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We report on the first results of experiments with a new laser-based proton beam line at the GSI

accelerator facility in Darmstadt. It delivers high current bunches at proton energies around 9.6 MeV,

containing more than 109 particles in less than 10 ns and with tunable energy spread down to 2.7% (ΔE=E0

at FWHM). A target normal sheath acceleration stage serves as a proton source and a pulsed solenoid

provides for beam collimation and energy selection. Finally a synchronous radio frequency (rf) field is

applied via a rf cavity for energy compression at a synchronous phase of −90 deg. The proton bunch is

characterized at the end of the very compact beam line, only 3 m behind the laser matter interaction point,

which defines the particle source.
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I. INTRODUCTION

Laser-based ion acceleration as a source for intense,

MeV-range ion bunches has been discussed for many

possible applications since their discovery. They range

from fusion science [1], warm dense matter creation [2–4],

and diagnostic [5–7] up to medical applications [8,9].

Awell-understood and widely-used mechanism for laser-

based ion acceleration is the TNSA machanism (target

normal sheath acceleration, [10,11]). It is most efficiently

used for accelerating protons and shows excellent beam

properties with respect to bunch intensity and emittance

[12]. However, the beam suffers from large envelope

divergence and a continuous energy spectrum, while for

most applications a low divergent, monoenergetic bunch is

necessary. Therefore, much effort has been taken to face

these problems in the past years. Most promising results

could be achieved by applying magnetic fields for chro-

matic focusing, thus collimate the beam and provide for a

first energy selection at the same time. Pulsed solenoids

[13,14] and permanent magnetic quadrupoles [15,16] have

been reported as suitable options.

Still, the energy spread of the obtained bunches is high

and energy compression necessary. This can be done with a

synchronous radio frequency (rf) field and has been

experimentally demonstrated first by Ikegami et al. [17]

and later improved by Nishiuchi et al. [16]. They were able

to build an integrated test beam line at 1 Hz for protons up

to 2.2 MeV energy with an energy spread of 5% and

medium particle numbers of about 5 × 106 protons in the

final bunch. Apart from this Japanese group, interest in

such a beam line arises now in other groups around the

world, too [18,19].

In Germany, the LIGHT collaboration [20] has built such

a test beam line at the GSI Helmholtz center for heavy ion

research as a central part of the collaboration’s agenda. It

differs, however, significantly from the Japanese one, as it

is designed for higher energies, highest bunch intensities,

and a final energy spread of less than 3%. In this paper, we

introduce this new beam line and present its first exper-

imental results.

II. EXPERIMENTAL SETUP

The experiments were performed at GSI Darmstadt

with the PHELIX laser [21], which is able to accelerate

protons to multi-MeVenergies from thin foil targets via the

TNSA mechanism. A pulsed high-field solenoid is used

for collimation and transport of the bunch. A detailed
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description of this first stage of the beam line including a

full characterization of the proton bunch can be found in a

previous publication [22]. Similar targets (5 and 10 μm thin

flat gold foils) and laser parameters (laser pulse duration

τ ¼ 650 fs, focal spot size 3.5 × 3.5 μm2 (at FWHM) and

10–15 J of laser energy on target, thus laser intensities

exceeding 1019 W=cm2) were used.

The rf cavity has been implemented most recently and is

positioned 2 m behind the laser matter interaction point, see

Fig. 1. This present paper will focus on our experiments

with the cavity and refers to our previous paper concerning

the earlier stages of the beam line up to the cavity. The

cavity is a spiral resonator with a resonance frequency of

108.4 MHz and is attached to the rf infrastructure of GSI’s

universal linear accelerator (UNILAC). It is 550 mm long

and contains three gaps of 20 mm (1st and 3rd) and 40 mm

(2nd gap) length with 150 mm drift tubes separating them.

The overall applied voltage across all three gaps is in excess

of 1 MV (ratio at the gaps 1∶2∶1) at 100 kW input rf power.

III. CHARACTERIZATION OF THE FOCUSED

BEAM AT 3 METERS

The characterization of the bunch at 3 m distance to the

source is performed by two independent methods. First, a

diamond detector is used for time-of-flight (ToF) measure-

ments to determine the reference energy spectrum of the

proton bunch without applied rf. Its description can be

found in [22]. Figure 2 shows the recorded ToF signal

and the resulting proton spectrum when focusing 8.8 MeV

at the detection position of 3 m behind the laser target

(i.e., Bz;max ¼ 7.3 T). Although (solely) these measure-

ments have been performed at a slightly different focusing

field, the results can be compared to the results of focusing

9.6 MeV (i.e., Bz;max ¼ 7.5 T) as no significant difference

in the spectral shape with respect to the central energy is to

be expected.

The central region of the proton spectrum can be fitted

by a Gaussian distribution function with a central energy

E0¼8.76MeV and a standard deviation of σ ¼ 0.70 MeV.

The comparative detection method is the radiochromic

imaging spectroscopy (RIS, [23]), which is an established

and well-known technique in the community of laser-based

proton acceleration. It makes use of radiation sensitive

radiochromic films (RCFs) in a stacked configuration and

is able to fully characterize a typical TNSA proton beam.

The spectral resolution of this technique is limited to the

finite thickness of each RCF, which consists of a thin

sensitive layer and a thicker plastic substrate. It is, however,

possible to improve the spectral resolution at the expanse of

spatial resolution: placing for example a thin metal foil,

which only covers half of the transverse beam profile, in

front of the RCF, results in two different Bragg energies

in the RCF’s active layer due to the additional thickness of

the foil that the protons of the one half-space have to pass

compared to the protons of the other half-space. The term

Bragg energy here defines the proton energy with the

highest energy loss in the active layer, which is the proton

that is stopped at the end of the active layer (due to the

characteristic energy deposition of an ion in matter, which

is described by the Bragg curve). The difference ΔE

between both Bragg energies is adjusted by the thickness

of this foil. Partitioning the transverse beam profile now

further and using different foil thicknesses for each section

results in as many different Bragg energies mapped in the

active layer as different thicknesses are used. Also, of

course, every RCF in a such modified stack of RCFs gets

the imprint of different Bragg energies in its active layer. In

our case, a specially designed copper spacer is used in front

of the RCF stack, that allowed us to map 11 different Bragg

FIG. 1. The 15 cm long pulsed solenoid is positioned 8 cm

behind the laser target and is typically set to focus 9.6 MeV

protons at 3 m (maximum field at the solenoid of 7.5 T). The

cavity (550 mm long) starts at 2 m and is followed by a diagnostic

box around 3 m, where RCF stacks, a diamond ToF detector and a

magnetic dipole detector can be placed (details in text). 50 55 60 65 70 75 80 85 90 95 100
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FIG. 2. ToF results from the diamond detector (upper picture)

and obtained proton spectrum (lower picture) for the case of

focusing 8.8 MeV protons at 3 m, for which the FWHM is 8.6 ns

(ToF) or 1.6 MeV (energy spectrum). A Gaussian with a σ¼
0.70MeV fits the central part of the bunch well. Also indicated is

the particle spectrum used in the comparative simulations.
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energies throughout three RCFs in a small area of

3=20 × 3=20 inch2 and covers the full transverse beam

profile with a regular grid of these pixels, thus enabling a

resolution between the single layers of 0.5 MeV for the

energy interval of ð9.5� 2Þ MeV while still obtaining a

transverse beam profile for each energy that covers 1=3
of the transverse profile for the central energies

[ð9.5� 1Þ MeV]. As the outer layers cover only 1=9 of

the detection area, the deposited energy is downscaled by a

factor of 3 for the central layers in the analysis method to

ensure the correct relative values. This has to be taken into

account when finally calculating absolute particle numbers.

TheRCF results shown in this paper are all obtained using

this technique in combination with type EBT3 RCFs. The

main advantages of this method are that the full transverse

beam profile is detected and that the films are absolutely

calibrated, thus proton numbers can be calculated.

As already shown with the ToF detector, the proton

spectrum can be assumed to be of a Gaussian shape around

a central energy E0, which is the relevant area for the energy

compression. Particles with higher or lower energies cannot

becapturedwithinone rfbucket (i.e., a singlebunch), butwill

be longitudinally deflected to a satellite energy. Therefore,

only the central part of the bunch will be considered further

on in the analysis. Consequently, for the RCF technique, a

Gaussian-like distribution function is assumed:

dN

dE
¼ N0

E
× exp

�

−

ðE − E0Þ2
2σ2

�

(1)

with the free fit parameters σ (the standard deviation, giving

access to the energy spread) and N0 (to obtain absolute

particle numbers). The parameter E0 is determined by the

field strengthof the solenoidandwill ingeneralbe influenced

by the rf field of the cavity depending on the synchronous

phase. Therefore it will be treated separately in the experi-

ments with rf.

The solenoid is set to focus the energy of interest at 3 m

behind the laser target and therefore behind the cavity.

Focusing 9.6 MeV protons (i.e., a maximum longitudinal

magnetic field within the solenoid of Bz;max ¼ 7.5 T; this is

the used standard configuration for the presented experi-

ments) results in a deposited energy profile in the RCFs as

shown in Fig. 3 and fits well with the expected deposited

energy profile of a Gaussian distribution [see Eq. (1)] with

E0 ¼ ð9.6� 0.1Þ MeV and σ ¼ ð0.72� 0.06Þ MeV. The

error is dominated by the uncertainty of E0 due to

uncertainties of the Bragg energies for each layer

(�0.1 MeV). Furthermore, particle numbers and transverse

beam profile can be obtained with the RCF method. In the

experiments at hand, the proton numbers in the central

region are in excess of 109 and the transverse beam

dimensions are 15 × 15 mm2. This is because of the very

smooth focusing of the solenoid, its field aberrations, and

the beam profile modulation caused by comoving electrons

within the solenoid (compare [22]) as well as the fact that

the bunch has a large energy spread and the focal spot size

at one detection position is different for every energy. A

reduction in beam size could be achieved by adding an

additional focusing element (e.g., second solenoid or

quadrupole doublet) to the beam line.

Also shown in Fig. 3 (lower graph) is the obtained

Gaussian particle distribution, which fits very well the

relevant central part of the spectrum (for reference here the

particle spectrum from the comparative simulations is

shown, which has been adapted to the measured spectral

shape via the ToF detector).

Finally, a magnetic dipole spectrometer is used for the

calibration of the injection phase. The bunch passes a

6 × 2 mm2 aperture and propagates through three identical

permanent magnetic dipoles, each 6 cm long and with a

central field of 1.2 T. The dispersed bunch is then detected

with RCFs again and information about central bunch

energy (position of the recorded proton trace) and energy

spread (length of the recorded proton trace) can be

obtained. A measurement of the magnetic field distribution

and a simulation of the spectrometer with the commercial

program CST particle studio [24] to obtain the dispersion

relation was performed prior to the experiments.
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FIG. 3. Deposited energy in the RCFs when focusing 9.6 MeV

at 3 m to the laser target. A Gaussian spectral distribution with an

energy width of σ ¼ ð0.72� 0.06Þ MeV [compare Eq. (1)] can

be deduced by deconvolution. The calculated deposited energy

from such a Gaussian distribution fits the measured deposited

energy very well.
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Comparative simulation studies have been done to

describe the effect of the rf to the proton bunch, too.

The simulations shown in this paper were obtained with the

code TRACEWIN [25]. The simulated bunch’s input energy

spectrum is modeled according to the measured, realistic

spectral shape as indicated in Fig. 2. This is accomplished

by a superposition of two Gaussian distributions: One with

a σ ¼ 0.70 MeV to model the (relevant) central part and

another with a σ ¼ 2.1 MeV to take into account for the

edge behavior (compare simulation reference in Fig. 2).

IV. SYNCHRONIZING LASER AND RF

The PHELIX laser is synchronized precisely (remaining

jitter of 0.3 ns) to the rf, thus the synchronous phase Φs is

adjustable in advance with a precision of ΔΦs ¼ �12 deg.

An exact relative measurement of the timing between the

laser incidence and the rf phase is done on-shot by

detecting the passing laser pulse with a photodiode behind

one of the last (leaky) mirrors before entering the target

chamber and measuring the phase within the cavity in

parallel (precision: ΔΦs ¼ �2 deg). For absolute values,

calibration via a complementary absolute measurement

method is necessary and performed with the dipole

spectrometer. The trace length of the detected dispersed

bunch is a measure of the energy spread. Varying the

injection phase by varying the relative delay between laser

and rf results in an observed minimum trace length at the

dipole spectrometer (see Fig. 4 upper graph), defining

Φs ¼ −90 deg at a relative delay between laser and rf of

3.4 ns. This was done for two different gap voltages,

which are normalized to the observed optimum value in

retrospective.

Afterward, the rf power is varied at this injection phase to

finally determine the optimum working parameters for

energy compression (see Fig. 4 lower graph). It is observed

that the energy spread increases again at higher rf power.

This indicates an overrotated bunch in longitudinal phase

space and allows for phase focusing along a drift. All

applied gap voltages U are shown relative to this optimum

voltage Uopt, as an absolute measurement of the gap voltage

is not possible. An estimate can be given with regard to rf

input power P and the cavity’s shunt impedance Rs

via Uopt ≈
ffiffiffiffiffiffiffiffiffiffiffi

2PRs

p ¼ 1 MV.

V. RESULTS ON ENERGY COMPRESSION

The operation of the beam line is foreseen at an injection

phase of −90 deg for energy compression. In this area, also

a peaked proton spectrum is to be expected around a central

energy E0, which depends on the exact injection phase,

which again is measured with high precision on-shot.

The RCF technique is exploited to characterize the proton

bunches.

At Φs ¼ −78 deg, the central energy is slightly shifted

to E0 ¼ 9.7 MeV. With the assumption of a Gaussian-like

spectrum, the corresponding particle spectrum can be

obtained from the deposited energy profile in the RCF

data by deconvolution and a standard deviation of σ ¼
ð0.11� 0.07Þ MeV is obtained, i.e., an energy spread at

FWHM of ΔE=E0 ¼ 2.35σ=E0 ¼ ð2.7� 1.7Þ%. Measured

and fitted deposited energy profile are shown in Fig. 5

(upper graph) as well as the resulting spectral profile (lower

graph), including an ideally calculated spectrum from

tracking simulations.

A similar analysis was done for Φs ¼ −32 deg and

Φs ¼ −137 deg. Again the central energy is obtained from

themeasurementof the synchronousphase (E0¼10.15MeV

and E0 ¼ 9.2 MeV). The calculated energy spread at

FWHM in the experiment is (3.1�1.7)% and

(5.3�2.7)%, respectively and therefore shows again an

increasing energy spread and the correct energy shift as

expected, although the simulations again predict even

smaller values in the ideal case, see Fig. 6.

For the calculation of the particle numbers, one has to

take into account that each energy layer covers only 1=3 of

the full transverse beam profile and that the deposited

energy has been downscaled by a factor of 3 for the central

energies. Thus, for the particle number calculation, the

distribution function is numerically integrated (between

�FWHM=2) and multiplied by a factor of 9. This reveals a

proton number of 1.7 × 109 (�15%) within the FWHM for

the case of Φs ¼ −78 deg (Fig. 5) and likewise 1.2 × 109

(�17%) for Φs ¼ −32 deg and 8.7 × 108 (�5%) for

Φs ¼ −137 deg. In general, particle number fluctuations

like these (and up to a factor of 3) have to be expected from
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the laser-driven source and were also observed in earlier

experiments.

VI. TOWARD HIGHEST BUNCH INTENSITIES

Further increasing the rf power at −90 deg synchronous

phase leads to an increasing energy spread of the bunch

again (see Fig. 4). Due to the strict linear relation between

energy and phase of the particles within the bunch, as they

all started from a picosecond short bunch in the beginning,

this allows for overrotating in phase space and therefore a

temporal bunch compression along a drift behind the

cavity. Our simulations predict an accessible bunch dura-

tion in the sub-ns domain, which gives access to peak

particle currents of 1010 protons=ns with the current

parameters of the beam line. This value has to be seen

in the context of conventional available LINAC parameters.

For comparison reasons, here the design values for the

planned proton LINAC for FAIR [26] will be taken:

7 × 1012 protons in a 36 μs short bunch at 325 MHz, thus

6 × 108 protons=ns in one rf bucket, which is more than

one order of magnitude less. Although laser-driven ion

accelerators are still drastically lacking the average power

(i.e., repetition rate), which is more important for most

applications, they today govern a niche for special appli-

cations, that require (conventionally not accessible) highest

particle intensities on shortest time scales in the mid-MeV

energy region (necessary, e.g., in material science or for

diagnosing transient short-time phenomena).

VII. SUMMARY AND OUTLOOK

ATNSA based compact (total length: 3 m) proton beam

line has been successfully commissioned at GSI Darmstadt,

using the PHELIX laser as driver of the proton acceleration.

A pulsed high-field solenoid provides for beam capturing

and energy selection and a rf cavity provides for energy

compression, thus accessing the smallest energy spread (or

in future experiments the shortest bunch duration via phase

focusing) at high particle current. In the presented experi-

ments from the latest campaign at this new beam line,

intense proton bunches at 9.7 MeVenergy and with particle

numbers within the FWHM of the bunch of 1.7 × 109

(�15%) and an energy spread of (2.7� 1.7)% have been

measured.

Further optimization of this beam line is planned to

increase the proton numbers, reach shortest possible bunch

durations and implement additional (transverse) focusing

elements to the beam line to access highest intensities.
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