § 6 Com94 S\ J4 magnetized, Bo= 10° G

~30. 5 ¢

Two different magnetic Reynolds numbers plotted in :g- 5|

Fig. 7(a) illustrate different roles of the pusher and fuel con- g

ductivities in confining the magnetic field: for Rmve use E oAl .

the maximum conductivity valuer,, in the cold pusher % 0.6
D
[=%

5-MeV neutrons (cm'1
3
T

5 -4

10 10

FIG. 8. The same as Fig. 4 but fog,=4.0 mm,B,=10° G.

ID. On the role of hydrodynamic instabilities
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outer pusher boundaryinitially at r=r¢.) becomes
Rayleigh—Taylor unstable during the acceleration stag
which is seen from the pressure and density profilest for

100

radial convergence ratio C,
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nesses before being ruptured by the instabtfitin our case

the growth of this instability is mitigatedi) by the zero
initial value of the Atwood numbe(no initial density con-
trasd, and (ii) by the finite density gradient that develops
between the heated absorber layer and the cold pusher. Since
the pusher IFAR only decreases with time, we can expect
that a pusher with an initial aspect ratio around 10 should
survive the Rayleigh—Taylor instability of the acceleration
stage. A detailed investigation of this issue remains, how-
ever, for future work.

The inner pusher boundafinitially at r =R,) becomes
unstable during the deceleration stage near the stagnation
time (see the density and pressure profilestfei80 and 81
ns in Fig. 6. Here the so-called freefall line of the pusher—
fuel interface(see the insert in Fig.)gives an indication of
how deep the “fingers” of the heavy pusher material can
penetrate into the fuel. In Fig. 5 it is seen that, by the time
the temperature peakstat 81.0 ns, the deviation of the free-
fall line from the 1-D pusher boundary trajectory does not
exceed 20%. From this we conclude that the 1-D peak fuel
parameters calculated in this paper should not be strongly
affected by the pusher—fuel mixing at the deceleration stage.
More restrictive constraints can be expected from the non-
uniformities of the beam irradiation and fabrication errors.
Note also that the pusher—fuel mixing may be much more of
an issue in ignition MTF targets because, as it is shown in
Fig. 10, most of the fuel mass may be finally scooped into a
thin cold layer near the pusher boundary.

V. CONCLUSION

lon beams planned to be available in the near future at

GSI (Darmstadt and ITEP(Moscow will be capable of de-

livering up to=100 kJ/g of energy deposition on target on a

=50ns in Fig. 6. It is a known fact that when a heavy shelltime scale of 50-100 ns. The beam irradiation geometry is

of incompressible fluid is accelerated by a light ghih-
density contrast, the Atwood number Afp;—p5)/(p;
+py)~1], it travels some seven to ten of its own thick-

—
w
U

-
o
T

T, Ti(keV), p(glem®, B (10°G)
o
w

ot vt Wi ki s b

0.0

FIG. 10. Radial temperature, density, and magnetic field profiles in th(=V
deuterium region at the time of stagnation in the implosion shown in Fig. 9.
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0.01

0.02

radius (mm)

well suited for conducting cylindrical implosion experi-
ments. In the implosion scheme with a cold heavy pusher,
the initial pressure created by the beam heating can be en-
hanced by more than a factor of 10 due to radial convergence
of the hydrodynamic flow. As a result, pressure values in
excess of 100 Mbar can be reached in the compressed target
core along the cylinder axis. This should open interesting
new possibilities for investigating properties of matter at
high energy densities.

A new dimension to these types of experiments could be
added by the introduction of a magnetic field. The magnetic
field suppresses heat conduction losses in the radial direction
and allows us to enhance considerably the peak temperature
values that can be reached in deuterion deuterium—
tritium) plasma columns compressed by an imploding liner.
Parametric analysis of magnetized implosions shows that the
advantages of magnetothermal insulation can be fully ex-
ploited only when a regime of self-sustained magnetized im-
plosion is reached. It is demonstrated how simultaneous con-
straints on the magnetic Reynolds and thel®enumbers
lead to a lower limit17) on the product R of the implosion
elocity U by the plasma radiuR as the principal condition

The hot magnetized core at0.026 mm contains about 10% of the total OF reéaching the SSMI regime. Derived for a cylinder, this

deuterium mass.

condition applies—apart from different numerical
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factors—to spherical and planar implosions as well. A no-we obtain the following equation for the temporal evolution
table feature of the SSMI regime is that the quality of theof the central temperaturg(t):
irrr:ﬁlagne_tothermal msulatl_on only improves in the course of dT, 4_ U Qu(n.,To) 4 «T,

plosion once the regime sets in, and deteriorates other- —=— _T — — .
wise. dt 3 °R 3N, 3 neR?

If magnetized cylindrical implosions are driven by fast Here

ion beams, the threshold for the SSMI regime is determined _ oa 201/2 P
by the total driver energy investment per unit areal density of ~ Qff(Ne,T)=5.36x10 NeTiev (ergem®s™)  (A6)
the cylinder,p~*|dE,/dZ. The 1-D MHD simulations dem- s the bremsstralung cooling rate per unit volume. The three
onstrate that the advantages of magnetized implosions caarms on the right-hand side of EGA5) represent, respec-
already be observed at specific energy and power depositiaively, the rates of the adiabatic heating, bremsstrahlung
levels as low ag=100 kJ/g ande=1 TW/g, provided that cooling, and heat conduction cooling in the central region of

the total number of ions in the bealy is sufficiently large.  an imploding cylindrical volume. Each of these terms im-
The marginal case corresponds roughly to the TWAC beamlies a corresponding time scale:

parameters.For still largerN; values, keV temperatures and 3R 3n.T 3 n.R?
significant neutron yields can be achieved in magnetized im- _= tffzi = fe )
plosions of preheated deuterium plasma cylinders. 4 U Qs 4 «

The results presented in this paper have been obtained #\e ratio between thus defined time scalgsandt;, yields
the framework of a 1-D model, with the main goal to eluci- parameter’s; in Eq. (5), and the ratio betweet, and t,,
date general properties of magnetized implosions and t@yds to the definitiori6) of the Pelet number Pe.
point out a possible direction for future experiments with In the framework of the 1-D magnetohydrodynamics in

intense ion beams. In reality, drive asymmetries, target imCyIindricaI geometry with only an axial field componeBy
perfections and instabilities near the stagnation state will disghe evolution ofB=B(t,r) is governed by a single diffusion
tort to a certain extent our 1-D results and lead to additionapqyation:

restrictions on peak plasma parameters. The analysis of these 5
aspects, however, should refer to a more accurately specified 9B 1 ¢t 14 ( r &B)

(A5)

(A7)

. e . —+—-—(ruB)=-—-—
experimental conditions and remains for the future work. at r ar( ) Aa v or

o, or (A8)

By substituting the field profile,

B(t,r)=B([1—(r/R)?], (A9)

This work was performed during a four-month stay atyggether with the velocity profil€A2) into Eq. (A8) and
the Gesellschaft fuSchwerionenforschun@armstadt The  getiingr =0, we obtain the following equation for the tem-
author is grateful to Professor D. H. H. Hoffmann and a”poral evolution of the central field valug,(t):

members of his group for hospitality, support, and stimulat-
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scales of the magnetic field evolution. The ratio betwiggn
andty, yields the definition(10) of the magnetic Reynolds

To define the necessary time scales with specific value
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