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Abstract

This paper reports some of the studies on nonconventional ICF approaches performed at the ICF Physics and Technol-
ogy Laboratory of the AEEF in Frascati, Italy. Having as reference potential difficulties associated to the conventional
central spark ignitiottfuel mixing) and to the usual approach to fastignition by lasemsfer and coupling of the energy

pulse, fast electrons energy tunjngve have made explorative work on possible alternatives. The performances of
targets ignited near stagnation by pulses of heavy ion béBlhiy or by macroparticle impact were previously studied.

The needed driver energy, the power, and the beam quality requirements, as well as the level of synchronization the
implosion and the igniting pulse have been found. More recently, to relax some requirements on the HIB beam
parameters set by the previous approach, the injected entropy apptBattas been introduced. In this method, the
conditions for spark formation are set in the final stages of the implosion, when the spark fuel size is a few times the final
size at stagnatiofvolume a few tens of the finalEnergy is injected at this time to set the spark fuel on a high adiabat.

In this paper, for illustration and comparison purposes, some relevant results we previously obtained for near-stagnation
ignition are first introduced and critically reviewed. The new IE method, after a short analytical introduction, is
presented and illustrated by the results of extensive 2-D numerical simulations. The considered cases refer to imploding
cylinders of finite length. As required by this approach, one or two opposing beams axially injected additional energy,
whereas the acceleration stage of the cylindrical low-entropy implosion was assumed driven by a different driver. Heavy
ion beams, soft X-ray6SXR), and laser generated light ion beams were considered as vectors for the entropy injection.
Issues related to the feasibility of these generators are discussed. The study was made for various initial conditions
leading to different ignition modes and burn propagation. The most recent results on the injected entropy method to the
ignition of high gain targets are included.

Keywords: Cylindrical implosions; Inertial confinement; Heavy ion beams; Light ion beams; X-rays

1. INTRODUCTION stagnation, near the fuel assembly boundary, by a short laser

In the extensively more studied ICF scheme, to get thermoo" heavy-ion pulse. In this way, the entire ignition spark

nuclear ignition in the laboratory, the ignition spark is self- energy s provided by a dedicated, additional driiasov

formed at the center of a compressed fuel, at the end of a%t al, 1992; Caruso, 1994; Caruso & Pais, 1996; Tabak

implosion process. A properly tailored hydrodynamic pro-et al, .19.94'
) ' . . Main issues for these two approaches may be the follow-
cess sets the inner layers of an imploding fuel capsule on a

high adiabat 0 produce the spark. The mass of the spark (85 JH% LR PR SRRERET BBt B LR B
much smaller than that of the surrounding cold and densé gie high-p Y q P

fuel (a few percentwhich, for high gain, ought to be com- implosive process in a spherical thin sheiipically shell
pressed along a lower aéaliak{zNuckolls ’et al. 1972 Afa- radius/shell thickness- 30). All the premises for the spark

nasievet al, 1975, formation are determined during this acceleration process,

In the fast ignition approach, the fuel is entirely com- developing along—3 of the initial shell radius. During this

pressed along a low adiabat, and the spark is generated Rrocess. the inner layers of the S.mﬂ"e future spark mate-
rial, a few percent of the shell thickngsae set on a com-

. Raratively higher adiabat by a sequence of shocks. All the
Address correspondence and reprint requests to: A. Caruso, CRE ENE

Frascati, Via E. Fermi 45, 00044 Frasce®M) Italy. E-mail: caruso@ subsequent evolution is imprinted during this stage, corre-
frascati.enea.it sponding to geometrical and physical conditions very re-
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mote from the final, aimed ones. Large excursions featur¢he optimal spark siz€~0.3 g/cm?) only for a specific
all the geometrical and physical parameters along the way tealue ofp and for a corresponding value loBeing to some
get ignition conditiongtypically, initial fuel shell radiug extentp assigned, the same will be needed for the ignition
spark radius~ 40—60, fuel density ratic> 1000, etc.. In  energy. For the propagation of the igniting pulse, this level
this scenario featured by high convergence hydrodynamic®f control implies the success in producing a channel com-
the possibility of influencing the final stages of the compres-pletely plasma free. Otherwise self-focusing in subchannels
sion by an external additional intervention is not consideredwill result in a spread for the local values bfand in a
Very relevant issues, in this scheme, are the uniformity oftorresponding spread for the fast electrons energy and range.
energy deposition on the capsule and the effects of hydro- We performed studies for the fast ignition by HIB and
dynamic instabilities. One of the currently considered pro-macroparticle(MP) impact (see Caruso, 1994; Caruso &
cesses that may lead to the ignition failure is the final mixingPais, 1996, 1998 These energy vectors have been selected
of the high isentrope fuel with the low isentrope one, due tobecause no substantial target coupling issues are expected.
instabilities seeded by initial small perturbations imprint- By extensive numerical 2-D simulations, the requirements
ing. High gain with mixing may be recovered for target to have ignition and high gain have been calculated for
designs leading to comparatively higher final densi{ees  energypower, focusing, and timing. As targets for the HIB,
X 2-3, see Caruso & Strangio, 1998 static fuel assemblie@gnition threshold calculationsand
The fast ignition approach requires two drivers, one tolaser imploding targetSgnition, gain, and synchronization
drive a low adiabat implosiofand get a dense fuel assem- studies were considered. From these studies, a relationship
bly), the other to create the hot spark on the compressed fubletween the focal spot radius and the associated trigger
surface. For this approach the role of the hydrodynamienergypower was obtained. For this approach a major tech-
instabilities could be less relevant since, for example, fuehical problem seems to be the production of highly space-
mixing processes in the final stages of the implosion, iftime compressed HIB. Following a model used in this paper
active, will be ineffective. However, transfer of the trigger (Sect. 4, using the above-mentioned data, the required un-
energy to the compressed fuel and the formation of a proprormalized beam emittance can be estimated as a function
erly sized spark may be a real issue. Two drivers have beeof the beam neutralization. Typical results are values rang-
proposed for spark injection, namely lasers operated in thang between 0.1 and 0.3 mm-mrad, for neutralizations greater
ultrashort pulse modg.g., picosecond pulses; Taketkal,  than 0.9.
1994, and ultrabright heavy ion pulséslIB; see Caruso, To relax some requirements on the driver parameters set
19949). by the HIB fast ignition, the injected entropy approach was
Lasers operating in the ultrashort mode are currently usedntroduced. This scheme is based on the energy injection in
and deliver sizable energiéseveral hundreds of Joudda  the final stages of the target implosion. Most of the energy
laser-matter interaction experiments at high power densitieseeded to form the ignition spark is still provided by the
(>10'w/cm?). However, for the application of short pulses work of the imploding target itself and the injected energy is
to the formation of an ignition spark, several physical issuesised to set on a higher adiabat that small portion of the fuel
have to be favorably solved, and mastering a complex chaidestined to become the ignition spark.
of processes will be necessary. The detailed list of the events Typically, a possibility could be the one in which the size
involved is quite long, but can be split into two basic of the hot spot created by energy injectior=8.5 X final
categories. ignition spark size. Values for the fuel density where the
The first category refers to the channeling of the ignitingenergy is deposited could e~ 1 g/cm? and the tempera-
pulse through the remnants of the ablation process used tare to be achieved ~ 1 keV. Correspondingly ~ 4 X
drive the fuel compression. These remnants are formed b¥0*°-2 x 10'® W/cm? follows.
supercritical plasm@maginary refraction index for the light Most of the energy is still being provided by compression
pulse and undercritical plasma. The strategy proposed is tavork; this method is clearly similar to the conventional
drill a channel through the corona by a preliminary lasercentral spark approach, but with several potential advan-
pulse(by electrodynamic or heating processesd thento tages. A basic one is that the conditions for spark formation
inject in this channel another pulse, to generate the ignitiorare set up when the physical conditions of the fuel assembly
spark by a burst of fast electrons. are not so remote from the aimed ones, as in the case of
As suggested by the following argument, the second catstandard approach. Actually, the mentioned typical conver-
egory of problems refers to the formation of the properlygence ratio3.5), taken since the time of energy injection,
dimensioned ignition spark by the fast electrons produceéppears quite modest if compared with that typical of the
by the heating pulse. The power fllixequired for ignition  standard approach, in which the spark fuel is mainly seton a
results determined as a function of the fuel dengignd the  high isentrope in the initial stages of the implosion process.
spark temperatur€(l oc pT*?). The required being more  Compared to the standard approach, another potential ad-
or less given(about 10 keV, it follows that to eaclp cor-  vantage of the method is that the main fuel can be com-
responds a value dfand of the fast electron energy and pressed along a comparatively lower adiabat, the selection
range. Clearly the fast electron range results are matched tf the fuel to be set on the high adiabat being more precise
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(higher gain. With regard to high-to-low isentrope fuel mix- 2. FAST IGNITION BY HEAVY IONS OR
ing by instabilities, the formation of the high adiabat spot MACROPARTICLE IMPACT
may cure hydrodynamic nonuniformity by internal ablative

and mixing processes. Although speculative, all these arIn this section we summarize a study in which the depen-

potentials introduced by the active intervention in the finalSence of the trlgg_er energy on focusing is first ana_lyzed for
stages of the implosion compressed, static equimolar DT fuel. Cold DT cylinders at
9 b ’ a density of 200 gcm?® (and diameter substantially greater

In this paper, the entropy injection method is first briefly . ; .
. ) . : . than the heavy ion spptvere assumed to be coaxially ir-
introduced by a 0-D model, which allows the discussion Ofradiated by a 15-GeV Bismuth HIB of ener@gger. A

the differentignition strategies in the areal mass andtemperrhodified Gaussian profile was adopted for the power time-
ature planddensityp X radiusR, temperaturd’). To vali- P b b

date by a more complete physical description the feasibiIitydependencer"[’“'s"‘bemg 'Fhe.typl_cal FWHM dgraﬂon.
. : . For the HIB space distribution, a cylindrical geometry,
of the approach, numerical 2-D simulations were performed o . .
coaxially impinging onto the irradiated targets, was adopted.

to study the injected energy transfer to the matter destined T"I)he ion beam radial distribution was taken to be a Gaussian
become the ignition spark, the final stages of compressmr&haracterized by a beam diameter.(dy..= diameter at
(by the surrounding denser fugand the ignition burn pro- y am' *lbeam

cess. Finite length imploding cylinders have been chosen age of maximum power densily The beam was truncated at

. 4 . .

targets. Heavy-ion beartsl), softraysSXRy,andight ¢ s U8 BB O BEL BRI GO

ion beamgLIB) were considered as vectors for the entro g9y . beam! =5 * . ’

1on be . PY" The useful time for the ignition spark formation at the

injection. Some evaluations to frame the performances re- fuel L hich i h .
uired for these generators will be also presented assumed uet d'e.nsny 'S abput 20ps, which is about the rqtlo

q . ' .. _between the initial heavy ion range and the sound velocity
Cylinders were selected as targets because of the injec-

tion possibility along the axis. These configurations areevaluated atthe ignition temperatuée-7 keV). For shorter

. - . . ' ulse duration, the energy transferred to the target is the
also especially promising for high-gain designs because .

. - ) . L2 main parameter, whereas for longer pulses, the relevant one
of the possibility of radial implosion velocity tailoring along

) ; ) - . is the beam power. Thus, we ran 2-D numerical simulations
the cylinder axis. Based on this possibility, the region wherefor pulse durationr,ye.= 10 PS Orryee= 50 ps, to study
the ignition starts can be made.g) to implode at higher these different re ’i)rl#gs pulse '

velocity than the remaining main fuel, which is the pay- 9 ‘

: ; - . The results of the simulations are summarized in Figure 1.
load in the scheme. This flexibility seems absent in spher- o .
ical geometry. AlthoughEyigger is different for the two pulse durations, the

Finally it was demonstrated that a class of implosionqualitative behavior results are the same. For both cases, the

designs having similar performances in terms of gain, hy_smallest ignition energyEmin) is constant for spot radii

drodynamics, driver and-particle transport can be de-
duced by simple analytical scaling laws.

In the simulations presented in this work, the 2-D codes B Ignition A Burn quenching
CoBiand its evolution COBRA were used. Both these codes T

have been developed at the Inertial Physics and Technology 100 -
Laboratory(ENEA CR Frascaji Their main features are: 80 -
60

* both the codes are Lagrangian;

 the physical model is based on a three temperature = 40 - z

description(ionic temperature, electronic temperature, £ 20 A

radiation temperatuje = o L | [ | |
« finite range for thex-particle; E I I
« the EOS and the opacity coefficients are given by mod- 250 |

els producing values in agreement, for the published &

cases, with those reported in the SESAME talfless ;_E_’ 200 I~

Alamos EOS and Opacity Group 1983 150 -
* the HIB deposition is described by models as those 100 |- AEEN

reported in Mehlhori1981) and Brueckneet al.(1982

(with modifications to fit some experimental data ex-

50 |- ﬁ 50 ps :

il l L ] | i
isting for range in cold mattgr 00 20 40 60 80 100 120 140
 the X-ray driver beam is propagated by angular and )
frequency multigroup ray tracing, in which geometrical Spot Diameter (um)

OptICS. Was mcmde@'e" I’efl’aCtIOI).; . Fig. 1. Energy needed to ignite static cylinders of equimolar DT at 200
» a collision method is used to avoid extreme mesh diSy/cm2, The energy is given as a function of the spot diameter for two values

tortion (see Pais & Caruso, 1980 of the pulse duration.
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smaller than 5Q.m. In the range 50—140m, the ignition
energy increases almost lineatB/x E,;,at 140um, with
Emin=40kJ for 10 ps pulseg&;,i,= 100 kJ for 50 ps pulses
At any rate, a minimum trigger energy results from these

studies, namely

200\?
Etrigger =40X 7 kJ. (1)

Trigger conditions and achievable gain have been studied
for the case of HIB-started ignition in laser irradiated targets
imploding along a low isentrope. The same situation was
also used to study the degree of synchronization needed to

get high gain(high-gain window.

The imploding capsule data have been taken from 1-D
calculations and given as initial conditions to the 2-D code,
when the HIB irradiation was started. The space-time dis-
tribution of the HIB was the same used in the static cylinder
studies, but the 50-ps duration was adopted. General fea-

tures of the cold implosion design were the following.

The target was a DT spherical shell with aspect ratio
(radius/thicknes$ set to 10. The laser pulse energy was
1 MJ atA = 0.35um. To minimize the energy stored in the
compressed fuel, the first shock driven in the fuel was rela-
tively weak, to keep the implosion on a low adiabat. A long
(=100 ng low-power forerunner, anticipating the main high-
power peak characterized the laser pulse. Pulse time shap-
ing was such thaforerunner durationfhigh-power pulse
duration~ 10 and thdorerunner energy= 10% of the total.
The maximum implosion velocity waé,.,~1.3X 10" cm/s.

At stagnation, the fuel remained for an unusually long time
at high density, its specific internal energy being nearly that
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of a cold material(low sound spee)d These results are Fig. 2. Ignition windows as a function of the focal spot dimensions. The

relevant in connection with the synchronization issues.

energy displayed in the frames is the minimum value needed to get ignition

The results of the simulations are shown in Figure 2.atthe maximunpRtime. The HIB duration was 50 ps FWHM.
Changing the timing for the same trigger pulse parameters,

it is possible to find the time window in which ignition and
high burn occurs. A relatively long temporal window of
720 ps around the stagnation point exists. In this window th
total fusion energy release exceeds 300 MJ. Considering th(,gn

energy invested in compressi@nMJ) and ignition(100 kJ),
it leads to an overall energy gain in excess of 2gain =
thermonuclear energylaser energy+ trigger energy).

Two different evolutions can be noted. For spot diameter
below 70um, the window lengtlidefined as the interval in
which the thermonuclear yield is greater than 300) d-
creases whedy.,nincreasegfrom 720 ps to 520 ps For
dpeam= 70 um (Egigger = 150 kJ, the window starts to

increase, reaching 920 ps @fcam = 100 um (Eyigger =

225 KkJ). For dpeam= 150 um (Eyigger = 375 kJ a central

hole is generated in the window.

From the data in Figure @lyeam Evigger) the dependence

of Egigger ON dpeam €an be found. The result is

Etrigger = 91.3+ 0.0132.m @
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whereEgigger is in kiloJoules andl,e,min microns. Equa-
tion 2 is valid in the range 30-15Am and is useful to

%valuate the beam current as a function of the spot diameter

d to explore the beam quality requirements. For instance,
by using Eq. 2, taking into account space charge eff@tts
level of envelope description, see Seck.add chromatic
aberrations, it is possible to find preliminary information

Jbout the beam emittance and the degree of required neu-

tralization. Itis found that the beam unnormalized emittance
at the focusing lens has to be less than 0.3 mrad{oon
responding, in typical reactor dimensioning, to a transverse
momentum spreadp, /p, ~4 x 10~ °). Following the model
used in this pape(Sect. 4, the longitudinal momentum
spreaddp,/p, has to be kept less than 10and the neutral-
ization has to be greater than 0.9. As multibeam operation
will possibly be required, adequate aiming precision is
necessary.

In Figure 3 is shown the ignition and burn for one of the
cases considered for Figure 2. The maps refer to the case
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Fig. 3. lonic temperature maps for the ignition and burn of a spherically laser-compressed fuel. The dashed circle limits the high-
density fuel region, the corona remnant being distributed outside. The overall energy gain exceeds 270.

shown in the top of Figure 2, and the synchronization is forsity infinite (internal energy per unit surface finite pres-
HIB starting at the time of maximumR. sureX vanishing thicknegsTo close the system, itis assumed
In the impact of a high-Z MP moving at 46108 cm/s  that the fuel is passed by a strong shock wave producing a
with a high density DT fue{say 200 gcm?), the dominat- compression ratio of 4. The governing parameter in this
ing physical process is the radiative collapse of the macr@rocess i = (4ppt/3pwp) 2 Whereppr, pupe are the fuel
particle on the fuel surfac&Caruso, 1994; Caruso & Pais, and the MP densities. As a function@finde (the specific
1996. A large fraction of the shocked MP internal energy isinternal energy transferred to the fyelve find the shock
lost in radiation waves moving at velocities of the order ofvelocity in the fuelD = 2(2¢) /2, for the projectile velocity
3x%10°cm/s, one rising upstream of the collapsing particle, Vyp = (1 + a)(2¢) ¥? and for the shocked fuel velocity=
the other forerunning, downstream, the shock wave in thé2¢) /2. If to € is assigned the value needed to get ignition
DT fuel. The typical radiation temperatures are of the ordeabout 6.8x 10'° erg/g at 5 ke\), all these velocities are
a few kiloelectronvolt§3—4 keV). Due to these losses, the determined. This model was used to find an estimate for the
MP collapses to very high densities10® g/cm?®), whereas  trigger energy and for the dimensioning of 1-D and 2-D
the matter temperatur@ons and electronsis brought to  simulations.
equilibrium with the radiation temperature. Due to this pro- In the 2-D simulations, the impact of a gold cylinder
cess, regardless of its initial shape, the MP is reduced to 40 um long and 4Qum in diameter on a DT half-space at a
very thin layer on the DT fuefa fraction of microns How-  density 200 gcm® was considered. No ignition occurs at
ever, since the momentum is conserved, a well-defined fradVP velocity 4x 108 cm/s. Ignition is recovered by raising
tion of the energy remains in the matter. A sufficiently the velocity to 5< 10® cm/s. This velocity corresponds to a
accurate quantitative description of the relevant processes tereshold energy of about 12 kMP mass of 0.97.9). This
obtained by a snow-plough model where the internal energgase was used to normalize a theoretical formula for the
in the shocked projectile is assumed negligible and its denignition energy:
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100 ym

2x100 ym

10 ps 25 ps 40 ps

Fig. 4. Ignition by macroparticle impact. A gold cylindédiameter and length 5@m, velocity 6x 108 cm/s) collides with a
200 g/cm® DT half space. lon temperature mafa. Initial interaction stage&€L00 um X 100 um field); (b) Evolution of the ignition
procesg200 um X 200 um field).

cording to a model that includes radiation trappi{@gruso
& Strangio, 2000. The scenario for the spark fuel evolution
arising from Eq. 4 is shown in Figure 5, whe¥g is the
An example of ignition by MP impact is shown in initial asymptotic implosion velocity in units of fxm/s
Figure 4.
In conclusion, for the fast ignition of a DT fuel at 200
g/cm? by impact of a dense solid MP, energies around 10 kJ
ought to be associated to masses of the ordered.1

1
Euigger = 3.5X 10%a(1 + a)? —— kd. 3

POT

3. THE INJECTED ENTROPY APPROACH

Models of 0-D have been widely used for approximate treat-
ments of the final stages fuel destined to become the ignition_, 0
spark (Kirkpatrick, 1979; Kirkpatrick & Wheeler, 1981; %
Lindl, 1995. We adopted the one described by the equation=

Log[T

dT
pC. g =W+HP.—H-P, (4)

whereT is the temperaturgs the mass density;, the spe-
cific heat at constant volume the time,P, the energy lo-
cally released by the-particlesH the losses due to electronic
thermal conductionB, the radiative losses andf the work -2 -1

exerted by the rest of the fualVis calculated following a Logl pR(cgs)]

kinematics that includes the implosion slowing down and &rig. 5. inthe IE scheme, the injection of energy results in a transition from
turn-around point near stagnation, aRdis evaluated ac- a nonigniting implosion to an igniting one, from E té. E
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Fig. 6. Atwo macro-zone cylinder. The inner regitimetweerRy andR;) is filled by DT fuel at density; = 0.25-1 g'cm?, the outer
layer(betweerR; andR,) by DT atp, = 50 g/cm®. Both these macro-zones are set imploding at veldgjtypically 2-3x 107 cm/s.

andR is the spark material radius at the timd-orV, = 0,  order of magnitude as the thickness of the low-density re-

the work term is zero. In this case, the only region where thgion itself. This is because the low-density layer formation

temperature increase is allowed is the one near the uppeand the end-losses are both essentially due to expansion

right corner in Figure 5. Fo¥,, = 3 the region where the waves. With regard to the effects of the end losses, these

increase of temperature is possible becomes a continuogenerally may have a positive effect. This is related to a

band connecting low to high temperatures. In this case, sdbetter spark axial trapping by the higher density layer clo-

lutions to Eq. 4 that represent compression without igni-sure, eased because of a lack of counterpressure. In addition,

tion (e.g., the one starting from)Sr compression with the formation of higher density ploughs improves the burn

ignition (e.g., that traced from'EE can be found. A transi- process.

tion from a point E of a nonigniting solution to a point like  In the most interesting cases, the calculation for gain

E’ (staying on an igniting onecan be produced by injec- evaluations has been extended to the stages of burn propa-

tion of a short energy pulse that in Eq. 4 would appear agation and target disassembling. The display of different

a o-function. In this operation, the energy pulse sets thanodes of burn propagation along the peculiar, tubular den-

spark material on a high adiabat while the achieved temsity structures formed during the cylindrical target implo-

perature is much less than the final one needed for ignision was also a result of these studies.

tion. The energy transferred by the work of the remaining

fuellalqr?g the so_Iyﬂon star.tlng from’lbrmg; .t'he fuel to 4. HIB-ASSISTED IGNITION

the ignition conditions. Typically, one possibility could be

that the size of the hot spot created by energy injection ign the simulations for HIB ignition, two opposing Bismuth

~3.5 X final ignition spark size. Values for the fuel den- HIB have been injected along the symmetry axis of the

sity where the energy is deposited couldbe- 1 g/cm®  system to set the central zone of the low-density region on a

and the temperature to be achievieg 1 keV. Correspond- high isentrope, as sketched in Figure 6. In the considered

ingly it follows thatl = 2—-3 X 106 W/cm?. cases, Bragg peaks and beam superposition was of some
A physical description of the approach much more com-

plete than that featuring the 0-D description is used in the

numerical 2-D simulations presented in the following. The A

studied processes were the injected energy transfer to the

matter destined to become the ignition spark, the final stages %

of compressionby the surrounding denser fuednd the § \

burn process. HIB, SXR, and LIB were taken as vectors for 5 :

the entropy injection along the axis of finite length cylin- 2 I

ders. In Figure 6, the range of some typical target parameters e :

is indicated. Others af, = 6-10um, R; = 250—-500um, 0 Roi Rom > .

R, =370-570um, Zn,ax=800um, t,se=40-1000 ps. The
outer dense region was set on a low adiabat, whereas the A
inner region thex-ratio was typically about two. These tar-
gets do not ignite without the additional energy injection.
The formation of a low-density, low-temperature region
within an imploding shell is a common process. When the
acceleration towards the cent@r symmetry axis ends
because the ablation pressure is removed, an expansion wave
starts from the inner surface of the imploding layer, produc- 0
ing a low-density fuel region. In the case of a finite cylinder,
the axial length covered by the expansion is of the sameig. 7. Space and time dependencies for the HIB used in the simulations.

Beam power

tdrt tdr2 t
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1 mm
t=300 ps I 1 t=500 ps
t=724 ps t=914 ps

Log[Ti("K)]

Fig. 8. Case 1 of Table 1. At the end of the HIB pul880 p3, the temperature in the central part of the target is raised to about 1 keV.
Compression brings the same region to ignition.

importance for creating the conditions for ignition. Energy In Figures 8 and 9 2-D maps for ionic temperature are
space and time distributions of beam were constant wittshown for the case of Table 1. The yield for this kind of
linear space-time rampsee Fig. 7. Typically, Ry, was  target is 2200—-2400 MJ, corresponding tdual-gain of
about 10% less thaR; and the space-ramp length about 2300-250Q01330¢/mm). Typically the fractional burn result
10% ofR;. The rise-timgty1) was 16—30% ofy,». was about 0.4.

=920 ps =972 ps

t=1002 ps t=1028 ps

1mm
[ [ B |
6 7 8 9
Log[Ti ("K)]

Fig. 9. Case 1 of Table 1, burn propagation. Two burn waves start from the center and propagate towards the cylinder open ends.
Preheating to about the 1-keV level is due to radiation diffusion.
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Table 1. System parameters

303

5. IGNITION ASSISTED BY NEAR TARGET
SOURCES

Beam energykJ) 35

lonic energy(GeV) 9.1 .

trmz (P9 300 A search was started to find near-target laser-produced
Ry (um) 250 sources adequate to start ignition in the IE mode. In the
Rz (um) , 370 study, point-like emitters with assigned aperture were taken
pi(g/em) 1 as virtual energy sourcesee Fig. 11 for symbol defini-

p2 (g/cm®) 50 : “ ,,

5 tions). A “cos(6)” dependence was assumed for the power
Zmax (M) 1600 . . . . .

Vo (cm/s) X 10-7 3 emitted in the unit solid angle. For assignedNEmber,
Ignition Yes different distances between the source and the cylinder, open

end have been studied. Typically, beam diameters exactly
matched that of the low-density regidne., 2R;). With
respect to this configuration, the virtual source distance was
in some cases reduced By(see Fig. 11 Single as well
two-sided irradiation has been studied. The power time de-
ﬁendence was the same as in Figure 7. As energy vectors,

XR and LIB were considered. Targets for one-sided irradi-

tion were typically the same as those given in Table 1, with
the total length reduced from 1.6 mm to 1.2 mm.

Taking as reference the case of Table 1, let us consider
focusing from an initial radius of 7.5 cm on a spot of diam-
eterdys = 0.5 mm set at a distance of 5 m. The associate
currentisl ~ 13 kA=~ lyaschke(@t 5 T). Contributions to the
finite spot formation come from chromatic aberratiodsg,, )
and emittance- space charge effectds.). The total diam-

eter can be estimated as 5.1. Ignition by SXR

dus = \[d2, + d2. (5) Adequate coupling to get ignition in cylindrical targéts
those sketched in Fig)@an be obtained for soft X rays. In
the simulations, the X-ray beam was divided in 8 photon

The envelope descriptioisee Callahan & Langdon, 1996 energy groups and in 20 angular groups. Each group was

was used to evaluatg.as function of the perveance and of
the emittance. Some of the results for the case here consid-

ered are displayed in Figure 10. A possible usable situation

is the one in which the neutralization is around 0.7. The
associate beam quality is defined by a longitudinal spread in
momentumdp,/p = 1 X 10~* and an unnormalized emit-

tancee = 2.4 mrad-mm(corresponding in our case to a R:

transverse spread dfy /p =5 x 10°°). a \ I\BEH'" aperture
' FA
0 ;}
| |
| L 2
- — —
E 35 1 — &= | |
E 3;:
T 25 | / | L___Fm
E 2 — o . ::_:_—__j__--_——_——:
8 15 | // | '
c 4
g 177 £=10 dpwp '- -
= [ —
g 05 / Z=555 | —
06 07 08 09 1 Shifted source

Neutralization A

Fig. 10. Requirements on the HIB emittance at the focusing lens as &ig. 11. Sources geometry used in the study for near target assisted igni-
function of the beam neutralization. The quantily, is the longitudinal tion. Beam aperturéthe FFNumbe) is defined by taf¥na) = 1/(2F),
momentum spread. wherefnaxis the maximum angular semi-aperture of the beam.
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transported in the target according to a geometrical opticsf the order of 2—3< 10*® W/cm? are needed, the tempera-
description including refraction and absorpti@@aruso & ture of such a source ought to be in the range 670-730 eV.

Strangio, 1998 Such a source is featured by a maximum of emission at
The explored parameter space was the following 1900-2100 eV, a range of photon energy for which the cou-
pling is not favorable. To assemble a source with proper
Energy _ 30-200 kJ spectral distribution, a nonequilibrium situation ought to be
Implosion velocity ~ 3x 10" cm/s created on the frequency axis. Equilibrium to an appropriate
Photon energy 60-2400 eV “ » ; e ;
. temperature” should be achieved within an intense absorp-
SXR pulse duration  0.1-1ns . .
Focusing . F2, 53 _t|on.band of frqugnmel:w < hymax™ 900 eV, as sketched
Source shift A=R; in Figure 14. As it is expecte® > hv,,,, it is possible to

apply the Jeans distribution to findas a function of the
It was found that sources assembled by photons Wltf?equ”.ed fluxe .

energies in the range 200-900 eV can produce an ignition

spark near the open ends. In this range of photon energies

and in single-side irradiation mode, ignition and high burn Teev =~ 1.9 10716

were produced for aperturegZFand F3 at 80—-100 kJ in Viev

0.6 ns. No ignition occurred for/ in the same conditions.

Ignition was earlier for F2, but in the burn stage/B sur-  FOMVkev = 0.9,¢ = 2-3X 10® W/cm? follows Tyey = 5-8.

passed R2. Both F2 and 73 saturated to about the same

!evel of burn. As arule, by.inc_rgasing the X-ray enef@y., 5o Ignition by LIB

in the range 100—-200 kJignition started earlier but burn

saturated to a lower level. In Figures 12 and 13 are showhaser-generated LIB were considered for ignition in the IE

simulations in which the highest energy photon group use@pproach. The assumed source positioning and aperture were

had 938 eV. The remaining seven groups were distributedimilar to those adopted for SXksee Fig. 11 Also the

between 63 and 813 eV, the most intense being those at 188nploding target was the same. Pulses of deuterium ions at

313, and 438 eV, in a sort of bell-like distribution. Apart 6 MeV were considered. For apertur&FA = R; and du-

from the length, the target parameters were those displayeagtion 40 ps, ignition and high burn were found for 20 kJ

in Table 1. The performances of these targets are similar ttotal energy. The short pulse duration adopted in this case

those found for HIB-assisted ignition. was not strictly necessary for good coupling and derived
The source to be utilized for the previously describedfrom consideration on the LIB source. In Figure 15 the

application cannot be Planckian. Actually, since power fluxesevolution of a target ignited by LIB in the IE mode is shown.

d)W/ cm?

(6)

540 ps 715 ps 800 ps
e —~} ¥, - ——
. - '4--: —
908 ps 968 ps 976 ps
' P—
=5 "*-————q____ H
- '——..
984 ps
e T e -
——— e
_ﬂ
R A
0 1 2 3
Loglp (g/cc)]

Fig. 12. Density maps during X-ray-triggered thermonuclear burn propagation.
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540 ps

908 ps / G=8.5

984 ps / G=743

L Iy
6 7
Log[Ti (°K)]

Fig. 13. lonic temperature maps for burn propagation along an X-ray-ignited cylinder. G is the ratio between the released thermo-
nuclear energy and the initial implosion energy.
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715 ps 800 ps

Thin foils exploded by short laser pulses are natural candensities substantially lower than the criti¢al.) the sys-
didates as sources of fast ions. This possibility was recogiem becomes transparent to the laser radiation. A conve-
nized early, when the first interaction experiments withniently dimensioned foil is that represented in Figure 16,

ultrashort laser pulses were star{sée Caruso & Gratton,
1971). The general idea is that if a finite fracti@m,ys) of

where the initial and the exploded configuration are sketched.
In this case, the initial thickness is chosen such that

the laser pulse energy is coupled to the electrons, energetic
ion flow follows in the subsequent expansion, as the elec- Pe

tronic pressure acts on the ions by electrostatic coupling

(quasi-neutrality.

The time available for energy transfer from the laser to
the electrons is limited by the plasma expansion, since

Planck,
0.04 | ,/
0.03 | Ve
0.02 |
0.01 |
0.00 l

0 0.05 0.1 0.15 0.2
hv /kT

Fig. 14. A proper SXR source for application to |IE would require a non-
equilibrium state in which a low energy band is brought to a high “temper-
ature” whereas the rest of the frequency axis is out of the equilibrium.
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Zo= "R, )
Po

a\{vherepo is the solid-state densitffor solid deuterium and

A = 1.054 um, po/p. =~ 50). When the plasma thickness
becomes of the order of the diameter, the density is afaout
Atthis time 3-D expansion becomes effective and makes the
system rapidly transparent to the laser radiation. This occurs
at the time

Gine =~ 7 8

HereV; is the final ion velocity(for deuterium ions at 6 MeV,

V, ~ 2.4 X 10° cm/s). The timet;,; represents the order of
magnitude allowed for the laser pulse duration. Note that
this time is substantially longer than the explosion tigg,
since it is found that

00 \2/3 R, \2/3
tine =~ (;) tepr: (Z_O te><p|- (9
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30 ps 150 ps 370 ps 530 ps
729 ps 800 ps 980 ps 1002 ps
"
1010 ps 1016 ps 1020 ps 1038 ps
m = E| = — | =y
- -
1049 ps 1064 ps 1061 ps .
\
L°9[TI( Kl]
F—1 mm—

Fig. 15. lonic temperature maps for a target ignited by 6 MeV deuterium LIB. The ignition and burn process starts from a well-trapped
hot spark and propagates towards both the cylinder ends. The duration of the LIB pulse was 40 ps and the total energy 20 kJ.

The foil dimensioning can be given in terms of the total estimated as Ry/c (c is the speed of light so that, on
energy in the ion flowE,. It is found: average, each electron can see the laser field a number of
timest;,.¢/2Ry = ¢/V, ~ 13.

Bt \V° In the previously dimension m, the electronic mo-
Ro:( t0t2> w2 ze=PRwa e (10 the previously dimensioned system, the electronic mo

7oV, Po tion is practically collisionless, and ions can take energy by
electrostatic coupling during the system expansion. Consis-
_ 2( 1 Eot ) o A2 (11) tent with the previous scheme, global, forward collimation
fie AV effects due to transfer of electromagnetic momentum are
expected to be negligible. Actually a simple estimate shows
Paps =~ } pcVi3 A2 (12 that

2

In EQ. 12, ¢aps represents the power density to be ab-
sorbed on the target surface. The impinging flux would be
& = Paps/Nans NOte thatp,,s do not depend oif,. Fur- A _/ /
thermore the only quantity depending on the initial solid
density isZ,. For A = 1.054 um, po = 0.169 g/cm? and
Ewt = 50 kJ, we get from Eqs(10-12, Ry ~ 200 um,
2Zo ~ 10 um, ¢apsh > =~ 3 X 108 W X um%/cm? ty, =
20 ps. If the laser wavelength is decreased, the target as-
pect ratioq = R,/Zy decreases, the power density in-
creases, and the pulse duration decreases.

Let us assumeg,,s= 0.5. From the previously considered
dimensioning it follows thad X Au?~ 6 X 10*¥ W X um?/
cm? and a quiver electronic kinetic energ, ~ 0.7 MeV. '
Since the number of electrons is equal to that of iafvs 1), . A
electrons must achieve, on the average, an energy of the
order of that required for the ions, that is 6 MeV. The situa-

-
K

2Ro

tion can be described by saying the each electron must re- :Z <
ceive about 8.6 “kicks” with energy equal to the quiver one. o
The average round trip for an electron in the plasma is Fig. 16. The exploding foil geometry.
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V2 ! c’ 13 pe used for foil dimensioning.

AV, 1< 2 )\/i same effect or, at least, would imply changes in the model to

Tabs

whereAV, is the additional velocity due to radiation pres- g |MPLOSION SCALING
sure. FoV, ~ 2.4 X 10° cm/s andy,s= 0.5,AV; /V; ~ 0.12.
However, fornas = 0.08, it is found thatVi/V; ~ 1. In ~ The simulations presented for IE in the previous sections
practice, the effect is substantial when the energy transfer idave been made for reactor-sized targets. However, by theo-
inefficient. More effective can be the mechanism of colli- etical scaling(Caruso & Strangio, 1999it is possible to
mation by pressure gradient. Since the gradient of pressuéeduce the parameters for implosions having similar per-
is greater in the direction normal to the thin foil surface, aformances in terms ofain, hydrodynamicsdriver, and
bilateral collimation effect can result for thin foils. The as- @-particle transport As functions of the initial implosion
ymptotic value of the ANumber can be numerically found €nergy (E), the target and the parameters of the pulse
by integrating the fluid equations for a 2-D, Gaussian den2ught to be scaled, in geometrical similarity, as follows.
sity distribution representing initially cold foils with cylin- Sizeo E*2; densityec 1/E*/2; ignition driver energyec E;
drical symmetry. In our calculations, an inner power sourcednition driver pulse duratiorx E*2; implosion velocity
representing the energy given by the laser to the electroriénchanged. The ignition driver has to be modeled in such
started the hydrodynamic motion. The duration of the en2 Way to keep constant the quantiignsityx material-
ergy source in units of the explosion tirig, was taken in ~ OPacity X size at material temperature unchanged. The
the ratio(Ry/Z,) /3 according to the prescription given by associated on-target power density ought to scalpaser
Eq. 9. The results of these calculations are represented fensityoc E~Y2. For the cases considered in this paper, it
Figure 17, where the/Rumber is given as function of the is sufficient to keep the HIB or the LIB ionic energy con-
foil aspect ratio. Itis seen that for the aspect ratios of interes¢tant, or to change the X-rayeam frequencieaccording
(20-50 F/Number in excess of 2 are possible. to oc 1/EY/6 (free-free opacity Being that the gairffusion

In the previous considerations, a framing of the global€NergyE) is a pure number, similarity for gain simply
behavior of the exploding foil was tried. The individuated Means that the gain remains the same. The previous ana-
regime is quite different from those studied in experimentdytical scaling rules have been checked successfully by
up to now. The distinctive feature is the long duration of the2-D numerical simulations. The codesee Sect. JLin-
pulse (~15-20 p$ associated to high intensitypossibly cludes a more complete physical description than that used
1-5x 108 W/cm?). For these power densities, theory and 10 deduce the scaling. The quality of the scaling can be
experiments normally consider 0.5-1 ps duratisee Berg appreciated from the results of simulations shown in Fig-
etal, 1997 and Keyet al, 1999. Moreover, to reach high ures 18 and 19. The comparison is made between two
power density in the experiments, the pulse energy watargets, the reference on®T) and the scaled onéST).
deposited in spots around n wide, a few light wave-
lengths. In the case here considered, systems with diameters
several 10Qum wide are assumed and the target substan- :5 ST
tially expands during the interaction. Key information for 10 ;
the application of thin-foil explosion to an usable produc- U RT
tion of LIB is related to the value aj.psand to the way the
absorbed energy is shared between the foil particles. For 10°
instance, a small value af,,swould affect the efficiency of
the method. The self-organization of a fraction of the plasma§
in high-energy jets during the interaction could have the > 102 ﬁ(r

o

Ener
Mo

25

6
F sl 10 /

i ! :
1 / 0 100 200 300 400 500
/ Time (ps)
05¢L
0 20 40 60 80 100 Fig. 18. Thermonuclear burn of ST and RT. To design ST, the RT energy
Ro/Zo values were down-scaled by 0.2. The corresponding times were scaled by a

factor 0.2/2, according to the theoretical scaling. With respect to the RT
Fig. 17. The asymptotic ANumber for exploding Gaussian thin foils as target data, at intermediate burn, the ST data result shifted to the left by
function of the foil aspect ratio. about 10 ps.
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Inthe cases presented in this paper, ignition was localized

e Al P # : :

e _ __ 2 RT ‘ N 1 in the center or near one of the cylinder ends, so that most of
- - - — . the fuel in the imploding system represented the payload. In

s i ™ o - this regard cylindrical implosions present the possibility for

~ A e ST . ‘ tailoring the implosion story along the cylinder axis, to in-
- 1 - P ey crease the gain. For instance, if a cold implosion at velocity

- - of 3 107 cm/s is needed in the portion of cylinder where

- - a the ignition spark has to be formed, a lower velocity cold
s Eogrn]:‘K}] 8 9 0 LLg[p{gic}] 3 implosion can be used in the payload, where the burn prop-

agates. This is important becaus& 30’ cm/s correspond
Fig. 19. Comparison of ionic temperature and density for ST and RT tar-to a kinetic energy of 0.045 Mrthg, whereage.g) 0.01

gets. The implosion energy for ST was 0.2 that of RT. The frames are takeﬂ/IJ/mg are needed to compress a cold fuel at 491‘3@-
at corresponding times, according to the theoretical scaling. RT coordi-

nates, density, and temperature are also reduced accordingly.
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