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PICOSECOND LASER ABLATION AND ION CLUSTERS FOR EXTERNAL
INJECTION INTO THE EXTENDED EBIS*

S. Kondrashev', E. Beebe, T. Kanesue, M. Okamura,
Brookhaven National Laboratory, Upton, NY 11973, USA
R. Scott, Argonne National Laboratory, Argonne, IL 60439, USA

Abstract

The Extended Electron Beam lon Source (EBIS) is
currently going through final development and offline test-
ing and will replace Relativistic Heavy Ion Collider
(RHIC) EBIS as a main ion injector for both RHIC and
National Aeronautics and Space Administration (NASA)
Space Radiation Laboratory in the beginning of 2023. Due
to its longer ion trap, the Extended EBIS will enhance the
maximum available beam intensity of Au**"ions by 40 -
50% compared to RHIC EBIS. The inclusion of a high ef-
ficiency gas injection module will give Extended EBIS an
improved capability to generate intense beams of light
ions, such as “He?" and *He?". With a further upgrade, the
Extended EBIS will also produce polarized *He?" ions for
the future Electron-lon Collider (EIC). Similarly to RHIC
EBIS, charge breeding mode will continue to be important
for Extended EBIS. Singly charged ions produced in ex-
ternal ion sources will be accumulated in the Extended
EBIS, contained until required charge state is reached, and
then extracted from the EBIS in intense pulses of highly
charged ions. Two attractive options for external ion
sources of singly charged ions which can significantly im-
prove the operational flexibility and stability of Extended
EBIS are a picosecond laser ion source and a cluster ion
source. A laser with high rep-rate can produce quasi con-
tinuous singly charged ion beams from elements of solid
targets for periods of tens of milliseconds, making it possi-
ble to take advantage of the ability of the EBIS to trap sin-
gly charged ions in accumulation injection mode. We stud-
ied the properties of different element plasmas generated
by a ps-laser with 1.27 mJ energy within an 8 ps pulse to
investigate feasibility and specify parameters of a laser ion
source for Extended EBIS using both accumulation and
single pulse injection modes. It is shown that both injection
modes are accessible with a single ion source geometry and
single injection line. For most of gaseous elements, a
source of cluster ions is quite an attractive option. Cluster
ion beams have multiple advantages for external injection
into EBIS trap in comparison with atomic ion beams. The
electrical current required to deliver the same number of
atoms into the trap is several magnitudes lower in both sin-
gle pulse and accumulation injection modes in this case. It
is especially advantageous that even single pulse injection
mode for hydrogen and helium clusters with cluster size of
about 1000 atoms becomes feasible. It is shown that cluster
ion beam with the same particle current is easier to
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transport and inject into the EBIS trap due to less severe
space charge effects. A cluster ion source with the required
intensity is viable and can be designed, built, optimized,
and tested.

EXTENDED EBIS

The Extended EBIS offline testing setup is presented in
Fig. 1.

Figure 1: Extended EBIS offline testing setup (1 — electron
gun, 2 and 3 — 2 m, 5 T superconducting solenoids, 4 —
electron collector).

The main features of Extended EBIS are:

e New oxide electron gun (e-gun) cathode with signifi-
cantly lower operational temperature compared to
previously used IrCe cathode

e Lorenz pulsed gas valve to inject different gasses di-
rectly into drift tube structure

e Two custom high capacity ZAO NEG linear modules
mounted right in a vicinity of the ion traps [1]

e Advanced vacuum system [2]

e Quadrant electron beam detector for electron beam
alignment and measurement of back streaming from
the collector electrons placed in between supercon-
ducting solenoids [3].

We plan to complete offline testing of Extended EBIS by

the end of this summer with following source relocation,
installation, and commissioning in the injector area.

“FAST” AND “SLOW?” ION INJECTION
MODES INTO EBIS

For most of ion species the Extended EBIS will operate
as a charge bleeder of 1+ ions injected from external ion
sources, although some gaseous species will be injected by
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Lorenz pulsed gas valve. Currently for RHIC EBIS (and
later for the Extended EBIS), a Laser Ion Source (LIS) pro-
vides (and will provide) 1+ ions for most species of solid
materials in a high current single pulse (“fast”) injection
mode [4], and two Hollow Cathode Ion Sources (HCIS)
provide 1+ ions of both gaseous and solid species in a
lower current accumulation (“slow”) injection mode [5].

“Fast” and “slow” external ion injection modes into the
EBIS trap are illustrated in Figs. 2 and 3. In the “fast” in-
jection mode, (Fig. 2) the potential of the trap exit barrier
is lowered to accept an incoming beam of 1+ ions and then
raised to trap the ions after the time for one “round-trip”
worth of 1+ ions. In the “fast” mode, efficiencies often
more than 50% can be achieved. For the Extended EBIS
trap with a length of 2.5 m, the typical “round-trip” time of
these ions will be in the range of 100-300 us for heavy el-
ements of periodic table. In the “slow” injection mode (Fig.
3), the potential of the trap exit barrier is set just below the
potential of the external ion source potential. If an injected
ion is ionized further by the electron beam before exiting
the trap region, it will remain in the trap as it is captured by
the potential barrier. The “slow” injection mode efficiency
is much lower compared to “fast” injection mode, typically
<5%, but in the “slow” mode one can inject and accumu-
late ions into the EBIS trap for tens of ms which is advan-
tageous in some cases.

Figure 2: “Fast” ion injection mode into the EBIS trap (the
potential of the trap exit barrier is lowered to accept an in-
coming beam of 1+ ions (left panel) and then raised to trap
the ions after the time for one “round-trip” worth of 1+ ions
(right panel). Red dots indicate injected 1+ ions and red
lines schematically represent their trajectories).

<« Au'lt

Figure 3: “Slow” ion injection mode into the EBIS trap (en-
ergy of injected 1+ ions is just slightly above of the poten-
tial of the trap exit barrier, so injected 1+ ions can enter the
trap. If an injected ion is ionized further by the electron
beam before exiting the trap region, it will not be able to
escape past the trap barrier since the applied potential will
now be almost twice as high as necessary for trapping the
2+ ion, comparing to the 1+ ion).

Since the Extended EBIS will act as a charge state mul-
tiplier, the stability and reliability of the external ion
sources is as important as it is for the Extended EBIS itself.
There are two attractive options for upgrade of external
sources of 1+ ions to improve Extended EBIS operational
performance which are under consideration and investiga-
tion. Those options are described below.
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PICOSECOND LASER ABLATION

Ps-lasers have advantages for generation of low charge
state ions compared to ns-lasers because the influence of
heat conductivity on a solid target is negligible in the case
of ps-laser ablation for laser pulse durations shorter than 10
ps. By using a laser with high rep-rate, it is possible to pro-
duce quasi continuous 1+ ion beams for periods up to tens
of milliseconds, making it possible to take advantage of the
ability of the EBIS to trap 1+ ions in accumulation (“slow”)
injection mode.
The slow injection mode of beams from laser ion source
has following attractive features:
o the required ion beam current is much lower than for
“fast” injection mode

e low current ion beams are easier to transport and inject
into the EBIS trap because space charge effects are
less severe

o the EBIS pulse to pulse variation of highly charged

ions can be improved since the ion pulse to pulse var-
iations for the ps-laser plasma are averaged over a
long train of ion pulses accepted by the EBIS

e an isotope separator [6] can be placed downstream of

laser ion source to select a single isotope ion beam
generated from the targets with natural isotope abun-
dance. This allows the EBIS to accumulate and be
filled to a higher capacity with the isotope of interest
e laser ablation provides an intensity advantage com-
pared with the HCIS for species such as Zr, which are
difficult to sputter.

We studied the properties of Al, Ti, Cu, Nb, and Ta plas-
mas generated by a ps-laser with 1.27 mJ energy within an
8 ps pulse to investigate feasibility and specify parameters
of a laser ion source for RHIC EBIS and Extended EBIS
using accumulation (“slow”) injection mode.

A 3D model of target irradiation and the diagnostics
chamber specifically designed and built for ion yield meas-
urements is shown in Fig. 4.

Figure 4: 3D model of the target irradiation and diagnostics
chamber: 1—3D target positioner, 2—focusing lens hold-
ers, 3—CCD camera, 4—Ilaser input window, 5—fast laser
beam shutter, 6—Faraday cup, and 7—vacuum gauge. The
laser path is shown by the orange dashed line and the
plasma expansion axis is indicated by the blue dashed line.

The laser we used is commercially available from Passat
Inc. and has the following parameters: wavelength—1064
nm, pulse width—S8 ps, pulse energy—up to 5 mJ/pulse,
repetition rate—up to 400 Hz. The maximum average laser
pulse energy of this laser at the time of our experiment was
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found to be 1.27 mJ with standard deviation 0.06 mJ in a
single pulse mode for all measurements described below.
A laser beam with diameter of about 10 mm has been fo-
cused onto the target surface by lens with 300 mm focal
distance mounted inside vacuum chamber. Irradiation an-
gle between laser beam axis and the target normal was
equal to 3°. A Faraday cup (FC) with input aperture of 10
mm is placed normally to the target at 57 cm distance and
it is equipped with a highly transparent meshed electrode
which can be biased up to —1 kV for ion extraction from
plasma and for suppression of secondary electrons from the
cup. A turbomolecular pump with a 450 I/s pumping speed
is attached to the chamber to maintain the residual gas pres-
sure inside the chamber at 2-1077 Torr. We use 3 ultra-high
vacuum, high precision (+£50 nm), long travel linear PPS-
20 piezo positioner stages (MICRONIX USA) for 3D
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target positioning. It provides a 51 mm travel range in the
horizontal and vertical directions and a 26 mm travel range
in the lens focal depth direction. Five metal targets (Al, Ti,
Cu, Nb, and Ta), each with dimensions 10 mm by 50 mm,
were mounted on the target holder, which was attached to
the 3D target positioner.

Parameters of ion yield were measured for both station-
ary targets and continuously slowly moving targets. The
latter option was used to minimize influence of target crater
formation on ion yield parameters. Both options are of
practical interest for implementation either in “fast” or
“slow” ion injection modes into EBIS. Ion current ampli-
tudes, pulse durations (FWHM) and total number of ions
registered by FC per single laser shot for all target elements
and for stationary and moving targets are summarized in
Table 1.

Table 1: Ion current amplitudes (/), pulse durations (FWHM) (4¢) and total number of ions registered by the FC (N) per
laser shot for all target elements for both stationary and moving targets with translation speed of 0.05 mm/s

Element Al Ti Cu Nb Ta
Stationary I, pA 48 43 25 37 20
target At, us 11.5 15.5 20.4 20.2 42.1
N 4.8x10° 5.5x10° 3.5%x10° 5.8x10° 6.1x10°
Moving I, pA 6 7 4 5 2
target At, ps 20 30 40 30 60
N =10° = 1.5x10° =10° =10° =10°
All data were o‘ptained using a FC with.the 10 mm N~ d* /LZ ©)
entrance aperture diameter placed at 57 cm distance from
target surface. Numbers for stationary target are taken for [~ d? /L3 3)

fifth laser shot onto the same target spot. All data for
moving target are the data for target translation speed of
0.05 mm/s. For the estimation of the number of ions in both
cases, it was assumed that most of the ions are singly
charged because the laser power density at the target sur-
face is purposely made relatively low. A small fraction of
the registered ions could be in higher charge states affect-
ing the accuracy of such estimations.

Detailed description of whole set of experimental results
we obtained can be found in [7].

Using data summarized in Table 1, one can specify the
main parameters of an ion source which will meet the re-
quirements for external ion injection of singly charged ions
into the Extended EBIS. There are scaling equations which
are universal for laser ablated plasma dominated by hydro-
dynamic expansion. These scaling equations were first for-
mulated and applied to laser ion source specification and
design in [8] about 25 years ago. If the distance from the
target surface to the ion extraction electrode (L) is signifi-
cantly larger than diameter of extraction electrode aperture
(d), and the time-of-flight of ions from target surface to ex-
traction electrode is significantly longer than laser pulse
duration, then the ion pulse length (4¢), number of ions ()
and ion current amplitude (/) are scaled with L and d ac-
cording to following equations [8]:

At~ (1)
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Once these parameters are measured at a given distance
from the target using a given extraction aperture, they can
be re-calculated to any distance and extraction aperture di-
ameter using the above scaling equations to achieve the re-
quired ion pulse length, number of ions and ion current am-
plitude.

Detailed description of such specification can be found
elsewhere [9]. It was shown [9] that both the “slow” and
“fast” injection modes into RHIC EBIS (and Extended
EBIS as well) can be provided using a single ps-laser ion
source geometry and a single ion injection line, which is
the most attractive option for such source of 1+ ions.

Picosecond lasers with 10 kHz rep-rate and with 5 mJ
output pulse energy within 6 ps laser pulse became recently
commercially available. We have purchased such a laser
recently with expected delivery in the end of this year.
After initial experiments to confirm performance of 1+ ion
source driven by this ps-laser, we plan to implement such
source for external ion injection into the Extended EBIS.

CLUSTER ION SOURCE

Because light ions have relatively high velocity inside
EBIS trap, efficient injection of hydrogen and helium ions
and filling of the EBIS trap to high capacity is difficult
from either LIS or HCIS. To overcome this restriction and
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enhance EBIS operational capability we suggest injecting
beams of hydrogen and helium cluster ions into EBIS trap.

The challenges of efficient injection of light ions (hydro-
gen and helium) into EBIS trap both in “slow” and “fast”
injection modes are listed below:

* These ions are faster than heavier ions of the same in-
jection energy; therefore, the round-trip time in the
trap is shorter and a higher current is required in the
“fast” injection mode to inject the required number of
ions.

* The charge breeding factor is low (1 or 2), so a high
current should be injected in both “fast” and “slow”
modes to fully fill the trap

* Transporting a high current ion beam from external
source and focusing it into EBIS trap is a challenge
due to space charge limitations

* Jonization efficiency in “slow” injection mode is low
because most ions exit the trap before being ionized

» Light ions trajectories are influenced more strongly by
the magnetic fringe fields of the EBIS solenoids.

All challenges listed above can be mitigated by injec-
tion of cluster ions (instead of atomic or diatomic ions) into
EBIS trap. Advantages of cluster ion injection into EBIS
trap are listed below:

e For the same injection energy trap “round-trip” time
is proportional to square route of ion mass. Therefore,
ionization probability is higher for clusters in “slow”
injection mode and more ions can be injected in “fast”
injection mode for the same electric current

o lonization cross section for clusters is bigger than for
atoms which is additional advantage in “slow” injec-
tion mode

e A cluster ion beam is easier to inject into EBIS trap
because it has low emittance and negligible energy
spread due to low temperature of atoms which is re-
quired for cluster creation

e Considering clusters with about 1000 atoms size,
about 1000 times lower electric current is required to
deliver the same number of atoms into the trap. It
means that influence of space charge will be much less
pronounced during transportation and focusing of
cluster ion beam into the trap

e “Fast” injection mode with hydrogen and helium
cluster injection becomes feasible as the required elec-
trical current drop proportionally to M ' (M is clus-
ter mass)

Clusters of all sizes (masses) will be transported and in-
jected into the trap because all injection lines for the Ex-
tended EBIS are electrostatic.

Let’s compare required electric currents for atomic and
cluster ion beam injection into the Extended EBIS. The
electric currents required to fully fill the Extended EBIS
trap are estimated below for both the “fast” and “slow’ in-
jection modes, for singly charged atomic and cluster ions.

In “fast” injection mode, the required electric current of
singly charged clusters with # atoms of element E in cluster
is defined by following equation:

It = roma @

n tkna
WE2WHO02
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where @ is trap capacity (in Coulombs), ¢ is trap “round-

trip” time, k = z is breeding factor (z is the mean charge

state in the end of breeding cycle), a is trapping efficiency.
Considering that:

_zt
=2 5)
_ 2'Einj

V=J=m ©)

where L is trap length, 7 is ion velocity in the trap, Eiy is
injection energy of ions, m is atomic mass of element E,
one can find that:

—_ %/fEimj
Igy = Lkn2azm ™

As one can see from equation (7) that required current
drops significantly with increasing cluster size #.

An injection energy of about half of the Extended EBIS
electron beam depth in the trap (= 750 eV) is needed for
helium ions to fully (more accurately almost fully) fill the
trap considering that trapping efficiency « is about 100%
for atomic ions. Using these numbers for equation (4) one
can find that electric current of helium ions I, + required

to fully fill RHIC EBIS trap is about 3.4 mA. The electric
current of helium cluster ions with 1000 atoms in cluster
Tyet o is about 1.1 pA considering the same injection en-

ergy of 750 eV and conservatively trapping efficiency a of
about 10%. Based on space charge estimations below it
will be shown that there is significant advantage in trans-
porting and focusing of cluster ion beams compared to
atomic ion beam for this ratio of electric currents.

In the “slow” injection mode electric current of singly
charged clusters with n atoms of element £ in cluster re-
quired to fully fill trap is defined by following equation:

_ Q
IE‘,-!,: - Atinj'ﬁ'n (8)

where At;y; is duration of ion injection and 3 is ionization
efficiency within trap “round-trip”.

Taking for estimations At;,,; ~ 20 ms and § ~ 1% one
can find that required electric current is about 800 pA and
800 nA in the case of atomic and cluster ion injection cor-
respondently. One should mention that ionization effi-
ciency for cluster ion injection can be higher because clus-
ter ions are slower and spend more time in the trap. Ioniza-
tion cross section is also higher for cluster ions compared
to atomic ions. These two factors can further enhance ad-
vantages of cluster ion injection into EBIS trap in “slow”
injection mode. There is significant uncertainty here con-
cerning how clusters will be disintegrated inside electron
beam and what would be their trapping efficiency by elec-
tron beam space charge. It depends mainly on ion (or atom)
transverse energy gained because of electron-cluster colli-
sion. We were not able to find clear answer to this question
in literature.

Over the last 20 years significant progress has been made
in the development of intense sources of cluster ions and
generation of gas cluster ion beams with average size of
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few thousand atoms per cluster and 1 pA electrical current
has been demonstrated for material applications [10, 11].
Cluster ion beams with such parameters are well suited for
both “fast” and “slow” injection modes into EBIS trap.

The influence of space charge on ion beam transport
(and focus) for cluster and atomic ions is compared using
following equations. The divergence of an initially parallel
beam is defined by [12]:

r(z) ~r(z=0)-(1+05-K- (j—o)z) ©9)

where r(z) is beam radius at coordinate z, 1, - beam radius
at z = 0 (beam is parallel there) and K is generalized
perveance.

Generalized perveance can be found from the following
expression:

1 1

K=—-o i [————
vz Cameo(*9/y'2

] (10)
where [ is electrical beam current, V is source extraction
voltage, q and M are ion charge state and mass and &, is
vacuum permittivity.

As one can see generalized perveance is proportional to
the square root of the ion mass for the same electrical beam
current:

Kocl-M'2 (11)

Considering that the required electrical current Iy for
cluster beam with mass M (N atoms in cluster) to transport
the same particle current as atomic ion beam (/) is equal
to:

h b
N M

(12)

Then, one can find that generalized perveance for cluster
beam with mass M and required electrical current /i is de-
fined by:

Iy =

1 I
Ky ocly - M2 oc 3 (13)

Based on equation (13), one can conclude that there is
significant advantage to transport (and focus) cluster ion
beams compared to atomic ion beams with the same parti-
cle current because space charge effects are inversely pro-
portional to square root of the ion mass.

CONCLUSION

The Extended EBIS is under the final testing and will
replace RHIC EBIS as a main ion injector for RHIC and
NSRL in the beginning of 2023. There are two attractive
options for upgrade of external sources of 1+ ions to im-
prove operational performance of the Extended EBIS
which are under consideration and investigation.

One option is the laser ion source based on ps-laser. To
evaluate feasibility of such ion source, we have measured
ion beam current amplitudes and pulse durations (FWHM)
for different target elements with both stationary and mov-
ing targets. Using these data along with laser ablated
plasma scaling equations, the geometry of a ps-laser-based
ion source which will meet requirements for external ion
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injection into the Extended EBIS trap in both the ‘‘fast’
and ‘‘slow’ injection modes has been specified. It is
shown that both ‘‘slow’’ and ‘‘fast’’ injection modes can
be accommodated with a single ion source geometry and
within single injection line.

Another option is a cluster ion source. Cluster ion beams
have multiple advantages for external injection into EBIS
trap in comparison with atomic ion beams. The electric
current required to deliver the same number of atoms into
the trap is several magnitudes lower in both “fast” and
“slow” injection modes for clusters. It is especially attrac-
tive that the “fast” injection mode for hydrogen and helium
clusters with cluster size of about 1000 atoms becomes fea-
sible, whereas for molecular or atomic injection the slow
mode was necessary to achieve reasonable accumulation of
ion charge. It is shown that cluster ion beam with the same
particle current is much easier to transport and focus into
the trap due to much lower space charge repulsion.
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Abstract

Electron beam ion traps (EBITs) are versatile tools for
spectroscopic studies of partially ionized atomic systems,
mainly in the x-ray domain. This yields valuable informa-
tion for fundamental atomic physics as well as astrophysics.
Ion charge state distributions, resulting from ionization and
recombination processes, can be observed and used to bench-
mark plasma dynamics. Furthermore, EBITs can be used as
small stand-alone ion sources, as they are already used for
example at the HITRAP facility. The Jena S-EBIT facility
are two EBITs, the former R- and S-EBIT from Stockholm,
which both are suitable for x-ray spectroscopy studies and
ion extraction. S-EBIT I has been used as a tool for x-ray
spectroscopy, including the testing of newly developed x-
ray detectors, like the magnetic metallic micro-calorimeter
maXs30. In addition, the setup was expanded by a testing
beamline, to evaluate the potential of S-EBIT I as an ion
source. S-EBIT II is currently in commissioning for oper-
ation as a standalone ion source for HITRAP in the near
future. This will provide new opportunities for local experi-
ments, like the ARTEMIS experiment, independently from
the Gesellschaft fiir Schwerionenforschung (GSI) accelera-
tor infrastructure.

INTRODUCTION

The two Jena S-EBIT traps are based on the cryogenic R-
and S-EBIT from the AlbaNova University Centre in Stock-
holm. R-EBIT was set up in 2005 and used for x-ray studies
and measurements with extracted and charge-separated ions.
The construction of the S-EBIT upgrade started in 2008,
with the aim to increase the maximum electron-beam energy
from 30 to 260 keV [1]. In 2013/14 all R- and S-EBIT parts
were moved to the GSI Helmholtzzentrum fiir Schwerionen-
forschung in Darmstadt. Here, they were assembled as two
independent EBITs, S-EBIT I & II. While S-EBIT I is al-
ready in operation, S-EBIT II is currently in commissioning.

THE FACILITY

The design of both EBITs is based on the Super EBIT
from the Lawrence Livermore National Laboratory [2], with
a difference that cooling of the super conducting magnet of
each EBIT is achieved by means of a cold head and therefore
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Table 1: S-EBIT Operating Parameters Comparison

Parameter S-EBIT I S-EBIT II
Type Cryogenic (liquid helium free)
Magnetic field 3T 4T
Electron-beam  40keV 260 keV
energy

Electron-beam 180 mA 250 mA
current

Electron-beam 37 um

radius (80%)

Trap length 2cm

Ions per pulse 107

Maximum U7 U

charge state

Status Operating Commissioning

both setups are liquid helium free. The operating parameters
of both EBITs are listed in Table 1.

S-EBIT' 1

S-EBIT I is at the moment in operation as part of the Jena
S-EBIT facility. It is used as tool for x-ray spectroscopy
studies, with electron-beam energies of up to 40 keV. This is
realised by having the drifttubes operating at positive high
voltages while the cathode is kept at ground potential. A
section view of the setup is shown in Figure 1.

S-EBIT I is a reliable x-ray source, providing fluorescence
from several different ion species, including heavy highly
charged ions. This enables the ability of testing newly de-

Magnet case
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Figure 1: Technical sketch of S-EBIT L.
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veloped detector systems, as well as commission them in a
realistic environment for their intended use, by performing
real measurements.

This has been done to prepare the metallic, magnetic
calorimeter maXs30 for a beam time at the storage ring
CRYRING@ESR. This commissioning run was finished
successfully, and showed the great potential of the maXs30
detector, as illustrated in the x-ray spectrum in Figure 2, in
which Ke transitions of different charge states of iron are
spectrally resolved [3].

150 1 X-Rays from EBIT (10kV @25mA, Fe)
140 Accumulated Peakfit
130 Fe'™
1204 —— Fe'8*
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Figure 2: Measured x-ray spectra with the maXs30 detector.

Furthermore, to evaluate S-EBIT I as a potential ion
source, it has been equipped with a testing beamline, in-
cluding multiple faraday cups, ion optics and a 90° bending
magnet. First measurements are planned to be conducted
until the end of this year.

S-EBIT 11

S-EBIT Il is currently in commissioning and will be used
as a local ion injector for the HITRAP facility in the near
future.

The HITRAP facility decelerates, captures and cools
heavy, highly charged ions provided by the GSI acceler-
ator infrastructure. To that end it is directly connected to
the experimental storage ring (ESR) [4]. Cooled ion pack-
ages can be provided to experiments at HITRAP, like the
ARTEMIS g-factor or the SPECTRAP experiment [5,6]. As
the need for ions at HITRAP is higher than what the GSI
accelerator infrastructure can provide, local ion sources play
an important role to close this gap. EBITs are well suited
for this task, as they are able to produce high-intensity ion
beams of well-defined ion species and charge states. The
HITRAP facility is already using the compact SPARC EBIT
as a local injector. The addition of S-EBIT II as local injec-
tor for HITRAP aims to extend the field of ions species that
can be used, even when HITRAP does not receive ions from
the GSI accelerator infrastructure [7].

A picture of S-EBIT II is shown in Figure 3. The drift
tube structure is identical to that of S-EBIT I. The difference
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Figure 3: Picture of S-EBIT II. The electron gun is in the
left tower and the collector in the right tower. Ions will be
extracted to the right.

to S-EBIT I is, that for S-EBIT II the electron gun and the
collector are operating on a high, negative potential of up to
-220 kV. To be able to focus electron beams of those higher
energies, S-EBIT 11 is equipped with a stronger supercon-
ducting magnet, which can be powered up to a magnetic
field of 4 T at trap center.

In the ongoing commissioning, the cryogenic system, to-
gether with the superconducting magnet was already suc-
cessfully tested, with the magnet being in stable operation
at 4 T. The upgraded high-voltage system is almost com-
pleted and has been partially tested, with only the new power
supply for the drifttubes still missing. It is expected to be
delivered, installed and tested until August 2022. The elec-
tron gun is currently in commissioning. Within the next
months, the initial commissioning will be completed, with
the EBIT running at an electron-beam energy of up to 20
keV. In this limited mode, S-EBIT II gun, collector and trap
will be running at potentials of £10 kV. In the medium term,
we plan to use the EBIT with electron-beam energies of up
to 140 keV, with -100 kV at the gun and collector and +40
kV at the trap.

CONCLUSION

The Jena S-EBIT facility is a valuable support for various
experiments. Besides providing the possibility for spec-
troscopy studies of highly charged ions in confined plasmas
by itself, it can serve as a tool for commission and testing
of newly developed x-ray detectors, like micro-calorimeters.
Additionally, it can be used as an ‘offline’ ion source for
heavy, highly charged ions at a high availability in compari-
son to storage rings.
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Abstract

Interactions between the atomic nucleus and its surround-
ing electrons can have a large impact on the decay modes
of rare-isotopes. Partial or complete ionization of radioac-
tive nuclei can open new exotic decay modes, such as nu-
clear excitation via electron capture, or selectively block
decay modes to expose second order processes, such as
double-gamma decay. The TITAN Electron Beam Ion Trap
(EBIT) at TRIUMF has successfully been used to generate
and store highly charged radioactive ions, while also pro-
viding a controlled, low-background environment for decay
spectroscopy.

INTRODUCTION

When investigating the decay of radioactive nuclei, in-
teractions between the nucleus and bound electrons in the
constituent atom are typically ignored. However, in common
modes of electroweak decay such as electron capture and
internal conversion, the probability of decay is significantly
affected by the spatial distribution of the atom’s electron
cloud. For nuclear beta decay, the energy and momentum
distributions of the emitted positron or electron are modi-
fied by the surrounding orbital electrons. Understanding the
nature of these decay modes requires not only knowledge of
the nuclear structure of the initial and final states, but also
the effects of the atomic charge state on the decay itself.

Studies of the electroweak decay modes of highly charged
ions (HCIs) offer an experimental challenge due to the signif-
icant technical obstacles of creating and storing radioactive
nuclei at high charge states. The Experimental Storage Ring
at GSI in Darmstadt, Germany, has been used to study the ef-
fects of charge state on electron capture [1] for over 30 years.
The work presented in this article represents the only other
attempt to study radioactive HCI decays, and the world’s
only low-energy ion trap decay station.

DECAY SPECTROSCOPY WITH THE
TITAN EBIT

The Isotope Separator and Accelerator (ISAC) [2] facility
at TRIUMF in Vancouver, Canada, provides a broad array of
rare-isotope beams (RIBs) using the isotope separation on-
line (ISOL) technique [3]. The TRIUMF cyclotron produces
a 500-MeV proton beam at up to 100 pA. The high-intensity
proton beam impinges on a production target, yielding ra-
dioactive ions from spallation and fission reactions. The
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RIB of interest is separated according to mass to charge ratio
and delivered to one of TRIUMF’s experimental facilities.

TRIUMF’s Ion Trap for Atomic and Nuclear Science (TI-
TAN) utilizes multiple traps and instruments in conjunction
to study short-lived nuclei [4]. As shown in Figure 1, a
radio-frequency quadrupole (RFQ) linear Paul trap is used
for cooling via buffer gas and bunching the single-charge
ion (SCI) beam. The Measurement Penning Trap (MPET)
and Multi-reflection Time of Flight Mass Spectrometer (MR-
TOF-MS) are primarily used for precision mass measure-
ments. Lastly, the Electron Beam Ion Trap (EBIT) generates
and traps HCIs, both for delivery to the MPET and for decay
spectroscopy.

cooled SCI
bunches

Figure 1: A diagram of the TITAN facility. The ISAC beam
(red) is injected into the RFQ cooler-buncher, and the result-
ing singly-charged ion beam (blue) is delivered to one of
several ion traps that comprise TITAN. In the Electron Beam
Ion Trap (EBIT), ions are charge bred to higher charge states
and either sent to the Measurement Penning Trap (MPET) or
trapped in the EBIT for decay spectroscopy, as in this work.

After successfully being used for the charge breeding
of stable ions at the Max-Planck-Institut fiir Kernphysik in
Heidelberg, Germany, the FLASH-EBIT design was repur-
posed for RIBs at TRIUMF in the form of the TITAN EBIT
(Figure 2) [5]. Axial confinement in the trap itself is pro-
vided by an electrostatic quadrupole potential well created
by nine copper drift tubes. The drift tubes are held at specific
voltages to create the potential profile of the trap, which is
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modified in cycles to stack new SCIs into the trap as well
as extract HCIs for mass measurements. Radially, ions are
confined by superconducting magnets in a Helmholtz config-
uration around the trap center, and the negative space charge
of the incoming beam of electrons. The two superconducting
magnets generate a magnetic field of up to 6 Tesla and are
thermally coupled to the copper drift tubes. Formerly, the
cathode in the electron gun of the TITAN EBIT was capable
of producing 500 mA, 2keV electron beams, resulting in
10° electrons in the trapping region [6]. Recently, upgrades
have been planned which will potentially improve the cur-
rent density, and thus the strength of confinement, caused
by the electron space charge.

-

\ Central Drift
Tube

: F - ‘.‘.He|mh’0|tz %Is y. < Thin Be WindQ @
Figure 2: Design of the TITAN EBIT [7]. Beam travels
along the black arrow into the trap and interacts with the
electron beam via electron impact ionization. Electrostatic
potential from the drift tubes, in combination with super-
conducting magnets and the negative space charge of the
electron beam, confine ions for charge breeding, followed
by decay or ejection from the trap.

The TITAN EBIT was commissioned for two purposes:
providing HCIs to improve the precision of mass measure-
ments [5, 8], and to provide a unique environment for the
study of exotic nuclear decay modes [9]. The latter case is
facilitated by the direct access to the trap center afforded
by seven external ports perpendicular to the EBIT axis (see
Figure 3). The seven ports are spaced at 45° at slightly dif-
ferent distances, as shown. These ports are separated from
the vacuum of the trap (roughly 10~ Torr) by 0.25 mm-
thick beryllium windows. The beryllium windows ensure
vacuum and thermal isolation of the trap, while minimizing
attenuation of gamma and X-rays produced from nuclear
and atomic decays. Several different detectors and arrays
have been used at the TITAN EBIT, including five to seven
lithium-drifted silicon (Si(Li)) detectors [10]. More recently,
an array of High-Purity Germanium (HPGe) detectors has
been proposed, consisting of detectors formerly used in the
8m array [11]. The decision to change to HPGe detectors
was in part due to their greater efficiency at high gamma-ray
energies without sacrificing resolution, which can counter-
act the relatively low angular coverage of the EBIT setup
compared to more traditional decay-station experiments.
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Figure 3: Cross-sectional view of the TITAN EBIT with six
of the seven external ports in use.

UPCOMING EXPERIMENTS PROBING
RARE NUCLEAR DECAY MODES

The TITAN EBIT is uniquely capable of providing a con-
trolled environment to observe exotic nuclear decay modes
dependent on atomic charge states. This proceeding presents
the physics goals and experimental details for two upcom-
ing experiments at the TITAN EBIT which seek to observe
exotic decay modes with gamma-ray spectroscopy.

Nuclear Excitation via Electron Capture

Nuclear Excitation via Electron Capture (NEEC) is the
proposed reversed process of the more familiar internal con-
version. If a highly charged ion captures an electron into
one of its open lower orbitals, there is an excess of energy
between the initial kinetic energy of the electron and its final
binding energy in the ion. NEEC is said to occur when the
energy of an excited nuclear state matches this resonance en-
ergy. The nucleus, excited by atomic electron capture, then
decays normally, typically with the release of gamma rays.
This precise resonance effect is highly selective, a nuclear
analogue to the atomic phenomenon of direct recombination.
The underlying electron-nucleus interaction occurs by either
the Coulomb interaction or virtual photon exchange between
the electronic and nuclear currents [12]. While the process
has proven to be very difficult to observe experimentally, a
theoretical formalism for the calculation of transition rates
and cross sections has been developed [13].

The advancement in theory of calculating more ad-
vanced internal conversion coefficients and higher predicted
NEEC cross sections spurred renewed experimental inter-
est, producing the first claimed observation of NEEC [14].
The experimenters claimed to indirectly observe NEEC
events by populating an isomeric state in *>”*Mo via fusion-
evaporation and measuring the subsequent gamma-ray de-
cays to the > Mo ground state. NEEC events would be trig-
gered after the ions were fully stripped and implanted in the
lead stopping target by the abundant free electrons. The sub-
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sequent gamma-ray decays would not occur promptly unless
the %Mo was excited by some nuclear process, and NEEC
is a potential explanation, thus the experimental probability
was calculated to be P, . = 0.010(3). Statistical uncertain-
ties in the number of Mo isomers present, the number
of free electrons at the NEEC resonant energy, and charge
state dependence dominate. However, subsequent theoret-
ical calculations performed for the specific experimental
conditions of the **"Mo NEEC experiment established a
best case scenario of P.yxe = 5 x 10”1, nine orders of mag-
nitude smaller [15]. The disagreement remains unresolved;
however, the authors of Ref. [15] indicate that, while not fully
accounting for the observed isomeric depletion, Coulomb
excitation and inelastic scattering probabilities are predicted
to be many orders of magnitude more likely than that of
NEEC.

The controlled environment of the TITAN EBIT provides
the capacity for a low-background, direct observation of
the nuclear decay of HCIs. By precisely tuning the elec-
tron beam energy to the NEEC resonance energy, triggering
NEEC can occur directly at low energies, with less ambi-
guity than the previous observation. Once demonstrated,
NEEC triggering could open a new and powerful method of
selectively populating isomeric states that are challenging
to observe otherwise, as well as provide results that improve
the existing theoretical framework for the NEEC process.
To achieve these goals, an experiment has been approved
to probe the NEEC cross section in '2°"'Sb (see Figure 4).
The isomeric (19/27) state at 1851 keV can be stimulated
via electron capture to excite to the short-lived (15/27) state
at 1861 keV. This state typically decays via internal con-
version, as one would expect for a likely NEEC candidate.
However, there is a 10% branching ratio to decay via gamma-
ray emission, and detection of the resulting gamma rays are
a clear signature of NEEC events. The high energy 1161
keV gamma ray is in a particularly clean region of the EBIT
background spectrum for the HPGe array used for this ex-
periment, and will be used for constraining the NEEC cross
section. Detailed simulations and theoretical calculations of
NEEC cross sections will be included in Ref. [16].

Double-Gamma Decay

The prediction of double-gamma decay is a fundamen-
tal result from quantum electrodynamics, which allows for
quantum systems in excited states to decay by the simulta-
neous emission of two photons. As opposed to the ubiqui-
tous single-gamma decay, double-gamma decay is a second-
order process in which the sum of the two emitted pho-
ton energies are equal to the transition energy wy, i.e. the
difference in binding energy of the initial and final states.
These second order decays have been observed extensively
in atomic physics; however, double-gamma decay of ex-
cited nuclear states has only been observed in a few spe-
cial cases [17-20]. The presence of single-gamma decay
events dominating over second-order processes make mea-
suring the double-gamma decay contribution experimentally
unfeasible. Decays of the form 0* — 0" to the nuclear
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Figure 4: Partial level scheme for '2°Sb, showing the charac-
teristic gamma-ray emissions observable after NEEC from
the 1851 keV state to the 1861 keV state, along with branch-
ing ratios.

ground state are ideal candidates, since £0 photon emission
is forbidden. If there are no intermediate states available,
these states must decay by either double-gamma decay, in-
ternal conversion, or internal pair creation. Investigation of
these so-called non-competitive double-gamma decay can-
didates have led to measurements of double-gamma decay
for 10 [17], “°Ca [18], and %°Zr [18, 19]. These stable,
spherical nuclei with magic numbers of protons and neu-
trons (Z = 40 being a major sub-shell closure) were all
shown to have very similar double-gamma decay branch-
ing ratios (I, /Tyorar = 6.6 X 1074,4.5 x 1074,2.2 x 10~
respectively). Moreover, angular correlations between the
two gamma rays indicated interference between the 2E2 and
2M 1 decay modes, which surprisingly were found to have
similar order [21].

W} 2 wg 2
Doy = 057 | ¥E1 ¥ Xon1 + 3755 %2 (D

Equation 1 is an approximation of the decay width for
double-gamma decay, where wy is the transition energy,
a1 and ag; the electric dipole and quadrupole transition
polarizabilities, and y s is the magnetic dipole transition
susceptibility. The observed double-gamma decay rates are
consistent with this approximation, since they are roughly
proportional to wg Iy /wg ~ 35+ 45! MeV~7). These
electromagnetic quantities are sensitive to the nuclear struc-
ture properties in the initial and final states, and the strength
of decays between these 0" states have been linked to coex-
isting shapes [22]. Therefore, new observations of double-
gamma decay in nuclei which exhibit shape coexistence can
effectively probe electric and magnetic properties of these
nuclei.

Of the six remaining nuclei with known and viable 05 —
0} transitions for double-gamma decay measurements, BZr
is an intriguing case. The nucleus exists at a nuclear shape-
phase transition from spherical to deformed ground states
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along the Zr isotopic chain [23], though the intensity of the
configuration mixing present in *3Zr is not well known. Mea-
surement of the double-gamma decay angular correlations
could shed light on this structural evolution. A similar case
exists in ®Mo, and an upper limit on the double-gamma
decay rate has been established [20].

Despite the name, non-competitive double-gamma decay
still competes with internal pair creation and internal conver-
sion as dominant decay modes. In the case of *3Zr, the low
transition energy of wy = 0.854 MeV prevents competition
with internal pair creation. Internal conversion, however, can
only be suppressed if the ion is fully stripped of its atomic
electrons. TITAN EBIT’s capabilities as an electron beam
ion trap are able to provide an environment that removes all
competition with the double-gamma decay of **Zr, as well
as furnishing the means of measuring the resulting gamma
rays and their angular correlations.

In the approved experiment, a TRIUMF-ISAC primary
beam of *8Sr will enter the trap and undergo beta decay,
populating the 07 state in 987r (via subsequent *®Y beta de-
cay) with a 15% branching ratio. It has been demonstrated
recently that the TITAN EBIT is capable of retrapping beta-
decay products [24], which is essential to the experiment.
Once the isomeric 0F state in **Zr is populated, it is fully
ionized to prevent internal conversion. The subsequent two
gamma rays are detected in the HPGe array, with yields
present in the summed energy spectra at wy = 0.854 MeV
(FWHM = 2.7 keV). Based on a primary beam intensity
of 1 x 107 pps and a 60-keV electron beam with a current
density of j = 2800 A/cm?, measured coincidence yields
are estimated at 250 counts per hour of beamtime. Back-
ground from beam contaminants and other gamma rays in
the full beta-decay chain have been assessed using GEANT4
simulations, to be presented at a later date.

CONCLUSIONS

In summary, decay spectroscopy of radioactive HCIs us-
ing the TITAN EBIT provides a unique opportunity to study
rare nuclear decay processes. Two cases corresponding to ap-
proved experiments at TRIUMF have been presented: NEEC
decay of the 19/2" state of '2°"*Sb, and double-gamma de-
cay of the 0* state of *Zr. These experiments are planned
for later this year.
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Abstract

Nuclear charge radii, a quantity crucial in many nuclear
physics studies, can be extracted from Li-like electronic
transitions, even in heavy ions, when combined with atomic
theory [1,2]. This has progressed to permit such calculations
from transitions in Na-like ions [3,4]. Charge breeding to Na-
like charge state eases experimental requirements. To this
end, at TRIUMF’s Ion Trap for Atomic and Nuclear science
(TITAN) facility, we are developing a high-efficiency, flat-
field grazing incidence extreme-ultraviolet (EUV) spectrom-
eter, for the measurement of absolute nuclear charge radii of
short-lived nuclides. It will be installed to the Electron Beam
Ion Trap (EBIT), which is capable of electron beam ener-
gies up to 66 keV. The spectrometer is designed to optimize
transmission efficiency in the EUV regime. The ray-tracing
simulations done in Shadow3 [5] will be presented. The first
measurement candidates are 2! Fr and a suitable spin-0 iso-
tope of Ra. These two elements are relevant for atomic parity
violation (APV) experiments and searches for time-reversal
violating permanent electric dipole moments (EDM).

INTRODUCTION

The nuclear charge radius is a fundamental property of
the nucleus, and it plays a key role in understanding nuclear
and atomic phenomena. Accurate measurement of nuclear
charge radii is vital to understand nucleon-nucleon inter-
actions, the appearance of non-traditional magic numbers,
the onset of deformation, and the structure of exotic halo
nuclei [6,7]. Precision atomic tests of fundamental symme-
tries, such as atomic parity violation (APV) or searches for
permanent electric dipole moments (EDM) as a signature of
time reversal violation, require knowledge of nuclear charge
distributions to extract the weak interaction physics from the
measurement.

Some standard methods available to measure the abso-
lute charge radius include elastic electron scattering [8] and
muonic atom spectroscopy [9]. However, these techniques

* Work supported by the Natural Sciences and Engineering Research Coun-
cil (NSERC) of Canada and the National Research Council (NRC) of
Canada through TRIUMF.

T ywang@triumf.ca
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require macroscopic samples, exceeding by orders of magni-
tude the amount of short-lived radioactive isotopes that can
be accumulated at radioactive beam facilities.

The critical ingredients to measure the absolute nuclear
charge radius of short-lived heavy isotopes are access to
intense radioactive ion beams (RIB), charge breeding to
Na-like or higher charge states, optical access to the stored
highly charged ions, and finally a spectrometer matched to
the EUV light. All of these ingredients are united at TI-
TAN [10], making it presently the only facility in the world
capable of such measurements. Our first candidates are >!'Fr
and a suitable spin-0 isotope of Ra. These two elements are
of interest for APV experiments and the searches for EDM.
We plan to probe the light emitted from the 3s 25| 2=3p
2P, /2 (D1) transition of Na-like Fr and Ra isotopes to mea-
sure the energy emitted from this electronic transition. This
specific transition is chosen as it offers the strongest optical
signal, which is in the EUV regime, hence the necessity for
a spectrometer that is highly sensitive to the EUV light. We
will also probe the same transition from several isotopes of
elements with well-known charge radii charge bred to the
same charge state, which are used as references. We will
then compare the energy shift with the expected theoretical
energy difference, and obtain the charge radius of the isotope
being measured by adjusting it in the theoretical calculation
to match the measured transition energy shift.

In this proceeding, we describe the status and outlook of
this nascent program.

EUV SPECTROSCOPY WITH TITAN EBIT

The TITAN EBIT [11] permits electron beams with cur-
rents up to 5 A and energies up to 66 keV. The Helmholtz
style magnet allows optical access through seven radial ports.
On one of these ports an EUV spectrometer will be installed.
We have designed our spectroscopy setup, as illustrated in
Figure 1. It will contain three major components: the EUV
focusing optics, the EUV monochromator, and the charge
coupled device (CCD) camera, where two key optical ele-
ments in the EUV monochromator will be an entrance slit
and a grating substrate.
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Figure 1: A sketch of the EUV spectroscopy setup that will
be installed to the TITAN EBIT. Light collected from the
EBIT will be focused and reflected by the focusing optics
on the entrance slit, then diffracted by the grating substrate.
The diffraction pattern will be collected by the CCD camera
and analyzed.

The focusing optics will be a gold-plated, 15 cm long
by 3.5 cm wide spherical mirror with a radius of curvature
of 1141.471 cm. The center of the mirror will be placed
59.74 cm from the center of the EBIT chamber, at a grazing
incidence angle of 3°. The mirror will collect light from
the electronic transition in EBIT and concentrate it onto the
bilateral entrance slit, with a continuously adjustable width
from 0.001 to 3 mm [12]. There will be a 1:1 ratio between
the source-to-mirror and the mirror-to-image distances. Af-
ter passing through the entrance slit, the focused light will
be diffracted by the spherical grating. The 50 mm by 30 mm
flat-field grating with variable groove spacing will have a
radius of curvature of 564.9 mm and nominal groove density
of 1200 g/mm, which is ideal for the spectral range of 5 to
20 nm (62-248 e¢V) [13]. It will be located 23.7 cm from
the entrance slit, at a grazing incidence angle of 3°. The
diffraction pattern will be collected by the CCD camera,
which will be placed in the focal plane of the grating, 23.5
cm away from the grating center [14].

We have commissioned the focusing optics and the
monochromator from McPherson Inc. [12] for capabilities
similar to the NIST EBIT’s [14]. It will have a flat-field
grazing incidence. The aspheric wavefront of the spherical
substrate grating will allow corrections of aberration, thus
providing high-resolution spectra. The device will be opti-
mized for the range of 5-20 nm (62-248 eV) [15]. We have
an existing CCD camera (iKon-L SO 936 series by Andor
Technology), which offers a 2048 by 2048 array of active
pixels, 13.5 by 13.5 um in size, delivering a 27.6 by 27.6
mm active image area [16].

RAY-TRACING SIMULATIONS

The EUV spectrometer was simulated with SHADOW?3, a
widely used open-source ray-tracing program [5], through its
recommended graphical environment, OrAnge SYnchrotron
Suite (OASYS). Three optical elements (OE) were modelled:
1) geometrical source, 2) spherical mirror, and 3) spherical
grating.
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OE 1: Geometrical Source

We estimated a cylindrical ion cloud inside TITAN EBIT
based on Herrmann theory [17,18]. Since SHADOW?3 only
allows a one- or two-dimensional geometrical source, a cross
section of the cylinder, a 0.01 cm by 7.0 cm rectangle, was
used as the simulated source, with 25000 rays generated
randomly through the Monte Carlo method. We chose a set
of discrete photon energies, at 248 eV, 124 eV, 83 eV, and
62 eV (5 nm, 10 nm, 15 nm, and 20 nm). These energy
values are chosen to correspond to the grating substrate in
the monochromator, optimized for the 5 to 20 nm wavelength
range as mentioned before, to examine the spatial separation
of the diffraction pattern for photons with wavelengths in
the EUV region of interest.

OE 2: Spherical Mirror

The gold plating of the spherical mirror was simulated
through a pre-processor linked to an optical library that
processes the reflectivity and transmission of the mirror [5],
with the element of gold (Z = 79) and its density (19.32
g/cm?) inputted as reflectivity parameters. This preliminary
program generates the complex dielectric constant based on
the user-defined mirror material from the atomic scattering
factor library. The file is read and used by SHADOW to
compute the local reflectivity based on Fresnel equations
and phase shifts [19].

SHADOW allows users to define a continuation plane,
where an image can be generated. This image then becomes
the source for the next optical element, and is traced through
to the final image position [19]. Such a continuation plane
was created at the location of the entrance slit as shown in
Figure 1. This serves as a virtual stopping point to examine
the focused image at the slit, before passing the optical infor-
mation to the spherical grating. The image generated at the
continuation plane is shown in Figure 2. This focused image
of the rectangular geometrical source serves as a validation
that the optical parameters of the spherical mirror, including
its position and its radius of curvature, are appropriately
chosen.

OFE 3: Spherical Grating

The spherical grating receives and processes information
from the previous continuation plane. We simulate an imag-
ing plane past the grating, at the location of the CCD camera
in Figure 1, to visualize the diffraction pattern shown in
Figure 3. We observe four spectral lines with distinct spatial
separation, with larger spatial deviation corresponding to
lower photon energy or longer wavelength.

This simulation modelled the optical path of the EUV light
collected from the EBIT and processed by the spectrometer,
and confirmed that the design of the optical elements in the
spectroscopy setup is suitable.

STATUS AND OUTLOOK

The TITAN EBIT has been successfully operated for
charge breeding of radioactive ion beams and in-trap spec-
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Figure 2: The focused image of the geometrical source at
the entrance slit, simulated in SHADOW3.

Z[cm]

—_—
-3 -2 1 0 1 2 3 0 100 200
X [cm] A.U.
20 A
15 A
S5 10
< 5|
0 4

Figure 3: Spectral lines collected in SHADOW?3 at the posi-
tion of the CCD camera, spatially separated by the diffraction
grating. From bottom to top, each line corresponds to pho-
ton energies of 248 eV (5 nm), 124 eV (10 nm), 83 eV (15
nm), and 62 eV (20 nm).

troscopy for more than a decade. These efforts have hitherto
been focused either to support Penning trap mass spectrom-
etry or focused on more traditional nuclear-physics studies.
The addition of a newly commissioned EUV spectrometer
from McPherson will expand TITAN’s capabilities to in-
clude absolute and relative determination of nuclear charge
radii. SHADOW?3 simulations were performed to determine
the optical properties required of the spectrometer system.
Aside the spectrometer, the TITAN facility is otherwise
experiment ready. With off-line tests of the spectrometer
planned in fall 2022 and installation in spring 2023, the
spectrometer should be ready for on-line experiments by
summer 2023. The first measurements will validate the
method using a suitable ion of a stable, heavy element with
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a well-determined nuclear charge radius. Subsequently, we
plan to measure Ra and Fr relative to this anchor.
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PERFORMANCE OF ANL EBIS AND RADIOACTIVE
BEAM PRODUCTION*

R. Vondrasek’, C. Dickerson, J. McLain, B. Mustapha, G. Savard, R. Scott,
Argonne National Laboratory, Lemont, IL, United States

Abstract

Operation of the Argonne National Laboratory Electron
Beam Ion Source (EBIS) was paused in March 2020 due to
COVID restrictions. Source operation resumed in March
2022 with a focus on elongating the extracted beam pulse
while maintaining high breeding efficiency. Through mod-
ification of the trap emptying waveform, a 10 ms pulse of
133Cs?™ with a single charge state breeding efficiency of
22.2% has been achieved.

EBIS

Description

The EBIS charge breeder was designed in collaboration
with Brookhaven National Laboratory and is based upon
the RHIC TestEBIS [1]. Several parameters such as the
electron gun, potential distribution in the ion trap region,
electron collector, and injection/extraction systems were
modified from those used for the TestEBIS with the goals
of a shortened breeding time, higher transverse ion ac-
ceptance, and higher breeding efficiency [2, 3].

Figure 1: Overview of the EBIS charge breeder showing:
a) electron gun, b) cryogenic pumps, c) turbomolecular
pumps, d) 6 T superconducting solenoid, e) drift tube struc-
ture, f) electron collector, g) electron gun solenoid coil, h)
collector solenoid coil.

The EBIS has turbomolecular and cryogenic pumps in-
stalled at either end of the trap and non-evaporable getter
(NEG) strips installed along the length of the trap (Fig. 1).
The trap operating pressure is < 1x107'° Torr with the
beamline operating at 1x10” Torr. A surface ionization
source provides beams of '3Cs" for device tuning and
charge breeding studies. A pulsed electric steerer after the
surface source produces a beam pulse of 50 us [4]. The
electron beam is normally operated at 1.2 A, but for this
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series of measurements operation was reduced to 0.35 A,
together with an increase in duty cycle to 60%. While trap
capacity was reduced, measurements showed a relatively
low electron beam neutralization factor of 2.5% during the
breeding cycle. Source operating parameters are shown in
Table 1.

Table 1: EBIS Parameters Used for Pulse Lengthening
Series of Measurements

Magnetic field in trap 55T
Magnetic field on cathode 0.15T
IrCe cathode diameter 4.2 mm
Electron beam current 035A
Electron beam diameter in trap 0.692 mm
Electron beam density in trap 92 A/em?2
Electron beam energy in trap 8951 eV
Drift tube diameter 20 mm
Trap length 0.532m
Trap capacity 3.5nC
Injection time 50 ps
Repetition rate 10 Hz
Duty cycle 60 %
EBIS high voltage bias 20kV

Pressure (in trap) <1x10-10 Torr

Beam Production

The EBIS started delivering radioactive beams for the
ATLAS physics program in 2018. Beams produced to date
have had an A/Q < 6, breeding times between 30-60 ms at
10 Hz repetition rate, and an average single charge state
(SCS) breeding efficiency of 15.4% with a maximum of
24.6% (Table 2). The source has a substantially reduced
beam contaminant level when compared to the ECR charge
breeder it replaced [5]. The radioactive species (RIB Con-
tent) typically account for > 70% of the beam incident on
target, whereas with the ECR the fraction was <3%. Beam
contaminants are volatile species such as fluorine or potas-
sium with additional constituents arising from the 316L
stainless steel components and the copper electron collec-
tor [6]. The charge state selected for beam delivery can typ-
ically be adjusted to avoid these known contaminants.
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Work with the EBIS was paused in March 2020 due to
COVID restrictions. During that time, a power failure dam-
aged the chiller that cooled the helium compressor for the
6T solenoid. The parts necessary to affect a repair were not
available until September 2021. EBIS operation resumed
in March 2022 with this series of measurements focusing
on elongating the extracted beam pulse.

Beam Pulse Extraction and Elongation

Charge bred beam can be extracted in one of two ways.
The collector side barrier can be lowered within 1 ps to
allow the highly charged ions to escape. This produces a
10-20 ps beam pulse. To reduce the high instantaneous
rates and avoid detector pile up, techniques have been de-
veloped to slowly lower the barrier potential resulting in
extracted pulse lengths of 80 ms [7, 8].

For the ANL EBIS, a trap-over-barrier extraction scheme
has been implemented in which the potential of the trap
electrodes is slowly ramped using an empirically tuned ar-
bitrary function generator [9]. Once the energy of the indi-
vidually trapped ions is high enough to overcome the col-
lector side barrier potential, the ions spill out of the trap
and are extracted. This scheme results in a reduced energy
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spread of the extracted ion beam since the total energy re-
quired to overcome the barrier potential is roughly con-
stant. The beam pulse width is manipulated by varying the
trap ramp waveform.

The original trap waveform utility specified low (filling)
and high (emptying) trap voltages, width of the ramping
pulse, and two log functions for shaping the waveform.
This scheme produced 6 ms pulse widths, but the pulse uni-
formity was poor. Use of a single ramping waveform did
not provide the flexibility to quickly ramp the trap voltage
and still maintain a sufficiently flattened voltage during the
critical emptying phase (Fig. 2).
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Figure 2: Pulse width with one-component trap emptying
waveform.

An intermediate step utilized a BK Precision “Wave Ex-
press” software package [10] for waveform creation. How-
ever, the interface between the laptop-based program and
the EBIS control system resulted in waveform update times
of 5 minutes. The “Wave Express” utility did allow us to
converge upon a satisfactory solution of two waveforms
with independent variables.

A new waveform generator utility was developed by the
EBIS control system group and allows for real-time chang-
ing of the trap ramping waveform. The waveform is di-
vided into two components with independent control over
their voltages, duration, and shaping. An ideal solution was
arrived at where during the breeding cycle, the first wave-
form slowly ramps the trap to a voltage slightly below that
necessary for emptying. The second waveform is then ap-
plied raising the trap the final ~50 V resulting in ion extrac-
tion. The optimum waveform raised the trap by 35 V in the
first 0.5 ms and then gradually ramped the remaining 15 V
over 9.5 ms giving insight into the trapped ion energy. A
uniform beam pulse of 10 ms was achieved with a 22.2%
SCS breeding efficiency (Fig. 3) while breeding efficiency
with fast extraction mode (dropping the barrier) was
23.1%. Pulse widths of 20 ms with a uniform distribution
of intensity have been achieved using this technique.

When the trap ramping cycle is complete, the electron
beam is terminated, and the collector side barrier is low-
ered clearing the trap volume of any residual ions. In the
case of Figure 3, these two beam pulses are visible. Their
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timing was shifted to ascertain how much beam was re-

maining in the trap near the end of the cycle and thus re-
duced the breeding efficiency.
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Figure 3: Pulse width with two-component trap emptying
waveform.

NUCARIBU AND MULTI-USER

The CAlifornium Rare Isotope Breeder Upgrade
(CARIBU) [11] provides radioactive beams to the Argonne
Tandem Linac Accelerator System (ATLAS). Fission frag-
ments are produced by a Cf-252 fission source located in-
side a large-volume RF/DC helium gas catcher [12]. The
fragments are thermalized and rapidly extracted at up to 50
kV forming a low-energy beam of 1+ or 2+ ions.

The main obstacle with the passive C{-252 source is that
there is no longer a clear path forward to replace the de-
pleted source, limiting the intensity capabilities of the low
energy and reaccelerated CARIBU beams. Generating the
neutron-rich isotopes with neutron induced fission on an
actinide foil approach increases the isotope production in-
tensities in some important regions, improves operation
and maintenance simplicity, and provides a more reliable
source [13]. Another unique feature of nuCARIBU is the
capability of changing target foils to allow for production
of fission fragments that are only available from fission of
specific isotopes. Details and status of the program can be
found elsewhere in these proceedings [14].

The ATLAS Multi-User Upgrade will take advantage of
the continuous-wave nature of ATLAS and the pulsed na-
ture of the EBIS charge breeder in order to simultaneously
accelerate two beams with very close mass-to-charge ra-
tios; one stable from the existing ECR ion source and one
radioactive from the EBIS charge breeder [15]. An analysis
of recent ATLAS operation data, when CARIBU beams are
accelerated, shows that such an upgrade could deliver ap-
proximately 50% more beam time if certain experimental
areas were equipped with appropriate instruments. The
simultaneous acceleration of two beams produced by the
EBIS with A/q separation of 1% (!3Cs*"* via neutral gas
injection and '32Xe?”* via the surface ionization source) has
been demonstrated with 70% transport efficiency.
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CONCLUSION

Operation of the Argonne National Laboratory EBIS re-
sumed in March 2022 with a focus on elongating the ex-
tracted beam pulse while maintaining high breeding effi-
ciency. Through modification of the trap emptying wave-
form, a 10 ms pulse of 133Cs27+ with a single charge state
breeding efficiency of 22.2% has been achieved. The
waveform interface has improved flexibility and has al-
lowed pulse widths as long as 20 ms with uniform distri-
bution to be achieved. The nuCARIBU project and ATLAS
Multi-User Upgrade projects are progressing with essential
equipment arriving and installation plans being finalized.

This work was supported by the U.S. Department of En-
ergy, Office of Nuclear Physics, under Contract No. DE-
AC02-06CH11357. This research used resources of ANL’s
ATLAS facility, which is a DOE Office of Science User
Facility.
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STATUS OF THE CANREB EBIS AT TRIUMF

B. E. Schultz’, F. Ames, S. B. Beale, M. Cavenaile, C. R. J. Charles
TRIUME, Vancouver, Canada V6T 2A3

Abstract

The CANadian Rare isotope facility with Electron Beam
ion source (CANREB) is an essential part of the Advanced
Rare IsotopE Laboratory (ARIEL) presently under construc-
tion at TRIUMF. CANREB can accept stable or rare isotope
beams from a variety of ion sources, delivering high purity
beams of highly charged ions (HCI) to experiments. The in-
jected beams are bunched and cooled using a radiofrequency
quadrupole (RFQ) cooler-buncher, and energy adjusted us-
ing a pulsed drift tube for injection into an electron beam
ion source (EBIS) charge breeder. The EBIS was designed
for a maximum electron beam current of 500 mA at a maxi-
mum magnetic field of 6 T. The EBIS can accept ion beam
energies up to 14keV and HCI with 3 < A/g < 7 can be
charge bred and extracted. The HClIs are separated using a
Nier-type spectrometer before being transported to the linac
for post acceleration. The status of the CANREB EBIS and
recent results will be presented.

INTRODUCTION

TRIUMF houses a cyclotron which can produce proton
beams at energies up to 520 MeV and currents up to 120 uA
(> 300 pA total for all beamlines). For production of rare
isotope beams (RIB), protons with energy 480 MeV (and cur-
rents up to 100 uA) impinge on targets comprised of U, Ta,
Si, Th, Nb, or C [1]. Reaction products are formed through
fission and spalation reactions and ionized using surface,
laser, or plasma discharge ion sources. Ions are extracted at
energies up to 60 keV and can be transported directly to low
energy experiments in the Isotope Separator and ACcelerator
(ISAC) facility. Ions can also be transported to high energy
experiments (up to 15 MeV/nucleon for low A/q) following
post-acceleration through a multi-stage (room temperature
and superconducting) linac. The linac has an energy accep-
tance of 2.04 keV/nucleon, limiting the mass-to-charge ratio
to A/g = 30 for 60 keV. Post-acceleration of heavier ions
requires charge breeding to 3 < A/g < 7. Currently, highly
charged ions (HCI) are created using an electron cyclotron
resonance ion source (ECRIS) installed in ISAC [2]. The
ECRIS is limited to efficiencies of a few percent, and also
generates high background currents due to high residual
gas pressure and plasma chamber sputtering. The resulting
isobaric currents can be several orders of magnitude more in-
tense than the species of interest. The maximum achievable
charge state from the ECRIS is also limited, and secondary
stripping in the linac is often required to reach the necessary
energy which further limits the efficiency.

The Advanced Rare IsotopE Laboratory (ARIEL) project
is currently under construction at TRIUMF. In addition to
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adding two new target stations for RIB production, ARIEL
also includes the CANadian Rare isotope facility with Elec-
tron Beam ion source (CANREB) for charge breeding of
ions. CANREB utilizes an electron beam ion source (EBIS)
to generate HCI. The EBIS is designed for ultrahigh vacuum
operation, which greatly reduces the background contamina-
tion relative to the ECRIS. The EBIS can also reach higher
charges states, mitigating the need for a second stripping and
permitting the delivery of clean and intense post-accelerated
beams to ISAC.

CANREB OVERVIEW

CANREB is located in the ARIEL building adjacent to
ISAC (Fig. 1). The lower level of the ARIEL building
contains the future mass separator room, which houses the
CANRERB high resolution separator (HRS). The HRS has a
dual magnetic dipole which is designed to reach resolving
powers up to 20000 [3]. The HRS can accept beam from
the future ARIEL target stations, which is then transported
upstairs through a vertical beamlime. If additional mass
separation is not required, the HRS can be bypassed. The
HRS is currently being commissioned off-line. The mass
separator room also contains the ARIEL test ion source
(TIS) [4], a small surface source used for stable beam tests
in CANREB.

The CANREB charge breeding systems are located on
the ground floor of the ARIEL building. Stable ion beams
can be injected from the TIS or from the off-line ion source
(OLIS) in ISAC. RIB can currently be injected from the
ISAC target stations and from ARIEL in the future. Ions can
be injected at energies up to 60keV into the radiofrequency
quadrupole (RFQ) cooler-buncher [5] with intensities up to
a few 100 pA. The ions are confined using a combination
of DC electric and RF fields (frr = 3 — 6 MHz) for up to
10 ms (at a nominal rep rate of 100 Hz). A helium buffer
gas (P ~ 30 mTorr) cools the trapped ions. The extracted
ions have a nominal FWHM width of ~ 1 us. The extracted
ions must be reduced in energy for coupling into the charge
breeder, which is accomplished using a pulsed drift tube
(PDT). The PDT is rapidly switched between high voltage
and ground using a push-pull Behlke switch (fall time < 500
ns).

The EBIS was designed and constructed at the Max Planck
Institute for Nuclear Physics in Heidelberg, Germany [6].
The system is designed to accept ions with energies up to
14 keV (set by the desired A/q and the energy acceptance
of the linac) and intensities up to ~ 107 particles per bunch
at 100 Hz. The ions are confined electrostatically in the
center of a split-bore, semi-Helmholtz superconducting (4 K)
magnet with a maximum field strength of 6 T. A barium
dispenser cathode generates an electron beam with an energy
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Figure 1: Layout of CANREB charge breeding systems. See text for acronym definitions. Blue arrows indicate path of
beam injected into CANREB, either from OLIS or the ISAC target stations. Charge bred RIB from the EBIS can either be
sent to the AYS for yield measurement (dashed red arrow) or into the ISAC linac for post-acceleration (solid red arrows). In
the future, beam from the new ARIEL target stations can be injected into CANREB (green circle) and charge bred in the

EBIS.

and current of up to 15keV and 500 mA, respectively. The
electron beam is compressed through the trapping region by
the magnetic field before being deposited onto an electron
collector. The drift tubes in the trapping region are cooled
with the magnet to ~ 4 K to act as a getter to reduce the
residual gas pressure in the charge breeding region. Trapped
ions are charge bred for up to 10 ms and are then extracted
and transported through a Nier-type spectrometer (NIS) for
charge state separation (m/dm ~ 300).

EBIS COMMISSIONING AND STATUS

For EBIS commissioning the ion beam energy—which is
set by the high voltage (HV) bias of the central drift tubes—
was limited to a maximum of 7keV. In the presence of a
strong magnetic field, higher voltages would lead to a per-
sistent HV discharge, creating negative vacuum effects and
voltage instabilities that rendered the system inoperable. The
discharge was only present with the magnetic field turned
on, which required the maximum field strength to be limited
to 1 T. Attempts to address this issue following high voltage
failures in 2019 and 2021 were only partially successful;
investigations (and simulations [7]) are underway to try and
solve the problem. In addition to voltage limitations, the
electron gun current was limited to 40 mA.

The EBIS was commissioned using a number of ion
beams. The TIS provided 8°Rb and !33Cs beams at ener-
gies up to 30 keV. A variety of alkali (Rb, Cs) and noble
gas beams (Kr, Ar) were injected from OLIS. Radioactive
beams from an ISAC target station were also charge bred and
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successfully post-accelerated to a high energy experiment
for tests [8].

An A/q spectrum of charge bred 3°Rb from OLIS is
plotted in Fig. 2 (top), measured prior to the latest HV
failure. The black and red spectra were measured with
the Rb injected into the EBIS and blocked, respectively.
The EBIS was operating with B = 1 T and an electron
beam energy/current of 4.3 keV/27 mA. The ion energy was
6.3 keVxq and the charge breeding time was 8 ms. The spec-
tra were recorded by varying the magnetic field of the NIS
and recording the ion beam current on a downstream Faraday
cup. The A/g-axis has been truncated to show the region of
interest for post-acceleration. Figure 2 (bottom) shows the
resulting charge state distribution (CSD) and relative abun-
dances of the various charge states. In the peak of the CSD
(roughly Rb 11+) the charge breeding efficiency was = 2%
with an injected beam current of 200 pA. For comparison,
the CSD for an 8 ms charge breeding time was estimated
using CBSIM [9]. The electron beam current density was
adjusted to match the peak of the distribution, giving a value
of 50 A/cm?. For these electron beam parameters, the Her-
rmann radius was estimated to be 112 ym, giving a current
density of ~ 70 A/cm? which is consistent with CBSIM.
The measured CSD is much broader than that generated by
CBSIM, with lower and higher charge states. This could
be caused by poor overlap of the ion cloud with the elec-
tron beam and/or the trap not being fully emptied after each
charge breeding cycle.

The EBIS was recently brought back to an operational
state following the latest HV failure. Figure 3 shows A/q
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Figure 2: ¥5Rb charge bred in the EBIS. Electron beam energy = 4.3 keV, electron beam current = 27 mA, magnetic field =
1 T, charge breeding time = 8 ms, and ion energy = 6.3 keVxq. (Top) A/q spectra with the Rb beam injected (black) and
blocked (red). Blue dashed lines indicate position of Rb charge states from 11-25+. (Bottom) Charge state distribution and
relative charge state abundances for measured data (black) and simulated data (blue).
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Figure 3: $5Rb charge bred in the EBIS. Electron beam energy = 4.3 keV, electron beam current = 17 mA, magnetic field =
1 T, charge breeding time = 4 ms, and ion energy = 5.3 keVxq. (Top) A/q spectra with the Rb beam injected (black) and
blocked (red). Blue dashed lines indicate position of Rb charge states from 4—13+. (Bottom) Charge state distribution and
relative charge state abundances for measured data (black) and simulated data (blue).

CONCLUSION

CANREB has been built to charge breed stable and rare
isotope beams using an EBIS for post-acceleration to high

spectra (top) and charge state distribution (bottom). The
EBIS was operating with B = 1 T and an electron beam
energy/current of 4.3keV/17mA. The ion energy was
5.3keVxq and the charge breeding time was 4 ms. In the

peak of the distribution (roughly Rb 7+) the charge breeding
efficiency was < 0.1%. Similar to the data from 2021, the
CSD is broad compared to that predicted by CBSIM, which
could again indicate issues with ion trapping. The electron
beam current density in CBSIM was 32 A/cm?, compared
to 44 A/cm? as estimated from theory.
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energy experiments in ISAC. CANREB systems have been
commissioned, and the RFQ cooler-buncher, PDT, and NIS
are all operating to specifications. A number of ion species
have been charge bred in the EBIS for times up to 8 ms,
achieving single charge state efficiencies up to ~ 2% in the
peak of the charge state distributions.

EBIS performance during commissioning was limited due
to high voltage stability issues relating to discharge through
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the drift tube bias. The discharge was strongly correlated
to the presence of the magnetic field. As a result, the ion
beam energy was limited to < 7 keV x q at a maximum
magnetic field of 1 T. These parameters were sufficient for
commissioning, but will not allow the system to be operated
within the full range required for beam delivery at TRIUMF
(6-14 keV). Attempts to resolve this issue have up-to-now
been largely unsuccessful, and efforts are underway to try
and fix the problem. Once the high voltage can be operated to
specification, efforts will focus on improving EBIS efficiency
and overall performance.
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COLLINEAR LASER SPECTROSCOPY OF 2C*: TOWARDS AN
ALL-OPTICAL NUCLEAR CHARGE RADIUS DETERMINATION

P. Imgram*, K. Konig, P. Miiller, W. Nortershauser
Institute for Nuclear Physics, Technical University of Darmstadt, [64289] Darmstadt, Germany
B. Maal}
Physics Division, Argonne National Laboratory, [60439] Lemont, IL, USA

Abstract

Recent progress in non-relativistic QED calculations for
He-like atomic systems opens up the possibility of all-optical
nuclear charge radius determinations beyond He. Therefore,
152538, — 1s2p 3P, transitions in '2C** are investigated
as a proof-of-principle experiment. Here, first collinear laser
spectroscopy resonance spectra of '2C** from an electron
beam ion source (EBIS) are presented and peak shapes are
studied for different EBIS production modes.

INTRODUCTION

The investigation of the nuclear size plays an important
role in the unraveling of the nuclear structure since its discov-
ery by Rutherford. Different techniques have been developed
over time to measure the nuclear mean square charge radius
(r%) [1]. For stable nuclei, the nuclear charge distribution
can directly be probed through elastic electron scattering [2].
Also myonic atom spectroscopy has been proven a valuable
tool for the extraction of nuclear size information [3]. For
radioactive nuclei, one had to come up with a procedure
which takes only few ms from the production of the unsta-
ble nuclei to the measurement. Therefore, Collinear Laser
Spectroscopy (CLS) has been developed [4] and since then
established as a workhorse in this field [5, 6]. It unites high
resolution with a fast measurement cycle through in-flight
spectroscopy on fast ions (10 - 60keV) in a collinear ge-
ometry. However, laser spectroscopy of radioactive nuclei
only yields changes 8(r2) of the nuclear ms charge radii
along an isotopic chain. In order to obtain the nuclear size
(r?) also for short-lived isotopes, a combined analysis of
all available measurements is used [1]. Due to major ad-
vances in non-relativistic QED (NRQED) calculations in
one- and two-electron-systems in the past years they are now
chiefly limited by the finite nuclear-size effect. This means
that the nuclear size can be determined in an all-optical
way through a comparison between a measured transition
frequency v and the calculated frequency vy in the re-
spective transition under assumption of a point-like nucleus.
This has been demonstrated in H [7, 8], uH [9] and uHe
so far [10] and also led to the famous proton radius puzzle
[11]. The recent agreement between theory and experiment
in the 23S, — 23P, in He reported in [12] opens up the
possibility to expand this approach of all-optical nuclear
charge radii also to He-like ions of heavier species. Unfortu-
nately, the lifetime of the metastable 23S, state decreases
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quickly with increasing nuclear charge Z as shown in Table. 1.
Similar to short-lived nuclei, CLS is the best-suited method
to investigate the corresponding transitions in He-like Be,
B and C ions. Beginning with N the wavelength is not ac-
cessible with commercial laser systems anymore but might
be available at some point. Furthermore, the determination
of the stable nuclei !%-!'B with this all-optical approach is
of special interest since it promises much better accuracy
compared to elastic electron scattering which is hindered by
the interference of the two form factor components CO and
C2 in these nuclei [13]. A precise charge radius measure-
ment in these stable nuclei is crucial to deduce the possible
proton-halo from 8B [14, 15].

From all available candidates besides He, the nuclear charge
radius of 12C is known to highest precision from myonic
atom spectroscopy [16] and elastic electron scattering [17]
making 12C#* a perfect proof-of-principle candidate. Fur-
thermore, '2C is the only nucleus in this region without
nuclear spin which simplifies the NRQED calculations as
well as the experiment. In the following, the experimental
setup will be explained and first resonance spectra of the
23S, — 23P, transition in '2C** for different measurement
parameters are shown and compared.

Table 1: Lifetime 7 and Transition Wavelength 4 of the
Metastable 23 S State in He-like Ions

Ion species 7(23S;) 2(23S-23P)
He 2.2h 1082 nm
Lit* 50s 548 nm
Be?* 1.8s 372nm
B3+ 150 ms 282 nm
Cc4+ 21 ms 227 nm
N5+ 3.9ms 190 nm
EXPERIMENTAL SETUP

The experiment is performed at the COllinear Apparatus
for Laser spectroscopy and Applied science (COALA) sit-
uated at the Institute for Nuclear Physics of the Technical
University of Darmstadt. The technique of (quasi-)simulta-
neous collinear and anti-collinear laser spectroscopy [18]
has been established and improved at COALA in previous
experiments [19-21]. Although a few improvements and
changes of the setup have been carried out over the past years,
the measurement principle and main parts of the beamline
are are still as detailed in [22]. Therefore, only a brief sum-
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Figure 1: Schematic model of the COALA beamline. Details to the beamline can be found in [22]. A new development
is the switchyard which allows more flexibility for parallel usage of ion sources. An electron beam ion source EBIS-A
from Dreebit has been installed to investigate light He-like ions.

mary is given here.

The current setup of the COALA beamline is depicted
in Fig. 1 and shows two major changes in comparison to
[22]. First, a new switchyard has been installed to pro-
vide more flexibility regarding the parallel usage of ion
sources. Second, a new electron beam ion source EBIS-A
from DREEBIT including a velocity filter has been installed
and commissioned at COALA. It is fed with methane gas to
charge breed carbon ions. During this process the metastable
23S, state of the '2C** ions is proportionally populated
mainly by charge exchange with neutral atoms and C*. The
produced particles with charge ¢ and mass A leave the EBIS
with a kinetic energy of about 10.5 keV/q and are selected
by A/q through the following velocity filter. This results in
12C4+ jon bunches of roughly 107 — 10® ions/bunch with
a repetition rate of ~ 60 Hz which corresponds to typical
breeding times of about 15 ms. Alternatively, the voltage of
the ejection electrode can be permanently lowered allowing
ions to continuously leak from the EBIS. In this way, a con-
tinuous ion beam of about 1.4 nA is obtained. Afterwards,
the ions are injected in to the main beamline by applying
a high voltage to deflection electrodes in the switchyard.
A following quadrupole doublet and an x-y-steerer enable
ion beam shaping and positioning. Iris diaphragms in two
beam diagnostic stations before and after the optical detec-
tion region (ODR) ensure a well defined superposition of
the ion and the laser beams. When the laser frequency v,
in the ions rest-frame matches the transition frequency vy,
the ions are excited to the 2 3P, states with a lifetime of
17 ns and emit fluorescence light during the decay. These
photons are collected with a mirror system covering nearly
47 [23], counted with fast photomultiplier tubes, and are
processed with a time resolution of 10 ns with a FPGA based
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data acquisition. Due to the velocity g = v/c of the ions,
the resonance condition is shifted for a counter-propagating
(anticollinear, a) and co-propagating (collinear,c) laser beam
by the relativistic Doppler effect according to

Veja = VO}/(l + B)

with the Lorentz factor y = 1/ ‘/1 — B2. This condition can
either be met by scanning the laser frequency or by chang-
ing the ion velocity by applying a few 10V to the ODR,
which can be floated relative to the rest of the beamline.
Usually the latter is easier and faster and therefore the pre-
ferred method. The precise determination of the rest-frame
transition frequency v would require a precise knowledge
of the ion velocity g if only v, or v, is measured. However,
if the laboratory-frame transition frequencies v, and v, are
measured in fast iteration, this allows us to directly access
v3 through.

3r2(L+B)(1-B)=v3

VeV, =

RESONANCE SPECTRA

A first step towards the determination of the rest-frame
transition frequency in the 2 3S; — 2 3P, transition of 12C#+
ions is the optimization of EBIS parameters with respect to
the appearance of the optical resonance spectra. Therefore, a
1-mW laser beam at a wavelength of 227 nm was superposed
in anticollinear geometry with the ions and brought into
resonance by scanning the voltage applied to the ODR. The
more commonly used bunch-mode operation of the EBIS
was studied first and then compared to continuous-beam
(leaky-mode) operation of the EBIS.
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Figure 2: Time-resolved spectra for two different EBIS electron currents. The fluorescence intensity detected with the
photomultipliers (color coded) is depicted as a function of the laser frequency (x-axis) and the arrival time of the ions with
respect to the extraction pulse (y-axis). Three different parts (a,b,c) can be identified in each bunch (see text). Less electron
current results in a reduced negative space charge and a colder ion cloud, which improves the shape and the width of the
optical spectrum. Therefore the right spectrum is preferred against the left one for precision CLS measurements despite the

smaller number of ions.

Bunched Beam

In the bunched mode the ion cloud is stored for a certain
breeding time #;..q in the EBIS and afterwards ejected by
fast ramping the extraction-electrode potential below the
trap potential. Further important parameters which influ-
ence the ion production are the ion current I, the trap po-
tential AUry,, and the methan pressure p inside the EBIS.
The left panel in Fig.2 shows a time-resolved resonance
spectrum contour plot for I, = 80mA, AUy,, = 70V,
p =6-10"8 mbar and #,,..q = 15 ms. With these settings we
achieved the largest number of '2C#* ions per bunch. Ideally,
the resonance center would exhibit as a narrow feature and
a straight vertical line in the time resolved spectrum. How-
ever, with these settings it shows a distinct time behaviour
that is inappropriate for high precision CLS measurements.
The drift of the resonance center with time is attributed to
a change in kinetic energy of the ions. Analysing the ob-
served spectrum in more detail, it can be roughly separated
in three regions indicated by the red dashed lines: The ions
in window (a) can already leave the trap while the poten-
tial of the extraction electrode is still changing. Hereby,
the electrode acts as an elevator drift-tube where the ions
lose energy and the resonance is therefore shifted to the
right. The time window indicated (b) shows the required
time-independent resonance frequency and can be used to
extract a resonance spectrum through projection onto the
frequency axis. The strongly tilted tail in region (c), now
drifting towards lower ion energies can be explained with
the space-charge potential of the electron beam. Those ions
see an increasing part of the negative space charge potential
of the electrons and therefore start on a lower acceleration
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potential than the ions that arrived earlier (in regions a and
b). This influence becomes even more clear when compared
to a setting with much lower electron current /., shown in the
right panel in Fig. 2. It is obvious that less ions are produced
in total but the kinetic energy distribution is considerably
smaller. Although still roughly three parts can be identified,
the straight main bunch is now longer and narrower which
is beneficial for a precise resonance frequency determina-
tion. Also the tilt of the tail (c) is less prominent due to the
reduced negative space-charge potential. In total a lot of
different combinations of production parameters have been
tested in order to achieve an ion cloud that is as cold as pos-
sible in the EBIS. This requires that /, and AUy, should be
as low as possible but still offering a sufficiently large ion
production, while p should simply be as high as possible.
The breeding time was typically set to fi,eq = 15 ms since
this yielded the most ions in the metastable 23S, state and
smallest linewidth.

Continuous Beam

After the successful demonstration of CLS in bunched-
beam mode, the production of continuous beam of 2C** in
the metastable 23S, state from the EBIS was investigated.
Initially, it was not sure whether the metastable state will
be sufficiently well populated under the breeding conditions
in leaky mode operation but a CLS resonance was also ob-
served as shown in Fig. 3. In comparison to the resonance
spectra of the bunched mode the continuous beam spectrum
has a reduced linewidth of roughly a factor five which also
reduces the uncertainty of the transition frequency deter-
mination by the same factor. Note that both modes have a
comparable signal-to-noise ratio although the resonances
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Figure 3: Comparison of resonance spectra taken in bunched-
beam mode (left) and continuous-beam mode (right). The
continuous spectrum has a linewidth and line-center uncer-
tainty reduced by a factor of five. Even though the signal-
to-background ratio is worse in the continuous mode, the
signal-to-noise ratio is comparable for similar measurement
times since the signal is concentrated into a smaller spectral
range.

taken with bunched beams have a much better signal-to-
background ratio. The reason for this is twofold: the rela-
tively slow repetition rate of 60 Hz in bunched mode results
in much less gathered photons/data point per real time com-
pared to the continuous mode and the signal is compressed
within a much narrower spectral range.

CONCLUSION

An electron beam ion source has been successfully in-
stalled and commissioned at the COALA setup in order to
investigate the 23S, — 23P, transitions in '2C**. First
optical resonance spectra were taken and compared for dif-
ferent production parameters and operation modes. Best
results were achieved with a continuous ion beam result-
ing in statistical line center uncertainties of about 1 MHz.
Thus, working conditions for a dedicated determination of
the rest-frame transition frequencies through (quasi-)simul-
taneous collinear and anticollinear laser spectroscopy are
established.
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Abstract

Detailed modeling of the plasma in an electron beam ion
trap (EBIT) not only requires cross section data of electron
impact ionization, excitation, and recombination, but also
requires knowledge of operating conditions, such as elec-
tron beam energy, density, number of neutral atoms, and
relative velocities. In the EBIT, charge exchange recombina-
tion from the neutral background has a significant effect on
the ionization balance despite the relatively low density of
neutral ions. However, it becomes the key issue in modeling
because experimental conditions are not well-known, and
the uncertainties for the charge exchange cross section are
difficult to estimate. In this work, we introduced a single
charge exchange factor that includes the necessary exper-
imental parameters (neutral density, relative ion velocity)
and charge exchange cross section. An experimental method
for determining the charge exchange factor is discussed and
applied to a collisional-radiative model NOMAD [1]. Com-
parison between measured and simulated spectra of highly
charged Fe ions, produced at the NIST EBIT, show excellent
agreement, demonstrating the usefulness of the method.

INTRODUCTION

Electron Beam Ion traps (EBITs) are small scale labo-
ratory devices that create and trap highly charged ions for
spectroscopic studies [2]. The combination of a highly con-
trollable EBIT, with plasma modeling (e.g. [1], [3]), allows
for the production of important atomic data such as wave-
lengths, relative line intensities, and cross sections [4-6],
needed to benchmark, test, and improve plasma codes. How-
ever, modeling of the EBIT plasma requires an understanding
of underlying atomic processes and a reliable knowledge of
the charge state distribution.

The charge state balance between ions is determined by a
set of rate equations that connects the number density of ions
via charge changing interactions. These atomic processes
decrease (recombination) or increase (ionization) the charge
state of the ions through elementary collisional interactions
with free electrons in the electron beam and with other ions
or neutral atoms in the trap region. Double or multiple
ionization and recombination may also occur, changing the
ion charge by more than one in a single event. Conditions

* Work supported by the NIST Grant Award Numbers 70NANB 19H024,
the NASA Grant Award Number 80NSSC18K0234, and the National
Science Foundation Award Number 1806494.

T yy4@g.clemson.edu
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in the trap region determine the relative importance of these
processes. For our application the rate equation (see e.g.
[7,8]) takes the form:

dN; 1 1 R R
d;l =Je(Niz1o}_| = Nio} + Neniojy ) = Nio ) "

+Nis1No(o v, )is1 = NiNo(a“%v,);

Where only single charge changing processes are assumed,
and neighboring charge states are connected with number
densities of N;41, N;, and N;_;. In Eq. 1, J, = n.v denotes
the electron current density, ol and o R are the cross sections
corresponding to the sum of different ionization processes
including electron impact ionization (EI), excitation followed
by autoionization (EA), and recombination processes (R),
including radiative recombination (RR) and dielectronic
recombination (DR). Charge exchange (CX) recombination
occurs between ions and neutral atoms within the EBIT
plasma and is a critical component of the charge state balance.
As shown in the last two terms of the equation, the number
density of neutral atoms, Ny, and the relative velocity of
the ions and neutral atoms, v,, are not easily measured or
estimated, and the cross section, €%, is difficult to calculate
with high accuracy [9-12].

To this end, we will describe how we have combined
these unknown factors into a free parameter, termed charge
exchange factor, and discuss a technique utilizing measured
line intensities and well known theoretical cross sections
to determine this factor. Finally we will demonstrate the
results of applying this factor by comparing measured and
simulated spectra.

CHARGE EXCHANGE FACTOR

The intensity I of a measured spectral line, produced
from charge state i, is proportional to the number of ions of
that charge state, N; (determined by the rate equation, Eq.
1). It also depends on the fraction P of these ions in the
particular upper level of the atomic transition (upper level
population fraction) and A the transition probability to the
lower level. The unidirectional electron beam within the
EBIT produces anisotropic and polarized emission [13, 14].
Therefore, transition dependent correction factors, like the
angular distribution and polarization of the line are included
in the term C;. Detector specific factors, such as spectrome-
ter transmission function, detector efficiency, and solid angle
are included in C,.
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The population fraction P is generally determined by a
complex scheme of excitation and cascade processes be-
tween energy levels of the ion or even those of neighboring
charge states (e.g. via autoionization and recombination
processes). Collisional radiative codes specialized for the
non-Maxwellian electron energy distribution of the EBIT,
such as the NOMAD package [1], have proven to be suc-
cessful in handling such calculations. The atomic data that
goes into the transition, excitation, and recombination rates
can come from reliable atomic structure codes, such as the
Flexible Atomic Code (FAC) [15] or GRASP2K [16].

Following from Eq. 2 the intensity ratio of two spectral
lines can be calculated as:

h _ NP A1ChCa
L,  N2PACioCan

Here N| and N, represent the number of ions in the charge
states where lines 1 and 2 originate. If the two lines originate
from the same charge state and are close in wavelength,
detector related factors are similar, so that Eq. 3 simplifies
to:

3)

L_PiACy @

5 PrACn
Equation 4 expresses that the ratio of the line intensities
depends on the % ratio of the upper level populations multi-

plied by the ratlo of the transition probabilities corrected

by & C” , the factor related to the anisotropic and polarized
emission.

For nearby lines originating from different charge states
Eq. 4 also includes the ratio of the number of ions from each
charge state, N , which depends on the charge state balance
in the EBIT.

I_1_N1[1

= = (5)
12 Ny 12

The charge state balance is determined by the ionization
and recombination cross sections shown in Eq. 1., therefore
one can express any of these quantities as a function of the
others and an experimentally determined line intensity ratio
on the left hand side of Eq. 4.

As previously discussed, the density of neutral atoms, the
relative velocity between ions and neutral atoms, and the
charge exchange cross section in the last two terms of Eq. 1
are difficult to establish. Even with a well designed neutral
gas injection system that allows for the precise injection of
atoms into the EBIT [17], the neutral density is difficult to
determine and theoretical estimation of the charge exchange
cross sections of highly charged ions have large uncertainties
[9,11]. In addition, the J, = n.v electron current density
is also a factor that carries similar problems. Given that
the line intensity ratios, Eq. 5, also depend on these factors
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through Eq. 1, both charge state balance and line intensity
ratio calculations are affected.

A solution for precisely determining multiple physical
parameters simultaneously to simulate EBIT spectra is to
find a combination of these physical quantities and reduce
the number of parameters in the models. As we will show
below “r what we call the charge exchange factor, is a
parameter that once determined for a certain experimental
condition, allows for the accurate modeling of experimental
spectral line intensities.

In order to show this, let us express the charge exchange
factor based on the relative intensities of spectral lines based
on Egs. 1. and 5.

R I _ Nisi R _ Ni-i I
nov, 9 Y0 =N T TN, Tio1 ©)
NeV Niti O'CX _ O'.CX

N; i+l

Where we have assumed that: 1.) there are steady state
conditions in the EBIT [7], therefore, the left hand side of
Eq. 1. is zero, 2.) the v, average relative velocity of neutral
atoms with respect to the ions is the same for all charge
states involved in Eq. 6. If we further assume that 3.) the
excitation transition rates of the spectral lines that are used
to experimentally determine the charge exchange factor are
considerably larger than the radiative cascades rates that feed
the upper levels of these transitions, the ratios of the number
of ions in neighboring charge states can be expressed as

Ri*! = Niwt _ —IZZIO-Elz @)
Ni Il E—]

Where o- 2 represents the excitation cross sections that
feed the upper level of transition Il.2 in charge state i and
respectively the same fori + 1.

Calculating the charge exchange factor based on Eq. 6
requires experimentally measured line intensity ratios and
theoretically calculated ionization and recombination cross
sections. However, it simplifies when i represents the one-
electron H-like charge state, because in this case R™! pe-
comes zero and using the notation by Eq. 7, the charge
exchange factor becomes:

i-1 I R_ I
nopv, R0, —07 -0 )
NV CcX

o

One can also express the line intensity ratio with a linear
dependence on the charge exchange factor.

2 Hov £

H r #CX

C= (Lo +of+oip) )
Il neV 0'1

H e 5 e

Substituting this ratio into Eq. 6 one can express the

Il
ratio of a He-like and Li-like line ;2"‘ with theoretical cross

Li
sections and the intensity ratio of Eq. 9. Because of the form
of Eq. 6 this ratio will have a quadratic dependence on the
charge exchange factor. Due to the definition of the charge
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exchange factor it is a small number. Therefore, the quadratic
terms are negligible with respect to linear terms, and the ratio
of He-like and Li-like lines also have a linear dependence on
the charge exchange factor. By the same argument one can
show that the ratios of spectral lines in neighboring charge
states have a linear dependence on the charge exchange factor.
Therefore, by comparing experimentally and theoretically
determined line intensity ratios, the charge exchange factor
can be calculated.

In modeling EUV and x-ray spectra, our group has suc-
cessfully used the simple relationship X = ¢ x 10715 cm?
for the charge exchange cross section of highly charged ions
of charge g [18]. In order to confirm the q dependence we
have performed classical trajectory Monte Carlo (CTMC)
simulations [18] to determine the charge exchange cross sec-
tions between few electron charge states of Fe and neutral N,
molecules. These calculations have confirmed the general
linear dependence of the cross section with the ion charge
with a 1/1.4 scaling factor with respect to the previous for-
mula: 0% = M.

CTMC 1.4

Incorporating a model dependent scaling factor of f; we

can simplify Eq. 6.

R 4 oI _ Ri+l R
novr o _ g + 0 R o
=

i+1
eV R qiv1 — qi

-R ol
(10)

The scaling factor f; for our previously used cross section
is fy = 10~15 while for the CTMC based cross section is
fs = %. By incorporating f; into the definition of the
charge exchange factor we have achieved our goal of a single
parameter representing individually uncertain physical quan-
tities of the EBIT. The uncertainty of the charge exchange
factor based on Eq. 8. is determined by the theoretical un-
certainty of the calculated cross sections and the statistical
uncertainties of measured transitions involved. This is gener-
ally much better than uncertainties of the individual physical
quantities that charge exchange factor represent.

TEST CASE: FEW-ELECTRON FE
SPECTRA

In order to test the validity of our approach we have taken
high energy-resolution x-ray spectra of few-electron Fe at
the EBIT facility at the National Institute of Standards and
Technology (NIST). The spectra were recorded with a re-
cently installed x-ray microcalorimeter, which is an array
of 192 transition-edge sensors (TES) [19]. Modeling of the
measured spectra was performed with the non-Maxwellian
collisional-radiative code NOMAD [1] that incorporated the
charged exchange factor determined from Eq. 8.

The simulated spectra generated by the non-Maxwellian
collisional-radiative (CR) modeling code NOMAD [1] were
compared with measurements to understand the charge-state
balance and to aid in line identifications. The main sources
of charge exchange factor uncertainties are the theoretical
predictions for the cross sections. Because the beam energy
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(in the range of 9.11 keV to 17.80 keV) is much higher than
the Li-like ionization threshold 2.045keV [20], we assume
that the Li-like ionization cross section is approaching the
photoionization cross section which can be calculated very
accurately. Therefore, the ratio of the summation of 5 Li-like
lines (see Table 1) to the He-like strong resonance transi-
tion 1s2p 'P; — 1s? 'Sy which have a linear dependence
on the charge exchange factor can be used to determine the
charge exchange factor based on Eq. 8 by comparing theo-
retically and experimentally measured line intensity ratios.

In our model, we varied the charge exchange factor 'Z’VV’ as
e

Table 1: Li-like Energies from Ref. [20]

Ejines (€V)  Transition Ref.

1085.07440  1s%2p ZP% — 15235 Zs% [21,22]
1101.04030 1s%2p ZP% — 15%3s 25% [21,22]
1109.93510  1s%2p ZP% — 15%3d ZD% [21,23]
1162.69910  1s%2s 25% - 15%3p ZP% [21,23,24]
1167.59900  1s%2s 25% —1s23p ZP% [21,23,24]

a free parameter and calculated line intensity ratio of Li-like
lines to He-like until good agreement was found with the
measured ratios. This was repeated at each electron beam
energy.

Once determined, the charge exchange factor was used
in the FAC/NOMAD model. As shown in Fig. 1, we com-
pared the theoretical prediction with the experimental mea-
surement. The space charge offset has been included. The
dominant charge states are H-like and He-like. The good
agreement verified our results. Intensity ratios of the differ-
ent charge states can be reproduced from the simulation.

35x10°

Theory 118006V
30 i

Experiment 120006V

. . L

3000 4000 5000 6000 7000 8000 9000
Photon Energy (eV)

b

Figure 1: Comparison of measured spectra (E;, =
12.00keV) and simulated spectra.

CONCLUSIONS

Plasma modeling is essential for the interpretation and
extraction of atomic data from measured spectra. Under-
standing the charge state balance is a key part of modeling
hot plasmas, but is a complex process due the difficulty in
determining experimental parameters, such as the number
of neutral atoms, or relative velocities. We have simplified
this process by introducing a single unknown parameter,
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the charge exchange factor. We have tested our approach
by analyzing x-ray spectra of highly charged Fe. We have
determined the charge exchange factor at a number of elec-
tron beam energies and estimated the uncertainties, using
a practical method of comparing measured and calculated
line intensity ratios. When using the charge exchange factor
in the detailed collisional-radiative model, we find excel-
lent agreement between simulated and experimental spectra.
This demonstrated our ability to model the EBITs plasma
and will allow us to extract important atomic data, such as
wavelengths and electron impact ionization cross sections
from our measurements.
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Abstract

An electron beam ion source (EBIS) was considered as
a charge breeder for rare isotopes produced from isotope
separation on-line (ISOL) system of the heavy ion
accelerator RAON in Korea. The off-line installation of the
RAON EBIS was conducted at the Korea University,
Sejong from 2017 to 2020. A lot of effort went into getting
very low vacuum pressure of around 10!° Torr at the
breeding region adopting cryopumps and getter pumps as
well as vacuum-firing of the chambers. In order to find and
align the central magnetic field lines of the solenoids, we
used a gimbal mount for a hall probe with rotation, tilt, and
translation functions. With the help of four sets of steering
coils around the drift tube chamber, we successfully
transport electron beam of 2 A atef a magnetic field of 6 T
producing charge bred ions from the residual gas. After
confirming the performance of our EBIS system at the oft-
line site, we moved it to RAON accelerator site at
Shindong and started the on-line installation from 2021.
Cesium test ion beam was used for the first charge breeding
experiment showing a relative abundance of Cs?’* ions
more than 20% with electron beam current of 1 A in
breeding time of 40 ms.

INTRODUCTION

For the post-acceleration of the rare isotope beams, an
electron beam ion source (EBIS) had been selected to be a
charge breeder for RAON heavy ion accelerator in Korea
[1-3]. Its design and development were accomplished by
the help of experts from ANL, BNL, and CERN. The
CARIBU-EBIS at ANL was the benchmark for the RAON
EBIS [4-5] to meet the requirements of beam capacity and
breeding efficiencies for various nuclear species. The
electron gun and cathodes with maximum current of 3 A
were purchased from the Budker Institute of Nuclear
Physics. The Tesla Engineering Ltd won the contract of
supplying the 6-T superconducting (SC) magnet which
arrived at the off-line site, i.e., Korea University Sejong in
2017. Based on the electron beam transmission simulation,
the collector was designed and manufactured. Most of the
chambers and electrodes were produced by various Korean
manufacturers. Parts were tested after their production and
the whole system was assembled after confirming their

* Work supported by the IBS/RISP funded by the Ministry of Science and
ICT and the National Research Foundation of the Republic of Korea
under Contract 2013M7A1A1075764

+ yhpark@ibs.re kr
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performances. Figure 1 shows the off-line installation of
RAON EBIS charge breeder at Korea University Sejong.

The test results of the electron gun and collector are
described in the Ref.[6] in detail. Cryopumps, getter
pumps, and turbo molecular pumps (TMPs) with high
compression ratio were employed to maintain very low
vacuum pressure around 107'° Torr. Almost all chambers
and stainless-steel structures inside vacuum were vacuum-
fired to minimize the hydrogen outgassing. Vacuum test
results are described in the Ref.[7] in detail. In the
following sections, we describe the issues on magnetic
field alignment, and the charge breeding results of the
residual gas at the off-line site and cesium test ion beam at
the on-line site.

Figure' : RAON BIS chare eeer installed at Korea
University Sejong.

ISSUES ON MAGNETIC FIELD

We considered making iron shields for TMPs and
cryopumps because the ambient magnetic field from the
SC magnet could cause the pumps to fail. A calculation of
the magnetic field under asymmetric locations of the
shields revealed that the magnetic line starting from the
cathode ended around 10 mm away from the beam axis at
the entrance of the collector. Therefore, we abandoned the
plan for making the shields and decided to place the TMPs
in a location where the surrounding field affects weaker to
the TMPs. After placing the TMPs further from the SC
magnet, where the magnetic line was parallel to the pump’s
rotation axis, we tested the robustness of the pump
operation during the SC magnet was energized for several
days. Only a TMP with magnetic bearing stopped with a
roar when the SC magnet was ramping down, which we
replaced with one with hybrid bearing afterwards.
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The inner structure of an ion gauge was bent along the
magnetic line when the SC magnet was fully energized as
shown in the inset of Fig. 2. Instead of making iron shields
for the ion gauges, we measured the field direction at the
gauge position and put elbowed nipples for the gauges to
be aligned to the magnetic line as shown in Fig. 2. Without
using the iron shields for ion gauges, we were able to turn
on the gauges under a strong magnetic field although
scaling of the pressure reading was necessary.

Figure 2: Ion gauge aligned to the magnetic line using the
bent nipple. The inset shows the damaged inner structure
of the ion gauge under a strong magnetic field.

Perfect alignment of magnetic line to the beam axis
minimizes the loss of the electron beam transmitted from
the cathode to the collector. To find the field center of the
solenoids, we devised a gimbal mount as shown in Fig. 3.
It has a rotatable circular disk with slots for attaching a hall
probe at the center and the radially offset position. This
disk can be tilted and shifted in horizontal and vertical
directions. The procedure to find the field center of a
solenoid using the gimbal mount is as follows. Radial
components of the magnetic field against the rotation
angles of the disk using a Hall probe at the center usually
shows sinusoidal waveform giving information about
whether the field direction is perpendicular to the disk
plane or not. By adjusting the tilting knobs while
minimizing the amplitude of the sinusoidal waveform, we
can make the disk plane perpendicular to the magnetic field
at the disk center.

T T |
1

Figure 3: Gimbal mount to find the central magnetic line
of solenoids.
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Then we move the Hall probe to the radially offset
position and measure the radial components of the
magnetic field against the rotation angles again. Another
sinusoidal waveform can be obtained and used to search
for the field center by adjusting the shifting knobs. By
iterating above procedures, we were able to mark the field
center at both sides of the SC magnet. The offset of the
field center from the mechanical bore center was found to
be around 3 mm on the gun-side while, on the collector side,
the offset was negligible.

The alignment of the whole EBIS system was performed
with two identical alignment stages and a theodolite. The
alignment stages with crosshair were positioned at the two
ends of the EBIS stand as shown in Fig. 4. We located the
theodolite several meters away from the EBIS stand so that
the reticle of the theodolite’s telescope overlapped with the
crosshairs of the two alignment stages, which constituted
the virtual beam axis. The flanges, the anode tube, the drift
tubes, the entrance hole of the collector, SC magnet, gun
coil, collector coil, etc. were positioned so that their centers
lay on this virtual beam axis.

Aligment Stag |
\i W ‘

— =

4: Alignment stages located at the two ends of the
EBIS stand. The crosshairs of the stages constitute the
virtual beam axis. We aligned every single element using
this virtual line accessible through the telescope of the
theodolite.

Figure

E-BEAM EXTRACTION

After several days of high voltage training for the
assembled EBIS system, we started the electron beam
extraction experiment. Four sets of steering coils as shown
in Fig. 5 were used to minimize the loss of electron beam.
We were able to obtain a 2-A electron beam with a pulse
width of 50 ms and a repetition rate of 4 Hz. Afterwards
we installed a dipole magnet at the end of the extraction
beam line and obtained the very first charge breeding
signal from the residual gas inside the chamber as shown
in Fig. 6.

Figure 5: Four sets of Helmholtz-type steering coils wound
on the water jacket for the drift tube chamber. The field-to-
current ratio of a set of coils is 1.1 Gs/A.
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Figure 6: The very first charge breeding signal of the
residual gas at the RAON EBIS charge breeder.

THE ON-LINE INSTALLATION

In October 2020, RAON EBIS was moved from Korea
University Sejong to the ISOL low energy beamline at
Shindong, Daejeon. The SC magnet, the drift tube chamber,
the gun-side cross chamber, and the collector-side cross
chamber were not taken apart, but kept assembled when
moving on a vibration-free vehicle. Figure 7 shows the
RAON EBIS system installed at the accelerator site. It took
around 1 year for the whole system to be completely
reassembled.

¥ )
S— - -~ >

Figure 7: RAON EBIS charge breeder installed in the
RAON ISOL beamline at Shindong site.

Figure 8 shows the first charge breeding signal of the Cs*
test ion after the installation at ISOL beamline. The relative
abundance of Cs?”* ion was more than 20% with 1-A
electron beam and breeding time of 40 ms. Based on Fig. 8,
we were able to declare the completion of the development
and installation of the RAON EBIS charge breeder.

Charge / Pulse [pC]

Figure 8: First charge breeding signal of Cs* test ion.
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Currently RAON EBIS routinely accepts bunched
beams from the RFQ cooler buncher, charge-breeds ion
beams of interest to required charge state, and sends them
to the A/q separator to match the RFQ of the RAON
injector system. Recently we performed pulse stretching
experiment and obtained elongated pulse width of around
10 ms for end-user experiments requiring beams with
much less intensity.

SUMMARY

At the final year of Rare Isotope Science Project, the
RAON EBIS charge breeder was completely installed on
RAON ISOL beamline and showed its design
performances. The following table shows the system
requirements of RAON EBIS charge breeder which have
been fulfilled.

Table 1: System Requirements of RAON EBIS

Parameter Value

Extraction beam energy 10 keV/u

Alq <6

Breeding time 50 ~ 100 ms

Capacity Up to 108 ions / bunch

Repetition rate ~ 10 Hz

Beam pulse width ~ 100 ps
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Abstract

Resonant photo-excitation provides a direct tool for inves-
tigating electronic transitions in atoms and ions. By com-
bining EBITs and ultrabrilliant x-ray sources this kind of
spectroscopy became also available for highly charged ions.
Here we present the PolarX-EBIT, a compact permanent-
magnet EBIT built by the Max Planck Institute for Nuclear
Physics and University Jena specifically for operation at
synchrotron radiation light source facilities. It employs a
novel off-axis electron gun, allowing the photon beam to
pass through the trap and be made available for downstream
setups. Additionally, it features fast-switching power sup-
plies for charge breeding and background reduction schemes,
a time-of-flight ion extraction beamline and large area SDD
detectors. Multiple successful experiments have been per-
formed in the soft and hard x-ray regimes at the light sources
BESSY II and PETRA III, measuring transition energies,
oscillator strengths, natural line widths, photoionization and
population balance. Furthermore, narrow lines of He-like
ions have also been used as a diagnostic tool for the spectral
performance of the photon beamlines.

INTRODUCTION

Electronic transitions in highly charged ions are of great
importance for astronomy and astrophysics, as most matter
in the universe is in an ionized form. Observed in x rays, their
transitions are often the only spectroscopic features. Further-
more the strong electric field involved makes transitions in
highly charged ions much more sensitive to relativistic and
QED effects. Consequently, extensive spectroscopy mea-
surements have been performed in EBITs and other plasma
sources using electron impact as excitation mechanism.

As shown with laser spectroscopy in the optical region,
more precise measurements can be performed when the
excitation is induced by a photon. This resonant process
allows selective excitation of states and thus more control
over the atomic system.

Resonant Spectroscopy

By overlapping an ion cloud with a monochromatized
photon beam, electronic transitions in highly charged ions
can be selectively excited. The subsequent radiative decay
of the excited state is observed by x-ray detectors mounted
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perpendicular to the photon beam. Spectra are recorded by
scanning the incoming photon beam energy. The spectral
resolving power is determined by the monochromator and
other elements of the beamline. With the brightness of cur-
rent generation synchrotron radiation sources, measurement
times can be significantly reduced compared to conventional
grating spectrometers.

This principle was developed and successfully applied
during multiple campaigns with the FLASH-EBIT of the
Max Planck Institute for Nuclear Physics [1-5].

PolarX-EBIT

Based on these campaigns with the FLASH-EBIT an
EBIT permanently installed at a synchrotron radiation source
was proposed and funded by a BMBF project, named PolarX-
EBIT. In a joint development with the PTB-EBIT, a new type
of compact permanent-magnet EBITs was designed and built.
The main parameters of these EBITs are described in [6].
The modifications made for operation as part of an x-ray
beamline are described in the following.

Off-axis Gun

To facilitate a permanent installation at a synchrotron ra-
diation beamline, it is essential that the EBIT does not block
the beam, so that other experiments can be performed when
the EBIT is not in use or simultaneously to an EBIT measure-
ment. For this reason an off-axis electron gun was designed,
leaving the central axis of the EBIT free to pass the x-ray
beam through the apparatus. The cathode is mounted below
the axis under a 22° angle (see. Fig. 1). To bend the electron
beam back onto the axis the anode and focus electrodes are
split in two parts each. This design is more susceptible to the
applied voltages, but with careful tuning beam transmission
rates larger than 95% and electron currents up to 30 mA can
be obtained.

X-ray Detectors

The PolarX-EBIT can be equipped with two large area
(80 mm? and 150 mm?) silicon drift detectors. The design
of the trap allows to mount the detectors close to the trap, so
that they cover a large solid angle up to 1 sr. 500 nm thick
aluminum foil is mounted in front of them to block visible
and VUV light. The detectors are mounted perpendicular
to the photon beam and to each other. The two orientations
allow investigation of the angular distribution of the emitted
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Figure 1: Layout of the off-axis gun. Figure taken from [6].

photons, which could be non-uniform if the ions are excited
with polarized light.

Positioning System

The aperture of the gun and collector are just 4 mm in
diameter, so precise alignment of the EBIT to the photon
beam is important. This is achieved by a support frame
with three feet, one front foot under the gun and two in
the back, left and right of the collector. Each foot has a
lifting spindle and is mounted on a translation stage, so the
horizontal and vertical position, as well as pitch and yaw
can be adjusted. All motions are motorized to allow remote
control in radiation protected areas.

Electron Beam Energy Switching

For some measurements the electron-beam energy re-
quired to sufficiently produce the ion of interest is equal
or larger than the transition energy probed. In this case
the background created by electron impact excitation and
radiative recombination overlaps the fluorescence signal, re-
ducing the signal-to-noise ratio drastically. To circumvent
this, an electron beam energy switching technique was im-
plemented. The ions are charge bred at a high electron-beam
energy, then the potentials of the trap electrodes are ramped
down to a value causing no significant background. To avoid
ion losses, ramping is performed with a sigmoidal shape
while the trap depth is kept constant. At the low energy,
the measurement can be performed. After a probing period,
the energy is ramped up and the cycle starts again. Typical
breeding and probing times are 0.1-1 s while the switching
time is in the order of 10 ms.

ITon Extraction

To analyze the charge state distribution of the trapped ions,
the PolarX-EBIT was equipped with a time-of-flight extrac-
tion beamline (see Fig. 2). It consists of an electrostatic 90°
bender, a focusing lens and a channeltron detector. To extract
the ions, the central trap electrode is instantaneously raised
to 2keV by a Behlke switch. By this the ions are kicked out
of the trap and travel through the collector and the bender
onto the channeltron, where the time-of-flight spectrum is
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acquired. From the time-of-flight, the charge-to-mass ratio
can be determined. By observing changes in the charge state
distribution, photoionization processes can be detected.

EXPERIMENTS

Since finishing construction in 2016 the PolarX-EBIT was
successfully utilized for various measurement campaigns
at different synchrotron radiation sources. During these
experiments a lot of experience was gained. The installation
and alignment of the EBIT can now be achieved within one
day. Only a brief overview of the experiments can be given
here, which are described in more detail in the referenced
publications.

BESSY 11

At the BESSY II beamline U49/2-PGMI1 a gas cell was
mounted behind the EBIT to simultaneously measure transi-
tions of highly charged ions in the trap and O, photoioniza-
tion. Using the K5, K¢ and K transitions in He-like N5+ to
calibrate the photon beam energy, it was found that previous
literature values of O, transitions were off by 450 meV [8].
Further gases were measured, proving the potential of highly
charged ions as a reliable calibration source [9].

P04

Several beamtimes were performed at the soft x-ray beam-
line PO4 of the PETRA III synchrotron radiation source at
DESY. With its high photon flux and energy resolution it is
ideally suited for resonance spectroscopy.

After initial measurements of the 3C/3D intensity ratio
in neon-like iron [10], the signal-to-noise ratio could be
greatly improved by the electron beam energy switching
technique. Thus it was possible to measure the Lorentzian
wings of those transitions. These accurate measurements
for the first time yielded an intensity ratio in agreement with
calculations. Furthermore, the natural linewidths of those
lines could also be determined [11].

The extraction beamline was used to measure photoion-
ization of Fe'**, which was detected by the resulting Fe'**
photoions showing up in the time-of-flight spectra. Many
transitions of the so-called unresolved transition array be-
tween 760 eV and 810 eV could be observed [7]. In addition
to the Auger process, the radiative decay of the excited states
was observed with the SDD detector which enables deduc-
tions about branching ratios.

As many lines of highly charged ions are much narrower
than the ones usually found in neutral gases, they also provide
a more precise diagnostic of the spectral line shape of the
photon beam. Thus the strong w transitions of oxygen and
neon were used to tune the PO4 beamline [12].

P01

At the hard x-ray beamline PO1 of PETRA III several
beamtimes have been conducted with photon energies in
the 6-15 keV range, investigating iron and krypton ions. As
the charge states get higher, it becomes harder to produce
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Figure 2: Scheme of the PolarX extraction principle. Figure taken from [7].

them with the electron beam current achievable with the
off-axis gun. However, it was possible to measure K, and
Kp transitions in iron up to He-like Fe?**. The high flux
and resolving power of the POl dual crystal monochromator
allowed to measure transitions originating from metastable
states in Fe22* and Fe2%* [13]. Furthermore Kp transitions
have been measured for several L-shell iron and krypton ions.
For the latter the 3" Fe Mossbauer line at 14412.497 eV was
observed in parallel and used as a photon energy calibration
reference.

CONCLUSION

The PolarX-EBIT has been successfully commissioned
and used at various beamlines. The off-axis design has
proven to be able to produce sufficient amounts of highly
charged ions for resonance spectroscopy. It is a valuable
addition to the experimental setup, allowing complemen-
tary measurements with the photon beam. With the charge-
breeding scheme and ion extraction the range of addressable
transitions could be extended. Furthermore the position and
shape of transitions in highly charged ions have also been
used as a diagnostic tool to improve the resolving power of
the soft x-ray beamlines.

Following these pioneering works enabled by PolarX-
EBIT, similar devices are currently under construction for
the use at European XFEL, PAL-FEL, and Spring8.
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