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The 10 MV FN Tandem at the University of Notre Dame’s Nuclear Science Laboratory has the option for
a second foil stripper halfway down its high energy column. With its utilization, users are able to produce
beams with higher energies and/or transmission than single foil stripping alone would be capable of achieving.
A discussion of the Schiwietz—-Grande, Nikolaev-Dmitriev, and Baudinet-Robinet semi-empirical models used
to determine the resulting charge state abundances, as well as how they compare to measured charge state

distributions is presented. The advantages of a second foil stripper are discussed alongside measurements of
the charge state abundances produced. The potential for more interfering beam species of similar magnetic
rigidity is also discussed. It was found that for most of the beams tested, second foil stripping allowed higher
energies with higher yields than the single terminal foil stripping alone could achieve which can enhance the
capabilities of other laboratories using similar accelerator systems.

1. Introduction

Electrostatic tandem accelerators in the range of 3-14 MV are in use
worldwide for low energy nuclear physics research [1]. Applications of
these devices range from fundamental research probing the standard
model, to a wide array of analytical techniques. Despite the many
different types and sizes, each device follows the same basic principles.
First, a negatively charged beam is accelerated from ground to a
positive terminal. There, the beam is stripped of a number of electrons.
Finally, the positively charged beam is repelled from the terminal down
the beamline and into the experimental setups. The energy of this beam
is given by
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where m; and m, are the mass of the injected molecule and extracted
positive ion, g is the selected charge state, TV is the Terminal Voltage
and E; is the energy of the injected molecule provided by the ion
source. Typically, gas in the stripping canal, and/or a carbon foil is used
to strip electrons inside the terminal [2]. Additionally, an added benefit
to the electron stripping is that injected molecules are dissociated as a
part of this process. A feature of the University of Notre Dame’s 10 MV
FN tandem accelerator is the optional second foil stripper halfway down
the high energy column [3] as shown in Fig. 1 providing a beam energy
of
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where ¢, and ¢, represent the charge states selected at the terminal
and second foil stripper, respectively. The additional velocity gained
between the two stripper foils results in higher charge states and
energies than single foil stripping alone is capable of achieving [2,4],
providing many benefits. Of the many tandem accelerators in existence,
very few (~15) are capable of reaching a terminal voltage of >10 MV
such as the FN Tandem at the University of Notre Dame. Nearly double
that amount can reach >6 MV [1], which, with a second foil stripper,
would be able to reach energies previously unattainable with terminal
foil stripping alone. The larger amount of >6 MV machines worldwide
prompted the selection of the energy range of this paper. Despite their
advantages, there exists little characterization of the capabilities of such
a system.

The primary benefit of the second foil stripper is the capability to
produce beams with a higher total energy. The energy gained from
accelerating the higher charge states can enable researchers to scan
through higher energy resonances in nuclear reactions, or limit the
dispersion of desired radioactive ion beams generated in-flight. The
second foil stripper can also yield high energy beams with better
transmission, especially when the higher energy necessitates the selec-
tion of an unfavorable charge state using only single foil stripping. In
measurements where the total current delivered is critical to limiting
long counting times, a second foil stripper can be crucial to acquiring
sufficient data in a reasonable time.

These benefits are not without additional challenges however. The
extra foil stripper gives multiple paths to the same energy beam and sig-
nificantly increases the likelihood of other E/q and p/q interferences.
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Fig. 1. Schematic for the FN Tandem Accelerator and associated components at the NSL. At the top is the accelerator, with locations of the different strippers shown. The middle

section indicates the points between which the transmission is measured using a blue

line. The quadrupole, analyzing magnet, and shutter Faraday cup are also pointed out. The

bottom of the figure shows the AMS beamline, used to identify all species present in each beam.

The post-acceleration magnet that is standard at electrostatic accelera-
tor facilities can filter out E/q contaminants, but fails to eliminate p/q
interferences necessitating further filtering. The emission of electrons
and ions from the second foil stripper can cause issues described in
detail in [2]. Without sufficient suppression, the electrons will produce
a large X-ray flux which can lower the insulation provided by gas in
the accelerator tank. The ions will hit the acceleration tube, creating
additional X-rays, and electrons that lead to loading. This can cause
the electric potential at the second foil stripper to lower, requiring
compensation at the terminal in order to maintain a constant energy. If
running at the limits of the accelerator’s capabilities, the beam loading
could lead to excessive sparks as the machine tries to maintain a
constant energy output. Another issue is the possibility of the foil to
fail. When this occurs, if significant loading is present, a rapid increase
of the terminal voltage may occur leading to damaging sparks. This
is less of a concern however as the second foil stripper will generally
have a much longer lifetime as the faster beam causes less radiation
damage [2]. Another consideration is the angular straggling in the
second foil stripper, increasing the beam’s emittance and decreasing
the overall transmission as more beam is scattered away. Empirically,
the mean square scattering angle can be given by
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where L, Z,, and A, are the thickness, proton number, and atomic
number of the stripper foil, and Z; and E; are the proton number and
energy of the ion [5]. Since the energy of the beam is much higher
at the second foil stripper, the contribution to the emittance is lower.
It is expected that there will be additional losses from the second foil
stripper, but that fraction should be lower than what was lost from
scattering at the terminal foil stripper.

The benefits for Accelerator Mass Spectrometry (AMS) of the second
foil stripper in the accelerator itself have been identified previously at
the University of Notre Dame’s Nuclear Science Laboratory (NSL) [3,6],
however the advantages provided by it are not exclusive to AMS mea-
surements, and have found applications in numerous other accelerator
based nuclear physics experiments, i.e. cross section measurements and
radioactive ion beams. This has prompted further investigation into its
capabilities for a host of nuclear physics related experiments.
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2. Charge state predictions

The final charge state of an atom that passes through a stripping
medium can vary due to multiple electron exchange interactions taking
place. Analytical solutions for these various charge states may be
possible for the lightest ion beams, however, for heavier elements,
an empirical model is needed to predict the resulting charge state
distributions [7]. Many such models exist, including some of the first
ones from Bohr [7], as well as some that are used more frequently today
such as Ziegler-Biersack-Littmark [8] used in the well known SRIM
code, and Sayer [9]. One of the more recent, and well known models
was developed by Schiewitz and Grande (SG) and is the one that will
be used to predict charge abundances for this work. Predictions vary
by model, and the choice of SG is one of many that can be taken for
the purposes of this work.

The SG model was developed by using a multi-parameter least
squares fit for 840 published data points representing a wide array of
beams [10]. A further adjustment to the model, described in [11] gives
the mean charge state formula as
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where Z, and Z, correspond to the projectile and target atomic num-
bers (beam and stripper foil), v, is the Bohr velocity of 2.19 x 10® m/s,
and v, is the atom’s velocity at the terminal and second foil strip-
per. Taking the mean charge state into account, the width d of the
distribution is given by Nikolaev and Dmitriev [12] as

1 -5/3\4/5 3 -5/6
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where X = 0.608v,/(Z%%v) represents a reduced velocity term [12,
13].
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The shape of the distribution is predicted following the work of
Baudinet-Robinet [14] who originally used the mean charge state for-
mula put forth by To and Drouin [15]. Baudinet-Robinet uses a reduced
chi-square model with the parameters
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with I" being the gamma function. Using the mean charge state given
by Schiwietz and Grande, the distribution width given by Nikolaev
and Dmitriev, and the distribution shape given by Baudinet-Robinet,
a combination of Egs. (4), (9) and (10) is used to predict the charge
state abundances using both single and second foil stripping.

There still exists limitations of the SG model based on the datasets
used, however the SG model is the most encompassing semi-empirical
model, with the fits determined based on experimental data for beams
of Z, in the range 1-92 and stripper foils of Z, in the range of 4-83 [10]
over a finite range of beam energies. For ions heavier than Helium,
the SG model considers energies where v,/vg 2 0.4 [11], which is true
for all beams presented in this work, thus the model provides a valid
prediction for expected charge state distributions.

3. Methods

The NSL is equipped with an MC-SNICS ion source used to produce
all of the beams in this work. Beams of aluminum, manganese, iron, and
zirconium were produced, chosen for the ease of production, relevance
to ongoing AMS projects, and to cover beams injected elementally or
as a molecule.

Each negative beam was accelerated to the terminal held at 6 MV
with the exception of one of the measurements of the Aluminum beam
at 3 MV. 6 MV was chosen since it is an attainable voltage at many
tandem electrostatic accelerators [1]. The beams pass through a carbon
foil and are accelerated to the high energy side. Halfway down the high
energy column, at a potential of TV /2.02, is the second foil stripper
where another carbon foil can sit. Both foils are 3.0(3) ug/cm? and are
sourced from Arizona Carbon Foils. A quadrupole doublet focuses the
beam and an analyzing magnet selects the appropriate charge state that
is then ultimately measured on the shutter Faraday cup, described in
detail in [16]. While scanning through charge states, the quadrupole
and analyzing magnet are scaled together to keep different charge
states from having different beam optics. Single foil stripping charge
state abundances were measured until there was no readable current
at a given high or low charge state. Once the single foil stripping
measurements were taken, the second foil stripper was cycled in and
the resulting charge state distribution was measured. These measure-
ments occurred over a 12 h period. During this time, no degradation of
the second stripper foils was observed. There were also no observable
effects of beam loading as the terminal voltage was maintained using its
generating voltmeter rather than relying on the analyzing slits feedback
system.

In all measurements, the most abundant beam, based on model
predictions, was developed first before bringing the magnetic elements
up to the highest field strength corresponding to a likely charge state
combination. This was done to limit hysteresis effects. The predicted
abundant charge states were then measured in order of decreasing
magnetic rigidity. Based on observations made, a second pass was
performed by bringing the magnets up again and scanning down in
rigidity to measure the lowest occupied states that could be measured
on the Faraday cup.

Throughout the process, each beam was sent down the AMS beam-
line at the NSL to determine the number of distinct species in the
beam. In addition to the existing quadrupole doublet and analyzing
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magnet, three more quadrupoles and a beamline selecting magnet
were used. The AMS beamline is equipped with a silicon detector and
retractable compact ionization chamber, described in [17] that is used
to determine how many beam species with similar magnetic rigidity
pass through the analyzing magnet as well as what fraction of the
beam they account for such that corrections could be made for current
measurements. In order to see all species, the beamline’s Wien filter was
not used. Particle identification is done using the compact ionization
chamber. For each charge state selected, the ratio of counts identified
to be the ion of interest, and total counts is used to make a correction
to the particle transmission.

The total transmission through the accelerator system was also
determined following the equations

(1)

=Y, — a2

with Ig; and I;; representing the current measured on the shutter
Faraday Cup, Iypc representing the current on the NEC Faraday Cup
(both shown in Fig. 1), ¢; is the charge state after the terminal foil
stripper, g; is the charge state after the second foil stripper, and the
bounds of summation are determined by the detectable current limit in
the shutter Faraday Cup. ¢4 and ¢, are the total transmissions when
using single foil stripping and double foil stripping, respectively. The
values for e and ¢, are given in Table 1, and used to normalize the
results displayed in Figs. 2-4. In order to characterize the difference in
scattering losses through each foil stripper, the ratio of transmissions is
defined as
Es
Te p/es 1%
with ¢ and £, defined in Eqgs. (11) and (12). The fraction ¢ /e is the
total transmission through the second foil stripper alone. R; compares
the scattering losses at each foil stripper with values < 1 corresponding
to less scattering losses at the second foil stripper.

The uncertainty of the Faraday cup measurements was 5% except
for beams measured below 1 electrical nA, in which case 10% was used.
Not all states were able to be measured due to their low abundances.
The effect that these have are minimal though when considering their
neighboring states are already a few orders of magnitude below the
maxima, with the exception of the zirconium beam. The zirconium case
was also limited by the magnetic rigidity, thus any state below 6+ was
not measured.

4. Results
4.1. Single foil stripping results

The single foil stripping charge state distribution of four different
isotopes were measured. The results are shown in Table 1 and the
distributions are shown in Fig. 2. The total transmissions were generally
lower than those measured by other facilities [18,19], in part due to the
FN being operated at 6 MV as opposed to closer to its maximum value.
An additional constraint is the gas stripping canal. The NSL’s FN is still
equipped with its original stripping canal while many other facilities
have modified it to have a larger acceptance and a turbopump for
stripping gas recirculation or completely removed it in order to increase
transmission, especially for heavy ions [20,21]. Other facilities also
have at their disposal an electrostatic quadrupole triplet immediately
after the foil stripper to significantly limit the beam’s emittance into
the high energy column [22].

The 6 MV aluminum distribution yielded a mean charge state higher
than the SG model predicted by 0.28. It also had the highest total
transmission of the four isotopes measured. The transmission of the
elemental 27Al7* beam at 6 MV was 5.2(2)%, 3-4 times lower than
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Table 1
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Table of different beams measured including their total transmission using both single and second foil
stripping. Column SG refers to the predicted mean charge state given by the SG Model. The next two
columns are the total particle transmission measured for each injected beam when using either only the
terminal foil stripper ¢, or both foil strippers ¢;, as defined in Eqgs. (11) & (12). R; is defined in Eq. (13)

and the text thereafter.

Terminal Isotope Injection v, Measured SG eg (%) ep (%) Ry
voltage (MV) (km/s) q
3 27 A1 27 A1~ 4687 5.56 4.90 4.3(12) - -
6 27 A1 27A12‘ 4658 5.33 4.87 4.4(12) - -
6 Z7A1 27 A1~ 6587 6.63 6.35 13.5(4) 3.6(4) 0.51
6 56Fe S6Fe~ 4574 8.41 7.59 7.7(19) 5.8(14) 0.10
6 07r 90Zr0- 3324 8.45 7.38 7.2(15) 0.169(4) 3.03
6 55Mn 55MnO~ 4062 7.14 6.76 2.15(5) 1.34(3) 0.034
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Fig. 2. Comparison of measured charge state distributions with their respective predictions using the model described in Section 2. The results are normalized to the single
transmissions e listed in Table 1. Aluminum and manganese both show good agreement with model predictions. Iron shows an appropriate shape, but the mean charge state is

off by 0.82. Zirconium shows little agreement with predictions.

18% reported in [20], where a modified stripping canal increased
the acceptance by a factor of 5. Likewise, 15% is reported for the
transmission of the 27Al’* charge state in [19], where gas and foil
stripping were both used and the 14UD accelerator was operated
closer to its limit at 14.4 MV. While still lower, the results presented
here are not unreasonable given these considerations. As expected,
the transmission of the other two aluminum beams was worse. In
both cases the stripped beam has a larger emittance than the 6 MV
elemental beam, due to the lower potential causing less acceleration,
or the coulomb explosion occurring after molecular dissociation. The
dymer aluminum beam is predicted to have a similar distribution to
the 3 MV Aluminum beam, as the velocities at the terminal are nearly
identical and there is no dependency on mass in the model. This is
experimentally confirmed, as the two distributions, shown in Fig. 3 are
almost identical with their mean charge states differing by 0.23. The
observed drop from 13.5(4)% to 4.4(12)% gives a rough estimate for
how much the Coulomb explosion reduces the transmission, yielding a
factor of 3 decrease (6 if only one atom is considered as it would be if
this was a non-dymer molecular beam).

For manganese, the observed mean charge state was close to the pre-
dicted value, differing by 0.38. The lower charge states’ transmissions
were consistently lower than predicted, while the higher charge states

had more transmission. This caused the overall shape of the distribution
to match predictions, especially when considering the difference in
the observed and predicted mean charge states. The total transmission
of the manganese beam was the lowest, attributed to the Coulomb
explosion from molecular dissociation in the stripper foil. The use of
gas stripping for the molecular dissociation would help to limit this, but
would have limited the capability of comparing to the model described
in Section 2 as it only considers foil stripping. The measured trans-
mission also showed the largest discrepancy when compared to other
facilities. On a similar FN Tandem the 5°Mn!%* transmission was 6.5%
at 9.28 MV terminal voltage that only uses foil stripping [18,23], and
9% for >3Mn'!* on a 14UD tandem at 14.4 MV terminal voltage using
a combination of gas and foil stripping and a electrostatic quadrupole
triplet in the terminal [19].

The iron beam was the first to show significant deviation from
the predicted mean charge state with the observed value being 0.82
higher than the value given by the SG model. The zirconium beam
was the worst with a difference of 1.07. The shape of the iron distri-
bution matched with predictions, however the width of the zirconium
distribution was significantly larger. The results of the SG fit though
deviate from the dataset used significantly in the mass region con-
taining zirconium. Figure 3 of [10] suggests the mean charge state
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Fig. 3. Charge state distributions of an aluminum beam injected as dymer vs.
elemental. The results are normalized to the single transmissions e listed in Table 1.
The terminal voltage is selected such that each beam has the same velocity upon
reaching the terminal foil stripper. The distributions nearly overlap, showing that the
charge state distribution is independent of any molecular dissociation required.

differs from the fit by more than 1 when the number of bound electrons
N, = Z, - §,,, is similar to the value measured in this work of N, =
31.55 for zirconium. This figure also highlights the M-shell closure,
suggesting it corresponds to the increased deviation. Figure 4 in [10]
has a spike in the experimentally determined distribution width for
N, € [30,32] corresponding to the broader shape of the zirconium
distribution measured here. The zirconium beam is also the only one
where the limits of the analyzing magnet’s rigidity prevented a full
scan of the single foil stripping charge states. The total transmission
is likely higher than that reported in Table 1 for zirconium and the
value there instead corresponds to the transmission of charge states
that were able to be measured. The measured transmission is lower
when compared to [24] where 2.5-4.5% was observed on 92Zrl#4* at
14.15 MV in the 14UD tandem, however their transmission is improved
with a quadrupole triplet following their foil stripper.
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4.2. Second foil stripping results

For the evaluation of the second foil stripping method, 98 different
measurements were performed across the four elements chosen. These
results are shown in Fig. 4. Three of the four beams showed some
charge state combinations that were more favorable than their single
foil stripping counterparts. For example, the 5>Mn!'l* beam had a
transmission of 0.0039(4)% whereas the doubly stripped 55Mn8+—14+
beam had a transmission of 0.090(9)% while having the same energy
and lower magnetic rigidity. This observation and other examples are
shown in Table 2. Further measurements showed the 5°>Mn!%" had a
comparable transmission to the 3>Mn8*~15% yet the latter beam had
9 MeV more energy. The zirconium beam exhibited no such cases of
either scenario due to the total second foil stripping transmission being
lower than the total single foil stripping transmission due to excessive
scattering losses. With the exception of the zirconium beam scattering
losses at the second foil stripper were generally lower than what was
lost at the terminal foil stripper, shown in the last column of 1. This
shows that overall, the scattering losses are dampened at the second
foil stripper due to the increased beam energy.

When compared to the predicted distributions, observations showed
good agreement. In each case, the charge state distribution after single
foil stripping yields a higher mean than predicted, as observed in the
single foil stripping data. The final mean charge states however tend
to be closer to the predicted values and, in the case of aluminum, even
below. One possible explanation is the energy lost in the stripper foil,
which was not factored into the predicted distributions. The energy
loss here though is predicted to be 50 keV, amounting to a 0.1-0.7%
difference. Another possibility is the shell effects that may present,
especially as Z, increases. This has been considered elsewhere as a
possible reason for deviation [7,10,14].

Another effect of second foil stripping is the increase of produced
beams with similar p/q values that would have a close enough rigidity
to pass through an analyzing magnet. On this setup, with the trans-
mission measured on the shutter Faraday cup, these interfering beams

Manganese Results
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Measured
-0.100

-0.075
0.050
0.025
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(b)
Zirconium Results
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Fig. 4. Observed second foil stripping charge state distributions and their predicted values. Each state was measured until the final beam current was imperceptible on the final

Faraday cup. The observed dip in the Zr!0t=15+

in Eq. (12) and listed in Table 1) each state occupies.

plot exhibited the same behavior upon remeasurement. The color scale denotes what fraction of the total transmission (e, defined
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Table 2

Nuclear Inst. and Methods in Physics Research, B 557 (2024) 165532

Table of examples where second foil stripping generated a beam with the same energy but higher

transmission than single foil stripping. Values in the transmission columns reflect the particle transmission
measured. The double state is the charge state after the terminal stripper foil followed by the charge state
after the second foil stripper. The beam energy includes 70 keV from the ion source. The Gain column is

the ratio of the Double Transmission and Single Transmission columns and is the increase in particle current

observed when switching from single to double foil stripping.

Isotope Single Single foil Double Double foil Beam Gain
state transmission (%) state transmission (%) energy (MeV)
27A1 9+ 0.24(2) 8+-10+ 0.34(17) 60.07 1.4
55Mn 10+ 0.035(18) 8+—-12+ 0.092(9) 64.70 2.6
55Mn 10+ 0.035(18) 7+-13+ 0.14(14) 64.70 4.0
55Mn 11+ 0.0039(4) 9+-13+ 0.029(3) 70.70 7.4
55Mn 11+ 0.0039(4) 8+-14+ 0.090(9) 70.70 231
55Mn 11+ 0.0039(4) 7+—-15+ 0.056(6) 70.70 14.4
56Fe 11+ 0.39(4) 9+-13+ 0.44(5) 72.07 1.1
56Fe 12+ 0.034(3) 11+-13+ 0.058(6) 78.07 1.7
56Fe 12+ 0.034(3) 10+—-14+ 0.31(3) 78.07 9.1
S6Fe 12+ 0.034(3) 9+—-15+ 0.41(4) 78.07 12.1
56Fe 12+ 0.034(3) 8+-16+ 0.13(14) 78.07 3.8
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Fig. 5. Spectra for beams produced when set up for a >Mn®*~12* beam. A few distinct
species can be seen, with their possible identity and injection molecule shown. The
presence of multiple species highlight one of the additional challenges of second foil
stripping.

would have also contributed to current readings before any filtering
elements could have been used to isolate the beam of interest. An
example of these contaminants in a manganese beam is shown in Fig. 5.
While not every combination has these contaminants, they are more
likely to occur when using the second foil stripper and were observed
in a few of the beams of each element used. Two of the iron beams,
the 56Fe7*~10+ and 56Fel0+—11+ ones, differed in magnetic rigidity by
0.016%. In this case, both beams were observed when parameters were
selected for either one. This shows that in any experiment sensitive
to multiple beam species, further filtering, such as with a Wien filter,
would be necessary.

5. Conclusions and future work

Second foil stripping in tandem accelerators has been shown to
be a useful technique for reaching higher energy beams. For the four
different beams presented here, each case showed examples where
second foil stripping yielded similar beam energies with higher abun-
dances, or higher energy beams than single foil stripping was capable
of producing. Despite the low observed transmissions, when compared
to other facilities, the increase in transmission of the highest energy
beams would be expected at any facility that aims to install a second
foil stripper. In some cases a factor of 10-20 times more beam current
was observed when using second foil stripping to generate a beam of
the same energy as one using single foil stripping alone.

Comparisons to model predictions of charge state abundances
showed fair agreement for each beam using terminal foil stripping
alone with the largest discrepancy attributed to zirconium, however

the data used to form the model was the least accurate in the region
containing zirconium. In each case the measured mean charge state was
found to be higher than predicted. When using second foil stripping,
the observed most probable charge state combinations were in good
agreement with what the SG model predicted.

This technique can be very useful to laboratories using a tandem
accelerator for their prospective programs, specifically for experiments
where the higher particle transmission leads to shorter counting times.
The second foil stripper can also enable radioactive ion beam re-
searchers to exploit a larger cross section in a reaction that is un-
reachable with current energies and also decrease the dispersion of
any species produced in-flight as is the case in inverse kinematics
measurements. It is been shown that this can be done with limited
decreases in overall beam transmission, and in some cases, may even
provide more beam to the final target. Retrofitting an existing tandem
accelerator with such a system can be a difficult task, given the spatial
limitations and new control systems required as well as characterizing
the potential changes in ion optics. Such an undertaking should also be
considered alongside the availability of access to other accelerator labs
capable of higher energies. Nevertheless, it has been shown the limits
in energy and transmission of such accelerators can be extended past
their normal capabilities with the implementation and use of a second
foil stripper.
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