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Beam lifetimes of stored U28þ ions with energies between 10 and 180 MeV=u were measured in the

heavy ion synchrotron SIS18 and in the experimental storage ring (ESR) of the GSI accelerator facility.

By using the internal gas jet target of the ESR, it was possible to obtain projectile ionization cross sections

for collisions with H2 and N2 from the lifetime data. The experimental cross sections are compared to

theoretical data predicted by the n-body classical-trajectory Monte Carlo (CTMC) method of Olson et al.

and to calculations of Shevelko et al. using the LOSS-R code. In addition, both theoretical approaches are

probed by using the resulting cross sections as input parameters for the STRAHLSIM code, which models

the beam losses and, consequently, the lifetimes in the heavy ion synchrotron SIS18. Both the cross

section measurement and the SIS18 lifetime study indicate that the LOSS-R code cross sections are in better

agreement with the experimental results than the n-body CTMC calculations.
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I. INTRODUCTION

The charge exchange processes occurring in energetic

ion-atom collisions play a decisive role in many applica-

tions, such as ion beam transport in accelerators, beam

lines, and storage rings [1,2], as well as the ion-driven

inertial fusion [3,4]. There, interactions between the ions

and the constituents of the residual gas can lead to a change

of the charge state of the projectiles. In the presence of

dispersive ion optical elements, the trajectories of up- or

down-charged ions are not matching the one of the refer-

ence charge state, resulting in a successive defocusing or

even loss of the ion beam. Moreover, projectiles hitting the

walls of the beam lines give rise to several unwanted

effects, such as increased radiation levels, damaging of

sensitive instruments, and degrading of the vacuum con-

ditions [5]. The latter process, caused by ion-induced

desorption, can even end up in an avalanche process,

leading to a rapid loss of the complete beam. Therefore,

exact knowledge of the charge changing cross sections is of

crucial importance for the planning of experiments in

existing accelerators and storage rings as well as for the

design of new facilities.

Future experiments intended at the new Facility for

Antiproton and Ion Research (FAIR) facilities require in-

tense beams of heavy ions [6]. In order to reach the highest

beam intensities, while minimizing the limitations induced

by space charge, the use of low-charged, many-electron

ions, e.g. the accumulation of 5� 1011 U28þ ions in the

planned synchrotron SIS100, is intended. The so-called

booster operation will use the existing heavy ion synchro-

tron SIS18 of the GSI facility as an injector for the SIS100.

It has to deliver 1:25� 1011 U28þ ions at a repetition rate

of 2.6 Hz. So far, the maximum extracted number of

particles for this ion species is 8� 109 due to dynamical

vacuum effects as described above [7].

In the relevant energy region ranging from a fewMeV=u
to a few GeV=u, the dominant beam loss process of many-

electron ions, where the number of bound electrons is far

above the equilibrium charge state, is projectile ionization,

sometimes also referred to as stripping or electron loss.

While the theoretical description of ionization of few-

electron ions, such as H-like and He-like systems, leads

to reliable results within a large range of collision energies

and atomic numbers Z, calculations for many-electron

systems are still a challenging task [8,9]. To benchmark

recent theoretical approaches, experimental data is needed.

Previous measurements of the ionization cross sections of

many-electron, low-charged ions mainly covered the en-

ergy region below 10 MeV=u [10–15]. However, a recent

beam lifetime measurement using U28þ ions in the experi-

mental storage ring (ESR) extended the energy range up to

50 MeV=u [16].

In this work, we report on ionization cross sections

obtained from the recent lifetime experiment. The experi-

mental data are compared to n-body classical-trajectory

Monte Carlo (nCTMC) calculations by Olson et al.

[13,17], and the relativistic Born approximation based

LOSS-R code of Shevelko et al. [18,19]. In addition, experi-

mental lifetime data from the SIS18 are presented and*g.weber@gsi.de
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compared to STRAHLSIM [20] calculations based on the

cross sections of both theoretical approaches.

II. EXPERIMENTAND RESULTS

At the GSI accelerator facility, U28þ ions were preaccel-

erated in the linear accelerator UNILAC and subsequently

injected into the heavy ion synchrotron SIS18 with an

energy of 7:1 MeV=u. The SIS18 was used to accelerate

the ions which were then either stored at a constant veloc-

ity in the SIS18 or injected into the heavy ion storage ring

ESR. The magnetic rigidity of the SIS18 is 18 Tm and

allows storing U28þ beams with energies up to approxi-

mately 200 MeV=u, whereas the ESR is limited to 10 Tm,

which corresponds to a maximum energy of approxi-

mately 50 MeV=u. Consequently, ions with 10, 20, 40,

and 50 MeV=u, respectively, were injected into the ESR,

while the same energies and, in addition, 80, 120, and

180 MeV=u, respectively, were used in the SIS18. In order
to reduce the contribution of dynamical vacuum effects to

the beam lifetime, low beam intensities of the order of 1�
108 particles were injected into the SIS18. After injection

into the ESR, electron cooling was applied, resulting in a

strongly reduced emittance and a typical beam diameter of

2 mm.

The loss rate of the stored ions was obtained by mea-

suring the ion current as a function of time using the beam

current transformers in both rings. As can be seen in Fig. 1,

the beam intensity IðtÞ follows an exponential decay law,

IðtÞ ¼ Ið0Þ � expð�� � tÞ; (1)

with t denoting the time and � the decay constant. The

latter is related to the beam lifetime � by � ¼ 1=�.
Therefore, �, and consequently �, can be obtained by a

least-squares adjustment of Eq. (1) to the slope of the ion

current. For many-electron ions interacting with the resid-

ual gas components at energies above a few MeV=u,
projectile ionization is the main beam loss process. Thus,

the beam lifetimes are determined by

� ¼ ð��vfÞ�1; (2)

where � is the weighted mean of the individual ionization

cross sections for the different residual gas components, �
is the gas density, v is the projectile velocity, and f is the

fractional length of the interaction region compared to the

full cycle length, e.g. f ¼ 1 in the case of interactions with

the residual gas covering the whole ring. The beam life-

times obtained in the SIS18 are denoted in Table I, while

the ESR lifetimes can be found in [16].

The measured beam lifetimes in the ESR had to be

corrected for beam losses due to recombination events in

the electron cooler region. Therefore, the lifetime for dif-

ferent electron currents was measured and then extrapo-

lated to zero current conditions. The lifetimes for the SIS18

are roughly a factor 10 shorter than for the ESR. This is due

to the different residual gas compositions and their asso-

ciated partial pressures, which are presented in Table II.

FIG. 1. Logarithmic plot of the U28þ ion current versus time at

10 MeV=u in the SIS18 synchrotron (lower curve) and the ESR

storage ring (upper curve). The fast decay near the starting point

of the SIS18 curve is due to injection losses and acceleration

effects.

TABLE I. Measured lifetimes of U28þ beams at various ener-

gies in the SIS18 synchrotron. The errors account for a system-

atic uncertainty due to the low precision of the beam current

transformer at low beam intensities.

Beam lifetime [s]

Energy [MeV=u] SIS18

10 3:14� 0:47
20 4:27� 0:64

40 5:31� 0:80
50 5:50� 0:83

80 6:27� 0:94
120 7:17� 1:08

180 8:16� 1:22

TABLE II. Estimated residual gas composition in the SIS18

synchrotron and the ESR storage ring. The values should be

considered as a rough estimate. Deviations from 100% are due to

round-off errors.

Residual gas composition

Constituent SIS18 ESR

H2 76% 83%

He 3% � � �

CH4 12% 5%

H2O 5% 10%

CO=N2 3% � � �

CO2 � � � 1%

O2 0.5% � � �

Ar 1% 1%
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The data arise from an averaging over local residual gas

pressure measurements at different positions inside the

ring. The total base pressure in the SIS18 is in the order

of 1� 10�10 mbar and in the ESR is 2� 10�11 mbar,

respectively. As vacuum conditions may differ signifi-

cantly on the scale of a few meters, these values should

be considered as a rough estimate.

As the residual gas contains different constituents, the

measured beam lifetime leads to an effective cross section

for a particular gas composition, and it is not possible to

extract ionization cross sections for an individual compo-

nent. Therefore, the gas target of the ESR was used for

dedicated cross section measurements. With the use of the

supersonic gas jet target, it was possible to generate target

densities of the order of 1012 particles=cm3 with a target

diameter of approximately 5 mm [21–23].H2 andN2, often

used as reference components to model certain residual gas

compositions, served as target gases. The measurement

procedure was as follows: After injection into the ESR,

the U28þ beam was cooled for a few seconds, then the gas

target was switched on by opening a fast valve, resulting in

a strongly reduced beam lifetime. By scanning the ion

beam axially across the target region and measuring the

lifetime, the best target-beam overlap position, identified

as that corresponding to the shortest lifetime, was found.

Once maximum overlap was established, the beam lifetime

was measured several times for each beam energy; see [16]

for details. In order to extract the lifetime due to interac-

tions with the gas target only, the previously measured

contributions of the residual gas and the electron cooler

were subtracted. Finally, target dependent ionization cross

sections were obtained by solving Eqs. (1) and (2) com-

bined with the gas target density calibration information

obtained from [21].

In Fig. 2 the ionization cross sections per target atom for

U28þ colliding with H and N atoms obtained in this work,

as well as previous results from Franzke et al. [10] and

Olson et al. [13], are compared to theoretical predictions

by the nCTMC method of Olson et al. [13] and recent

results of the LOSS-R code developed by Shevelko et al.

[24]. Thereby, the influence of the molecular binding of H2

andN2 on the cross sections is neglected. The error bars are

due to an estimated uncertainty of 25% in the determina-

tion of the target density obtained by measuring the gas

load in the dump area of the target device. In the case of the

H2 target, the beam lifetime was long enough such that the

analysis could be performed using the part of the ion

current decay curve long after the target had already

reached its final density (about a few tenths of a second).

However, due to the larger cross section resulting in a much

more rapid decrease in beam intensity for the N2 target, the

lifetimes had to be extracted using data beginning only a

few tenths of a second after the gas target valve was

opened. Therefore, it is possible that this could result in

the N2 target density being overestimated, which would

lead to an underestimation of the N cross sections.

Unfortunately, the use of lower target densities resulting

in longer beam lifetimes was not possible due to technical

restrictions of the target apparatus.

As can be seen in Fig. 2, for the H cross sections both

theoretical approaches and the experimental data all ex-

hibit a very similar energy dependence in the high energy

regime, while the absolute values for the two theoretical

calculations differ approximately by a factor of 2. The

experimental data lie closer to the calculations by

Shevelko. Taking into account the limited accuracy of the

theoretical approaches, both calculations as well as the

experimental results are in agreement with each other. In

the case of N there is a significant deviation in the energy

dependence between the two theoretical approaches ap-

plied. The decrease of the cross section with increasing

energy is significantly faster in the case of the LOSS-R code

data. The experimental data also indicate a strong decrease,

in disagreement with the one of the nCTMC method.

This result is quite surprising as classical-trajectory

Monte Carlo calculations, such as the nCTMC method,

are known to provide appropriate results for many appli-

cations where many-electron systems are involved. How-

ever, the reader should keep in mind that this finding is

based on two experimental data points only and that our

results may be influenced by the experimental uncertainties

described above.

Using the predicted cross sections as input parameters

for beam lifetime simulations is another way to benchmark

different theoretical approaches. Compared to dedicated

cross section measurements, this method has the drawback

that cross sections for different residual gas components

are averaged to an effective cross section, while the com-

position, as well as the total pressure of the residual gas, is

only roughly known. Nevertheless, a comparison between

calculated and measured lifetimes may at least serve as an

FIG. 2. Experimental cross sections per target atom in com-

parison to calculations performed by Olson et al. (open squares)

[13] and Shevelko et al. (open triangles) [24]. The experimental

data points obtained in this work are denoted by full circles,

while data from previous measurements by Franzke et al. [10]

and Olson et al. [13] are denoted by full stars.
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indicator for the reliability of predicted cross sections.

Moreover, as U28þ beam lifetime data is available up to

180 MeV=u, while for that ion species the cross section

measurements at the ESR gas target are restricted to en-

ergies not higher than 50 MeV=u, theoretical approaches
can be probed in a considerably broader energy region.

Within the GSI accelerator group the STRAHLSIM code

[20] was developed in order to model charge change

induced ion beam losses inside the SIS18 and to predict

beam lifetimes for the planned SIS100=300. Besides static
vacuum beam lifetime calculations, it has also the ability to

simulate dynamic vacuum conditions caused by beam

losses and ion stimulated gas desorption. Furthermore,

the complete acceleration and storage cycle can be simu-

lated, too. Charge exchange cross sections as a function of

beam energy are taken from Olson et al. or Shevelko et al.,

and can account for multiple ionization, too. As input

parameters for the simulations, the definition of the accel-

eration cycle, the equilibrium residual gas pressure, and its

constituents can be entered. Other vacuum parameters,

such as effective pumping speed, volume, and surface

areas, are calculated analytically from the given lattice of

the SIS18.

In Fig. 3 the STRAHLSIM beam lifetime results according

either to the cross sections provided by the LOSS-R code or

to the nCTMC results are presented together with the

experimental lifetime data obtained in this work, as well

as previous measurements from 2001 [25]. As both Olson

and Shevelko account for an uncertainty of at least 30% in

their cross section predictions, these lines are shown addi-

tionally for the simulated lifetimes. The total residual gas

pressure was used as a scaling parameter to let both

STRAHLSIM calculations coincide at low energies. The

scaling factor was 1.33 for the LOSS-R code cross sections

and 1.16 for the nCTMC cross sections, respectively,

which is within the uncertainty of the residual gas mea-

surement. The quasistatic behavior of the lifetimes based

on nCTMC calculations is due to their rough E�1=2 scaling

which leads to a cancellation of decreasing ionization cross

section and increasing effective line density with increas-

ing projectile velocity. Both, the experimental lifetimes

from this work and the previous measurement are in better

agreement with the STRAHLSIM calculations based on the

LOSS-R code cross sections than with the predictions of the

nCTMC method. These results give additional evidence

for the outcome of the cross section measurement de-

scribed above.

Nevertheless one has to note that, according to the

residual gas composition in Table II, the SIS18 lifetimes

are not sensitive to N cross sections unless the C and O

atoms are counted as ‘‘N like’’. ForXe18þ ions at 6 MeV=u
colliding with CO, CO2, O2, and N2 targets, it was pre-

viously shown that the total projectile ionization cross

sections per atom coincide within less than 20% [12].

This procedure leads to an approximate 10 to 1 ratio of

H and N atoms in the SIS18. As the cross sections for U28þ

being ionized by N atoms are roughly an order of magni-

tude larger than for H atoms, the contributions of both

constituents to the effective ionization cross section of

the residual gas and, consequently, to the lifetime of the

stored U28þ beam are comparable.

III. SUMMARYAND CONCLUSIONS

Projectile ionization cross sections of U28þ ions collid-

ing with H2 and N2 targets were measured in the energy

region between 10 and 50 MeV=u at the internal gas jet

target of the ESR storage ring. The available experimental

data was compared to recent theoretical approaches for the

treatment of low-charged, many-electron systems, namely,

the nCTMC method of Olson et al. and the LOSS-R code of

Shevelko et al. In addition, U28þ beam lifetimes were

measured in the SIS18 synchrotron up to 180 MeV=u. In
combination with the STRAHLSIM code, which models

beam losses in the SIS18, this allowed probing the theo-

retical predictions in an even wider energy range than

accessible with the dedicated cross section measurements

in the ESR. Both experimental studies are in better agree-

ment with the cross sections provided by the LOSS-R code

than with the results of the nCTMC method. In particular

for the N cross sections, there is a significant deviation

between the experimental data and the nCTMC predictions

at high collision energies. As this finding is unexpected and

based on a few data points only, additional measurements

will be performed. Future experiments may also signifi-

cantly benefit from the advantages of the upgrade of the

FIG. 3. U28þ beam lifetimes in the SIS18 synchrotron plotted

versus the beam energy. The experimental data obtained in this

work are marked by full circles, while stars denote results from a

previous measurement [25]. The STRAHLSIM results together

with an error margin of 30% (shaded area) are illustrated by a

dotted line (LOSS-R code cross sections) and a dashed line

(nCTMC cross sections), respectively.
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ESR gas jet target apparatus [26], in particular, the wider

range of available target densities.
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