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Dynamic confinement of targets heated quasi-isochorically with heavy ion beams
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Isochoric heating of matter by intense heavy ion beams promises to become a fruitful approach to warm
dense matter studies. For heating times that are long on the hydrodynamic time scale of the target response a
tamped target is essential. The proposed dynamic confinement provides homogeneous target heating by a low-
Z tamper, which allows one to apply powerful x-ray scattering diagnostics. To demonstrate the potential of the
method, heating of a hydrogen sample with the SIS-18 beam at GSI Darmstadt is investigated numerically. The
intense x-ray bursts for diagnostics can be provided by the PHELIX laser currently installed at GSI. In the
optimized heating regime, density variations can be reduced to a level of 15% from the initial density value.
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[. INTRODUCTION [2]. To keep the target density sufficiently constant during
irradiation by a beam with the above parameters, a pulse
Intense beams of energetic heavy ions have the advantduration below 20 ns is needed. According to the current
geous property to deposit their energy with good uniformityplans, SIS-18 will deliver beam bunches not shorter then 100
over an extended volume. For ion energigs 100 MeV/u, ns. The dynamic confinement of irradiated samples investi-
the stopping power of most materials is known to an accugated below is aimed at suppressing the hydrodynamic mo-
racy of a few percent and is insensitive to details of chemication during heating by long beam pulses and maintaining a
structure of the stopping material. Hence, with a given beantonstant density sample.
current density profile, the total deposited specific energy ~ The choice of materials for our target is dictated primarily
is known to an accuracy of a few percent. When the densitpy the proposed method of diagnostics, which is based on
of the heated sample,, remains unchanged, the thermody- measuring the intensity, spectral and angular distributions of
namic state of matter after irradiation is completely definedx rays(in several keV rangescattered by the heated sample.
by the two quantitiess and p,. In this case any measured Being able to provide valuable information on ion-ion corre-
physical quantity is determined as a function of this welllations, electron and ion temperaturg3,4], the x ray-
defined thermodynamic state. diagnostics has a potential to become a powerful tool in in-
The SIS-18 synchrotron at GSI Darmstadt is able to provestigating the properties of warm dense méftidr At GSlI,
vide intense beams of energetic heavy ions. Up t012'*  the required pulsed x-ray source can be powered by the ki-
ions of U?8" accelerated to 200 MeV/u will be available in lojoule PHELIX lasef6] (providing a nanosecond time reso-
the near futurg¢1]. When focused on a spot with a radius of lution). However, with probe x rays in the keV range, we are
=0.5 mm (standard deviation of the Gaussian distributjon restricted to targets consisting of latvelements. For diag-
this ion beam will provide—in hydrogen, for example—an hostic purposes it is very advantageous to have a homoge-
energy deposition of=100 kJ/g (1 eV/atom). Hydrody- neous density distribution in the target volume to interpret
namic consistency between the deposited energy and the féhe scattering data. To illustrate the method of dynamic con-
cal spot radius sets a limit on the pulse duration for the iorfinement, solid hydrogen was chosen as the principal target
beam. material. High-density hydrogen will also permit one to per-
Hydrodynamic expansion of heated sample, which shouldorm interesting atomic physics studies of the self-emission.
be minimized for quasi-isochoric experiments, is sensitive to  Section Il of this paper describes parameters of the ion
the spatial profile of the ion beam current. For a rectangulapeam provided by the SIS-18 synchrotron at GSI. In Sec. Il
radial profile, the density in the target center begins to drogossibilities to confine the heated material by increasing the
only after a timets=r,/c, (r}, is the focal spot radius, amgg ~ number of ions are discussed, and a target design for dy-
is the sound speedwhen the rarefaction wave reaches thenamic confinement of a hydrogen sample heated by heavy
axis of the target. More realistic would, however, be a Gaussions is proposed. Capabilities of x-ray diagnostics of ion
ian current density profile. In this case, when the secondPeam driven targets powered by the PHELIX laser are dis-
spatial derivative of pressure is not zero, the density begingussed in Sec. IV.
to drop in the vicinity of the target axis from the very start of
the ion pulse. A typical example of this type of hydrody-
namic motion which can be solved analytically is an isentro-
pic expansion of a sphere with a parabolic pressure profile The heavy ion synchrotron SIS-18 at GSI Darmstadt is
able to deliver intense beams of energetic heavy ions suitable
for creation of extended volumes of matter with high energy
*Electronic address: A.Kozyreva@gsi.de density. Currently the SIS-18 can provide about®l0ra-
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nium ions with an energy of a few hundreds MeV/u. Accord-
ing to the accelerator parameters, the incoherent spac
charge limit allows acceleration of up tox210' ions of
U?8* to an energy 200 MeV/u, while several times4par-
ticles can be reliably expected on tarfig} Introduction of a
powerful rf buncher leads to a pulse compression that will
provide pulses with a length of the order of 100 ns. To per-
form numerical calculations, we used a triangular temporal
pulse power profile, which is close enough to the real beam hydrogen
shape. The spatial profile of the ion beam current is well cabon  sample
approximated by a Gaussian distributigny exp(—r2/2rk2,), tamper
wherer, is the focal spot radius. By employment of a quad-
rupole focusing system, the ion beams can be focused dow
to a spot radius of less than 0',5 mm. The beam energy O_f 200 FIG. 1. Target configuration for dynamic confinement of frozen
MeV/u was chosen because it corresponds to the maximumy qrogen heated by the ion beam available from the SIS-18, and
magnetic rigidity of 18 Tm, which can be handled in the yossible x-ray diagnostics.
synchrotron. Lower energies are not desirable due to a re-
duced efficiency of the rf buncher. in the center of the irradiated region remains constant until
The governing parameter for proposed beam matter intethe rarefaction wave arrives. However, for a Gaussian profile
action experiments is the specific energy deposition. Soligyith a nonzero second spatial derivative of the pressure pro-
hydrogen heated quasi-isochorically to a temperature ofile on the target axis the density begins to drop long before
about 1 eV would correspond to a regime of warm denseghe rarefaction wave reaches the target center.
matter, which is interesting for investigatid’s]. For our Figure 2 shows the density and temperature evolution in
analysis a specific energy of 130 kJ/g deposited in the centghe center of a sample made of frozen hydrogen, during and
of the Gaussian beam distribution in a hydrogen sample washortly after irradiation by a Gaussian ion beam. Two cases
chosen. According to theEsAME equation of state, this cor- gre shown: in the first case the ion beam consists of
responds to a temperature of about 0.6 eV in solid hydrogerg x 10'° particles, while in the second case the number of
if the beam energy is fully converted into the internal energyions is increased by a factor of ten, and the focal spot radius

A corresponding ion beam from SIS-18 would consist ofjs increased by/10 to keep the energy deposition equal to
8 10'° uranium ions with an energy of 200 MeV/u focused 130 kJ/g.

scattered

X-ray probe beam
(4.75 keV)

ion beal

on rp=350 um. For 8x10'° ions, which is a realistic beam intensity for
SIS-18, the density at the axis drops by a factor of two dur-
Il TARGET SIMULATION RESULTS ing the irradiation time, and the goal of quasi-isochoric heat-

ing is not reached. However, still interesting self-emission

Numerical simulations of the target hydrodynamics havestudies of high density hydrogen can be perforrted., op-
been carried out with the two-dimensional hydrodynamicgically thin emission of the Balmer serjes-or the larger
codeBIG-2 [ 7] supplemented by theeSAME equation of state focal spot in the second case, which requires a higher num-
tables[8]. The energy deposition of heavy ions was calcu-ber of ions, the density remains constant to a few percent, the
lated using thesrRim code[9]. The results are shown for a temperature comes close to the maximum value of 0.64 eV.
bare as well as a tamped cylindrical hydrogen sample. AcHence, to heat a bare sample of matter quasi-isochorically by
cording to the simulations, the SIS-18 is not able to deliver a

sufficient number of ions to heat a bare sample quasi- 11— r=====x S R e
isochorically, therefore a target configuration with a tamper L N A
has to be used. A schematic view of the tamped sample is_, gl density——_ =
shown in Fig. 1. \f I e I o
A beneficial property of energetic heavy ions to heat mat-; Eoe s
ter nearly uniformly along the initial part of their trajectory & 961 % 2
ensures quasi-isochoric conditions along the beam axis, if the2 | temperature v -0.4%
target is long enough, and expansion waves from the ends d& g 4}- - g
not disturb the probed volume. It allows one to reduce theZ | — 810" ions % ‘g
target hydrodynamics to a one-dimensional problem, i.e., to§ -- 8x10"" ions = —0.28
perform the simulations only along the radius. 02 g 2
0 1 1 L 1 L 1 s | | 8
A. Bare hydrogen sample 0 20 40 60 80 100 12

. . . . Ti
The simplest target for quasi-isochoric experiments would ime (ns)

be a bare sample of hydrogen, with a radRjg=r,,, if the FIG. 2. Evolution of density and temperature on the axis of a
density would stay constant at least in part of the sample. Fasare sample for & 10*° and 8< 10 ions per pulse. The ion pulse
a rectangular spatial profile of the beam current, the densitiength is 100 ns.
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the tamper density should lie below the normal density of

graphite. As an appropriate substitute, the so called carbon

phenolic was chosen. Carbon phenolic is a composite which
is widely used in aerospace technology as a protective abla-

1.00 tive material, made of about 70% carbon cloth which is
bound by 30% of phenolic resin. According to teESAME
equation of state, it has a density of 1.5 gfcat normal
conditions. The radius of the hydrogen cdrg and the

0.10 thickness of the carbon tampAR: (see Fig. 1 were opti-
mized in numerical simulations. The smallest variations of
the density of hydrogen were found fdRy=300um,
ARc=50 um.

0.01 The overall target behavior is shown in Fig. 3. During the
ion pulse the carbon tamper expands outward from its initial
thickness of 5Qum to a thickness of 22@.m, and its den-

60 Time (ns) sity drops to about 0.3 g/cinAt the same time, the interface
80 between the tamper and the hydrogen core moves only
slightly, and the density of hydrogen remains almost constant
except for a weak shock wave that is launched by the tamper
at the beginning of the beam pulse. This shock wave is re-
flected from the target axis and arrives back at the tamper by
pe end of the ion pulse.

The quasi-isochoric heating of hydrogen is ensured by
two competing processes: expansion of the hydrogen core
and expansion of the carbon tamper. Initially, the hydrogen
density begins to decrease on the target axis due to the

With a limited number of ions, the adverse effects of theGaussian heating profile. At the same time, the pressure in
hydrodynamic expansion can be reduced by introducing athe carbon tamper is higher than the pressure in the hydrogen
appropriate tamper adjacent to the hydrogen. The use of eore, and the C/H interface moves inward. Later on, as the
massive, heavy-metal tamper is excluded by the need for density in the tamper drops, the pressure in the tamper de-
target to be transparent to keV x rays. To achieve confineereases and the motion of the boundary comes to a halt. At
ment with a lowZ material, the tamper has to be heated bystill later times the increasing pressure in the core pushes the
the wings of the ion beam in order to produce confiningC/H interface back into its initial position.
pressure on the main target material. Figure 4 shows the radial density and temperature profiles

Also, it is beneficial to use tamper material with a largein hydrogen at different times. The solid lines relate to the
sublimation energy to delay the beginning of the hydrody-target configuration shown in Fig. 1, while the dashed lines
namic motion of the tamper. A carbon tamper would be aassume the ideal isochoric heating of frozen hydrogen by the
natural choice. First simulations have shown, however, thaséame ion beam. At=60 ns the density near the axis is de-

Density (g/cm3)

Carbon

0.6

0.4
Radius (mm)

FIG. 3. Density distribution vs radius and time for the target
shown in Fig. 1 during the ion beam irradiation.

the SIS-18 ion beam, an intensity exceeding the incoherer!
space charge limit of the machine would be required.

B. Tamped sample(dynamic confinemen)

P/p, PP t=70ns PP,
121 s || 12[ |l 1.2
i 2
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FIG. 4. Radial density and temperature profiles in tamped solid hydrogen. The heavy ion beam consist§'8fidhs of U?8*. Solid
lines correspond to a confined sample and dashed lines illustrate the ideal isochoric heating.
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2 — T T T to probe these matter states experimentally. Isochoric heating
— ARy =50pm dynamic pf a macroscopic sample in the WDM regime opens a way to
.= AR, =60 ym confinement isolate such WDM states and allows conclusions on the
I mean ion charge from measurements of the electron density.

'y
(3]

(p/py)

A. X-ray scattering diagnostic

Mean density

isochoric ] For hydrogen, the warm dense matter parameter region is
0.5 . roughlyp=10"3-1 g/cn?, T=0.1— 20 eV[5]. At high den-
sities and relatively low temperatures, self-emission in the
x-ray range is generally rather weak. If the level of this ra-
%2 a0 e 8 100 diation is too low to be observed experimentally, we have to
Time (ns) probe the sample with external x-rays. Due to the small scat-
tering cross sections, high intensity x-ray sources are re-
quired. Such backlighter sources can be realized with the
kilojoule PHELIX-laser beam at G$6], e.g., using the ther-
. ally induced Her x-ray emission of a mid= target element
pressed, and the tamper moves inward and launches a we 9., Ti E=4.85 keV), Fe E=6.6 keV)] irradiated with

shock wave. Att=70 ns motion of ghe interface stalls, hy- anosecond pulses or the hot electron induced hard x-say K
drogen is compressed by about 18%, and the reflected sho% ission generated with very short laser puldegs, several
wave is running outward. At the end of the beam pulse, the1 09 '

density distribution along the radius is practically uniform,
and differs by about 15% from the initial density of the fro-
zen hydrogen. The temperature~i1% less than that in the
case of the ideal isochoric heating.

In Fig. 5, the time evolution of the mean hydrogen den-

FIG. 5. Evolution of the mean hydrogen density during the ion
beam heating for two different thicknesses of the tamper.

X-ray scattering diagnostics can be used in two different
modes. Spectrally unresolved scattering provides informa-
tion about the ion correlation by scanning the scattering
angle. A spectrally resolved diagnostics, using the nearly
sity, averaged over the radius, is shown. The solid line Corpacksgatt.erir}g geometry, Wi" allow the direct measurement
resbonds 1o the thickness of :[he tampelr of 5. In this of the ionization state, densny,.and tempgrature of the proped

: sample. Two aspects for the interpretation of the scattering

configuration the smallest variations of the mean density dur_aa,[a are important: the probe x rays should undergo only

'ngl’ thletbgzim he6at|ng t\/r\]/grlftfound. T;heth(jashed-t(il]ottgd I”?te 'Small absorption in the sample, and the radial density profile

calculated Tor a me ICk tamper. In thiS case he Aensily g4 14 pe rather homogeneous to provide scattering from the

of hydrogen after irradiation is equal to its initial value. same density. As it is shown in Fig. 3, the radial density
Note that the performed one-dimensional simulations aIS%istribution is quite homogeneous after about 100 ns of heat-

provide the necessary information required to estimate thﬁ]g and, therefore, well suited. Moreover, the I@tamper

target length. It is seen that sound propagates twice the r ;
dius of hydrogen (30Qm) during the ion pulse. Hence, Yoes not lead to strong absorption of the probe beam. Both

. ) . . ollective and noncollective spectrally resolved scattering re-
depending on the diagnostics requirements, the target has P y 9

. . mes are accessible in dependence on scattering angles or
be 1.5-2.0 mm long. Since the range of 200 MeV/u U ions | 4 nio o the x- ina diff t backliahter t i
in solid hydrogen is 45 mm, in carbon phenolic it is 6.4 mm, y tuning the x-ray energy using ditierent backlighter farge

d uniformity al the b . b teed elements. With that, a wide range of scattering data can be
a good uniformity along the beam axis can be guarantee "provided for the investigation of strongly coupled plasmas

[10].
IV. PROPOSED DIAGNOSTICS

Warm dense mattefWDM) is the region in temperature B. Self-emission

(T) and density ) which is not described as normal con-  Near a 1 eVtemperature, hydrogen shows strong optical
densed matter, i.eT~0, and not described by theories of self-emission. Therefore, interesting atomic physics studies
weakly coupled plasmas. The relevance of WDM studiest high densities can be performed, e.g., electric field effects,
arises from the wide occurrence of this region between solidgne shifts and broadening, level depression. At number den-
and plasmas. It can be found in the interior of planets, cookijties greater than #dcm3, an extremely interesting re-
dense stars, and all plasma production devices, which stagime for Stark-broadening studies opens up. Estimates show

from cold dense mattefe.g., z and x pinches, laser solid  that the Balmer series could be suitable emission lines for the
matter interaction, heavy ion beam driven plasmas, capillarypglysis.

ies, exploding wires With increasing plasma coupling pa-

rameter(which is the ratio of the |n_teratom|c potential en- V. CONCLUSION

ergy to the thermal energyperturbation approaches used in

standard plasma phase theories fail because of the lack of Isochoric experiments in the interesting parameter region
small expansion parameters. To develop new theoreticdfor warm dense matter studiesTet0.5 eV and a near solid
methods, which could describe strongly coupled plasmas agensity with bare lowZ samples require beam parameters
well as high temperature condensed matter, we must be abbeyond the capabilities of the SIS-18 accelerator at GSI. As a
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