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STUDY ON A DENSE THETA PINCH PLASMA
FOR ION BEAM STRIPPING APPLICATION FOR FAIR

The transfer of ions to a higher charge state is of central importance for the development of new
accelerator facilities. That is why the comparative analysis of the current stripping alternatives is a
relevant topic. Currently, mainly gas and foil strippers are used for increasing the particle charge state.
Even when their efficiency or lifetime has proved to be less than optimal, as these alternatives either
require great effort or are not suitable. Compared to the gas and foil stripper the alternative of using
a plasma stripper has a much higher effectiveness and a higher lifetime [1-13] That is why the plasma
stripper has been proposed for the FAIR project (Facility for Antiproton and lon Research) in Darm-
stadt, Germany.

To further develop this subject, the plasma physics group of the Institute of Applied Physics at the
University of Frankfurt is researching on an alternative for the Z-pinch plasma cell. During our research,
various prototypes and solutions have been investigated [4-6], [8], [11], [14-16]. As a result, the optimal
ignition criterion for the inductively coupled plasma ignition was determined, the optimal geometry of
the discharge vessel, the required particle density and temperature of the plasma were calculated. Differ-
ent coil configurations have been developed, built and tested. With some of them (spherical theta pinch
and spherical screw pinch), beam time experiments were performed.

This contribution presents the current state of plasma strippers with fully ionized hydrogen with
simultaneously high particle densities in the range of some 10'® cm™ for FAIR. Charge distributions after
the ion beam plasma and ion beam cold gas interactions were measured and compared. As expected,
the effective state of charge after interaction with plasma was higher than after interaction with gas (q
= 32.84 versus q,, = 29.41).

Kew words: pinch plasma, FAIR, plasma physics, ion beam stripping.
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FAIR >x06achl ywiH TeTa NMHY NAa3machbl HerisiHae
MOHADIK CTPUIINIEPA| 3epTTey

YAEeTKill KOHABIPFbIAQPABIH, >KaHa TYPiH >Kacaysa MOHAAPAbI CbIAbIPY 8AICIMEH >KOFapbl 3apSATbI
KYMre aybICTbIPy COHfbl Ke3Aepi 6acTbl Ha3ap ayAapTbil OTbIP >KOHE OCbl ceBenTi CaAbICTbIPMAaAbI
aHaAMBAI KaXKeT eTeTiH ©3eKTi TakplpbinTapAblH OipiHe amHaAabl. Kasipri yakbiTTa GeAllekTepaiH
3apSAbIH >KOFapblAaTy YLUIH CbIAbIPY OpTacbl PETiHAE Heri3iHeH ras >koHe ()OAbra KOAAAHbIAAADI.
AAaiiaa OAAPAbIH TUIMAIAITT XXOHE XKYMBIC XKacay Mep3iMi TeMeH. byAapMeH caAbICTbipraHaa, 6aAamaAbl
CbIAbIPY OpTacbl peTiHAE MAa3MaHbl MalAaAaHy rasfa KaparaHAQ 9AAeKalrAa >KofFapbl TUIMAIAIKKe
me >keHe hoAbrara KaparaHAQ y3ak Mep3imae >KymbIC >kacarnabl [1-13]. CoHabikTaH [epMaHWSHbIH
Aapmwtaat kaaacbiHaarbl FAIR (Facility for Antiproton and lon Research) >ko6acbiHa nAasmaabik,
CTpUMNepP YCbIHbIAAbI.

Ocbl TakbIpbINTbl 0AaH Opi AaMbITy ywiH DpaHKdypT YHUMBEPCUTETIHIH KOAAAHOAAbI hM3mKa
MHCTUTYTbIHbIH MAa3ma (uM3nKacbl TOObl Z-MMHYTI MAasmaHbl GaAamaAnbl CbIAbIPY OpPTachl PeTiHAE
3epTTen keaeAi. OcCbl 3epTTeyAepAiH HErisiHA€ SpTYPAI MPOTOTUNTEP MEH LIeliMAEep aAblHAbI [4-
6], [8], [11], [14-16]. CoHbiMeH KaTap OCbl 3€PTTEYAEPAIH HOTMXECIHAE MHAYKTMBTI 6GanAaHbICKaH
NMAa3MaHbl reHepauusinay YLIiH OHTaMAbl MapaMETPAEP aHbIKTAaAAbl, PaspsA TYTIFiHIH OHTaMAbI
reOMeTPUSIChbl, OOALIEKTEPAIH KOHLEHTPALMSIChI >XOHe MAasma Temrepartypacbl eCenTeAai, ap TYpPAI
KaTylwKaAap KOH(MUIypaumscbl >KacaAAbl >XX8He 3KCrnepumMeHTTe CbiHaAabl. CoOHAQM-aK, OAapAbIH
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kenbipeyaepimeH (cchepanbik, TeTa MUHY XoaHe cdepanblk, BypaHAAAbI MMHY) 6MIp CYPY YaKbITTTapbl
6OVbIHLLA CAABICTbIPYAAP XKYPri3iAAi.

bya septreyaep FAIR ywiH wamameH 10'° cm? AmanasoHbiHAQ OOALIEKTEPAIH KOHLIEHTPALMSIChI
>KOFApbl TOAbIK, MOHAAAFaH CyTeri MAAa3MaAblK, CTPUMMEpPAEepiHiH Ka3ipri >KarAalblH KepceTeAl.
MoHAap aFblHbl MEH MAa3MaHblH e3apa 9CepAecYyiHeH KeMiHri >KeHe MOHAAP aFblHbl MEH CaAKbIH ras
apacbiHAAfbl ©3apa OPEKeTTECYAEH KeMiHr 3apsiATbIH TapaAybl OALLEHIM, aAblHFaH HaTMXeAep 6ip-
6ipiMEH CaAbICTbIPbIAABI. KyTKEHAEI, MAa3MaMeH 8CEePAECKEHHEH KeMiHTi 3apsSATbIH TMIMAI Kyii ra3beH
SCEPAECKEHHEH repi >kKorapbl 60AATbIHABIFbI aHbIKTaAAbI (qp = 32,84 versus qgas = 29,41).

TyitiH ce3aep: nvHY nNAaasmachl, FAIR, naazmMa pmamkachl, MOHABIK, CTpUnnep.

K. Yunctakos', ®. Xpuct!, A. MaHraHeaaun', P. FaBpuanH'?2,
A. Xypumnes'?, C. CasuH'?, M. U6epaep', U. Skobu’
TMHCTUTYT NpuKAaAHOR hrsnkK, Tepmanmg, r. paHkdypT-Ha-MaiitHe

2MHCTUTYT TEeopeTMUYecKom 1 3KCrepuMeHTaAbHOM husnkm, Poccus, r. Mocksa
*e-mail: Cistakov@iap.uni-franfurt.de

NUccaepoBaHMe NAOTHOCTH NAA3MbI T€Ta-NMUHYA AAS TIPUMEHEHUS
B KayeCcTBe MOHHOro cTpumnmnepa AAs npoekrta FAIR

[MepeBoA MOHOB B BOAEE BbICOKOE 3apSAOBOE COCTOSIHME MMEET LIEHTPAAbHOE 3HAUYEHME AAS pas-
pPaboTKM HOBbIX YCKOPWUTEAbHbIX YCTAHOBOK. [103TOMY CpaBHMTEAbHbIA aHAAM3 CYLLECTBYIOLLMX aAb-
TEPHATMB 3aUYMCTKMN SIBASIETCS aKTyaAbHOW TeMol. B HacTosuee BpemMs AAS YBEAMYEHUS 3apIAOBOro
COCTOSIHMS YaCTUL, UCMOAb3YIOTCS B OCHOBHOM ra3oBble 1 (hOAbroBble cTpunnepbl. K coxkaaeHuio, n3-3a
CBO€eI HM3KOM 3(PHEKTUBHOCTM, KaK Fra30BOM MMULLEHBIO MAM HEAOATOBEYHDbI KaK YTAEPOAHbIE MAEHKM.
B oTAMUME OT 3TMX METOAOB, MAA3MEHHAs aAbTEpPHATUBA MMeET ropasao 6oaee BbICOKYIO 3peKTMB-
HOCTb MO CPaBHEHWIO C ra30BbIM CTPUMMEPOM M GOAEE AAUTEAbHBINA CPOK CAY>KObI MO CPaBHEHMIO CO
ctpunnepom coabrn [1-13]. MNAasmeHHas MuLieHb OblAa NpeaAo>keH aAs npoekTa FAIR (YcraHoBka
AAS UICCAEAOBAHMS aHTUMPOTOHOB M MOHOB) B AapMLuTtaaTte, 'epmaHus.

AAS AAAbHENLLIEro pa3BUTUS 3TOM TeMbl rpynna hmusnku naazmbl MHCTUTYTa NPUKAQAHOM (DU3MKK
DpaHKypTCKOro yHMBEpCUTETA UCCAEAYET aAbTEPHATMBY MAA3MEHHOM auerike ¢ Z-nuH4yeM. B npo-
uecce 3ToM paboThbl ObIAM MCCAEAOBaHbI Pa3sAMUHbIE MPOTOTUMNbI U pelueHns [4-6], [8], [11], [14-16].
B pesyAbTaTe ObIA OMPeAEAEH OMTUMAAbHBIA KPUTEPUIA 3aXKMraHWs AAS MHAYKTMBHOM MAA3Mbl, pac-
CuMTaHbl OMTMMAAbHASi FEOMETPUS Pa3PIAHOTO COCyAQ, Tpebyemasi MAOTHOCTb YacTmL U Temneparypa
nAasmbl. bbiAM paspaboTaHbl, M3rOTOBAEHbI M UCMbITaHbl pasAMyHble KOHUrypaumum katyuwek. C He-
KOTOPbIMWU U3 HUX (ChepUUECKMin TETA-MUHY U ChepuyecKmii BUHTOBOM MUHY) BbiAM NMPOBEAEHbI 3KC-
nepuMEHTbl HA MOHHOM YCKOpPUTEAE B AapMLUTaATE.

JTa CcTaTby NPEACTABASIET TEKYLLEE COCTOSIHNE MAA3MEHHbIX CTPUIMNEPOB C MOAHOCTbIO MOHM30BaH-
HbIM BOAOPOAOM C OAHOBPEMEHHO BbICOKMMM MAOTHOCTSIMM YACTULL, B AMANa3oHe NMPUMEPHO B HECKOAb-
Ko 10'° cm aas FAIR. PacnpeaeAeHuns 3apsiaa MoCAe B3aMMOAEMCTBMS MOHHOTO MyydKa C MAA3MON OblAM
M3MepPEHbl 1 CPaBHEHbI C pacrpeAeAeHUEM NMOCAE B3aMMOAENCTBUS MOHHOMO MyyKa C XOAOAHbIM ra3oM.
Kak 1 0>kMaAanoch, 3pheKTUBHOE COCTOSIHME 3apsiaa MOCAE B3aMMOAEMCTBUS C MAA3MOM ObIAO BbllUE,
yeM MOCAEe B3aMMOAENCTBKS C ra3om (qp = 32,84 npotmB qgas = 29,41)

KAroueBble cAaoBa: nAasmbl TeTa-nmH4a, FAIR, hmsmka naaambl, MOHHBI cTpunnep.

Introduction

The higher effectiveness of the plasma stripper
has already been demonstrated in several experi-
ments with Z-Pinch plasma [10].

As effective as a plasma stripper might be, this
method needs improvement, since the lifetime of
the system is limited, due to the electrode erosion.
A solution to this disadvantage is an electrodeless
inductive ignition of the plasma. Additionally, with
an inductive ignition the magnetic field extends pre-
dominantly in the center of the coil parallel to the
beam, having no influence on the beam optics.

The interaction between the ion beam and the
stripping medium is determined by several simul-

taneous processes and the final state of the ions is
a result of their dynamic equilibrium. Beam ions
loose electrons due to the coulomb collisions and
at the same time capture electrons by various re-
combination processes. While the ionization cross
sections for plasma and cold gas targets are practi-
cally identical, the recombination cross sections are
determined by several state dependent processes.
Recombination is the sum of the capture of bound
electrons, radiative recombination and dielectric re-
combination.

In cold gas, the capture of bound electrons is
the recombination with the largest cross section. An
example of iodine projectiles with 1.5 MeV/u in hy-
drogen gas may be up to 10 cm?*/s (Figure 1). How-
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ever, this type of recombination is not relevant to the
fully ionized plasma target because of the absence
of such electrons (Figure 2).

The equilibrium charge states for gold ions
(Figure 3) have been calculated by V. Shevelko in
the framework of expertise requested by the work
group.

The plasma stripper experiment is one of the most
important research activities of our research group. A
major feature of the pinch plasma is the use of a large
cylindrical discharge vessel surrounded by a spiral in-
duction coil, which is connected to a capacitor bank
via a coaxial transmission line. The components form
a resonant circuit at a frequency of 8.65 kHz.

The measurements were done with a stored en-
ergy of around 15kJ, which can be increased up to
50kJ. The alternating current reaches peak values of
71.5 kA and current rise times (20%-80%) of 4.65
kA/us. The stored energy is switched by a thyratron
switch. One of the principal advantages of this con-
cept is the high energy transfer efficiency of up to
40% and the potential of high pulse repetition rates.
Fig. 4 shows the experimental set up of the plasma
stripper device. In addition, a differential pump sys-
tem is symmetrically connected for attaching the ex-
periment to the beam line.

A dipole magnet was used as charge state sepa-
rator to perform the charge state distribution diag-
nostics. In this context, a scintillator was utilized as
the detector.

Energy loss diagnostics were made with Time
of Flight (TOF) method. For this reason, a dia-
mond detector was used, because it possesses a
high response time (less than 0.1 ns) and high
sensitivity. The diamond detector was installed
at 6324 mm from the centre of theta pinch coil.
Pulsed microbunches of the heavy ion beam reg-
istered by the diamond detector with time inter-
vals of 27.67 ns have a certain phase (shift) to
the reference signal from the accelerator RF. In
the case of a vacuum target, this displacement is
a fixed value that is used as a reference for deter-
mining the energy loss.

Due to the stopping power of the cold gas target
or the plasma target, the fast heavy ion beam suf-
fers energy loss and its velocity decreases, which
causes a longer flight time along the TOF flight path.
Therefore, the registered microbunch of ion beam
show an increased phase shift which is proportional
to the energy loss.

Results from beam times with spherical theta
pinch and screw pinch were previously presented at
IPAC [8]. The results presented here are newly ob-
tained from the beam time at GSI end of March 2019.
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withn 10'7 cm?. Here the equilibrium charge is about 21
(arrow), thus considerably less than in the plasma case [12]

10-¢
I | i » L] ip I »

_ 1075 1.5 MeV/u1—=H plasma
L RS o
& PO
E jo8l Thygs Soviem "
] 10°%} H‘-“:,_
: S
E - \\ - H-"\..
© 10101 Free Eiection N Sy Wi Copt
= \ Sy
= A
g.n-h’ e e N

\

Rate
S S
\ 35
Il -—
d-i—-———";
| &
|
lf‘*f-
132 |
\ >
|
|
\
-+

0 10 20 0 4“0 50 80
Charge State

Figure 2 — Rates of electron capture and loss for a 1.5 MeV/u
iodine beam in a 10 eV hydrogen plasma with n_ 10"7 cmr
3. The intersection between capture and loss is close to the
equilibrium charge Zeq(Vp) at constant velocity(arrow) [12]

3.6 MeWiu AU - . .

74 cm H plasma at
20t n=3E17ecm’ .

N\

10} o -

Percentage
S,
.____.-"

Charge state

Figure 3 — Simulated charge state distribution for gold ions
with initial charge state of 26+.Experimental setup and results



K. Cistakov et al.

Figure 4 — Experimental set-up of the Theta Pinch Plasma Stripper.

For synchronisation of the plasma of the theta
pinch to the ion beam the investigation of the ig-
nition behaviour is of importance. The ignition and
light emission of the Plasma was measured with
a fast photodiode. The following Figure 5 shows
the current and ignition behaviour of the cylindri-
cal Theta Pinch. The capacity of the experimental
set up was 60 pF. The measurement was performed
at a voltage of 20 kV at a pressure of 30 Pa (H2).
The photodiode signal shows that the ignition of the
plasma starts during the second negative half wave
of the oscillating current and the brightest lumines-
cence effect is within the second positive half wave.
In the beam time was decided to increase the voltage
to 22kV. In this way, pressure could be raised to 40
Pa accordingly. Plasma ignition time has remained
the same.

During the gas discharge, the transmission of
the ion beam through the stripper cell was very low,
which was very likely due to parasitic magnetic field
components outside the coil. Consequently, the ion
beam must be delayed for several hundred micro-
seconds. In this case the magnetic field was not so
strong, but the plasma density and temperature have
already decreased significantly.

The electron density, as well as the electron tem-
perature, are an important factor for the efficiency
of ion stripping. Consequently, time-resolved meas-

urements of the electron density were performed
(Figure 7). The electrical parameter like capacity
(60uF), voltage (22kV) and the pressure (40Pa) were
identicallv to those of the beam time. The electron
density (&) was calculated from a semi-empiric
formula Fleurier by measuring the Stark-broadening
(A45) of the H beta line [17].

n, =1.03 - 10'°(44, [nm])***F cm™3.

It is based on Griem’s formula [18], but unlike
it, it does not depend on density and temperature co-
efficients.

Like the luminescence behaviour, the maximum
of the electron density of around 4.5x10' cm™ was
measured at the third and fourth current half. At the
time of the charge distribution measurement, the
electron density decreased significantly and oscil-
lated in the range from 0.2x10' cm™ to 1x10'¢ cm™.
The time resolution of density measurements is 0.4
us. The error of the electron density measurements
is approximated to 10%. The electron temperature
was measured time-resolved with a resolution of
2+1 ps. Fig. 6 shows the electron temperature dur-
ing measurement of charge distribution. The er-
ror of the electron temperature measurements is
between 4% and 25% depending on the absolute
value.
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During the beam time the charge state distribu-
tion was measured for cold gas and plasma. The
initial ion beam charge state was Au+26 with an en-
ergy of 3.6MeV/u. Fig. 8 shows the charge state dis-
tribution after crossing the stripping cell with cold
gas and plasma. The charge state distribution with
plasma is shifted to a higher ionisation degree of the
Au-beam. As expected, the effective state of charge
after interaction with plasma was q,= 32.84 versus
after interaction with gas q,, = 29.41.

Another important result is an energy loss of
heavy ions in plasma. An attempt was made to get a
time-resolved evaluation of complete macrobunch.
Unfortunately, due to technical problems, the macro
bunch was not continuous, but had gaps in the micro
bunch structure making a time-resolved evaluation
quite difficult.

The Fig. 9 shows that along with the expected
deceleration in the plasma, there is an unexpected
short-time acceleration of ions after each change
in the direction of the current. Maximum measured
phase shift of 2.45 ns when decelerating and 2.48
ns when accelerating ions corresponds to an energy
loss or gain of 14.45 and 14.63 MeV respectively.
The reasons for an acceleration of ions are still being
investigated.

The Fig 10 show the phase shift of the ion beam
temporal behaviour starting from 800us after exper-
iment trigger. The beam transmission has become
significantly better. Before each ion stopping phase
through the plasma there is a short acceleration
phase, which was likely caused by space charges in
the plasma.

Figure 5 — Current and ignition behaviour
of the Theta Pinch plasma
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Figure 6 — Time-resolved electron temperature.

Figure 7 — Time-resolved electron density.

Figure 8 — Charge distribution of ion beam
after passing cold gas and plasma
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Figure 9 — Blue is time of flight difference (At) between the ion beam signal after plasma and the reference signal after
cold gas. Red is discharge current signal from Rogowski coil and green is photo diod signal.

Figure 10 — Blue is time of flight difference (At) between the ion beam signal on the diamond detector
after plasma and the reference signal after cold gas during measurement of charge distribution.
Red is discharge current signal from Rogowski coil.

Conclusion

The beam transfer through the experiment needs
to be improved. For this reason, a new enlarged
diaphragm system is currently being worked on. It

is also planned for the next beam time that the ion
beam will not be focused on the center of the experi-
ment but will go parallel to the Z axis of the mag-
netic field. The Penning source is not very suitable
for TOF measurements because it has its own «sput-
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ter» frequency of approx. 100 kHz. This property,
together with the low particle current, made data
analysis even more difficult.

Unfortunately, measurements were taken very
late after the trigger experiment. However, experi-
ment has shown the advantages of a plasma over
cold gas even at low electron density and tempera-
ture. The short acceleration phase immediately after
each plasma ignition needs to be investigated exten-
sively. The working hypothesis is the creation of a
large space charge in the plasma compression phase.
Since the pinch phase of interest to us begins much
later, this acceleration does not lead to a disadvan-
tage for plasma strippers.

In general, the experiment was designed for
much larger voltages, which could not be complete-
ly exhausted due to strong magnetic fields. After
the problem with the influence of the magnetic field
on beam penetration is solved, discharge energy

can be increased up to 50 kJ. With the higher dis-
charge energies, the energy input into plasma also
increases. This leads to much higher densities and
temperatures of plasma, which in turn results in bet-
ter stripping properties of the device. To separate the
pressure from the stripper to the vacuum of the ac-
celerator a plasma window was designed and is now
under investigation [19].
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