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This paper presents two-dimensional hydrodynamic simulations of implosion of a multilayered cylindrical
target that is driven by an intense heavy ion beam which has an annular focal spot. The target consists of a
hollow lead cylinder which is filled with hydrogen at one tenth of the solid density at room temperature. The
beam is assumed to be made of 2.7-GeV/u uranium ions and six different cases for the beam iboéalsity
number of particles in the bearh) are considered. In each of these six cases the particles are delivered in
single bunches, 20 ns long. The simulations have been carried out using a two-dimensional hydrodynamic
computer codaic-2. A multiple shock reflection scheme is employed in these calculations that leads to very
high densities of the compressed hydrogen while the temperature remains relatively low. In this study we have
used two different equation-of-state models for hydrogen, namelsebeve data and a model that includes
molecular dissociation that is based on a fluid variational theory in the neutral fluid region which is replaced by
Padeapproximation in the fully ionized plasma region. Our calculations show that the latter model predicts
higher densities, higher pressures but lower temperatures comparedsesthe model. The differences in
the results are more pronounced for lower driving enerf@mser beam intensitigs
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[. INTRODUCTION compression of hydrogen, leading to the theoretically pre-
dicted physical conditions for hydrogen metallization. In
Hydrogen is the simplest and the most abundant materighese calculations we started the implosion using solid hy-
in the universe. A study of this element under extreme condrogen at an initial temperature of 10 K. These metallization
ditions of density and pressure is of great importance to assonditions include a density of about 1 g/ pressure of
trophysics, planetary sciences and inertial fusion. Anothethe order of 5 Mbar and a temperature of a few thougand
very interesting outcome of the research carried out in thi§ he SESAME equation-of-statéEOS datd! were used in the
field has been the prediction in 1935 by Wigner andabove calculations. However significant differences have
Huntingtort that an insulator-to-metal transition may occur been reported between the experimental results obtained by
when the normal molecular hydrogen is subjected to a predaser-driven shock wave experimelitand the calculational
sure of 0.25 Mbar. results achieved by using tlsesAME data. It is possible that
Due to substantial technological advances in the field obne need to improve the physical models usedE8AME SO
high-pressure physics during the past few decades, researtiiat the experimental measurements and the theoretical cal-
in this field has progressed significantly. Static as well agulations come to a reasonable agreement. In order to study
transient ultra-high pressures have been applied to comprefise sensitivity of the simulation results to the EOS model, we
samples of hydrogen and deuterium. The most popular techrave carried out calculations using an EOS model for hydro-
nigue to create the first type of pressure is that of employinggen that includes a dissociation model for the neutral fluid
a diamond anvil ceft® while the gas gun$? explosive§’  regiont®*!*which is supplemented with Pad@proximations
and high power laset€ have been used to generate the latter(PAs) (Ref. 15 for the fully ionized plasma region. However,
type of pressure. As a result of this work, significant progressve do not have a suitable EOS model to represent the solid
has been made in understanding the properties of higlphase of hydrogen at very low temperatures. Therefore for
energy-densitfHED) states of hydrogen, but the the final the purpose of comparison between the two EOS models we
goal of creating monoatomic metallic solid hydrogen has noassume that the target is composed of hydrogen at one tenth
yet been achieved. of the solid density(0.00883 g/cr) at room temperature.
In a previous papéf we showed with the help of two- These simulations have been carried out using a two-
dimensional hydrodynamic simulations that an intense heavgimensional hydrodynamic codeic-2.® The beam param-
ion beam can be employed as an efficient tool to induce HERters used in this study are that of the the beam which
states in hydrogen. It was demonstrated that using an appre+ll be available at the future heavy ion synchrotron facility
priate beam-target geometry one may employ a multipl§SIS10Q0 at the Gesellschaft “fu Schwerionenforschung
shock reflection scheme which would lead to a low entropy(GSl), Darmstadt.
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These simulations have demonstrated that our EOS foi * VT ) . .
K + mass action law in operation between FVT and Padé approximation
hydrogen shows a softer behavior than #esameE EOS. x  Padé approximation
Using our model one achieves a higher density, a higher 2 C"T‘St"“?tedlm:nslﬂllo?lflrmFVTIton?dé?prrcixillﬁaltirm I
pressure but a lower temperature compared to that obtaine ¢, oo X X X x
using the SesaMmE data. These differences are more pro- .
.. . . . P + + FHHHHHHHEX X0 X X X X
nounced for low driving energies while for higher driving . + + 00X X X % X
energies the two EOS models seem to give similar results Y  + + AHHHHH R D X X X x0T
o + + + PO X X X x 7
These results suggest that the treatment used for molecule 4+ + 000X X X X X ]
dissociation in the fluid variational theorfFVT) and the L o x a
L. . . A . v Shpliclolerlordork
treatment used for atomic ionization in the PA require moreE 0'E % * FMBROOORIIHR X 00K X X X X §
H F SpbiiolocRkIckkK ]
energy compared to the respective treatments of these prc |k e o« % x  x
cesses in theeEsAME EOS. - * HMHRRIIIIAROOO0X X X X x|
Experiments are being planned to investigate HED states 3L % * IW% e
. . . E SRR KO 3
in matter induced by heavy ion beams at the future SIS10C * % MBI RKOODN X X X X ]
facility. One of these experiments will be to perform low K kMERRRRRORKRKKKOOMDX X X X X
entropy compression of hydrogen to study the EOS proper- o i L i
ties of this important material under extreme conditions in- 10* 10° 10° 10'
cluding an investigation of an insulator-to-metal transition. P lgfem ]

We believe that the simulations presented in this paper will
be very helpful in designing such experiments.
Using the existing SIS18 accelerator facility at the GSI,

interesting experimental work has already been done at theyperiments in the pressure region of up to 1 Mbar. Our
GSI using materials including rare gas cryogenic targets anflissociation model is based on the fluid variational theory

lead:""*? In Sec. Il we describe our new EOS model for (FyT) that was developed for hydrogen by R3%e have
hydrogen while the beam and target parameters used in theggiended this FVT to a system of neutral atoms and

calculations are given in Sec. lll. The simulation results argygleculed* and consider dissociatiohl + H—H,, which

presented in Sec. IV and the conclusions drawn from thig,ggests the name dissociation model. The hydrogen atoms
work are noted in Sec. V. and molecules interact via effective pair potentials of the
exp-6 form which are used in the FVT together with a hard
Il. EQUATION OF STATE FOR HYDROGEN §phe_re reference systéhio calculate the free energy. Since
in this approach the free energy depends on density and tem-

In this section we describe the equation of state modelperature, it is a thermodynamic potential and can be used to
for hydrogen that we have used to carry out the compressioderive all other thermodynamic quantities including pressure,
simulations presented in this paper. internal energy, and sound velocity.

The deviations of the laser-driven shock-wave experimen- In the meanwhile, more accurate PAs for the fully ionized
tal result$? from the Hugoniot curve derived from the stan- plasm&® have been developed and are used in this work
dardsesamE EOS(Refs. 11 and 20have initiated extensive instead of the former ones used in Refs. 27 and 28. These
research for an improved hydrogen EOS that fits better to thBAs show one of the best agreements with the Nova laser

FIG. 1. An overview of the hydrogen EOS data grid. Symbols
denote the effective theory at the data points.

Nova laser experimental data, see for examipfé. shock experiments in the upper pressure region above 1
As an alternative to theesAME EOS, we have chosen an Mbar as shown in Ref. 13.
EOS which has the following feature§;) for the neutral In Fig. 1 is shown which theory was chosen at each spe-

fluid it includes a dissociation modéf* based on a fluid cific data point on the density and temperature grid. The
variational theory,(ii) for the plasma state it uses Pade different symbols indicate the chosen model. The crosses
approximations? and (c) Between the FVT and the PAs the symbolize the PA while the stassrepresent the FVT. Using
mass action law determines the fraction of neutral atoms anthe mass action law we could easily construct a transition
molecules and the charged particles electrons and ions.  from the FVT to the PA. The data points with a plus sign
This combined EOS which is composed of FVT and PAsrepresent the region where this method has been applied. The
(FVT/PA) leads to physical conditions that are closer to themethod failed at the data points with circles and there we
Nova laser experiment results while thesaMe EOS repro-  constructed a transition from the FVT to the PA. Higher ac-
duces the most recenZ-pinch machine experimental curacy in the region of the circles was not required since the
measurements. It is therefore important to study these two simulation results did not access this region.
EOS models over a wider range of parameters than that cov- Our EOS thus describes hydrogen starting from a neutral
ered by the above two experiments and compare the resultsolecular fluid going through the processes of dissociation
This range of parameters will be accessed by the futur@nd ionization as the density and temperature of the sample
SIS100 heavy ion facility at the GSI. A detailed descriptionincrease. At low and moderate temperatures molecules and
of the sesaME EOS can be found in Ref. 20 while a brief atoms as well as electrons and protons coexist, but at tem-
description of the FVT/PA is presented below. peratures of the order of 15000 K the fraction of fully ion-
The dissociation models for the neutral fluid region so farized hydrogen increases strongly with increasing density and
show one of the best agreements with the recent compressidé@mperature. This leads to a substantial increase in the elec-
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trical conductivity of the sample. It has also been shtwn
that a significant increase in the electrical conductivity may
take place even at much lower temperatures in a region
dominated by the neutral fluid as a result of the so-called
“hopping processes.”

At temperatures below 15000 K especially in the region
with the circle data points in Fig. 1, the model suggest a
phase transition. This region is not entered by this simulation FIG. 2. Initial conditions of a heavy-ion imploded multilayered
when we start compression in the neutral fluid instead ofarget for hydrogen metallization experiment.
starting from solid hydrogen. Nevertheless experimentally
determined conductivities above 15000 K could show if thethrough the walls of the containing cell and yet long enough
chemical model predicts the conductivities correctly. If thisto carry out experimental investigation.
would be the case, it will allow for a conclusion for a pos-  The purpose of these simulations is to compare the implo-
sible plasma phase transition. sion results using two different EOS models and to investi-

The initial estimate of 0.25 Mbar proposed by Wigner anddate to what regions of the hydrogen phase diagram these
Huntigtort in 1935 for the hydrogen metallization pressure models lead to. This information will be very helpful to un-
were followed by predictions using more accurate p|asm£erstand the results of the eXperimentS that will be carried
models?”3%3'These calculations show that the metallizationout at the GSI at the future SIS100 facility.
region is extremely sensitive to the approximations and as-
sumptions used in the models. Only the experiments will be 1Il. BEAM-TARGET GEOMETRY AND PARAMETERS

able to give an accurate answer if and where the phase tran- . . .
sition occurs. The beam-target geometry used in these calculations is

Although a pressure of 3 Mbar has been achieved in DACshqwn in Fig. 2. The target consists of a cylinder of h_ydrogen
experiment€? metallization could not be verified. The dy- Which has a radius, and a lengtfL. The hydrogen is en-
namic experiments that are done employing transient pre€/0sed in a cylindrical shell made of solid lead which has a
sures have proved to be more successful. Single shock §&nsity of 11.3 g/crhand which has an outer radius,.
well as multiple shocks were performed with high-intensity ' "€ right face of the target is irradiated with a hollow
laser&® and gas gun$? In the gas gun experiments, a four €@y ion beam which has an annulaing shaped focal
orders of magnitude increase in the electrical conductivity offPOt With an inner radius;, and an outer radius,,. The
fluid hydrogen was observed after the sample was subjectd@rget and the beam parameters are chosen in such a way that
to multiple shocks that lead to a pressure of 1.4 Mbar at &1 iS larger tharr,, which avoids direct heating of the hydro-
temperature of 3000 K. Laser-driven single shocks show 4€n region by the ion beam and the energy is only deposited
substantial increase in reflectivity related to a metallic-likeln & Part of the lead shell around the hydrogen layer. More-
stated over the target length is chosen to be much less than the ion

In explosive driven multiple shock experimefithydro- ~ fange in lead so that the ions loose a part of their energy in
gen samples have been subjected to pressures of the ordertB¢ target and emerge from the oppogieft) face of the
1.5 Mbar. An abrupt increase in the electrical conductivity ofcYlinder with a reduced energy. This is a so-called “sub-
the material which is close to the values of a liquid metal,fange” target. o
has been observed at densities of 0.5 §lcm The Bragg _peal_< do:_as not lie inside tht_e target and t_he

The problem of shock experiments is the strong tempera€n€rgy deposition is uniform along the particle trajectory in
ture increase which prevents a compression to higher dendihe absorption region. A sheII_of heated mgtenal is thus_ cre-
ties. It is known that nearly isentropic shock compressiongited around the hydrogen region and the high pressure in this
have the lowest temperature increase and, therefore, cdPtzone slowly implodes the hydrogen to very high densities
achieve higher densities where the plasma phase transition3d ultrahigh pressures while the temperature remains rela-
expected to occur. tively low. _ S _

We therefore proposélithat intense heavy ion beams can ~ The prehmmagy design studies indicate that a maximum
be a very effective additional tool to study this important number of 2¢10* particles of uranium with a wide range of
problem. Heavy ion beams have a number of advantagg’article energy (400 MeW/—2.7 GeVL) will be delivered
compared to the above methods. For example, the heavy ok the SIS100 facility in a single bunch with corresponding
can uniformly heat extended volumes of matter which carPunch length in the range of 90—20 ns, respectively. _
provide a much larger sample of compressed hydrogen. In this study we assume that the particle energy is
Moreover, the ion energy is directly coupled to the material2-7 G€VA and the inner radius of the focal spot ring i,
and one does not have to rely on material ablation to drive=0-6 mm while the outer radius t5=1.6 mm. The deposi-
the shocks. This makes the heavy ion driven system Vergon prOflle along the radial direction is assumed to be para-
efficient and one can achieve much higher densities and preBolic. The temporal beam power profile is also assumed to be
sures. Slow heavy ion driven implosion ensures a low enParabolic given by
tropy compression of the material. The time scale for heavy
ion heated systems is of the order of 100 ns, which is short P(t)=— E[tz— ] 1)
enough to avoid any significant diffusion of hydrogen 3

Pb\ Hollow Beam
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whereE is the total energy in the beam and in this case ideposition of the incident ions taking into account the beam
about 200 kJ. The duration of the pulse, is assumed geometry.
to be 20 ns. Figure 2 shows that a hollow intense beam of 2.7-GeV/u
The target length. is assumed to be 1.0 cm and the outeruranium particles is incident on the right face of the cylin-
radius of the lead shell is 3.0 mm. The radius of the hydrogemlrical target that consists of a cylinder of hydrogen which is
region,r,=0.4 mm. enclosed in a shell of solid lead. We assume that the radius of
The specific power deposition by the ion beam into thethe hydrogen ig,=0.4 mm. The outer radius of the lead
target material is an important parameter as it determines th&hell is 3.0 mm while the cylinder length=1.0 cm. Ac-
final achievable temperature in the material. This parameteording to thesriM code?? the range of 2.7-GeV/u uranium

is defined by ions in cold solid lead is of the order of 5.95 cm; therefore,
the energy deposition along the target length will be fairly
_Es uniform.
PS_?’ 2) The beam has a hollow geometry and has an annular or a

ring shape focal spot. The inner radius of the focal spot ring
where 7 is the pulse duration anfis is the specific energy s, r,=0.6 mm, while the outer radius is,=1.6 mm, so

deposition given by that the thickness of the focal spot ring is 1.0 mm. It has been
shown theoreticalf} as well as experimentaf§ that such a

} d_E hollow beam can be produced using a plasma lens. Another

p dx option to generate such an annular focal spot is to employ a

s~ wrﬁ . ©) radio frequency wobbler that can rotate the beam at an ap-

propriate frequency. GSI is also studying the design of such

In the above equation, (AY(dE/dx) is the specific en- & wo_bb_ler and analytic modeling has shown that to have an
ergy loss due to a single iol is the total number of par- |rra_1d|at|on asymmetry of a few percent at the target, th7e ro-
ticles in the bunch, and, is the beam radius. At the future t@tion frequency should be of the order of a few GHiz,
SIS100 facility, the beam intensity is expected to increasdvhich is feasible from the technological point of view.
gradually as a result of optimization of the accelerator pa- [N @ Previous papé? we showed that employing the
rameters over a few years. We therefore considered differeit@@m-target geometry shown in Fig. 2, if one uses frozen
values for the beam intensity{ including 13%, 2x 101, 4 hydrogen in the target, one may achieve I(_)w entropy com-
X101, 6x 101, 8x 10, and 16 respectively. Our simu- pression of the hydrogen as a result of.multlple shock reflec-
lations show that the specific energy deposition in the leadionS that occur between the target axis and the tamper. We
absorption region for the above values Nfhas respective considered the beam parameters that WI!| be available at the
values of 4.7, 9.36, 18.7, 28.03, 37.33, and 46.64 kJ/g. Theddture GSI accelerator facilities including the upgraded
values of specific energy deposition create temperatures (§f|81_8 as weII_ as the new SIS100. It was _shown that as result
2.3,3.76, 5.7, 7.0, 8.12, and 9.05 eV, respectively. One ma§ this implosion scheme one would achieve hydrogen den-
therefore use the cold energy deposition data in such a casty above 1 glcrh pressure in the range of 5-10 Mbar. and.
and we use thesriM codé? for this purpose. According to & temperature of a few thous.a_nd K. These are the the_oretl-
this stopping model the range of the 2.7-GeV/u uranium ioné?ally predlqted physical conditions for hydrogen metalliza-
in solid lead is 5.95 cm. This leads to a very uniform energyioN- In this study we used theesave EOS data for
deposition along the particle trajectory through the target pehydrogen. . .
cause the target length is only 1 cm. It is also to be noted that 10 Study the sensitivity of the compression results to the
using different beam intensities, one may access different

regions of the phase diagram. N A AR A ]
@ _ N=10”11 ‘/‘ S é
IV. SIMULATION RESULTS %40_' B ’ \ E

& F |== w=610" !/ ~ \'

This section presents the numerical simulation results ofg £ |~~~ i Y
compression of the multilayered target shown in Fig. 2 using &3CF L= N=i0 S el N E
the target and the beam parameters given in Sec. lll. Thesei : .'/' e \' ]
simulations have been carried out using a two-dimensional & »oF 17 \\\\. 3
hydrodynamic modelpic-2.1® This code uses an arbitrary 5 3 1 ,/ LT . \'\,\\_ 3
Lagrangian-Eulerian method that combines both the La-& [ ,}"/ ,/ N ]
grangian and Eulerian approaches. It is based on a Gudonoélo? A4y N E
type scheme that has a second order accuracy in space f*® { 3

solving hydrodynamic equations. It employs a rectangular T el T ~ e
grid and uses a sophisticated EOS data describec 07 1 Radina? 15 175
elsewheré®34 The code includes the electron thermal con- adius (mm)

duction, although this energy transport mechanism does not FIG. 3. Specific energy deposition in the lead shell vs the target
play any important role under the physical conditions con-adius att=20 ns atL=0.5 mm using different beam intensities
sidered in this problem. The code also includes the energyoted in Sec. llI.
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FIG. 4. (a) Hydrogen density, pressure and temperature vs ra- 3
dius at the time of maximum Compression aSSUming\bﬂloll 0 0- T .1|0- T .2|0. T .3|0. T -4.0. T
and using two different EOS modeld) Same as ina), but using (©) Specific Energy Deposition (k/g) 50

N=2x 10" (c) Same as if(a), but usingN=4x 10",
FIG. 5. (a) Hydrogen density vs input energy at the time of
EOS model, in the present paper we present results using oaraximum compressior(b) Hydrogen pressure vs input energy at
EOS model described in Sec. Il. However our model carthe time of maximum compressiofc) Hydrogen temperature vs
only treat neutral fluid phase using a FVT and the plasmanput energy at the time of maximum compression.
phase using the Pad@proximation but cannot treat the solid
phase at very low temperatures. Therefore to compare thedius at the middle of the targdt € 0.5 cm), at=20ns, a
two models we do not use frozen hydrogen in these calculaime when the beam has just delivered its total energy; for
tions but we consider hydrogen at one tenth of solid densitgix different values of the beam intensity given in Sec. IIl.
at room temperature. In the following we present the simu-The parabolic nature of the energy deposition along the ra-
lation results. dial direction is shown in this figure. It is seen that the peak
In Fig. 3 we plot the specific energy deposition vs targetvalues of the specific energy deposition in these different
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cases are 4.7, 9.35, 18.7, 28.03, 37.33, and 46.64 kJ, respéxth) shows that the average temperature forghsAmE case

tively. is about 19000 K while for the case of our EOS model one
In Fig. 4(a) we plot the density, pressure and the temperaachieves an average temperature of 16 000 K.
ture vs target radius in the middle of the target lat These calculations show that using different beam inten-

=0.5 cm for the case of the lowest driving energy, namelygsities that will be available at the future SIS100 facility, one
4.7 kJ/g using the two EOS models. These results are plotteaiay access a wide range of physical parameters that repre-
at the time of maximum compression. It is seen that thesent different interesting regions of the hydrogen phase dia-
average density in case of our model is slightly above Igram. In these calculations we have used one tenth of the
g/cn? while in case of thesesaMe model it is about 0.8 solid hydrogen density. The initial hydrogen density is an-
g/cn?, a difference of 20%. The pressure also shows thether important parameter that one can vary to extend the
same behavior and is 2.9 Mbar in the case of our modelegion of the achievable physical conditions.

while for the SEsaME model it is about 2.3 Mbar. The tem- We also note that due to the initial low density of hydro-
perature, on the other hand, shows an opposite behaviogen used in these calculations, the final temperature is quite
higher in the case of theesamE model as compared to our high due to strong shock heating. These calculations there-
model. The reason is as follows. We believe that in ourfore suggest that such an arrangement will not lead to cre-
model, the treatment for molecular dissociation and atomi@tion of metallic hydrogen, but is very suitable to study the
ionization is more advanced than that used in sgsaAME  PPT. In order to study the problem of hydrogen metallization
model. Our treatment requires more energy for these prosne needs to start with solid hydrogen at a temperature of the
cesses to take place. As a result of this, during the earlprder of 10 K, which is intended for the future work.

stages of compression, more input energy is consumed by

these processes in our model which leads to a lower tempera- V. CONCLUSIONS

ture and lower pressure. As a consequence, one achieves a

higher final compression which leads to a higher final pres- This paper shows, with the help of two-dimensional hy-
9 . P . 9 P drodynamic simulations, that intense beams of energetic
sure while the final temperature remains low.

. . .. heavy ions can be used as an efficient tool to compress ex-
In Figs. 4b) and 4c) we plot the same variables as in Fig. tended and large volumes of hydrogen in a multi-layered
4(a), but using a driving energies of 9.35 and 18.7 kJ/g, 9 ydrog y

respectively. It is seen that as the driving energy is increase rget. We have assumed that a solid lead shell is filled with
the differences in the results decrease. This is due to the fag drogen at a density of one tenth of the solid density at

that if the driving energy is low, a larger fraction of the input /oo " temperature. Two_different EOS models, namely
9 gy ' g PU Sesameand a model based on FWIPA, have been used in

energy is used by the pracesses of dissociation and ioniz{%ﬁese calculations. Moreover different values for the beam

tion, but as the input energy is increased this fraction be: . . . 1 1 1 1
comes smaller and smaller and the two models predict simi'-mensl'ty’ N |ncI2ud|ng 16%, 2x 101.’ 4x 107, 6x10%, 8
lar results X 10", and 162 have been considered. It has been found

This is an interesting result which suggests that one WouI(Eh‘rjlt use of these different beam intensities lead to a very

not have to wait until one achieves the full intensity of theWIde range of hydrogen physical conditions that belong to

SIS100 beam, but interesting physical effects can be studie'&teresungl regions of the hydrogen phase diagram. These

using at intensity that is an order of magnitude below thecalculatlons therefore suggest that these regions can be ac-

maximum design value of 2 10 particles/ounch. investigation of these states wil bo  very valuable contfibu-
In Figs. 5a), 5(b), and Fc) we plot the average density, 9 ry

average pressure and average temperature in the hydrog on to this field. It has glso been found that our EOS model
region at the time of maximum compression vs the specifi hased on FYFF PA predllcts a:js_o_fter beha\{|or as Zotrﬁp%r%d to
energyE deposited in the lead absorber. It is seen that as th € SESAMEIN Oné uses low driving energies, and the ditier-
driving energy increases, the final density increases while the"ces disappear if the driving energy is very high.
differences in the results predicted by the two EOS models
decrease. For the highest value of the driving energy we
achieve a density of above 2 g/érfor both cases. Figure The authors wish to thank the German Ministry of Re-
5(b) shows that the average pressure achieved using theearch and DevelopmeriBMBF) for providing financial
maximum driving energy is of the order of 20 Mbar. Figure support to carry out this work.
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