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Implosion of multilayered cylindrical targets driven by intense heavy ion beams
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An analytical model for the implosion of a multilayered cylindrical target driven by an intense heavy ion
beam has been developed. The target is composed of a cylinder of frozen hydrogen or deuterium, which is
enclosed in a thick shell of solid lead. This target has been designed for future high-energy-density matter
experiments to be carried out at the Gesellschaft fu¨r Schwerionenforschung, Darmstadt. The model describes
the implosion dynamics including the motion of the incident shock and the first reflected shock and allows for
calculation of the physical conditions of the hydrogen at stagnation. The model predicts that the conditions of
the compressed hydrogen are not sensitive to significant variations in target and beam parameters. These
predictions are confirmed by one-dimensional numerical simulations and thus allow for a robust target design.
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I. INTRODUCTION

Study of hydrogen under extreme conditions~supersolid
densities and multimegabar pressures! is of great interest to
astrophysics, planetary sciences, and inertial fusion. Ano
very interesting aspect of this problem is the possibility
creating metallized hydrogen in laboratory by application
extremely high pressures to small samples of hydro
@1–6#. Production of metallized hydrogen in reproducib
experiments will not only provide insight to the structure
the giant planets, but may also have significant impact on
daily lives as it is expected that the metallic state of hyd
gen has a number of potential industrial applications@7#.

During the past decades the high-pressure technology
been significantly advanced by the development of diam
anvil cell, high power pulsed lasers, and gas guns. Moreo
high power explosives and nuclear explosive devices h
also been employed to generate ultrahigh pressures. In a
tion to that, beams of light ions have also been recognize
a powerful tool for the production of solid density, high
pressure plasmas@8#.

An additional tool that has also been available for so
time to research this field is an intense heavy ion beam a
Gesellschaft fu¨r Schwerionenforschung~GSI!, Darmstadt.
The GSI has a heavy ion synchrotron, SIS18 which deliv
intense heavy ion beams of different ion species. Impor
experimental work has been done in the field of high-ener
density~HED! matter using these beams during the past
cade@9–13#. This facility at present is being upgraded and
is expected that after the completion of this upgrade
beam intensity will increase significantly while the pul
length will be substantially reduced~to about 50 ns!. De-
tailed numerical simulations have shown@14–16# that using
this future beam, one will be able to access much wi
regions of the parameter space of the physical condition
1063-651X/2002/66~5!/056403~9!/$20.00 66 0564
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the HED matter. These simulations have been done usin
two-dimensional hydrodynamic modelBIG-2 @17#. In particu-
lar, it has been shown@13# that it may be possible to carr
out an experiment at the upgraded SIS18 facility to study
problem of hydrogen metallization.

GSI is also planning to construct a new synchrotron r
SIS100, which will deliver a heavy ion beam with a muc
higher intensity as compared to the upgraded SIS18 faci
The availability of this beam will make many interestin
experiments in the field of equation-of-state~EOS! studies
possible@18#.

Numerical simulations are an essential tool to desig
future experiment efficiently and economically. On the oth
hand, after the experiments are performed, numerical si
lation codes are needed to interpret the vast amount of
perimental data. However, sophisticated simulation mod
are complicated and one needs to use analytic model
understand the large amount of numerical data generate
simulations. In addition to that, a good analytic model
always very helpful to optimize simulations as the model c
qualitatively suggest the region of the parameter space
which one should start the simulations.

In order to supplement our numerical simulation capab
ties, we have developed an analytic model to study the
plosion of a multilayered cylindrical target that is driven b
an intense heavy ion beam. In Sec. II we present the be
target geometry and the necessary beam and target pa
eters, while the details of the model are given in Sec. III. T
results obtained from the model together with a compari
with the simulation results are discussed in Sec. IV, while
conclusions drawn from this work are noted in Sec. V.

II. BEAM-TARGET PARAMETERS

In this section, we present the beam-target geometry o
experiment that will be carried out at the future GSI acc
©2002 The American Physical Society03-1
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erator facility. Figure 1~a! shows the proposed configuratio
and it is seen that the target is composed of a solid hydro
cylinder with radiusRh0 and density%h0 , which is enclosed
in a thick shell of solid lead. The right face of the target
irradiated with an ion beam that has an annular or a r
shaped focal spot. The inner radius of the focal ring,R1 , is
assumed to be larger thanRh0 , which avoids direct heating
of the hydrogen. The outer radius of the focal spot ring,R2 ,
is considered to be much less than the outer radius of
lead shell,Re . The regionR2<r<Re acts as a tamper lim
iting the outward expansion of the absorption region. A cr
sectional view of the target is shown in Fig. 1~b!.

It is assumed that the length of the target is much less t
the range of the projectile particles so that the energy de
sition along the particle trajectory is fairly uniform. A she
of heated material with very high pressure is created in
absorber region lying betweenR1 andR2 with massma and
density %a , while the region lying betweenRh0 and R1
forms a cold payload shell having massmpl and density%pl .
The hydrogen mass is denoted withmh . In practice, one
always has the conditionmpl!ma fulfilled and in the cases
of interest, one also hasmh!mpl .

The high pressure in the absorber generates a shock w
that travels through the payload and is then transmitted
the hydrogen. This shock travels along the radius of the
drogen cylinder and is reflected at the axis. The reflec

FIG. 1. ~a! Beam-target geometry: a cylinder of solid hydrog
~H! enclosed in a shell of solid lead~Pb!. ~b! Sector of the layer-
structured cylindrical target:%h0 andRh0 are the density and radiu
of the solid hydrogen;%pl and R1 are the density and the oute
radius of the payload;%a andR2 are the density and outer radius
the absorber and%T andRe are the density and outer radius of th
tamper, respectively.
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shock travels outward and is re-reflected by the payload. T
process of multiple shock reflection goes on while the p
load continues to move inwards, slowly compressing the
drogen. This leads to a low entropy or ‘‘cold compressio
of the hydrogen layer. Numerical simulations have sho
@13,19# that using appropriate beam and target paramet
one can easily achieve the theoretically predicted phys
conditions necessary for hydrogen metallization. These
clude a density of about 1 g/cm3, a pressure of the order of
Mbars and a temperature of a few thousand Kelvin.

In this design, we consider the future SIS100 beam t
will be composed of uranium ions. A wide range of partic
energy, 400 MeV/u to 2.7 GeV/u, will be available and the
pulse duration corresponding to the above energy range
be 90–20 ns. The maximum beam intensity is expected to
231012 particles.

In these particular calculations we consider a particle
ergy of 2.7 GeV/u which has a range of about 6 cm in sol
cold lead@20#. This allows us to take a very long target~2
cm! and still achieve a uniform deposition along the ax
direction. If one chooses to use a lower energy, the ta
length should be decreased accordingly. The duration of
pulse in the present case is 20 ns.

Although the final maximum expected beam intensity
231012, the intensity will increase gradually over time. W
therefore have used different cases with different beam
tensities including 531010, 1011, 231011, 431011, 6
31011, 831011, and 1012 ions. These different beam inten
sities lead to very different values of specific energy depo
tion in lead that in turn leads to different implosion cond
tions in hydrogen. Therefore, use of different bea
intensities would allow one to access a wide range of ph
cal conditions of cold, compressed, high-pressure hydro
and one may study the EOS properties of these exotic st
of this most abundantly found element.

It is to be noted that we have used a hollow beam with
annular focal spot, and to generate such a beam is st
challenging problem. In the following, we discuss two po
sible methods that may be used to generate such a bea

Generation of a hollow beam with an annular focal spot

It has been demonstrated that a beam geometry with
annular focal spot can be achieved in principle using
plasma lens@12#. However, producing a focal spot that pro
vides a highly symmetrical intensity with the paramete
used in these simulations requires a lot more research
developmental work.

Another proposal is to employ a high frequency wobb
that rotates the beam with a rotation frequency of the or
of gigahertz, which would lead to an annular focus. In th
case, it is very important to know the value of the rotati
frequency that will be needed for an acceptable symmetry~of
the order of a few percent! in the driving pressure, which is
important for the target stability. A simple estimation of th
required rotation frequency can be done as follows by c
sidering a box pulse of powerP and durationtp . In such a
case, a region in the absorber with size of the order of
focal spotr fs is heated by the rotating beam during a time
3-2
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the order oftc5r fs /@v(R11r fs)#, wherev52pn is the an-
gular velocity of rotation andn is the frequency. During this
time the pressure increases in such a region byDp
}Ptc /r fs

2 . On the other hand, the maximum pressure in
absorber isp}Ptp /@(R112r fs)

22R1
2#. Thus, the relative

pressure asymmetry isDp/p'4/(vtp), independent of the
target size. By requiring a pressure symmetry better than
instance, 4% and takingtp;30 ns, it yieldsn>0.5 GHz or a
rotation period of less than 2 ns.

III. IMPLOSION MODEL

In this section we describe in detail the analytic model
the implosion of a multilayered cylindrical target driven b
an intense ion beam. We assume that during the implo
the payload and absorber masses are not changed by th
conduction. In fact, even for the largest specific internal
ergy of the absorber considered~;20 kJ/g!, the thermal con-
ductivity k of the absorber remains very low (k<5
31026 g/s cm) during the implosion time. Then, the therm
wave penetrates a very short distancel c into the payload
( l c<1027 cm) so that the heated payload mass that is inc
porated to the absorber can be neglected.

On the other hand, we can also neglect the hydrogen
payload preheating produced by scattered absorber n
and by the secondary particles created when fast ions o
beam interact with the absorber material~electrons, photons
and nuclear fission fragments!. By following the analysis of
Ref. @21# we can see that for the beam deposition energ
considered here, this preheating is small in comparison w
the shock preheating.

A. Absorber expansion and shock transmission in the payload

When the absorber is heated by the ion beam, its pres
increases considerably and it pushes the payload inwa
For simplicity, we assume that the energy deposition in
radial direction is uniform. Since we are interested in t
case in which the payload massmpl is much less than the
absorber massma (mpl!ma), the time taken by the rarefac
tion created at the payload surface to cross the absorb
longer compared to the implosion time. Thus, the paylo
implosion is driven by a simple rarefaction wave, as it ha
pens in the classical Lagrange ballistic problem@22#. If the
absorber is heated in a time much shorter than the chara
istic hydrodynamic time required for its expansion, we c
consider that the beam energy is deposited in the abso
instantaneously and thus one can assume that, att50, the
absorber has a specific internal energye0 which is equal to
the total specific energy deposited by the ion beam. Th
fore the instantaneous pressureppl(t) on the payload surface
can be calculated as@22#

ppl~ t !5p0S 12
ga21

2

uṘu
c0

D 2ga /~ga21!

, ~1!

p05~ga21!%ae0 , c05S gap0

%a
D 1/2

, ~2!
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where%a is the absorber density and we have assumed
ideal gas equation of state for the absorber with an entha
coefficientga ~which is equivalent to a Mie-Gruneisen EO
with a constant Gruneisen coefficientGa5ga21). Besides,
Ṙ is the instantaneous velocity of the interface payload
sorber andc0 is the speed of sound in the absorber.

The pressureppl drives a shock wave in the payload
which travels with velocityUs :

Us
2'

p0

2%pl0
F ~gpl21!

pB

p0
1~gpl11!G , ~3!

wheregpl0 is the enthalpy coefficient of the payload,%pl0 is
initial payload density,pB5Bpl /gpl (Bpl is the adiabatic bulk
modulus of the payload! and we have takenppl'p0 because
during this stage the outer face of the payload moves r
tively slowly. This shock arrives at the inner face of th
payload att5t0 and enters into the hydrogen. At this tim
the pressure within the payload isppl(t0)'p0 and the den-
sity is %pl(t0) given by

%pl~ t0!'

~gpl21!
pB

p0
1~gpl11!

~gpl11!
pB

p0
1~gpl21!

%pl0 . ~4!

The entropy created by the shock places the payload on
isentropeS0 given by

S0'
p0

@%pl~ t0!#gpl
5

ppl~ t !

@%pl~ t !#gpl
, ~5!

whereppl is the mean value of the instantaneous pressure
the payload surface and we have assumed that the ent
created by this shock is conserved up to the stagnation ph

On the other hand, att5t0 the fluid velocityUpl behind
the shock is given by

Upl
2 '

p0

%pl~ t0!

2S 12
pB

p0
D 2

~gpl21!
pB

p0
1~gpl11!

. ~6!

Since the payload entropy is assumed to be conserved
timest0<t<t2 , its internal energyEpl evolves isentropically
up to the timet5t2 , and it can be written as

Epl~ t !5
mpl

~gpl21!

ppl~ t !

%pl~ t !
, t0<t<t2 . ~7!

At t5t0 a strong shock is launched into hydrogen, whi
arrives at the axis att5t1 . It is then reflected, thereby com
pressing the hydrogen strongly. The reflected shock enco
ters the imploding inner face of the payload att5t2 and the
stagnation phase starts. Fort.t2 , shocks progressively be
come weaker and they are reflected between the axis an
pusher, leading to a nearly isentropic compression of the
drogen. This compression continues up to the instantt5t f ,
3-3
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when total stagnation occurs and the payload kinetic ene
is converted into internal energy of the payload and of
hydrogen.

B. Payload implosion

At t5t0 the payload starts to move inwards. We are
terested in using a relatively thick pusher, therefore, the in
and the outer pusher radii move with different velocities. W
then consider the implosion of a finite thickness shell, wh
is assumed to be incompressible. In principle, this assu
tion may appear to be inconsistent with the previous o
regarding the isentropic evolution of the payload aftet
5t0 . However, for thick and heavy pushers, the motion is
slow that the pressure on the interface absorber-pu
changes very little and both assumptions are practic
equivalent. For the opposite case of thin pushers, they m
with a practically uniform velocity and the incompressibili
assumption becomes irrelevant. Thus the payload implo
can be treated as incompressible without introducing sign
cant errors. In such a case the continuity and momen
conservation equations read as

1

r

]~vr !

]r
50, ~8!

]v
]t

1v
]v
]r

52
1

%pl~ t0!

]p

]r
. ~9!

These equations are easily integrated and yield

Ṙh5
RṘ

Rh
, ~10!

ppl~ t !2ph~ t !

%pl~ t0!
52~R̈R1Ṙ2!lnS R

Rh
D1

Ṙ2

2 S R2

R2
221D ,

~11!

whereRh andṘh are the instantaneous position and veloc
of the inner radius of the payload, respectively.R, Ṙ, andR̈
are the respective instantaneous position, velocity, and ac
eration of the payload outer face. Alsoph(t) is the counter-
pressure on the inner face produced by the material be
the shock that was launched into the hydrogen att5t0 .
Since the hydrogen density%h0 is much less than the pushe
density @%h0!%pl(t0)#, a strong shock propagates into th
hydrogen and the averaged value of the counterpressu
the shocked region can be approximately calculated as

ph~ t !'
2

gh111
%h0Ṙs

2, t0<t<t1 , ~12!

wheregh1 is the enthalpy coefficient of the shocked mater
and Ṙs is the instantaneous velocity of the shock launch
into the hydrogen. For simplicity, we take constant values
the enthalpy coefficient of the hydrogen in the differe
phases of compression. Thusgh1 is the effective value for
the phase in which hydrogen is compressed by the incid
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shock (t0<t<t1). During this stage, the payload motion
described by Eqs.~10! and ~11! with ppl(t) andph(t) given
by Eqs.~1! and~12!, respectively. Therefore, in order to fin
the payload trajectory and calculate the compression p
duced by the incident shock, we need to describe the sh
motion in hydrogen.

C. Incident shock „t0ÏtÏt1…

For the description of the incident shock we use a sim
model which considers that a fixed mass of shocked mate
is compressed adiabatically by the motion of the piston~the
inner face of the payload! @23,24#. Such an assumption im
plies that any change in the piston motion is immediat
transmitted to the shock front and, therefore, their dynam
are always coupled. This leads to

phVh1
gh15const, Vh15p~Rh

22Rs
2!. ~13!

When the strong shock moves through a small distancedRs ,
the fluid is compressed by a factor (gh111)/(gh121). The
new material incorporated behind the front occupies onl
fraction (gh121)/(gh111) of the increment of the volume
2pRsdRs . Therefore, an extra volume that is a fact
2/(gh111) of such increment is available to the ‘‘old’’ mas
between the shock and the piston. Consequently, the in
ment of volumedVh1 of the ‘‘old’’ material turns out to be

dVh152pS RhdRh2
2

gh111
RsdRsD . ~14!

Differentiating the first of Eqs.~13!, we get

dph

ph
1gh1

dVh1

Vh1
50. ~15!

Using Eqs.~12! and~14! we obtain the equation of motion o
the incident shock as

R̈s52
gh1Ṙs

Rh
22Rs

2 S RhṘh2
2

gh111
RsṘsD . ~16!

Equations~10! and ~11! @with Eq. ~12!#, and Eq.~16! repre-
sent a complete set of differential equations for the desc
tion of the payload and shock motion during the intervalt0
<t<t1 , which must be solved with the following initial con
ditions att5t0 :

R~ t0!5F mpl

p%pl~ t0!
1Rh0

2 G1/2

, Ṙ~ t0!5
Rh0Upl

R~ t0!
, ~17!

Rh~ t0!5Rh0 , Ṙh~ t0!'2Upl , ~18!

Rs~ t0!5Rh0 , Ṙs~ t0!5
gh111

2
Ṙh~ t0!, ~19!

where%pl(t0) is given by Eq.~4! andUpl is given by Eq.~6!.
Besides this, in the first of Eqs.~17! we have taken into
account the shock compression in the payload, and in
3-4
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second of Eqs.~18! we have used the doubling rule for th
velocity of a solid-vacuum interface when a shock emer
from the solid@25#.

D. Reflected shock„t1ÏtÏt2…

At t5t1 , the incident shock is reflected at the axis and
propagates outwards with an instantaneous velocityṘsr until
t5t2 , when the shock hits the imploding piston. As a simp
approximation, we adopt the expression corresponding
planar shock for the mean value of the counterpressureph
produced by the sample material ahead of the reflec
shock. Then, the pressure of the fluid between the shock
the piston is written as@26#

ph~ t !'
gh111

2~gh121!~gh221!
%h0Ṙsr

2 , t1<t<t2 , ~20!

wheregh2 is the enthalpy coefficient of the hydrogen behi
the reflected shock. Att5t2 , the mean pressure behind th
shock can be expressed as

p25
3gh221

gh221
ph~ t2!. ~21!

Following the same arguments as for the incident shock,
consider that a fixed mass of material behind the shoc
adiabatically compressed but, now, we must take into
count the fact that also the material ahead of the shock f
is isentropically compressed as the payload implodes.
therefore writes

phVh2
gh25const, Vh25pRh

2, ~22!

and the rate of change of volume for a fixed mass turns ou
be

dVh2

dt
52pRsr

Ṙsr2Ṙh
0

gh2
12pRhṘh , Ṙh

05Ṙh

Rh

Rsr
, ~23!

whereRsr is the instantaneous position of the reflected sho
and in writing the second of Eqs.~23! we have considered
the conservation of the mass flux in the annular region
tween the shock and the piston. The effects of the geom
are also taken into account through Eqs.~22!. Proceeding in
a similar manner as for the incident shock, we get the
lowing equation of motion for the reflected shock:

R̈sr52
Ṙsr

Rh
2 @~gh221!RhṘh1RsrṘsr#. ~24!

This equation must be solved together with Eq.~11! for the
motion of the piston with the counterpressureph(t) given by
Eq. ~20! using the following initial conditions att5t1 :

Rsr~ t11!50, Ṙsr~ t11!5
2~gh221!

gh211
Ṙs~ t12!, ~25!

where Ṙs(t12) is the velocity of the incident shock att
5t1 . The last equation is applied in order to ensure the c
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tinuity of the fluid velocity and pressure in the region b
tween the shock and the piston at the instant of reflectio
the axis. Besides this, the initial conditions for the piston
t5t1 are obtained from the final conditions of the previo
phase of incident shock~Sec. III C!.

Equations~10! and~11! @now with Eq.~20!#, and Eq.~24!
provide the trajectory of the reflected shock. The calculat
is stopped att5t2 when the shock hits the imploding piston
In this way, we can determine the pressure and the densit
the sampleph25ph(t2) and%h25%h(t2), respectively. The
pressure within the payload at this instant can be taken to
uniform and is equal toppl25ppl(t2). On the other hand, we
obtain the payload kinetic energyEk2 and its internal energy
Epl2 as well as the internal energy of the sampleEh2 , which
are given by the following expressions:

Ek25p%pl~ t0!R2
2Ṙ2

2 lnS R2

Rh2
D , ~26!

Epl25
mpl

gpl21

ppl2

%pl2
'

mpl

gpl21
p0

~gpl21!/gplS0
1/gpl

3S 12
ga21

2

uṘu
c0

D @2ga~gpl21!/gpl#/@gpl~ga21!#

,

~27!

Eh252
mh

gh221

ph2

%h2
, ~28!

where the subscript ‘‘2’’ denotes the values of the mag
tudes att5t2 and%pl2 is obtained from Eq.~5!.

For t>t2 the stagnation of the implosion takes place a
the kinetic energy is converted into internal energy of t
payload and of the sample. This phase is assumed to
practically isentropic.

E. Isentropic stagnation phase„t2ÏtÏt f…

Since the implosion stagnation is assumed to be isen
pic, the following relationship exists between the press
and the density of the sample fort2<t<t f :

ph5ph2S %h

%h2
D gh3

, ~29!

where gh3 is the corresponding enthalpy coefficient of th
sample in this phase.

In order to obtain the valuesph f5ph(t f) and %h f
5%h(t f) for the hydrogen pressure and density at maxim
compression, we consider that the kinetic energyEk2 of the
payload is completely converted into internal energy of
sample and of the payload:

Ek25DEpl1DEh , ~30!

whereDEpl5Eplf2Epl2 and DEh5Eh f2Eh2 ~the subscript
‘‘ f’’ denotes values att5t f).

For the calculation of the internal energyEplf , we need to
find the pressure and density profiles within the payload@27#.
For this purpose, we use the well known self-similar soluti
3-5
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for the homogeneous isentropic compression of a cylindr
shell @28#. In such a model the momentum and mass con
vation equations are solved together with Eq.~5!,

d%pl

dt
1

%pl

r 8

]~vr 8!

]r 8
50, ~31!

%pl

dv
dt

52
]ppl

]r 8
, ~32!

and the following ansatz are proposed:

r 85r f ~ t !, v5r ḟ ~ t !. ~33!

The previous equations lead to the following ordinary diffe
ential equations:

f̈ f 2gpl215
1

t2 , ~34!

dppl

dr
52

%plr

t2 , ~35!

where t is a characteristic time for the stagnation pha
Introducing Eq.~5! into Eq. ~32! and using the following
boundary conditions att5t f :

pplf~Rplf !'0, pplf~Rh f!5ph f , ~36!

(Rplf is the outer radius of the payload at total stagnation! we
can integrate Eq.~35! for obtaining the pressure and dens
profiles att5t f which leads to

pplf~r !'ph fS Rplf
2 2r 2

Rplf
2 2Rh f

2 D gpl /~gpl21!

, ~37!

%plf~r !'S ph f

S0
D 1/gplS Rplf

2 2r 2

Rplf
2 2Rh f

2 D 1/~gpl21!

. ~38!

From the previous equations we can obtain the internal
ergy of the payload by performing the corresponding m
and energy integrals for obtaining@27#

Eplf5
mplgpl

~gpl21!~2gpl21!
ph f

~gpl21!/gplS0
1/gpl. ~39!

On the other hand, the internal energy of the samplet
5t f turns out to be

Eh f5
mh

gh321

ph f

rh f
. ~40!

Substituting Eqs.~26!–~28! and Eqs.~39! and ~40! into
Eq. ~30! for the energy balance, and taking into account t
the compression evolves isentropically@Eq. ~29!#, we can
calculate the final pressureph f and density%h f of the
sample.
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IV. RESULTS OF THE MODEL AND DISCUSSION

In order to apply the model to a particular case, we ha
considered as a first step the target and beam param
shown in Table I. The target consists of a thick cylindric
shell of lead which is surrounding a sample of frozen hyd
gen ~Fig. 1!.

The absorber enthalpy coefficientga is determined from
the simulations by looking at the value of the pressure jus
the end of the pulse~pulse durationtp520 ns), when the
absorber remains still at rest and has an initial density%a .
The payload enthalpy coefficientgpl and the adiabatic bulk
modulusBpl are taken from Ref.@29#. Since the enthalpy
coefficient of hydrogen depends on the compression fac
we have taken an effective constant value for each st
which is fitted from the realistic equation of state. For t
largest compression factors (4,%/%h0,10), the value is
equal to that used by other authors (gh3'3) @30#, but it
becomes somewhat larger for smaller compression, as
by following an isentrope in the simulations.

The results of the model have been compared with o
dimensional simulations performed by using a on
dimensional mode of the two-dimensional hydrodynam
codeBIG-2 @19#. In Fig. 2 we present the trajectories of th
piston and of the incident and reflected shocks as given
the model~lines! and by the simulations~dots!. It is seen that
the model reproduces the simulation results very well.

Considering the target and beam parameters shown
Table I, we have performed a parametric analysis by cha
ing the payload mass, the hydrogen mass, and the spe
energy deposited by the beam.

In Fig. 3 we plot the final hydrogen pressureph f vs the
payload mass for two different values of the specific ener
e0 , namely, 5 and 10 kJ/g, respectively. It is seen that
higher value ofe0 leads to higher values of pressure, whi
is an expected result. It is also seen that for the values ofmpl
between 30 and 200 mg/cm,ph f changes only slightly. We
can calculate the final pressure of the hydrogen at the limi
very large payload mass, even if the model becomes inv
at the limit mpl;ma :

TABLE I. Relevant target and beam parameters used in
model.

Specific energy deposition e0 ~kJ/g! 5
Sample density~hydrogen! %h0 ~g/cm3! 0.0886
Payload density~lead! %pl0 ~g/cm3! 11.30
Absorber density~lead! %a ~g/cm3! 11.30
Hydrogen radius Rh0 ~cm! 0.04
Inner radius of the focal spot R1 ~cm! 0.06
Outer radius of the focal spot R2 ~cm! 0.16
Absorber enthalpy coefficient ga 1.72
Payload bulk modulus Bpb ~Mbar! 0.45
Payload enthalpy coefficient gpl 3.77
Hydrogen enthalpy coefficient~phase 1! gh1 3.60
Hydrogen enthalpy coefficient~phase 2! gh2 3.30
Hydrogen enthalpy coefficient~phase 3! gh3 3.00
3-6
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ph f'S 2gpl21

gpl
D ~gpl21!/gpl

p0 . ~41!

For the case we are considering, it yields a minimum va
of ph f'0.6 Mbars. The same behavior is also observed
simulations~dots! but for values of the pressures and den
ties somewhat different.

In the opposite case of very small masses of the paylo
the final pressure decreases more abruptly. This is bec
the maximum velocity of the piston is limited to the valu
2c0 /(ga21), determined by the absorber rarefaction a

FIG. 2. Trajectories of the incident and first reflected shocks
of the inner and outer faces of the payload. Lines represent
results of the model and dots are obtained from 1D simulations

FIG. 3. Hydrogen pressureph f at stagnation as a function of th
payload mass.~a! Beam deposition energye055 kJ/g; the line rep-
resents the model results and dots are obtained by 1D simulat
~b! Beam deposition energye0510 kJ/g.
05640
e
n
-

d,
se

d

then the maximum kinetic energy decreases with the m
At the limit, the final isentropic phase practically does n
exist and the maximum compression is reached close to
time t5t2 , when the reflected shock encounters the implo
ing piston. Thereforeph f'ph2 and for the case under con
sideration we haveph f'0.1 Mbars. Nevertheless, it is wort
noting that in practice the situation of zero payload mass w
never occur. In fact, in the case where initially the paylo
would be very small, the fast expansion of the absor
would create a region not directly heated by the beam
would act as an effective payload. Such a situation can
happen in our model because of the assumption of insta
neous heating.

Figure 4 shows the corresponding final hydrogen den
values. It is seen that the density also shows an insensit
to changes inmpl in a similar manner as the pressure. This
a very important result as such an insensitivity would allo
one to use a practically arbitrary radial profile for the bea
energy deposition. This profile will determine the effecti
payload mass without affecting the implosion dynami
However a suitable deposition profile can create a smo
density profile between the payload and the absorber wi
characteristic scale length of the order of the absorber th
ness, which is certainly of great importance for reducing
instability growth rate during the implosion.

In Fig. 5 we plot the final hydrogen pressure and dens
vs e0 ; solid line represents the model predictions while t
squares are the simulation results. These results show tha
model predicts a variation inph f according to the scaling law
given below

ph f ~Mbar!'0.24@e0 ~kJ/q!#1.176. ~42!

In this case the simulation results and the model predicti
are in good agreement.

d
he

ns.

FIG. 4. Hydrogen density%h f at stagnation as a function of th
payload mass for a beam deposition energy ofe055 kJ/g; the line
represents the model results and dots are obtained by 1D sim
tions.
3-7
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However, according to the model, the density is pra
cally independent of the beam specific energy deposi
while the simulations show that it increases with energy
%h f}e0

0.4. Such a difference may be a consequence of
simple hydrogen equation of state used in the model but i
minor relevance for the application of the model in optim
ing the simulations. In Fig. 5 we have also indicated
minimum value of the specific energy depositione0
'13 kJ/g required to achieve the theoretically predicted c
ditions necessary for hydrogen metallization (ph0>5 Mbar
and%>1 g/cm2).

Another interesting result is shown in Fig. 6 where w
have presented the final pressure and density that is rea
in the hydrogen as a function of the hydrogen mass for
different payload masses~keeping constant the specific e
ergye055 kJ/g). Model and simulations show no changes
the final density and a slight reduction~around 20%! in the
final pressure when the hydrogen mass is increased from
to 2 mg/cm. This result allows for the design of relative
large size targets (Rh;1 mm), using a given specific energ
deposition that may represent an advantage for the exp
mental diagnostics, because of the large dimensions of
compressed sample.

In summary this design can tolerate substantial variati
in the beam and target parameters, without any signific
changes in the final conditions of the hydrogen sample.

V. CONCLUDING REMARKS

We have used the analytical model presented in this pa
to study a heavy ion driven implosion of a multilayered ta
get made up of a solid hydrogen cylinder enclosed in a s
lead shell. This type of experiment will be carried out at t
GSI accelerator facility in the future. Our model successfu

FIG. 5. Hydrogen pressureph f and density%h f at stagnation as
functions of the specific energye0 deposited by the beam. Lines a
given by the model. Filled squares represent the pressure and
low squares represent the density given by simulations.
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describes the trajectories of the payload and of the incid
and reflected shocks, which determine the initial conditio
for the stagnation phase. The final stagnation is treated a
isentropic compression.

We have carried out analysis using a wide range of tar
and beam parameters. The target parameters including
hydrogen mass and the payload mass are varied param
cally while keeping the specific energy deposition consta
In other cases we varied the specific energy deposition, ke
ing the target parameters fixed. This parameter study
shown that the final physical conditions that can be achie
in hydrogen are fairly insensitive to substantial variations
the target and beam parameters, which means a very ro
target design.

Moreover, this allows one to use a larger hydrogen m
for the same driving energy. This will lead to the creation
a larger sample of compressed hydrogen at the end of
implosion, which is good for diagnostics purposes.

The model results have been compared with numer
simulations using a one-dimensional mode of the soph
cated two-dimensional codeBIG-2. The model predictions
show reasonably good agreement with the simulation res
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ol-
FIG. 6. Hydrogen pressureph f and density%h f at stagnation as

functions of the hydrogen massmh for a beam deposition energy o
e055 kJ/g. ~a! Payload massmpl570 mg/cm, lines are calculate
with the model and square dots are given by simulations.~b! Pay-
load massmpl5150 mg/cm, lines are calculated with the model a
circle dots are given by simulations.
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