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One of the experimental programs that will be carried out at the Extreme Light Infrastructure – Nuclear
Physics (ELI-NP) facility is the production of exotic neutron-rich ion beams in an IGISOL facility via
photofission in a stack of actinide targets placed at the center of a cell filled with He gas. Simulations with
the Geant4 toolkit were done for the optimization of the target configuration that maximizes the rate of
released photofission fragments. The cell geometry is established based on the stopping properties of
these fragments. Studies, based on simulations with Geant4 and SIMION 8.1, of the space charge effect
and its induced electric field in the gas cell are presented. Estimates of the extraction time and efficiency
of the photofission fragments are derived.
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1. Introduction

Radioactive ion beams (RIBs) are formed by either the isotope
separation on-line (ISOL) technique or the in-flight separation
technique [1]. Conceptually, the main difference between them is
the type of primary beam and target used. ISOL facilities use parti-
cle primary beams, e.g. electrons, protons, neutrons, or photons, as
suggested at ELI-NP, usually on thick and hot targets to produce
exotic isotopes that diffuse out due to the high temperature of
the target. The isotopes of interest are separated and sent to
experimental stations, or post-accelerated. In-flight facilities use
heavy-ion primary beams on thin targets to produce exotic
isotopes that are separated by a fragment separator. For some
applications, the isotopes are slowed down by a gas cell, also called
a gas catcher, and passed to electromagnetic devices for beam
formation. It should be noted that modern facilities are more com-
plex and often cross the simple lines drawn above.

The standard ISOL facilities have the disadvantage that isotopes
of refractory elements do not diffuse out of the thick targets used.
One solution has been developed at the JYFL facility in Jyväskylä [2]
with the ion-guide ISOL (IGISOL) technique, where a 30 MeV pro-
ton beam impinges on a thin 238U target placed in a He gas cell.
The IGISOL gas cells, like the one used at JYFL, have small volumes
and can extract ions only by using the gas flow.
Refractory isotopes will also be produced at the CARIBU facility
at the Argonne National Laboratory [3]. The isotopes resulting from
the spontaneous fission of an 1 Ci 252Cf source are slowed down in
a gas catcher and further processed by an isotope separator. The
volume has to be large due to the significant energies and strag-
gling of the released fragments. Efficient extraction from large cells
can be done only by applying electric fields to drift out the frag-
ments in time scales of the order of milliseconds. A combination
of DC and RF (radio frequency) fields is used for ion extraction.

Another facility with an experimental program for the study of
refractory elements, which will come online in the near future, is
the SLOWRI beamline at RIKEN. Exotic nuclei are produced by
using RIBs of the BigRIPS fragment separator and an ion catcher
based on the RF-carpet ion-guide technique [4].

Low energy beams of refractory elements are produced also at
the FRS Ion Catcher facility at GSI [5] and at the FRIB facility at
Michigan State University [6] via in-flight separation followed by
stopping in gas catchers.

The development of high-brilliance gamma beams at the ELI-NP
facility, produced via Compton back-scattering of a high power
laser off an intense electron beam, will open a rich experimental
program dedicated to studies of actinide photofission [7,8]. An
important part of this program is the production of refractory
neutron-rich isotopes in the Zr-Mo-Rh light fragment region and
in the rare-earth heavy fragment region. These isotopes will be
handled with the IGISOL technique. The gamma beam will gener-
ate photofission fragments in a thick actinide target placed in the
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center of a He gas cell used as ion guide. In order to avoid the long
extraction times characteristic for diffusion and to increase release
efficiency, the target is sliced into thin foils. As discussed in the
next section, due to the total photofission cross section
rcf (238U) � 1 b [9], many such foils are needed to obtain significant
fragment yields. This results in a rather long gas cell and, to keep
the extraction fast, imposes an ion drift direction orthogonal to
the c beam direction. A strong DC field drifts the ions out in the
orthogonal direction and, when they reach the area close to the cell
wall with the exit nozzle, resonant RF fields prevent their adhesion
to the wall and push them towards the exit nozzle where the gas
flow takes them out in a supersonic jet. The cell will operate at
low temperatures, around 70 K, for increased gas density, hence
stopping power, and purity.

Such a Cryogenic Stopping Cell (CSC) will be built for the Super-
FRS facility at GSI [10] as an upgrade of the current design, which is
operating successfully at the FRS Ion Catcher Facility [5,11]. The
current design, with extraction along the heavy ion beam, has
demonstrated fast (25 ms) and efficient (50%) ion extraction [12].
The new design, with extraction orthogonal to the beam, is
expected to allow even faster (around 5 ms) and more efficient
extraction, at the much higher rate of the Super-FRS primary beam
of about 107 ions/s at the entrance of the CSC. This upgrade will
lead to an increase by four orders of magnitude in the maximum
ionization rate, above which space-charge creation drastically
affects ion extraction.

At ELI-NP, the development of a similar CSC is considered. The
main differences are the primary beam type and the target place-
ment inside the gas cell. They imply smaller backgrounds and dif-
ferent trajectories of the stopped ions, resulting in some variation
of the cell configuration.

The work presented here continues the study of Ref. [7] for the
particular case of the CSC at the ELI-NP IGISOL facility. The first
goal is to find the optimal target and cell configurations. The
second goal is to address the issue of space charge effects and to
estimate the extraction time and efficiency of the CSC.

To avoid repetitive references to the previous work [7], its main
results are briefly listed. First, the method to control the c beam
maximal energy Emax

c with the electron beam energy Te is demon-
strated. Then, it is described how to set the c beam threshold
energy, Eth, via beam collimation, by using the energy-angle corre-
lation of the c beam. Also, various parameterizations of the ion
charge state q of ions produced in photofission are introduced.
They are used to get the parameters of the photofission fragments
released from the target, such as kinetic energy, charge and veloc-
ity. Finally, the fragment release efficiency is estimated. All these
results are used in the present study.

Within this paper, the Geant4 simulation toolkit [13] and the
SIMION 8.1 software package [14] are used to deduce baseline
parameters for the future development of a CSC prototype. The
work is organized as follows: Section 2 presents the optimization
of the target geometry for a maximum rate of released photofission
fragments; Section 3 establishes the dimensions of the gas cell by
analyzing the stopping properties of these fragments in its gas;
Section 4 studies the space charge effect and its implications on
the functioning of the CSC.

All the particle rates are normalized to a conservative value for
the gamma beam rate of 5�1010 c/s. This value is significantly lower
than the expected optimal rate of 1012 c/s of the ELI-NP beam, and
it is used for rate estimates of day-one experiments at ELI-NP.
Fig. 1. Gamma beam transversal distribution at distance D = 7 m from the beam
origin and Eth = 12 MeV (red triangles), at D = 40 m and Eth = 12 MeV (blue circles)
and at D = 40 m and Eth = 9 MeV (black squares). The maximum beam energy is
Emax
c = 18.5 MeV. The corresponding dashed lines show the beam spot sizes A

calculated with Eq. (1). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
2. Target geometry optimization

Two possible locations of the CSC, at distances D = 7 m and 40 m
from the c beam origin, i.e. the ELI-NP gamma beam system (GBS)
high-energy interaction point (IP) of the electron and laser beams
[15], are considered. The first location, closer to the IP, offers a
smaller beam spot leading to a more compact target assembly
inside the gas cell. However, the existing free space of the experi-
mental hall at this location limits the dimensions of the CSC to less
than 1.5 m along the c beam. Also, the space available for the IGI-
SOL beamline components and supporting equipment is limited,
making the experimental hall rather crowded. The second location
has no space constraints, but has a larger beam spot.

At fixed beam maximum energy, the energy-angle correlation
implies that using c-rays with emission angle below hmax, for exam-
ple by placing a target which covers the beam spot size A at dis-
tance D, is equivalent to applying an energy threshold Eth. More
specifically,

A ¼ 2Dhmax ¼ 4D
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EL=Eth � EL=E

max
c

q
ð1Þ

where EL = 2.4 eV is the laser photon energy. In this equation, and in
the rest of this work, the small angle approximation
tanðhÞ � sinðhÞ � h is used, which is safe for the ELI-NP range of c-
ray emission angles h < 1 mrad.

The beam transversal distributions at D = 7 m with red triangles
and at D = 40 m with blue circles, for a beam with Emax

c = 18.5 MeV
and a threshold energy Eth = 12 MeV, are shown in Fig. 1. The dis-
tribution in black squares is at D = 40 m and for Eth = 9 MeV,
Emax
c = 18.5 MeV. There is a large difference between the two loca-

tions and a smaller variation with the energy range. The beam spot
sizes calculated with Eq. (1) are shown with dashed lines.

The attenuation of a c beam with Eth = 9 MeV and
Emax
c = 18.5 MeV, in a bulk target of 238U with thickness T = 5 cm

placed at D = 40 m, is shown in Fig. 2. The projection on the beam
axis z is very well described by exponential attenuation expð�lzÞ,
where l � 1.1 cm�1 is the linear attenuation coefficient of photons
in 238U in the 9–18 MeV range [16]. The photofission rate in such a
target, with transversal size A and thickness T, is then:

Nf ðA; TÞ ¼ nt
2D2

R Emax
c

EthðAÞ dE
R DþT
D dz

R A
2D
0 dh�

z2hIcðh; EÞrf ðEÞe�lz
ð2Þ

where nt is the target number density, Icðh; EÞ is the c beam rate and
rf ðEÞ is the photofission cross section [9]. The energy threshold
EthðAÞ is obtained by inverting Eq. (1). The natural coordinate



Fig. 2. Attenuation of a c beam with Eth = 9 MeV and Emax
c = 18.5 MeV in a bulk

target of 238U with thickness T = 5 cm placed at D = 40 m. The c beam propagates
along the positive z axis. The color palette to the right shows the c rate in the target,
corresponding to 5�1010 c/s at the IP. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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system ðh;/; zÞ for our problem has the elementary volume
dV � z2hdhd/dz, where h is the c-ray emission angle, z is distance
from the IP to the target and / is the azimuthal angle in the target
transversal plane. Eq. (2) can be solved, by numerical integration or
by a Monte Carlo software like Geant4, to find the optimal target
dimensions (A; T) for maximum photofission rate.

A bulk target however is not appropriate because most of the
photofission fragments would not be released. Thus, the next step
is to slice the target into many thin foils of thickness t. These foils
have to be tilted at an angle a with respect to the c beam axis z for
two reasons: (i) the foils should not face each other to avoid a large
fraction of the released fragments from hitting neighboring foils
and (ii) tilting a foil increases the beam path through it t=sinðaÞ,
without increasing its thickness. Such a stacked foil target, with
the transversal size A and total thickness T, has the total length
Lt and the number of foils N given by:
Lt ¼ ðN � 1ÞA
tanðaÞ ; N ¼ T

t
sinðaÞ ð3Þ

A target configuration with a stack of several tilted rectangular
foils is shown in Fig. 3, and is chosen for the ELI-NP IGISOL gas cell.
Note that the DC field lines must be parallel to the foil planes to
avoid their distortion, hence along the x axis.

In Fig. 3, and throughout this paper, the c beam propagates
along the positive z axis and the DC field drifts ions and electrons
along the positive and negative x axis, respectively. Fission frag-
ments are released from the target foils placed along the c beam
in the center, slowed down transversally in the gas, and, when they
reach around 1 keV, drifted by the DC field. The remaining target
Fig. 3. View of the yz-plane of the target geometry inside the gas cell. The gamma
beam propagates along the z axis and the DC field drifts ions along the x axis.
geometrical parameters, apart from those introduced above, are:
the inter-foil distance s, the foil length l ¼ A=sinðaÞ, and the cell
width d, to be determined by the stopping length of the released
ions in the CSC gas. For the moment, s is set to 0. This parameter
will be discussed later. A lateral spacing, between the walls and
the target region, of 10 cm has been used.

One can solve Eqs. 3 for the total thickness:

Tðt;A; aÞ ¼ t
Lt

AcosðaÞ þ
1

sinðaÞ
� �

ð4Þ

Due to the space constraints at the first CSC location, the target
length is fixed at its maximum value, Lt = 1 m. At the second loca-
tion, a value of Lt = 2 m is chosen. Of course, at this location Lt can
be increased, if needed.

Finally, by replacing Eq. (4) in Eq. (2), the photofission rate
Nf ðt;A; aÞ of the stacked target is obtained which, multiplied by
the fragment release efficiency �ðtÞ, gives the photofission frag-
ment release rate Nrðt;A; aÞ. The aim is to find the parameter set
(t;A; a) that maximizes the fragment release rate.

The increase of the photofission rate Nf with the foil thickness is
shown in Fig. 4 with black circles for Lt = 1 m, A = 6 mm and a = 10�,
hence a number N = 30 of foils. If A; a and Lt are fixed, an increase
of t implies a proportional increase in the target thickness T, as can
be seen in Eq. (4), which leads to the increase of Nf . However, since
the release efficiency �ðtÞ decreases with the foil thickness, their
product, the fragment release rate Nr , increases quickly and
saturates after a certain foil thickness. This is demonstrated in
Fig. 4 with red squares for the Schiwietz-Grande
q-parameterization [17] and with blue squares for the
Ziegler-Manoyan q-parameterization [18]. Saturation is reached
in the first case for t > 1 lm and in the second case for t > 2 lm.
It is the level of the saturation rate that depends on the other target
geometry parameters, but not the shape of NrðtÞ. Hence, the opti-
mal foil thickness is t � 2 lm. Any increase above this value leads
to an increase of the total thickness T, and of the mass of 238U used,
without a gain in the rate of released fragments. An increase of the
background related to pair production c ! eþe� in the target foils
would however be obtained.

The foil transverse size A depends on both the threshold energy
Eth and the maximum energy Emax

c of the c beam (see Eq. (1)).
Therefore, the maximum fragment release rate Nr as a function
of the c-ray energy limits is optimized for Eth = 12 MeV and
Emax
c = 17 MeV. It is displayed in Fig. 5, where only the dependence
Fig. 4. The dependence on the 238U foil thickness t of the photofission rate Nf with
black circles and of the fragment release rate Nr with colored squares. The two
colors of the squares correspond to different q-parameterizations: Schiwietz-
Grande in red and Ziegler-Manoyan in blue. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)



Fig. 6. Kinetic energy KE distribution of photofission fragments at their release
from the target foils into the gas cell with the Ziegler-Manoyan q-parameterization
(black circles), the Schiwietz-Grande q-parameterization (red squares) and the
Shima et al. q-parameterization (blue triangles). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)

Fig. 5. Dependence of the fragment release rate Nr on the c beam threshold energy
Eth at D = 7 mwith black circles, on the left y axis, and at D = 40 mwith blue squares,
on the right y axis. The maximum c energy is Emax

c = 17 MeV. The corresponding foil
transverse sizes A, at D = 7 m with black and at D = 40 m with blue, are shown on
the upper x axes. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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on Eth is shown, at D = 7 m with black circles and at D = 40 m with
blue squares. The target transversal size A is shown on the upper x
axes in Fig. 5 in black for D = 7 m and blue for D = 40 m. This max-
imum rate is obtained by setting A at the two locations to 0.7 cm
and 3.9 cm, respectively, and the electron beam energy Te at
690 MeV. Note that the results shown in Fig. 5 are obtained with
t = 2 lm and a = 15�.

Since the target length Lt is twice at D = 40 m, the fragment
release rate at the same Lt is almost five times larger in the location
close to the IP. This is due to the increase in the beam spot, as
shown in Fig. 1, which leads to an increase in the target transversal
size A. In turn, due to the tilting angle, an increase of A leads to pro-
portional decreases in the number of foils N and total thickness T at
fixed Lt . The mild variation of the release rate in the energy thresh-
old region Eth = 10–14 MeV, corresponding to variations of A of
0.2 cm and 1 cm, allows us to adjust the foil size accordingly if
desired. The shape of the distributions in Fig. 5 is primarily driven
by that of the photofission cross section.

The fragment release rate has a weak dependence on the foil
tilting angle a. For example, the distributions in Fig. 5 decrease
by 2% and increase by 5%, respectively, when a is varied by 10�.

There is however another quantity that has a significant impact
at large tilting angles, namely the fraction f loss of released frag-
ments that are lost because they hit neighboring foils. It increases
fast at large a: from 1% at 5�, to 3.5% at 15�, to 24% at 45�. This loss
can be recovered by using increasingly larger inter-foil distances s,
which was kept null so far. For a = 45�, it can be brought back
below 5% by using s > 1 cm. However, this means removing more
than half of the foils to keep the same CSC length Lt and losing also
more than half of the fragment release rate. Therefore, increasing s
to decrease f loss does not lead to optimal rates. The above 3.5% effi-
ciency loss is considered acceptable, and fixing s = 0 and a = 15� is
the optimal choice. The fragment release rates in Fig. 5 have been
corrected for this small efficiency loss.

In summary, the CSC at 7 m from the IP with a target length of
1 m should be made of 39 foils tilted at 15�, with the size
0.7 � 2.7 cm2 and a thickness of 2 lm. It would have a total thick-
ness of 304 lm (lT � 3.3%), a mass of 0.28 g, and would release
photofission fragments at a rate of (1.9 + 0.04–0.16)�106 ions/s.
The sources of systematic errors are described in the next para-
graph. Alternatively, the CSC at 40 m from the IP with a target
length of 2 m should be made of 15 foils tilted at 15�, with the size
3.9 � 15 cm2 and the thickness of 2 lm. It would have a total thick-
ness of 114 lm (lT � 1.3%), a mass of 3.3 g, and would release
photofission fragments at a rate of (0.85 + 0.02–0.13)�106 ions/s.
These values are obtained for a c beam below 17 MeV, which cor-
responds to a 690 MeV electron beam. As discussed, each of the
parameters (t;A; a) can be safely varied in some interval with small
losses in the rate of released fragments.

The dominant systematic error of the fragment release rate
comes from the q-parameterization used for the release efficiency
estimation and is negative [7]. The second source is the 2% uncer-
tainty in the production cross-section. An uncertainty of about 1%
in the loss of released fragments in the target holding structure is
also included. This structure comprises foil holding frames
attached to the cell lateral walls with four rods and its design will
be finalized during the CSC prototype construction.

3. Ion stopping in the gas cell

After the optimization of the target configuration for a maxi-
mum rate of photofission fragments released into the He gas of
the cell, the next step is to study their stopping inside the gas,
using the optimal geometry parameters.

The kinetic energy (KE) of the fragments at the moment of their
entrance into the gas is displayed in Fig. 6 for various
q-parameterizations. The Schiwietz-Grande [17] and Shima et al.
[19] stopping powers in the target foils produce flatter and slightly
broader (towards lower energies) distributions than the Ziegler-
Manoyan [18] stopping power. The higher integral of the Ziegler-
Manoyan distribution is due to the higher release efficiency of this
q-parameterization.

These features of the KE distributions are then reflected in the
stopping length L distributions of the fragments in He gas at
0.206 mg/cm3 density, shown in Fig. 7. From the point of view of
the cell size needed to stop the fragments, it is significant that they
merge in the high-L region above 11 cm. Hence, the same cell
dimension would be employed in all cases, but the stopped



Fig. 8. Stopping length for various densities of the He gas: qA = 0.053 mg/cm3 (blue
triangles), qB = 0.120 mg/cm3 (red circles) and qC = 0.206 mg/cm3 (black squares).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 9. Vertices of ionization processes induced by the released fragments in the
CSC at 0.206 mg/cm3 in the xy plane (upper panel) and in the xz plane (lower panel).

Fig. 7. Stopping length L of the released photofission fragments in He gas at
0.206 mg/cm3 density with the Ziegler-Manoyan q-parameterization (black circles),
the Schiwietz-Grande q-parameterization (red squares) and the Shima et al.
q-parameterization (blue triangles). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

P. Constantin et al. / Nuclear Instruments and Methods in Physics Research B 397 (2017) 1–10 5
fragments would be somewhat more evenly distributed in its
volume in the case of the q-parameterizations Schiwietz-Grande
and Shima et al. than in the case of the Ziegler-Manoyan
q-parameterization.

The Schiwietz-Grande parameterization is chosen as the default
one and the study is continued with the dependence of the stop-
ping length on the properties of the He gas, namely its pressure
and temperature. Maximal ion extraction efficiency has been
observed [20] in the temperature range between 60 K and 90 K.
Values below 300 mbar are considered for the gas pressure, in line
with expected limitations coming from RF carpet functionality
[21]. Consequently, our study uses the three sets of pressures
and temperatures of the He gas listed in Table 1 as (A), (B) and
(C), in increasing order of the density.

The fragment stopping length distributions, for each of the
above parameter sets, are shown in Fig. 8: (A) with blue triangles,
(B) with red circles and (C) with black squares. If the maximum
stopping length, Lmax, is defined as the length at which 95% of the
fragments have stopped, the values shown in the fifth row of
Table 1 are obtained. In all cases, the following relationship holds:

q � Lmax ¼ 2:33 mg=cm2 ð5Þ
The spatial distribution of the ionization processes induced in

the gas at 0.206 mg/cm3 by the photofission fragments is shown
in Fig. 9. A small cylindrical asymmetry can be seen in the xy view
in the upper panel. It is due to the foil geometry, which is rotated
around the x axis, such that its plane remains parallel to the DC
field lines, shown with black lines. In the xz view of the ionization
processes in the lower panel, the gamma beam propagation
through the gas cell is shown with a black line.
Table 1
Gas density dependence of the following parameters: maximum stopping length Lmax ,
mean charge density rate hQi, He+ mobility in He gas, photofission fragments (pf)
mobility in He gas.

A B C

q [mg/cm3] 0.053 0.120 0.206
p [mbar] 100 200 300
T [K] 90 80 70
Lmax [cm] 43.7 19.4 11.3
hQi [ions/cm3/s] 2.6 � 107 6.0 � 107 14.2 � 107
l(He+) [cm2/(V � s)] 56.0 24.9 14.5
l(pf) [cm2/(V � s)] 65.9 29.3 17.1

The arrows show the DC field in the xy plane and the c beam in the xz plane. The
anode is at x � �12 cm. The cathode is on the wall with the exit nozzle, at
x � +12 cm, along which the RF carpet field acts. The RF carpet is shown with
hashed brown boxes. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
The width of the CSC is set slightly above d � 2Lmax. For exam-
ple, if the cell operates at 300 mbar and 70 K, its width would be
d = 24 cm. This value does not depend on the fragment release rate,
so it is the same for any c beam rate. However, if the space charge
effects discussed in the next section lead to strong distortions of
the DC field lines, an increase of the CSC width might be needed.
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Also, due to the larger transversal size of the target foils at the sec-
ond location, the CSC width has to be increased in this case by
about 3 cm.

One particular aspect of the simulation of particle-matter inter-
action in Geant4 is the energy threshold below which no new pro-
cesses are generated. Once it is reached, the remaining energy of
the particle is deposited and the tracking of the particle in the
material stops. For stopping in He gas, energy thresholds of 1 keV
for photons and electrons and 2 keV for ions are used. These low
threshold values imply using the special classes for low energy
electromagnetic processes of Geant4.

The implication for this study is that the deposited energy is
correctly estimated, but the number of electron–ion pairs gener-
ated along the tracks is underestimated because some of them
are generated in the low energy section of ion stopping, below
the 2 keV threshold. Also, the stopping length is underestimated
by some small amount. In principle, these systematic effects would
have to be corrected.

However, this is not needed because the electric field effect
comes into play. The charged ion tracks start to curve under the
external DC field only when they are slowed down to around
1 keV. The ion trajectories in the gas cell have two distinct seg-
ments, from the point of view of the time scales and the kinemat-
ical regimes involved. The first one is the stopping segment, which
is very fast (less than 50 ns), starts with KE > 20 MeV and charge
10–20, and ends with KE � 2 keV and charge 1. The second is the
drift segment, which is much slower. It starts along the DC field
lines and continues along the RF carpet.

The assumption of a charge 1+ state of the fragments at the end
of their stopping in the gas is a simplification. In the absence of
impurities, helium actually has most of the stopped ions in the
2+ and 3+ charge states. However, at the temperatures in a cryo-
genic cell, the charge dependence of heavy-ion mobility becomes
very weak [22], and the drift of the ions through the CSC volume
is not affected by their charge state. The drift through the RF field
of the carpet is affected though, as can be seen from Eq. (11).

The Geant4 toolkit was used for the simulation only of the stop-
ping segment. The drift segment was simulated with the SIMION
8.1 software.
Fig. 10. Ionic charge density rate Q for three gas density values: qA = 0.053 mg/cm3

(blue triangles), qB = 0.120 mg/cm3 (red circles) and qC = 0.206 mg/cm3 (black
squares). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
4. Space charge effects

4.1. The ionic charge density rate

The operation of a drift gas cell is influenced significantly by the
ionic space charge created during the ionization of its gas by the
heavy ions being stopped. The electrons from the generated elec-
tron–ion pairs drift much faster [23] (about 3 orders of magnitude
faster) towards the anode than the ions drift towards the cathode.
This can create a region of high ionic charge density which distorts
the DC field that drifts the ions out. Low extraction efficiencies and
high extraction times are among the consequences of intense space
charge effects.

This effect was extensively studied, both theoretically [24–27]
and experimentally [23,26–28], in the context of various gas cells
that have been and are being built at different RIB facilities. The
main parameter that describes the space charge effect is the ionic
charge density rate, Q, injected into the gas cell directly, for exam-
ple when a high energy ion beam enters the cell to be slowed
down, or indirectly, when it is created in some way inside the cell,
as in the case presented here.

A compilation of measured ion extraction efficiencies, for a vari-
ety of gas cell systems, as a function of the ionic charge density rate
Q can be found in Ref. [29]. They are constant up to a threshold
value Qth � 109 cm�3s�1. Above it, efficiencies drop in proportion
to
ffiffiffiffi
Q

p
, due to significant space charge accumulation. Another

detailed experimental study [28] of the Q threshold value depen-
dence on gas parameters (pressure and temperature) and on the
DC field strength finds somewhat higher Qth values.

For Q values above Qth, the ionic space charge enters in a satu-
ration regime and is expected to trigger the following phenomena:
(i) field saturation – the injected charge completely screens the
applied potential; (ii) strong recombination – the electrons do
not leave the region anymore and recombine with ions; (iii) weak
plasma – charge creation via injection and annihilation via recom-
bination compete in a mediumwith nþ � n� � n0, where n� and n0

are the density of charged and neutral particles.
To calculate the ionic charge density rate, the CSC volume is

divided in 1 � 1 � 1 cm3 cubic cells and the deposited energy in
each such cell, during one second of c beam, is cumulated. The
number of such cells is given by the CSC width and length: (i)
90 � 90 � 120 cells for d = 90 cm in case (A), (ii) 40 � 40 � 120
cells for d = 40 cm in case (B), and (iii) 24 � 24 � 120 cells for
d = 24 cm in case (C). The third dimension corresponds to the
1.2 m length of the CSC stopping chamber at the first location.
Then, the total deposited energy in each cell is divided by the aver-
age energy 41 eV [23] needed to create an electron–ion pair in He
gas. The comparison between the parameter obtained with this
procedure and Qth offers a criterion to establish the potential onset
of a field saturation regime in the ELI-NP CSC. In the next sections,
this procedure will be refined to take into account the particulari-
ties at ELI-NP, like the c beam time structure.

As said, the main contribution to space charge is gas ionization
by high-energy heavy ions. There is, however, a second source of
gas ionization, the one induced by electrons and positrons created
in the target foils via pair creation. It is included in the estimates
that follow and it amounts to less than 10% of the total.

The distribution of individual CSC cells versus the charge den-
sity rate deposited into them is shown in Fig. 10. The target config-
uration is that for the CSC at D = 7 m and the conservative c beam
rate is used. The mean values hQi are listed in the sixth row of
Table 1. Of course, the total deposited energy is the same in all
cases, just the volume, i.e. number of cells, decreases with the den-
sity. This distribution decreases steeply below Q � 3 � 108 cm�3 s�1

and flattens to an almost constant distribution in the high-Q
region. This is particularly evident in case (C), with the highest
gas density, where about 700 cells have Q values above
109 cm�3 s�1. Small high-Q plateaus appear also at lower gas den-
sity, but they involve significantly fewer cells.
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The contour plots of the ionic charge density rate, obtained with
the above procedure, for the CSC in case (C) are shown in Fig. 11. It
uses the target configuration for the CSC at D = 7 m and a conserva-
tive c beam rate. One can see that the region of saturated space
charge Q > Qth is confined around the target foils, more specifically
to about 2 cm along the field lines and about 3.5 cm orthogonal to
the field lines. This xy asymmetry is due to the asymmetry in the
angular distribution of the ion tracks shown in the upper panel
of Fig. 9. A few sporadic saturated cells appear in case (B) and no
saturation is seen in case (A). Even in case (C), the transition to
the saturated regime is questionable since Q is barely above Qth,
which depends on many factors and has a fairly approximate mea-
sured value. This is certainly true at the second CSC location, where
the release rate of photofission fragments per unit of length is
about 20% of that at the first location. The only situation where a
saturation region will certainly form according to the above criteria
is that with the CSC at the first location and at the highest gas den-
sity, considering a c beam at an optimal rate of 1012 c/s.

An important result, deduced from the comparison of Figs. 7
and 11, is that the region of slowed-down fragments (with
L > 5 cm) and that of potentially saturated space charge have a
very small overlap. More specifically, about 2% of the fragments,
which are slowed down to around 2 keV, are still in the saturated
region and can no longer be drifted out by the DC field. The
photofission fragments are heavy ions with KE > 20 MeV, when
they are released into the gas (see Fig. 6), and can easily get out
of this region. Only when they reach KE � 1 keV they start to be
affected by the electric fields (either the external DC field, or the
induced field by the space charge).

However, the region from where stopped fragments cannot be
drifted out of the CSC by the electric field, called the dead region,
extends beyond the saturated region. It includes also the region
with x < �2 cm, as shown by the dashed box in the upper panel
Fig. 11. Contour plots of the charge density rate Q in the CSC at 0.206 mg/cm3 in the
xy plane (upper panel) and in the xz plane (lower panel). The arrows show the DC
field (upper panel) and the c beam (lower panel). The dashed box shows the CSC
dead region.
of Fig. 11, because the fragments stopped here are pushed by the
DC field back in the saturated region. This is nonetheless the region
with lowest density rate of stopped ions (see upper panel of Fig. 9).
The total fraction of fragments lost in the dead region is about 10%.
Taking into account also the 5% fraction of fragments lost in the
stopping process, an upper limit for the extraction efficiency of
about 85% is obtained. A more precise estimate will be given in
Section 4.3.

4.2. The induced electric field and the ion extraction time

For gaining a deeper understanding of the space charge effect,
the electric field induced by the He+ ionic cloud needs to be
considered.

Theoretical calculations [24,25] of the space charge effect pro-
duced in a gas between two infinite parallel plates introduce the
field scaling (or saturation) parameter a:

a ¼ d2

V

ffiffiffiffiffiffiffi
eQ
�l

s
; ð6Þ

where d is the distance between the plates, V is the applied DC volt-
age, Q is the charge density rate injected in the gas, l is the mobility
of the He+ ions and � is the electric permitivity of the gas. The
following operational regimes are described by its values:
a < 1 – small distortions of the DC field; 1 < a < 2 — large distor-
tions of the DC field; a > 2 – saturation of the DC field by the
induced field and onset of strong electron–ion recombination.
Further increase of a leads to a growth in size of the region between
the plates governed by saturated fields.

Indeed, the experimental study [28] finds that, when the extrac-
tion efficiency is plotted against the ratio of the electric potential
induced by the space charge and the applied DC potential Vind=V ,
instead of Q, there is a universal, i.e. same for all pressure p, tem-
perature T and field E values, threshold at Vind=V = 1–2 above
which the efficiency drops fast. The induced electric potential is

Vind ¼ d2

ffiffiffiffiffiffiffiffiffi
eQ
4�l

s
ð7Þ

Since a ¼ 2Vind=V ;a > 2 is equivalent to Vind > V , which pro-
vides an obvious condition for saturated electric fields.

The advantage of using a or Vind, instead of just Q, for space
charge studies is that it incorporates all the relevant factors, the
injected space charge Q, the stopping gas parameters (T; p) and
DC drift field E ¼ V=d. The gas properties enter through the mobil-
ity, l, of the He+ ions in He gas. It is related to the standard mobil-
ity l0, the mobility at the standard number density n0, by the
relation

l ¼ l0
n0

n
¼ l0

T½K	
273 � p½atm	 ; ð8Þ

where n is the gas particle density and n0 is the gas particle density
at normal conditions, p = 1 atm and T = 273 K.

Another important parameter, which is used in describing the
functionality of a gas cell, is the ion extraction time. Under the
assumption that the impact of the induced electric field is negligi-
ble, the ion extraction time is:

s ¼ d
vd

¼ 2Lmax

lE
; ð9Þ

where d is the drift distance between the anode and the RF carpet
and vd is the ion drift velocity.

The standard (or reduced) mobility l0 is measured as a function
of the reduced electric field E=n [30]. Considering an electric field
intensity in the range E = 10–100 V/cm [11] and a gas density range
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q = 0.05–0.21 mg/cm3, E=n = 0.03–1.3 Td is obtained. Then, the
standard mobility of He+ ions in He gas is l0(He) �17 cm2/(V�s),
while that of the photofission fragments is slightly higher around
l0(pf) � 20 cm2/(V�s) [30,21]. The mobilities listed in the seventh
and eight row of Table 1 are then calculated with Eq. (8). Hence,
for the photofission fragments

s½s	 � 1:32
E½V=cm	 ; ð10Þ

which implies an extraction time of 13 ms at 100 V/cm and of 33 ms
at 40 V/cm. Of course, these values are affected by the presence of
the induced electric field, as discussed below. He ions occur, at
these temperatures and densities, as Heþ3 trimers and have an
extraction time about 18% longer than that of photofission
fragments.

Eqs. (6) and (7) are derived for a uniform distribution of the
charge density rate Q in the gas cell. Indeed, the measurements
in [28] are done with a uniform beam intensity distribution. This
is not the case here, as can be seen from Fig. 11. Hence, an exten-
sion of the analysis based on the charge density rate Q to one based
on the induced electric field Vind or the field saturation parameter
a, by means of the above formulas, leads to inconsistent results.
Rather, one has to do a full simulation of the electric field inside
the CSC by solving the electric field equations with an inhomoge-
neous ionic charge density rate Qðx; y; zÞ injected in the gas cell,
as presented in the next section.

Nonetheless, the above equations are very useful for a basic
understanding on how the various parameters play against each
other in the functionality of the CSC. For example, for a drift dis-
tance given by d ¼ 2Lmax, the following parameter dependencies
on gas density and electric fields are obtained:

a � 1
E

ffiffiffiffi
Q
q

s
; s � 1

E
; Fmax � V2

RF

qq2r30
; ð11Þ

where Fmax is the maximum repelling force exerted by an RF field of
potential VRF and distance between electrodes r0 on an ion with
charge q [31]. It is worth noting that a density increase brings pos-
itive effects, like decreases in d and a, along with negative effects,
like a decrease in Fmax. The latter can be balanced by either an
increase in VRF or a decrease of r0, but both are limited by the gen-
eration of discharges between electrodes.

4.3. Ion drift in the induced electric field with SIMION

Ion drift in the electric field generated by space charge can be
studied through numerical simulations [32] using e.g. the SIMION
8.1 software code [14]. Here, simulations with SIMION 8.1 at the
highest gas density were performed. The parameters listed in the
column (C) of Table 1 were used, because they lead to the most
compact CSC design. Note that it is the only case with space charge
effects potentially in the saturation regime. The parameters of the
He gas are p = 300 mbar and T = 70 K and the CSC transversal
dimensions are 24 � 24 cm2. Since the ion distributions shown in
Figs. 9 and 11 have a high degree of translational symmetry along
the beam axis z, the simulation is reduced to the transversal xy
plane. Also, for higher accuracy, Qðx; yÞ was regenerated with
Geant4 using 1 � 1 mm2 cells.

As discussed in Section 3, the helium ion cloud is created during
the heavy ion stopping segment. In the later drift segment, only its
spatial distribution changes due to electrostatic repulsion. The
total electric field Uðx; yÞ is calculated with SIMION by solving
the Poisson equation

�r2Uðx; yÞ ¼ �esQðx; yÞ ð12Þ
with the two parallel electrodes creating the DC field E as boundary
conditions. The ionic charge density is obtained by multiplying the
ionic charge density rate Qðx; yÞ with the extraction time s, as the
characteristic time for charge accumulation in the cell, and the ele-
mentary charge e.

Since the extraction time given by Eq. (10) is valid in the
absence of space charge, Qðx; yÞ ¼ 0, a two-step procedure is used
to solve Eq. (12). In the first step, the charge density rate before the
electric drift from Geant4 (shown in Fig. 11) is used together with
Eq. (10) to solve for the static electric field Uðx; yÞ. Then, SIMION
drifts a sample of 4000 photofission fragments with KE � 2 keV
(see Section 3), from the Geant4 output, through the electric field
Uðx; yÞ obtained in this step. A new approximation for the extrac-
tion time s, valid for a static charge density, is obtained by comput-
ing the mean drift time of these fragments. In the second step, a
dynamic solution to Eq. (12), that takes into account the time evo-
lution of Qðx; yÞ due to the electrostatic repulsion among ions, is
obtained.

The outcome of the first step is shown in Fig. 12. The green
mesh shows the potential energy surface (PES) of the electric field,
which offers a very intuitive explanation for ion trajectories. The
red lines show the trajectories of a subset of the 4000 photofission
fragments. In the upper panel (a), Eq. (12) was solved with an
extraction time of 13 ms and the boundary conditions set by the
anode potential VA = 2400 V and cathode potential VC = 0 V, corre-
sponding to a field E = 100 V/cm. In the middle panel (b), Eq. (12)
was solved with an extraction time of 33 ms and the boundary
conditions VA = 960 V and VC = 0 V, corresponding to a field
E = 40 V/cm. Finally, in the lower panel (c), where the DC field is
the same as in panel (b), the charge density rate is integrated over
one second to show the effect of a large space charge. The Qðx; yÞ
asymmetry visible in Fig. 11 is significantly reduced by the numer-
ical integration performed when solving Eq. (12).

These three cases demonstrate the interplay between the DC
field generated by the electrodes and the field induced by the space
charge. The DC field dominates in case (a) and the heavy ions are
focused towards the cathode at 0 V. The induced field dominates
in case (c), making the heavy ion trajectories radial, away from
the repulsive center. Case (b) presents an intermediary situation,
where the heavy ion trajectories are mainly driven by the DC field,
but also significantly perturbed by the induced field.

The field saturation parameter a, which was discussed in
Section 4.2, is determined by the ratio of the maximum induced
voltage (the peak in the center of Fig. 12) and the maximum exter-
nal voltage (the ridge to the left of Fig. 12). Cases (a), (b) and (c)
correspond to a < 1, 1 < a < 2 and a > 2, respectively.

The presence of a dominant induced field implies that the
majority of the electrons will be pulled towards the central region,
rather than towards the anode region to the left, and leads to the
effects discussed in Section 4.1, namely strong recombination
and weak plasma. This generates a feedback effect, electron–ion
recombination effectively reducing the total electric field. For this
reason, the SIMION simulations are not continued for case (c).

The percentage of photofission fragments reaching the cathode,
where the RF carpet continues the electric drift towards the exit
nozzle, is 86% in case (a) and 53% in case (b). The upper limit dis-
cussed at the end of Section 4.1 is reached in case (a). This indicates
that in case (a) only the ion losses in the dead area and, to a smaller
degree, to the lateral walls play a role.

Ions drift towards the cathode in a time interval which is
dependent on the model that describes their diffusion in the He
gas. We have used the Statistical Diffusion Simulation (SDS) model
implemented within the SIMION code [33]. The mean drift time of
the heavy fragments is 6.1 ms in case (a) and 15 ms in case (b). The
total drift time, for which 95% of the fragments reach the cathode,



Fig. 12. The electric PES in green and the heavy ion trajectories in red for: (a)
VA = 2400 V, VC = 0 V and s = 13 ms; (b) VA = 960 V, VC = 0 V and s = 33 ms; (c)
VA = 960 V, VC = 0 V and s = 1 s. For visibility, only a subset of the heavy ion
trajectories is displayed. The horizontal plane is the transversal xy plane of the CSC
and the vertical axis shows the electric potential energy in this plane. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 13. The transversal spatial distribution of the initial position of stopped heavy
ions that reach the exit wall in the cases (a) and (b) from Fig. 12.

P. Constantin et al. / Nuclear Instruments and Methods in Physics Research B 397 (2017) 1–10 9
is about 9% smaller than that from Eq. (10) due to the added accel-
eration generated by the repulsive center.

In the second step of the simulation, the PIC (Particle In Cell)
module of SIMION is used to propagate simultaneously both the
heavy fragments and the helium ions. The Poisson equation is
solved at each time step of the calculation. The above extraction
time for a static field and the Geant4 charge density rate are used
to define the initial charge density distribution. Since simulating all
the generated helium ions (about 106 per released fragment) is
computationally impossible, the method of charge weighting is
used. In this method, a group of ions moving together is replaced
by one ion whose charge is that of the group and hence produces
the same repulsion. The highest values for such charge weighting
factors arise in the center of the CSC and reach around 105.

The motion of the space charge together with the fission frag-
ments towards the exit wall slows them down somewhat, but also
clears the way for the fragments that start from the dead region.
Therefore, this last step of the simulation gives sightly higher mean
drift times, namely 6.8 ms in case (a) and 17 ms in case (b). The
extraction efficiency increases marginally to 89% in case (a) and
significantly to 67% in case (b). The distribution within the CSC of
the initial position of the heavy ions that reach the exit wall in
these two cases is shown in Fig. 13.

The fragment drift time in case (a) is shown in Fig. 14. The
dashed line shows the start time for the drift of the heavy ions gen-
erated by the next c beam bunch, which is 9.5 ms. This value is cal-
culated from the c beam bunch duration of 0.5 ms and repetition
rate of 100 Hz [15,34,35]. The formation of a source of stopped
photofission fragments in the CSC gas lasts less than 50 ns. In the
particular case displayed in Fig. 14, more than 90% of the heavy
ions from the current beam bunch have reached the cathode by



Fig. 14. The drift time of photofission fragments in case (a). The dashed line
indicates the start time for the fragment extraction from the next c beam bunch.
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the time those from the next bunch have started their electric drift.
In this case, the IGISOL beamline at ELI-NP works in a pulsed
regime. This functioning regime allows the complete evacuation
of the internal charge created by each beam bunch before the
arrival of the next bunch.

The RF drift time, along the RF carpet on the exit wall, has to be
added to the DC drift time to obtain the heavy ion extraction time.
Since the RF carpet design is still under development, its simula-
tion within SIMION remains to be done. However, it is expected
to be of the order of a fewms [10,32,36]. Then, considering the drift
time of 6.8 ms with the electric field in case (a), photofission
fragments are expected to have an extraction time around 10 ms.
Simulations for a similar CSC design, but a different primary beam
and a different simulation model, obtain an extraction time around
5 ms [10].

5. Discussion and conclusions

The optimal target geometries at two locations of the CSC have
been established, providing the maximum release rates in the
range of 106 to 107 photofission fragments per second for the c
beams at ELI-NP. These fragments are stopped in a CSC at 300 mbar
and 70 K with the dimensions of 24 � 24 cm2 in the plane transver-
sal to the c beam. More generally, the CSC dimensions on both
transversal directions need to be 4.66/q centimeters, with the
density q in mg/cm3.

The ionic charge density rate Q in the highest density case con-
sidered, and for the CSC location close to the ELI-NP GBS high-
energy IP, lays on the verge of the electric field saturation regime,
barely rising above the approximate experimental threshold
Qth � 109 cm�3 s�1. In this case, an upper limit for the extraction
efficiency of 85% is found. The second CSC location and the lower
gas densities will not form a saturated field region. Only for the
combination of high beam rate and high gas density at the location
close to the IP, the environment needed for the formation of a sat-
urated field region is likely created.

Simulation of the drift of photofission fragments through the
full electric field in the CSC was done within the SIMION 8.1 soft-
ware, using as input the results of the Geant4 simulation. Two
cases of electric fields were analyzed: (a) with 100 V/cm external
field and small space charge density, and (b) with 40 V/cm external
field and moderate space charge density, with the extraction effi-
ciencies of about 89% and 67%, respectively. The extraction time
was estimated to be around 10 ms. These values are obtained
under the assumption that the RF carpet transport efficiency is
100% and that its drift time is a few ms. This is in line with the cur-
rent knowledge [32,36], but future simulations or measurements
have to confirm it. Another issue that needs careful consideration
is molecule formation in the CSC, due to the presence of impurities
in the He gas, potentially leading to a decrease in the extraction
efficiency.

The operational regime of the ELI-NP CSC depends on the actual
values of several parameters related to the c beam, the He gas and
the electric field properties. This work provides guidance for the
impact of future decisions and technical solutions on the ELI-NP
CSC operation. For example, if the highest gas density is used for
a compact CSC design, the operation at the conservative beam rate
and high DC field can be expected to be close to that in case (a),
while that at the optimal beam rate and lower DC fields can be
expected to be closer to that in case (b).
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