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Beam stripping losses of H− ion beams by interactions with residual gas and electromagnetic fields are
evaluated. These processes play an important role in compact cyclotrons where the beam is produced on an
internal ion source, and they operate under high-magnetic field. The implementation of stripping
interactions into the beam dynamics code OPAL provides an adequate framework to estimate the stripping
losses for compact cyclotrons such as advanced molecular imaging technologies. The analysis is focused
on optimizing the high-energy beam current delivered to the target. The optimization is performed by
adjusting parameters of the ion source to regulate the vacuum level inside the accelerator and minimize the
beam stripping losses.
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I. INTRODUCTION

Radioisotopes production for medical applications has
led to the development and improvement of cyclotrons,
which currently play a remarkable role in the sustainability
of the radionuclide supply [1], especially for positron
emission tomography scans. The progress on the cyclotron
technology over the last decades [2] has resulted in very
mature, compact, and versatile products, which are com-
mercially available in the market [3]. As a result of this
progress, the number of cyclotron facilities for medical
purposes is expanding worldwide [4], offering alternatives
for the production of medical radioisotopes such as 99mTc
[5], traditionally produced in nuclear reactors.
Cyclotrons for biomedical radionuclide production are

typically based on the acceleration of light ions up to tens of
MeV. Hydrogen anions are selected in most of the present
facilities as the accelerated light ion beam because of the
simplification of the beam extraction from the cyclotron to
the target. For the production of H− beam, the use of
internal ion sources has demonstrated to be the most cost-
effective and compact solution [6,7]. Extraction systems
based on thin stripper foils result in an effective mechanism
able to modify the extracted ion energy, while avoiding
any turn separation requirement at the extraction point

[8,9]. In addition, some last-generation cyclotrons integrate
superconducting magnets to provide intense magnetic
fields with advantages in power consumption, size, weight,
and therefore in compactness.
Nevertheless, the use of H− internal ion sources has as a

drawback the deterioration of the vacuum level in the
acceleration chamber, especially in the central region
[6,10]. Part of the H2 gas injected continuously in the
ion source to produce the H− beam is extracted from the ion
source slit together with the beam, configuring the main
source of residual gas of the vacuum chamber. Since the
binding energy of the hydrogen anions (<1 eV) [11] is low,
the interaction between the H2 residual gas and the H−

beam plays an important role in the transport of the beam
along the cyclotron. In addition, the high-magnetic field
produces a strong electric field in the rest frame of the H−,
which could induce the detachment of the second slightly
bound electron limiting the lifetime of high-energy ions.
These interactions reduce the survival rate of the beam and
consequently the total beam transmission. As we will
discuss in the following sections, they represent a non-
negligible source of sustained and uncontrolled losses that
could damage the vacuum chamber walls and/or activate
the chamber, increasing the maintenance time and reducing
the availability. Therefore, the magnitude of the impact of
these issues for compact cyclotrons [12–14] imposes a
dedicated study, which could be also applied to other type
of accelerators [15,16].
In this paper, first, we review H− beam stripping

interactions from residual gas and magnetic fields. We
then describe the implementation of those physical proc-
esses into the beam dynamics code Object Oriented Parallel
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Accelerator Library (OPAL) [17]. And finally, we use this
implementation to evaluate the impact and optimize the
beam dynamics of the Advanced Molecular Imaging
Technologies (AMIT) cyclotron [18], which is a cutting-
edge compact accelerator aimed to produce on-demand
short-lived radioisotopes to enhance medical nuclear im-
aging. This is achieved by an autonomous and small-sized
design in order to provide an alternative to the centralized
radioisotope production.

II. BEAM STRIPPING INTERACTIONS

The stripping interactions are stochastic processes in
which each individual particle could experience the inter-
action according to a certain probability. Let’s assume
incident particles on a homogeneous medium are subjected
to a process with a mean free path λ between interactions.
Hence, the probability of suffering an interaction before
reaching a path length x is [19]:

PðxÞ ¼ 1 − e−x=λ; ð1Þ

where PðxÞ represents the cumulative interaction proba-
bility of the process.
When the interaction occurs between a beam colliding

with particles of a material, the mean free path is described
in terms of the cross section, σ, and the particle density of
interacting centers of the material, n∶

λ ¼ 1

nσ
: ð2Þ

Likewise, the mean free path could be connected with the
mean time of interaction or lifetime, τ:

τ ¼ λ

βc
¼ 1

nσβc
; ð3Þ

where β is the ratio of the velocity of the particles over the
speed of light, c.

A. Residual gas stripping

Residual beam interactions with the molecules of the
remaining gas in the acceleration region entail the most
important source of losses in a H− compact cyclotron.
Assuming a beam flux incident in a gas with density N
(number of the gas molecules per unit volume under the
vacuum condition), the beam fraction lost per unit of
traveled length will be, in compliance with Eq. (1):

fg ¼ 1 − e−Nσx; ð4Þ
where the gas density, N, is easily obtained from the ideal
gas equation. If several types of molecules are considered
in the residual gas as well as different physical processes
of comparable significance, the total mean free path is
given by

1

λtotal
¼

X
j

1

λj
¼ Ntotal × σtotal ¼

X
j

Nj σ
j
total

¼
X
j

�X
i

Njσ
j
i

�
; ð5Þ

where Nj is the particle density of each gas component of
the residual gas and σi represents the cross section of each
of the physical phenomena.
In case ofH− ion beams, the second electron is boundwith

a low energy of ε ¼ 0.754195ð19Þ eV [11]. Hence, there is a
relevant probability of electron detachment during the accel-
eration process through interaction with the residual gas.
The experimental cross section for charge-transfer inter-

actions of hydrogen atoms and ions has been measured
since the 1950s for interactions with different gases. The
data have been published and compiled in different reports
[20–25]. Moreover, theoretical studies for high-energy
cross sections have been developed based on an extension
of the Bethe theory for the total inelastic cross section in the
Born approximation [26–28].
In addition, different analytic methods to fit the cross

section data have been formulated. One of them [24] is
based on fitting the recommended cross sections as
function of the projectile energy, E, using least-squares
method with Chebyshev polynomials:

ln ½σðEÞ� ¼ 1

2
a0 þ

Xk
i¼1

ai × TiðXÞ; ð6Þ

X ¼ ðln E − ln EminÞ − ðln Emax − ln EÞ
ln Emax − ln Emin

; ð7Þ

where Ti are the Chebyshev orthogonal polynomials, ai
(i ¼ 0; 1;…; k) denote adjustable parameters relative to
each reaction, k is the smallest number of coefficients
providing an accurate fit, and Emin and Emax are parameters
that limit the region of analytic representation of the cross
section. This procedure facilitates the data interpolation in a
restricted measured energy range; however, it cannot be
used for extrapolation, because it often shows nonphysical
behavior just outside the considered energy interval.
A more robust method [22] makes use of analytic

expressions that approximate low-energy and high-energy
asymptotic trends. It is based on a semiempirical expression
for inelastic collision cross sections [29] developing func-
tional forms to fit a compiled set of experimental data using
the two-step least-squared method. For the considered
reactions, the analytical function formula is given by the
general expression:

σqq0 ¼ σ0½fðE1Þ þ a7 × fðE1=a8Þ�; ð8Þ

where qq0 represents any combination of initial and final
charge states of the particle and σ0 is a convenient cross
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section unit (σ0 ¼ 1 × 10−16 cm2), whereas fðEÞ and E1

are given by

fðEÞ ¼
a1 × ð E

ER
Þa2

1þ ðEa3Þa2þa4 þ ðEa5Þa2þa6
; ð9Þ

E1 ¼ E0 − Eth; ð10Þ

being E0 the energy of the incident particle in keV, Eth is
the threshold energy of the reaction in keV, the symbols ai
denote adjustable parameters and ER is the Rydberg energy
multiplied by the ratio of the atomic hydrogen mass,mH, to
the electron mass, me:

ER ¼ hcR∞ ×
mH

me
¼ mHe4

8ε20h
2
; ð11Þ

where h is the Planck constant, c is the speed of light in
vacuum, R∞ is the Rydberg constant, e is elementary
charge, and ε0 is the vacuum electric permittivity.
This analytic expression has been improved for reactions

of hydrogen ions with hydrogen gas [30] by means of linear
combinations of fðEÞ, taking into account additional
experimental data and considering more setting parameters.
The enhancement of the function makes it possible to
extrapolate the cross section data to some extent.

B. Electromagnetic stripping

H− ions traveling in a high-magnetic field might undergo
single-electron detachment reactions due to the opposite
bending force experienced by electrons and nucleus
according to their electric charge. The field component
orthogonal to the velocity of the particles produces an
electric field, E, in the ion’s rest frame according to the
Lorentz transformation (E ¼ γβcB). The strength of this
effect is a function of the energy of the ions and the
magnetic field, B. This effect, called electromagnetic or
Lorentz stripping, is relevant just for H− beams due to
the low-binding energy of the second electron. Only

single-electron detachment processes are expected [31]
because of the high-binding energy of the first electron
(13.598434600291(12) eV [32]). The fraction of H− beam
particles dissociated by the electromagnetic field after a
traveled distance L can be evaluated through the interaction
probability [see Eq. (1)]:

f ¼ 1 − e−L=βcγτ ¼ 1 − e−t=γτ; ð12Þ

where τ is the particle lifetime in the rest frame of the ions.
The process can be analyzed from the decay of an atomic

system in a weak and static electric field. For sufficiently
high fields, the potential perceived by the electrons is
modified, decreasing at some distance below the binding
energies. The dissociation of the atomic system occurs by
tunneling through the potential barrier into a decay channel
giving rise to the ground state of the daughter atom. A
theoretical study based on the calculation of the electric
dissociation rate directly from the formal theory of decay
have obtained an expression for the of H− ion lifetime [33]:

τ ¼ 4mezT
S0N 2ℏð1þ pÞ2ð1 − 1

2k0zt
Þ × exp

�
4k0zT
3

�
ð13Þ

where zT ¼ ε=eE is the outer classical turning radius, ε is
the electron binding energy, S0 is the spectroscopic
coefficient of finding the daughter atom in the ground
state, p is the polarization of the ionic wave function, k0 is a
parameter derived from the ionic wave function and
determined from the relation k20 ¼ 2meε=ℏ2, and N is a
normalization factor given by

N ¼ ½2k0ðk0 þ αÞð2k0 þ αÞ�1=2
α

; ð14Þ

being α a parameter for the ionic potential function.
This lifetime expression can be parametrized in terms of

the electric field, E and the atomic properties:

τ ¼
ffiffiffiffiffiffiffiffiffiffiffi
2εme

p
α2

S0ð1þ pÞ2 e
� ffiffiffiffiffiffiffiffi

2εme

p
ℏ þ α

�� ffiffiffiffiffiffiffiffi
8εme

p
ℏ þ α

��
1 −

ffiffi
2

p
eℏ E

4
ffiffiffiffi
me

p
ε3=2

� 1

E
× exp

�
2

3

�
8me

e2ℏ2

�
1=2 ε3=2

E

�
; ð15Þ

where me is the electron mass, e is the elementary charge,
and ℏ is the reduced Planck constant. The values of the
atomic parameters are already known: p ¼ 0.012 6 [33],
S0 ¼ 0.783 ð5Þ [34] and α ¼ 3.806 × 1010 m−1 [35]. This
expression can be written in a simpler way as

τ ¼ aF
ð1 − ηEÞE × exp

�
bF
E

�
; ð16Þ

aF ¼
ffiffiffiffiffiffiffiffiffiffiffi
2εme

p
α2

S0ð1þ pÞ2e
� ffiffiffiffiffiffiffiffi

2εme

p
ℏ þ α

�� ffiffiffiffiffiffiffiffi
8εme

p
ℏ þ α

� ; ð17Þ

bF ¼ 2

3

�
8me

e2 ℏ2

�
1=2

ε3=2 ¼ 4

3

ε3=2ffiffiffiffiffiffiffiffiffiffiffiffi
eℏ μB

p ; ð18Þ
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η ¼
ffiffiffi
2

p
eℏ

4
ffiffiffiffiffiffi
me

p
ε3=2

¼
ffiffiffiffiffiffi
me

2

r
μB
ε3=2

; ð19Þ

where μB is the Bohr magneton. The parameters depend on
fundamental constants and ion properties, taking values of
aF ¼ 2.65ð2Þ × 10−6 s V=m, bF ¼ 4.4741ð2Þ × 109 V=m,
and η ¼ 1.49007 ð5Þ × 10−10 m=V.
Apart from that, prior to this theoretical approach, a

simpler expression for the rest-frame lifetime was obtained
experimentally [34,36,37] as a function of some setting
parameters (A1, A2):

τ ¼ A1

E
× exp

�
A2

E

�
: ð20Þ

This expression has been widely used in previous studies as
a first approximation to determine the influence of the
magnetic field in a H− beam. However, it could be derived
from the theoretical lifetime [Eqs. (15) or (16)] taking into
account some approximations: disregarding the polariza-
tion factor, p, and considering ηE ≪ 1. Thus, a relationship
for the experimental constants A1 and A2 as a function of
the binding energy can be found as

A1ðεÞ ¼ C1

ε

S0N2
; ð21Þ

A2ðεÞ ¼ C2 ε
3=2; ð22Þ

where C1 and C2 are constants independent of the atomic
structure that can be referred to as fundamental constants
[38,39] by means of the theoretical expression under the
considered approximation:

C1 ¼
4me

eℏ
¼ 2

μB
¼ 2.157 × 1023 A−1m−2; ð23Þ

C2 ¼
4

3

1ffiffiffiffiffiffiffiffiffiffiffiffi
eℏ μB

p ¼ 1.065 × 1038 T1=2 A−1=2 J−1 s−1: ð24Þ

Hence, the parameters of the experimental mean lifetime
expression can be reassessed, A1 ¼ 2.714ð17Þ×10−6 sV=m
andA2 ¼ 4.47407ð17Þ × 109 V=m, in good agreement with
previous values [34,37]. It is important to emphasize that
these parameters have always been determined by exper-
imental adjustments. Therefore, their assignment based on
fundamental constants provides an important enhancement
for the study of electromagnetic stripping.
The evaluation of the lifetime for aH− beam shows that the

Lorentz stripping becomes relevant for high-energy beams
immersed in high-magnetic fields. Hence, this process has to
be assessed and quantified in the design of an accelerator in
order to prevent unexpected beam losses.

III. OPAL COMPUTATIONAL MODEL FOR BEAM
STRIPPING

OPAL is a versatile open source particle-in-cell code
developed for large-scale charged-particle optics simula-
tions in accelerators and beam lines [17]. It is organized
into two different flavors, one of them (OPAL-CYCL)
exclusively dedicated to cyclotrons. The particles are
evolved in time by either a fourth-order Runge-Kutta
method or a second-order leapfrog according to the
collisionless Vlasov-Poisson equation.
One of the more attractive features of OPAL is the

capability to perform beam interactions with matter through
Monte Carlo simulations. The physical reactions consid-
ered by the code have been recently extended with the
implementation of beam stripping reactions [40]. This new
feature enhances the potential and versatility of OPAL,
providing the capability to extend beam dynamics studies
to cyclotrons where this could be a relevant issue.
The beam stripping algorithm evaluates the interaction

of hydrogen ions with the residual gas and the

FIG. 1. OPAL beam stripping physics algorithm flowchart.
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electromagnetic fields. In the first case, the cross sections of
the processes are estimated according to the energy by
means of analytical functions (see Sec. II A). The imple-
mentation allows the user to set the pressure, temperature,
and composition of the residual gas, which could be
selected for the calculations as either molecular hydrogen
(H2) or dry air in the usual proportion [41]. For precise
simulations, a two-dimensional pressure field map from an
external file can be imported into OPAL, providing more
realistic vacuum conditions. Concerning electromagnetic
stripping, the electric dissociation lifetime of H− ions is
evaluated through the theoretical formalism (see Sec. II B).
In both instances, the individual probability at each
integration step for every particle is assessed.
A stochastic evaluation method through an uniformly

generated random number is used to evaluate if a physical
reaction occurs. In case of interaction, it will be stripped
and removed from the beam, or optionally transformed to a
secondary heavy particle, compliant with the occurred
physical phenomena. In this case, the secondary particle
will continue its movement in agreement with the charge-
to-mass ratio. Figure 1 summarizes the iterative steps
evaluated by the algorithm until the end of the accelerating
process, or until the particle is removed from the beam.

IV. BEAM STRIPPING ASSESSMENT

A. AMIT cyclotron

The AMIT cyclotron is a superconducting weak focusing
cyclotron designed for single-dose production of 18F and
11C radionuclides. It is a Lawrence-type machine accel-
erating a H− beam current of 10 μA up to 8.5 MeV [42]. Its
compact configuration (Fig. 2) is aimed to contribute to the
deployment in hospitals for on site production of short-life
radioisotopes. The very compact design of the accelerator is
achieved by the combination of (1) a high-magnetic field
(central value of 4 T) created by a superconducting magnet
of NbTi [43] and (2) with the use of an internal penning
ionization gauge-type ion source. A radiofrequency system
[44] of 60.134 MHz in a one 180° dee configuration, at the
end of a quarter wave coaxial resonator, provides the
electric field for the beam acceleration. The required final
energy imposes a 60 kV accelerating peak voltage. An
independent vacuum chamber, adapted to the magnet
aperture, holds the accelerating system, the ion source,
the extraction system, and the beam diagnostics. The
stripping-based extraction provides the final proton beam,
making use of a high-efficiency mechanism through thin
carbon foils. The evaluation of the extraction process
resulted in total charge transfer with low-energy losses
for the optimized foil thickness [45]. The stripper is
installed in a movable mechanical structure, enabling the
energy tuning of the resultant beam.

B. Vacuum system

The vacuum system of the AMIT cyclotron has been
designed with the goal of achieving at least an absolute
residual gas pressure below 10−5 hPa in the acceleration
chamber. The system has to deal with the compactness of
the accelerator that limits the space available to install the
vacuum pumps considering the fringe magnetic field and
the radiation environment among other issues. The inde-
pendent acceleration chamber of 700 mm length, 52 mm
height, and 280 mm width is made of copper (surface area
of 0.26 m2) and steel (surface area of 0.5 m2). It hosts the
internal ion source, aligned with the axial direction, and the
rf cavity with a 12 mm-free height inside the dee electrode.
The vacuum system has been simulated with Molflow+

[46,47] to evaluate different configurations of the vacuum

FIG. 2. Top view of the AMIT cyclotron 3D model. The main
components, the center and the axes of the global reference frame
and the scale are indicated.
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pumps, taking into account the pumping system capacity, the
impact on the whole accelerator size, the maintenance
requirements, as well the interactions with other cyclotron
subsystems. From those simulations, a configuration with
two diffusion pumps connected to the cylindrical resonator
was chosen as a preferred option. The pumps system has the
capability to achieve an ultimate pressure below 10−7 hPa,
but due to the continuous gas injection from the ion source
(0–10 sccm), the pressure level in the chamber during
operation is much higher (around 10−4–10−5 hPa).
MOLFLOW+ considers steady state molecular flow of an

ideal gas for the simulations. Therefore, themean free path of
the residual gas particles ormolecules is considerably greater
than the dimensions of the vacuum vessel. The vacuum level

is determined by the throughput, depending on the pressure
gradient and the conductance. Vacuum calculation for the
AMIT chamber has been performed with MOLFLOW+ con-
sidering H2 residual gas, a conductance of 0.70 l=s and a
throughput of 4.3 × 10−3 Pa × m3=s ¼ 2.546 sccm. The
results are easily scalable if other input parameters have to
be considered.
The simulation results (see Fig. 3) show an average value

of the pressure of 7 × 10−5 hPa. However, the vacuum level
is worse in the central region (∼1.7 × 10−4 hPa), because in
front of the ion source slit the gas flux from the source and
the low conductance increases the pressure significantly.
Furthermore, the dee region has a slightly larger pressure
due to the gas evacuation limitations through the opening
holes at the back of the structure. Figure 3 illustrates the
pressure level in the vacuum chamber along the center of
the accelerating gap (at y ¼ 0) and along the perpendicular
direction passing through the center of the machine (at
x ¼ 0). Given this vacuum level, a relevant effect of the
beam stripping interactions in the beam transmission
through the cyclotron is expected.

C. AMIT beam stripping analysis

The compact design of the AMIT cyclotron requires a
careful analysis of the beam stripping interactions in order
to evaluate their contribution to the final beam losses. The
implementation of these particle-matter interactions into
OPAL has allowed the assessment of both the electromag-
netic stripping and the residual gas interactions. The beam
dynamics simulations with beam stripping interactions
have been performed under the nominal accelerations
conditions of the cyclotrons as it has been exposed in
Sec. IVA.

1. Electromagnetic stripping

A preliminary calculation shows that a 4 T magnetic field
for the maximum achievable energy of 8.5 MeV in the AMIT

cyclotron corresponds to a beam-rest-frame electric field of
E ¼ 160 MV=m. This entails a marginal beam fraction loss
per unit length of 1.42 × 10−6 m−1 due to electromagnetic
stripping obtained from the theoretical evaluation.
Therefore, Lorentz stripping is not expected to have any
noteworthy contribution to the stripping losses for the
current cyclotron configuration due to the low energy of the
beam. The OPAL simulations have corroborated the negli-
gible contribution of electromagnetic stripping to the beam
losses, and consequently it can be considered as a source of
second-order losses.

2. Gas stripping

The gas stripping losses along the acceleration process in
AMIT cyclotron has been characterized through OPAL

simulations including the pressure field map obtained from
MOLFLOW+ results. The average rate of stripping losses
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FIG. 3. Pressure level along x-coordinate at the gap center (a)
and along y-coordinate at x ¼ 0 (b). The figures are referred to
the cyclotron center (see Fig. 2). Thus, y-positive values in
subfigure (b) correspond to the dee region, whereas the negative
part represents the dummy-dee area and the rest of the vacuum
chamber. The red line represents the raw data from MOLFLOW+
simulations and the blue line is a spline fit.
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estimated by the simulation reaches ð14.6� 1.5Þ% under
the considered vacuum conditions. The uncertainty of the
result is due to the stochastic error associated with stripping
losses. Figure 4 illustrates the spatial characterization of the
beam stripping losses along the cyclotron. They are
predominantly produced in the first stages of the accel-
eration, some millimeters after the ion source, for two main
reasons. First, the pressure in the central region is one order
of magnitude higher in comparison with the rest of the
chamber. Second, the cross section of H− interactions with
the gas molecules is maximal for the energy range (0.1–
300) keV of the beam in the central region. Nevertheless,
the stripping interactions persist along the beam acceler-
ation at a lower level given the long traveled distances until
the extraction.
The energy characterization of the beam stripping losses

is presented in Fig. 5. It is manifest that the main part of
stripped particles induces low-energy losses (<1 MeV).

However, the prolongation of the stripping interactions
along the entire beam path induces high-energy losses,
which will entail the continuous damage and degradation of
several components in the long term and the increase of the
radioactive activation by secondary particles of energy
above 2.5 MeV.
Given the relevance of the beam stripping reactions

caused by the interactions with the residual gas in a
compact cyclotron, it is essential to look for some improve-
ments to minimize their impact. The vacuum level in the
acceleration chamber is directly related to the amount of
neutral gas injected, depending on the input gas flow in the
ion source and on the size of the chimney slit. The
modifications of these parameters involve a linear variation
of the pressure of the vacuum chamber under the consid-
eration of a steady state molecular flow from the source.
Thus, they can be adjusted to reduce the stripping losses in
the AMIT cyclotron as well as to modify the injected current.
The stripping loss rate as a function of the gas load has

been obtained (Fig. 6(a)), considering the actual flow range
provided by the gas supply system of the ion source (0–10
sccm). The gas load is of great relevance in the fulfillment
of the cyclotron beam requirements, because it influences
directly the final beam current through two associated
effects. On the one hand, the gas load influences on the
injected beam. In accordance with the experimental results
obtained from the measurements of the AMIT ion source in a
test bench facility [48], the injected beam current present a
nonlinear behavior with the gas flow rate. The production
and the neutralization of negative ions take place simulta-
neously by different reaction mechanisms inside the plasma
source [49]. Then, a balance between the gas ionization rate
inside the chimney and the survival of H− ions led to a
maximum extracted beam current at 4 sccm of gas load for

FIG. 4. (a) Spatial distributions in the cyclotron plane of the
beam losses produced by gas stripping. (b) Normalized distri-
bution over the total amount of stripping losses along different
directions.
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different operating conditions of the ion source. In spite of
the fact that these experimental results were obtained under
dc extraction conditions, the behavior of the extracted
current from the source must be proportional in rf con-
ditions, and therefore, it is acceptable to use these mea-
surements to quantify the expected current in the cyclotron.
On the other hand, higher gas load implies higher stripping
losses by the increment of the pressure level. The increase
of the beam losses can even reduce the final beam current
below the minimum needed for the radioisotope produc-
tion. Therefore, the optimum solution will require a balance
between both effects. The results of the optimum gas flow
rate to maximize the injected current in combination with
the limited beam stripping losses allow to establish a gas
load of 3.5 sccm to achieve a maximized final beam current
(Fig. 6(b)), slightly lower than the optimum when only ion
source current is considered.

In addition to the gas load, the stripping losses can be
optimized by the adjustment of the chimney slit size, which
modifies the conductance. From the designed nominal size
of 6 mm height and 2 mm width, different slit areas have
been considered from 0.6 to 2.4 mm2, modifying both the
height (between 6, 5, 4, and 3 mm), and the width (between
0.2, 0.3, and 0.4 mm). A linear increase of the pressure
level in the vacuum chamber with the slit size has been
considered. Multiparticle simulations have been performed
to evaluate its effect on the beam stripping losses along the
cyclotron, observing, as expected, a linear increase with the
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FIG. 6. (a) Stripping losses rate as a function of the gas load of
the chimney. (b) Relative final beam current from stripping losses
simulations considering the experimental results of the ion source
extraction measurements. To facilitate the data analysis, the red
dashed line represents the normalized injected current over the
maximum from the experimental measurements [48].
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FIG. 7. (a) Beam stripping losses rate as a function of the slit
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color and symbol according to the slit width, with each point
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size of the slit [Fig. 7(a)] both for changes in height
or width.
The slit size also has an impact on the injected current,

the beam size, and the associated losses due to axial
deviations. First, considering a linear relationship between
the injected current and slit area, a net increase on the final
beam current will be expected as the area is modified in the
considered range, in spite of the rise of beam stripping with
the residual gas. Moreover, the wider the beam width, the
greater the losses in the central region due to particle
collisions with the puller. Figure 7(b) represents the relative
beam current at the end of the cyclotron in relation to the
expected current from the nominal slit. The significant
increase in the final current is clearly noticeable. Therefore,
it can be concluded that a larger slit width than the nominal
will be an advantageous enhancement on the final beam
current. A deviation from the linear trend is observed due to
the increase of losses in the central region due to impact
with the puller. Lastly, a slight reduction in the height of the
slit entails the complete axial beam transmission, reached
for a slit height of ≤5.5 mm. Larger slit height leads to
particle collisions with the top and bottom of the electrode
in the medium-high energy range, that must be avoided to
prevent the activation of the accelerator. Thus, the maxi-
mum slit height must be set below this value in order to
avoid these beam losses.
Based on the results obtained, the analysis of the beam

losses for different slit sizes allows to establish the range of
dimensions that provide an optimization of the final current
without an excessive rise of the stripping losses. It should
be mentioned that optimizing the slit dimensions shall also
consider the effect on the plasma meniscus and the
extraction electric field modification. These effects will
be analyzed in future studies.
The results obtained in this section will provide a starting

point during the commissioning of the cyclotron to validate
the simulations against experimental data, balancing all the
related parameters to optimize the final beam current.

V. CONCLUSIONS

Beam stripping interactions with residual gas and
electromagnetic fields (Lorentz stripping) have been stud-
ied in detail in order to analyze the effect on the cyclotron
beam transmission through the implementation of these
physical interactions into the beam dynamics code OPAL.
These interactions constitute one of the main drawbacks in
H− compact cyclotrons with internal ion source, due to
their influence on the beam transmission, the high potential
for damaging the cyclotron in-vessel components and the
associated radioactive environment. The importance of the
gas stripping has been corroborated by the application to
the AMIT cyclotron. Thanks to this assessment and opti-
mization of the ion source parameters and the vacuum
system has been obtained. First, the control of the gas load
has been studied, taking into account previous experimental

measurements of the current extracted from the ion source.
The balance of beam production at the ion source and the
increase of stripping losses has been evaluated. Second, we
assessed the effects of the ion source slit size and the
injected beam current on the stripping losses, on the central
region, and the beam axial deviations. Bearing that in mind,
stripping interactions have to be considered during the
beam dynamics simulations of future compact H− cyclo-
trons, as one of the key effects for the optimization of the
nominal parameters. The OPAL code has been upgraded and
validated as a powerful tool for this use.

ACKNOWLEDGMENTS

The authors thank Paul Scherrer Institut and OPAL team for
supporting this research. All simulations were performed
using the High Performance Computing resources provided
by the computing facilities of Extremadura Research Centre
for Advanced Technologies (CETA-CIEMAT), funded by
the European Regional Development Fund (ERDF). CETA-
CIEMAT belongs to CIEMATand theGovernment of Spain.
Thisworkwas partially supported by the SpanishMinistry of
Economy and Competitiveness under project Grant
No. FPA2016-78987-P.

[1] C. Oliver, Compact and efficient accelerators for radioiso-
tope production, in Proceedings of the 8th International
Particle Accelerator Conference (IPAC’17) (Copenhagen,
Denmark, 2017), pp. 4824–4829.

[2] P. Schmor, Review of cyclotrons for the production of
radioactive isotopes for medical and industrial applica-
tions, Rev. Accel. Sci. Techol. 04, 103 (2011).

[3] V. Smirnov and S. Vorozhtsov, Modern compact accel-
erators of cyclotron type for medical applications, Phys.
Part. Nucl. 47, 863 (2016).

[4] Directory of cyclotrons used for radionuclide production in
member states, Technical Report No. IAEA-DCRP/2006,
International Atomic Energy Agency (IAEA), Industrial
Applications and Chemistry Section, 2006.

[5] A. Boschi, P. Martini, M. Pasquali, and L. Uccelli, Recent
achievements in Tc-99m radiopharmaceutical direct pro-
duction by medical cyclotrons, Drug Development and
Industrial Pharmacy 43, 1402 (2017).

[6] K. W. Ehlers, Design considerations for high-intensity
negative ion sources, Nucl. Instrum. Methods 32, 309
(1965).

[7] D. H. An, I. S. Jung, J. Kang, H. S. Chang, B. H. Hong, S.
Hong, M. Y. Lee, Y. Kim, T. K. Yang, and J. S. Chair, The
negative hydrogen penning ion gauge ion source for
KIRAMS-13 cyclotron, Rev. Sci. Instrum. 79, 02A520
(2008).

[8] J. L. Ristic-Djurovic, Stripping extraction of positive ions
from a cyclotron, Phys. Rev. ST Accel. Beams 4, 123501
(2001).

[9] W. Kleeven, Injection and extraction for cyclotrons, in
Proceedings of the CAS-CERN Accelerator School and
KVI: Specialised CAS Course on Small Accelerators

BEAM STRIPPING INTERACTIONS IN COMPACT … PHYS. REV. ACCEL. BEAMS 24, 090101 (2021)

090101-9

https://doi.org/10.1142/S1793626811000574
https://doi.org/10.1134/S1063779616050051
https://doi.org/10.1134/S1063779616050051
https://doi.org/10.1080/03639045.2017.1323911
https://doi.org/10.1080/03639045.2017.1323911
https://doi.org/10.1016/0029-554X(65)90528-8
https://doi.org/10.1016/0029-554X(65)90528-8
https://doi.org/10.1063/1.2812797
https://doi.org/10.1063/1.2812797
https://doi.org/10.1103/PhysRevSTAB.4.123501
https://doi.org/10.1103/PhysRevSTAB.4.123501


(Zeegse, The Netherlands, 2006), pp. 271–296, Technical
Report No. CERN-2006-012.

[10] Z. Yang, P. Dong, J. Long, T. Wang, C. Lan, Y. Peng, T.
Wei, X. He, K. Zhang, and J. Shi, The study of discharge
characteristic of the cold-cathode negative hydrogen PIG-
type ion source, Nucl. Instrum. Methods Phys. Res., Sect.
A 685, 29 (2012).

[11] K. R. Lykke, K. K. Murray, and W. C. Lineberger, Thresh-
old photodetachment of H−, Phys. Rev. A 43, 6104 (1991).

[12] A. I. Papash and Y. G. Alenitsky, On beam intensity
upgrade in the commercial cyclotrons of negative hydrogen
ions, Phys. Part. Nucl. Lett. 5, 469 (2008).

[13] T. Zhang, Y. Bi, F. Guan, X. Jia, S. Wei, J. Zhong, G. Dutto,
G. Mackenzie, L. Root, and J.-z. Wang, Beam loss by
Lorentz stripping and vacuum dissociation in a 100 MeV
compact H− cyclotron, in Proceedings of the 23rd Particle
Accelerator Conference (IPAC’09) (Vancouver, Canada,
2009), p. 5035, Technical Report No. FR5REP111.

[14] J. Pradhan, J. Debnatha, A. Duttaa, S. Paula, U. Bhuniaa,
M. K. Deya, A. D. Guptaa, and A. Bandyopadhyay,
Characteristics of beam loss in compact superconducting
cyclotron, J. Instrum. 15, T08006 (2020).

[15] J.-P. Carneiro, B. Mustapha, and P. N. Ostroumov, Numeri-
cal simulations of stripping effects in high-intensity hydro-
gen ion linacs, Phys. Rev. ST Accel. Beams 12, 040102
(2009).

[16] M. A. Plum, Beam loss in linacs, in Proceedings of the
Joint International Accelerator School: Beam Loss and
Accelerator Protection (Newport Beach, USA, 2014),
pp. 39–62, Technical Report No. CERN-2016-002.

[17] A. Adelmann, P. Calvo, M. Frey, A. Gsell, U. Locans, C.
Metzger-Kraus, N. Neveu, C. Rogers, S. Russell, S.
Sheehy, J. Snuverink, and D. Winklehner, OPAL a versatile
tool for charged particle accelerator simulations, arXiv:
1905.06654, https://gitlab.psi.ch/OPAL/src/-/wikis/home.

[18] Cyclomed technologies, http://cyclomed.tech/.
[19] W. R. Leo, Techniques for Nuclear and Particle Physics

Experiments, 2nd ed. (Springer-Verlag, Berlin Heidelberg,
1994).

[20] S. K. Allison, Experimental results on charge-changing
collisions of hydrogen and helium atoms and ions at kinetic
energies above 0.2 keV, Rev. Mod. Phys. 30, 1137
(1958).

[21] C. F. Barnett, J. A. Ray, E. Ricci, M. I. Wilker, E. W.
McDaniel, E. W. Thomas, and H. B. Gilbody, Atomic data
for controlled fusion research, Oak Ridge National Labo-
ratory, Technical Report No. ORNL-5206/V1, 1977.

[22] Y. Nakai, T. Shirai, T. Tabata, and R. Ito, Cross sections for
charge transfer of hydrogen atoms and ions colliding with
gaseous atoms and molecules, At. Data Nucl. Data Tables
37, 69 (1987).

[23] A. V. Phelps, Cross section and swarm coefficients for Hþ,
H2

þ, H3
þ, H, H2 and H− in H2 for energies from 0.1 eV to

10 keV, J. Phys. Chem. Ref. Data 19, 653 (1990).
[24] C. F. Barnett, Atomic Data for Fusion. Volume 1: Collisions

of H, H2, He and Li Atoms and Ions with Atoms and
Molecules, edited by H. T. Hunter, M. I. Kirkpatrick, I.
Alvarez, C. Cisneros, and R. A. Phaneuf (Oak Ridge Na-
tional Laboratory, Oak Ridge, TN, USA, 1990), Technical
Report No. ORNL-6068/V1.

[25] A. V. Phelps, Collisions of Hþ, H2
þ, H3

þ, ArHþ, H−, H
and H2 with Ar and Arþ and ArHþ with H2 for energies
from 0.1 eV to 10 keV, J. Phys. Chem. Ref. Data 21, 883
(1992).

[26] G. H. Gillespie, Double closure calculation of the electron-
loss cross section for H− in high-energy collisions with H
and He, Phys. Rev. A 15, 563 (1977).

[27] G. H. Gillespie, High-energy cross sections for H− ions
incident on intermediate and high-Z atoms, Phys. Rev. A
16, 943 (1977).

[28] G. H. Gillespie, Excitation and ionization contributions to
sum-rule Born cross sections for collisions of one-electron
ions with atoms, Phys. Rev. A 18, 1967 (1978).

[29] A. E. S. Green and R. J. McNeal, Analytic cross sections
inelastic for collisions of protons and hydrogen atoms with
atomic and molecular gases, J. Geophys. Res. 76, 133
(1971).

[30] T. Tabata and T. Shirai, Analytic cross sections for
collisions of Hþ, H2

þ, H3
þ, H, H2 and H− with hydrogen

molecules, At. Data Nucl. Data Tables 76, 1 (2000).
[31] M. A. Furman and D. E. Johnson, A possible design of the

Linac-to-LEB injection girder for 1133 MeV H− ions,
Technical Report No. SSC-N-564, 2002.

[32] P. J. Mohr, D. B. Newell, and B. N. Taylor, CODATA
Recommended values of the fundamental physical con-
stants: 2014, Rev. Mod. Phys. 88, 035009 (2016).

[33] L. R. Scherk, A improved value for the electron affinity of
the negative hydrogen ion, Can. J. Phys. 57, 558 (1979).

[34] P. B. Keating et al., Electric-field-induced electron detach-
ment of 800-MeV H− ions, Phys. Rev. A 52, 4547 (1995).

[35] T. Tietz, Analytical formula for continuos absorption
coefficient of the hydrogen negative ion, Phys. Rev.
124, 493 (1961).

[36] G.M. Stinson, W. C. Olsen, W. J. McDonald, P. Ford, D.
Axen, and E.W. Blakmore, Electric dissociation of H− ions
by magnetic fields, Nucl. Instrum. Methods 74, 333 (1969).

[37] A. J. Jason, D. W. Hudgings, and O. B. van Dyck, Neu-
tralization of H− beams by magnetic stripping, IEEE Trans.
Nucl. Sci. 28, 2703 (1981).

[38] The International System of Units (SI), edited by D. Newell
and E. Tiesinga, National Institute of Standards and
Technology, 2019, Technical Report No. NIST SP 330.

[39] E. Tiesinga, P. J. Mohr, D. B. Newellf, and B. N. Taylor, The
2018 CODATA recommended values of the fundamental
physical constants, http://physics.nist.gov/constants.

[40] P. Calvo, A. Adelmann, M. Frey, A. Gsell, C. Oliver, and J.
Snuverink, Beam stripping interactions implemented in
cyclotrons with OPAL simulation code, in Proceedings of
the 22th International Conference on Cyclotrons and their
Applications (Cyclotrons’19), Cape Town, South
Africa (JACoW Publishing, Geneva, Switzerland, 2019),
pp. 110–113.

[41] A. Picard, R. S. Davis, M. Glaser, and K. Fujii, Revised
formula for the density of moist air (CIPM-2007), Metro-
logia 45, 149 (2008).

[42] C. Oliver et al., Optimizing the radioisotope production
with a weak focusing compact cyclotron, in Proceedings of
the 20th International Conference on Cyclotrons and their
Applications (Cyclotrons’13) (Vancouver, BC, Canada,
2013), pp. 429–431.

P. CALVO et al. PHYS. REV. ACCEL. BEAMS 24, 090101 (2021)

090101-10

https://doi.org/10.1016/j.nima.2012.05.048
https://doi.org/10.1016/j.nima.2012.05.048
https://doi.org/10.1103/PhysRevA.43.6104
https://doi.org/10.1134/S1547477108050117
https://doi.org/10.1088/1748-0221/15/08/T08006
https://doi.org/10.1103/PhysRevSTAB.12.040102
https://doi.org/10.1103/PhysRevSTAB.12.040102
https://arXiv.org/abs/1905.06654
https://arXiv.org/abs/1905.06654
https://gitlab.psi.ch/OPAL/src/-/wikis/home
https://gitlab.psi.ch/OPAL/src/-/wikis/home
https://gitlab.psi.ch/OPAL/src/-/wikis/home
http://cyclomed.tech/
http://cyclomed.tech/
https://doi.org/10.1103/RevModPhys.30.1137
https://doi.org/10.1103/RevModPhys.30.1137
https://doi.org/10.1016/0092-640X(87)90005-2
https://doi.org/10.1016/0092-640X(87)90005-2
https://doi.org/10.1063/1.555858
https://doi.org/10.1063/1.555917
https://doi.org/10.1063/1.555917
https://doi.org/10.1103/PhysRevA.15.563
https://doi.org/10.1103/PhysRevA.16.943
https://doi.org/10.1103/PhysRevA.16.943
https://doi.org/10.1103/PhysRevA.18.1967
https://doi.org/10.1029/JA076i001p00133
https://doi.org/10.1029/JA076i001p00133
https://doi.org/10.1006/adnd.2000.0835
https://doi.org/10.1103/RevModPhys.88.035009
https://doi.org/10.1139/p79-077
https://doi.org/10.1103/PhysRevA.52.4547
https://doi.org/10.1103/PhysRev.124.493
https://doi.org/10.1103/PhysRev.124.493
https://doi.org/10.1016/0029-554X(69)90359-0
https://doi.org/10.1109/TNS.1981.4331890
https://doi.org/10.1109/TNS.1981.4331890
http://physics.nist.gov/constants
http://physics.nist.gov/constants
http://physics.nist.gov/constants
https://doi.org/10.1088/0026-1394/45/2/004
https://doi.org/10.1088/0026-1394/45/2/004


[43] L. García-Tabarés, P. Abramian, J. Calero, J. L. Gutiérrez,
J. Munilla, D. Obradors, J. M. Perez, F. Toral, R. Iturbe, L.
Mínguez, J. Gómez, E. Rodilla, M. Bajko, M. Michels, D.
Berkowitz, and F. Haug, Development of a superconduct-
ing magnet for a compact cyclotron for radioisotope
production, IEEE Trans. Appl. Supercond. 26, 1 (2016).

[44] D. Gavela, B. Bravo, J. Calero, R. Fos, L. García-Tabarés, P.
Gómez, D. López, D. Obradors-Campos, J. Ocampo, C.
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