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Proton bunches with energies up to 30 MeV have been measured at the PHELIX laser. Because of the

laser-plasma interactions at a power density of about 4� 1019 W=cm2, a total yield of 1:5� 1013 protons

was produced. For the reference energy of 10 MeV, the yield within �0:5 MeV was exceeding

1010 protons. The important topic for a further acceleration of the laser generated bunch is the matching

into the acceptance of an rf accelerator stage. With respect to the high space charge forces and the transit

energy range, only drift tube linacs seem adequate for this purpose. A crossbar H-type (CH) cavity was

chosen as the linac structure. Optimum emittance values for the linac injection are compared with the

available laser generated beam parameters. Options for beam matching into a CH structure by a pulsed

magnetic solenoid and by using the simulation codes LASIN and LORASR are presented.
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I. INTRODUCTION

The generation of proton beams from intense laser-
plasma interactions with solid targets has been well studied
[1–9]. After the implementation of chirped pulse amplifi-
cation (CPA) [10] technology in modern laser facilities,
one can achieve focused intensities approaching
1021 W=cm2 [11]. Under these conditions, intense protons
are accelerated normally from the rear surface of the solid
target by quasistatic electric field gradients in the order of
TV=m [4–6]. This process of beam formation is called
target normal sheath acceleration (TNSA) [3,6]. In contrast
to conventional accelerators, the laser generated proton
bunch can achieve considerably higher peak currents at
beam energies of ten to several tens of MeV [1–9] when
compared to state of the art injectors like single ended
Van der Graaf accelerators or radio frequency quadrupoles
(RFQ’s) [12,13]. The important topic for a further accel-
eration of the laser generated bunch is the matching into
the acceptance of an rf accelerator. RFQ’s are no more
efficient at beam energies around 10 MeV. Because of the
available energies drift tube structures are the most
adequate choice. There exists long experience at IAP-
Frankfurt and at GSI-Darmstadt in the development of
highly efficient H-type drift tube accelerators [14]. They
seem especially well suited to accept beam bunches like
those generated by lasers. A crossbar H-type (CH) struc-
ture is suggested because of its high acceleration gradient,
� range, mechanical robustness, and high shunt impedance

[14,15] at the relevant injection energies. The motivation
for such a combination is to deliver single beam bunches
with small emittance values and at an extremely high
particle number per bunch.
Laser-proton acceleration offers unique features like very

high acceleration gradients of the order TV=m, extremely
small longitudinal and transverse emittances due to short
time pulses (ps range), and small source spots (few tens of
�m) as well as a high yield of particles (1012–1013 protons
per shot) [2,3,7,8]. The results from laser experiments, like
those performed in 2008 with the petawatt high energy laser
for heavy ion experiments (PHELIX) at GSI [7–9,16] and
from simulations performed by the WARP code [17], show
that there are some restrictions with respect to a postaccel-
eration of the generated bunches. In these experiments, a
laser beam of about 700 fs duration was focused by a copper
parabola mirror on a beam spot of about 170 �m2 (FWHM)
which results in a power density of about 4:5� 1019 W=cm2

[9]. For the reference energy of 10 MeV, the yield within
�0:5 MeV was exceeding 1010 protons (Fig. 1) [16]. To

FIG. 1. Dependence of differential particle yield on energy for
PHELIX experiment [16].
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compare this number with the conventional currents, the sum
current of these bunches might add up to 500 mA beam
current if every bucket would be filled with that proton
number at 325 MHz. Proton spectra are characterized by a
large divergence (23� half angle for energies around
10 MeV). This divergence was found to decrease with in-
creasing energy down to 8� half angle for 29 MeV [8,16].

In order to catch the protons around 10 MeV, a pulsed
solenoid could be used as the first focusing element with
high pulsed field strengths (see next sections). The particle
simulations of the generated proton pulse through the
matching section were done by a new 3D code—LASIN

(laser injection). This code, which was developed at
IAP-Frankfurt, is used for multiparticle tracking through
the solenoid magnetic field including fringing fields. For
beam simulations along the CH-accelerating structure the
LORASR code was used [18,19].

II. LASIN CODE

The LASIN code is developed for multispecies (electrons,
protons, and ions) beam tracking through a solenoidal
magnetic field with high space charge forces and at rapidly
varying geometric bunch dimensions (from 10 �m–5 cm
transversely along a longitudinal drift of about 50 cm). The
magnetic field is calculated by the Biot-Savart solver using
a numerical integration scheme from a given distribution of
current elements, including conductors and particle con-
tributions. At every exact particle position at a given time
step, B field is calculated accordingly.

In case of space charge forces, the charge density is
integrated on a cylindrical mesh from a particle distribu-
tion by particle in cell techniques [20]. Afterwards, the
Poisson equation is solved numerically by the iteration
method BICGSTAB (biconjugate gradient method stabilized)
[21] on the mesh resulting in the potential distribution. For
the tracking algorithm the electric field is interpolated at
the particle position.

A symplectic middle step scheme [22] in Cartesian
coordinates is used to follow the particle motion in given
fields.

The code is implemented at the Frankfurt Center for
Scientific Computing CSC cluster by fully exploiting the
parallel processing capabilities. Typically, 50 processors
and up to 107 macroparticles are used in proton tracking
simulations from the target (TNSA) to the CH-accelerating
structure. For optimization purposes and memory require-
ment reduction the sparse format of stored vectors and
matrices is used.

III. PULSED MAGNETIC SOLENOID

A. Magnetic solenoid simulations

Beam dynamics simulations through the pulsed
magnetic solenoid for a proton bunch with energies
10 MeV� �E are described in the following.

Thewell-known 4DKapchinski-Vladimirski distribution
was generated as a very first particle distribution for the
simulations. The main goal was a check of chromatic and
geometric effects taking into account higher order aberra-
tions [8,23]. To simulate the solenoidal magnetic field, 33
circular windings with an inner diameter of 44mm, an outer
diameter of 76 mm, and a total length of 72 mm were
defined (Fig. 2). The distance between target and geometric
coil entrance was set to 15 mm and corresponds to the
performed experiments.
The 10 MeV p bunch in this lens layout needs a mag-

netic field level of about 18 T in order to focus directly into
a CH drift tube linac (DTL) at a distance of about 210 mm
from the target. The solenoidal field extension along z is
shown in Fig. 3. The cyan lines represent the geometrical
size of the solenoid while the brown line represents the
source position. The magnetic field in the target area is
about 6 T (Fig. 3, left), which means that the protons (and
the comoving electrons) are produced in a relatively high
magnetic field. That means the hard edge solenoid approxi-
mation is insufficient for our study and the effect of fring-
ing fields must be taken into account as was done in LASIN.

B. Chromatic and geometric aberrations

In order to estimate the chromatic and geometric effects
for the pulsed magnetic solenoid, the beam dynamics
simulations were performed for a beam with variable input
divergence (�:� 45 mrad, �90 mrad and �180 mrad)
and with different momentum spreads up to �10%, at
negligible space charge forces.
The particle tracking (without space charge) immedi-

ately behind the target is performed in the time domain
with time steps of 10�11 s typically. This corresponds to
steps in space of about 440 �m along the drift axis.
The chromatic emittance for a given solenoid and spot

radius obeys the scaling

"c / �2�p=p; (1)

FIG. 2. Schematic view of the laser target, the focusing sole-
noid, and the drift to the rf linac. The longitudinal axis is marked
in mm and in ps time of flight for a 10 MeV on axis proton.
Additionally, the range of LASIN and LORASR code based simu-
lations are indicated.
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where � is the opening angle and �p=p is the momentum
spread [8,24]. "c dominates the usually smaller input
emittance and becomes the effective emittance (see
Figs. 4 and 5). The magnetic field level 210 mm behind
the target is below 1% of the maximum field. The resulting
emittance at that position depends on the initial beam
divergence as well as on the momentum spread. The
influence of both effects at that position can be seen by
Fig. 4, where three cases for the beam divergence are
plotted.

The predicted linear behavior is confirmed between 1%
and 10% momentum spread (Fig. 4, left). The relative
emittance growth factors resulting from geometric and
chromatic aberrations are shown in Fig. 4 (right).

LASIN includes nonparaxial effects, which leads

to the s-shaped distortion of the output distribution
even for monoenergetic beams (Fig. 5, left). The effect
is quite pronounced at beam divergence as large as
�180 mrad, which results in a filling of 45% of the sole-
noid aperture.

The chromatic effect of the solenoid is shown by Fig. 5
(right), resulting in a bow tie like emittance shape.

FIG. 4. Output rms emittance in x-x0 versus �p=p (left); output to input rms-emittance ratio in x-x0 plane versus �p=p (right) at
different opening angles, 210 mm behind of the target.

FIG. 3. Longitudinal (left) and transverse (right) components of the solenoidal field along the axis for different radii in cm; the
geometric length of the solenoid (cyan lines) as well as the target position (brown line) are marked.

FIG. 5. Input and output distributions in x-x0 for a monoener-
getic beam with a divergence of �180 mrad (left), and for a
beam with �p=p ¼ �10% at �90 mrad (right).
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C. Space charge effect

The proton bunches are expected to be space charge
neutralized to a high degree behind the target foil.
Besides the mesh resolution close to the target, details of
the initial proton and electron distributions in phase space
have to be chosen properly. Especially, the huge electric
fields caused by charge separation in the presence of the
solenoidal field result in mesh parameter conditions:
Courant stability criteria for numerical explicit schemes
require that v��tmesh <�zmesh, resulting in a small time
step. Because of the fact that the maximum occurring
electric field is a dynamical variable, several preliminary
test simulations were needed to find an optimum mesh
setting. The total internal energy (potential plus kinetic
energy of all particles) was calculated as a control parame-
ter to check conservation properties and to distinguish
between numerical and physical effects.

These preliminary simulation checks and optimum use
of the available cluster capabilities resulted in the follow-
ing strategy, which divides the transport line into 4
sections III C 1–III C 4, simulated by LASIN.

1. Input distribution and transport 0–10 ps.—In the
following, an isothermal expansion model during the first
10 ps with starting from a Gaussian 2� density distribution
was assumed. The parameter ‘‘initial source radius’’ was
varied from 280 �m at 5 MeV to 70 �m at 15 MeV
continuously, and the angular divergence was varied from
400 to 140 mrad accordingly. The dependence of initial
parameters on energy is fitted to the measured data from
the PHELIX laser experiments [25]. An initial energy
spectrum as large as 10� 5 MeV was assumed in the
simulations. It should be mentioned that this energy range
is 10 times larger than the energy band of 10� 0:5 MeV,
which was chosen for rf postacceleration (see Sec. V). This
concept should result in an acceptable accuracy of the
simulation results for the output energy range of interest.
The maximum macroparticle number used in these simu-
lations was limited to 107. Electrons were chosen to be
comoving with the protons and with a density resulting in
100% space charge compensation at the starting position.

The resultant proton and electron distribution after 10 ps
drift time was used as input distribution into the following
section.
2. Transport 10–40 ps.—The starting distribution of the

interesting energy range 10 MeV� 0:5 MeV for rf post-
acceleration is shown in Fig. 6. The longitudinal starting
position of the pulse center at t ¼ 10 ps is about 400 �m
from the target surface.
The initial density profile of the protons in the transverse

planes is Gaussian (see Fig. 7).
The cylindrical mesh dimensions �r ¼ 4 �m,

�z ¼ 2 �m, �� ¼ 0:21 rad, and the time step

FIG. 6. The xy (left) and xx0 (right) projections of the 10� 0:5 MeV fraction of a simulated proton pulse after 10 ps; "rms ¼
6:56 mmmrad.

FIG. 7. Transversal density profile of the particle pulse.

FIG. 8. z-x projection of the particle distributions after 25 ps.
The action of the magnetic solenoid fringing field is seen al-
ready. Particle energies of interest for acceleration are marked in
green.
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�t ¼ 2:5� 10�14 s were chosen. Because of the fringing
field of the focusing solenoid in the target region, electrons
are transversally captured. On the contrary, the protons
with their large transversal momentum can expand radially
(see Fig. 8).

Because of the charge separation caused by solenoid
fringing fields, the on axis electron density leads to a
negative on axis potential reaching about �40 kV after
40 ps (see Fig. 9).

As a consequence, the electrons can escape and are
accelerated longitudinally. Subsequently, the potential
drops down and electrostatic energy is converted to the
kinetic energy of the particles. The rapid thermalization

process of the longitudinal electron distribution along
the magnetic field was observed. Generally, this fact is
demonstrated by the potential behavior as shown in
Fig. 9. An occurring plasma oscillation at t ¼ 17:5 ps
(Figs. 9 and 10) is almost damped at t ¼ 40 ps. For com-
parison, at a typical electron density of 1021 m�3, the
plasma frequency has an oscillation period of 2 ps. The
potential at t ¼ 40 ps is reaching almost constant values
along the z axis within the propagating proton bunch: The
electron kinetic energy distribution (Fig. 11, left) is
changed to the Maxwellian form.
After 25 ps some of electrons start to escape from the

proton bunch and are accelerated to high energies in þz
and �z directions. Two peaks are now evident in the
distribution function (Fig. 11, right).
The proton kinetic energy distribution stays unchanged

within the first 40 ps (Fig. 16). The growing pronounced
charge separation is stimulated by the big initial beam
divergence.
The overall energy conservation was monitored and was

proven down to the 10�4 level.
3. Transport 40–460 ps.—Because of the relaxing space

charge forces, the cylindrical mesh could be adapted to
�r ¼ 45 �m,�z ¼ 45 �m,�� ¼ 0:21 radwith the time
step �t ¼ 3:5� 10�13 s. The small time step is due to the
electron gyration in the magnetic field. The transverse
proton expansion after propagating 2 cm along the beam

FIG. 9. Potential curves in longitudinal (left) and transversal (right) directions at three different positions along z. At t ¼ 40 ps, the
space charge potential is reaching a maximum.

FIG. 10. Detail of the potential curve (from Fig. 9) after
17.5 ps in the longitudinal direction. The plasma oscillation
has a higher potential fluctuation at lower z positions, where
the simulated particle density is higher.

FIG. 11. Time evolution of the electron energy distribution. The right picture for t � 17:5 ps has different scales.
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axis is shown by Fig. 12. The electric potential is relaxing
to the �5 kV level.

An electron influence on the proton distribution is
clearly demonstrated in the x-x0 phase space projection
for the whole energy spectrum 10 MeV� 5 MeV
(Fig. 13). The central part of the proton distribution
(r < 500 �m) is strongly focused due to the pronounced
electron radial focusing force close to the axis.
Consequently, the slope of the core distribution in the

phase space projection differs strongly from the proton
distribution at larger radii.
The peaked transversal proton distribution containing

about 30% of all macroparticles within a radius of
500 �m contains the whole energy spectrum.
The transverse distribution of the 10 MeV�

0:5 MeVproton fraction is shown in Figs. 14 and 15.
The phase space distributions in x-y and x-x0 show again

a focused central core.
The proton kinetic energy spectrum after 460 ps is only

slightly changed, mainly within the lower energy side
(Fig. 16). The longitudinal proton bunch position after
460 ps is just at the entrance of the solenoid.
4. Transport 460 ps–3.4 ns.—In the following simulation

the influence of comoving electrons was neglected because
the electron and proton phase spaces are well separated
now (see Fig. 12): The maximum radial electric field at
t ¼ 460 ps reached the 107 V=m level at 500 �m radius.
This corresponds to the rigid rotor equilibrium between
magnetic and electric focusing forces in case of the proton
distribution. This fact could be expressed by

!c ¼ e � Bz

mp

¼ Er

Bz � r ¼ !E; (2)

where the cyclotron frequency on the left is equal to the
~E� ~B drift frequency on the right.

FIG. 12. Proton (red) and electron (blue) distribution in the z-x plane after 460 ps. Electrons are accelerated axially by their own
potential. The detail AB containing the whole proton distribution is shown on the right. The green marked area corresponds to the
protons with 10 MeV� 0:5 MeV.

FIG. 13. The x-x0 phase space projection of the whole trans-
ported proton spectrum with 10 MeV� 5 MeV at 460 ps. The
pronounced core structure is dominated by the lower energy
protons (compare with Figs. 12 and 15).

FIG. 14. Transversal proton distribution for the energy band 10 MeV� 0:5 MeV after 460 ps.
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After 460 ps, the focusing electric forces due to the
electron distribution will be vanishing and the magnetic
force becomes dominant. No more additional proton accu-
mulation on axis is possible and the proton distribution will
only rotate near the axis.

The radial electric force due to the electron column
reached the 106 V=m level in the outer part (r > 1 mm)
of the proton distribution, and its contribution is then
decreasing proportional to 1=r outside. Estimating the
momentum transfer to the proton distribution after 460 ps

down along the whole solenoid results in angular correc-
tions below the 1% level.
The time step was set to �t ¼ 2:5� 10�11 s and mesh

cells to �z ¼ 1 mm, �r ¼ 88 �m dimensions.
The resulting proton distribution as described in

Sec. III C 3 is now transported along the remaining length
of the solenoid and up to t ¼ 3:4 ns. This corresponds to a
drift of 60 mm behind the solenoid for the 10 MeV protons
(Fig. 17). The low energy proton fraction is concentrated
on the left, approaching a waist, while the high energy
protons on the right show a central, focused core caused by
the electrons in the early stage of beam motion. The
distribution of the particles with 10 MeV� 0:5 MeV
clearly shows the dominance of the chromatic aberration
as discussed in Sec. III B and displayed in Fig. 5.
A maximum potential of þ14 kV after the propagation

time of 3.4 ns was reached on axis at position z ¼ 11 cm.
A potential level of about 4 kV was detected for the energy
of interest at 10 MeV, z ¼ 15 cm. It has to be noted that
this potential is now acting on protons only. The simulation
with LASIN ends at this point and the fractional distribution
(green marked area, Fig. 21) was adapted as input distri-
bution for the following linac simulation. The relative
transverse and longitudinal rms-emittance growth could
be calculated as the ratio between the output to the input
rms values and it was about 10 at the end of the solenoid
transport ("rms;out="rms;in � 10).

IV. HIGH CURRENT PROTON BEAM
ACCELERATION BY CH-TYPE CAVITIES

In this section, the crossbar H-mode DTL (CH-DTL)
will be discussed briefly. For the continuation of matching
and acceleration studies see Sec. V.
The CH-DTL structure is a multicell drift tube cavity

(Fig. 18) developed at IAP-Frankfurt [14,26,27], operating
in the TE210 mode (H210). The structure has features like
high shunt impedance, high acceleration gradients, and
robustness in design. Because of that, it is well suited for
pulsed high intensity proton acceleration with � ranging
from 0.1 to 0.5 [27]. The FAIR proton linac will use the
CH-type structure [28–30].

FIG. 15. Proton distribution x-x0 for the energy band
10 MeV� 0:5 MeV after 460 ps. The local influence of elec-
trons comoving on the axis is seen at jxj< 0:5 mm.

FIG. 16. Proton spectral distribution development within the
first 460 ps. The shape is changing mainly at the low energy end.

FIG. 17. (Left) z-x proton distribution after the solenoid. The longitudinal position is correlated to the individual proton energies.
(Right) x-x0 distribution for the same propagation time t ¼ 3:4 ns. The green marked area corresponds to the energy of interest (see
also Fig. 25 for a more detailed view).
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The CH-DTL is characterized by slim drift tubes
without internal focusing elements which allow the
construction of quite compact cavities, having higher shunt
impedance when compared to the conventional rf struc-
tures like an Alvarez-type DTL based on FODO lattices. A
schematic of the CH-DTL applying the KONUS-beam
dynamics [14,31] is shown in Fig. 19: One KONUS period

LP consists of a transversally focusing lens, a longitudi-
nally focusing rebunching section with a negative synchro-
nous rf phase, and a main acceleration section defined by a
’s ¼ 0� synchronous particle. The bunch is injected into
the latter section with a surplus in energy against the
synchronous particle for longitudinal stability reasons.
Figure 20 shows the effective shunt impedance Zeff ¼

Z0T
2cos2’s as a function of the particle velocity � ¼ v=c,

where T is the transit time factor and ’s is the synchronous
phase.
Because of the lack of internal focusing elements in the

rf cavity, the adaption of slim drift tubes for the H-type
DTL is possible. This allows reaching very high effective
field gradients up to 10 MV=m [32] at high robustness
against multipacting and sparking.
It should be noted that the orientation of each neighbor-

ing stem under 90� not only produces the axial electric
fields in the CH cavity (Fig. 21), but also results in me-
chanically robust cavity geometry.
With respect to laser accelerated beams, the capability of

the CH cavity for high current beams has been investi-
gated. Beam bunch simulations have demonstrated that a
current up to 500 mA can be accelerated successfully and
loss free along the cavity. This corresponds to 1010 protons
per bunch as offered by the laser source (see Fig. 1). A
detailed description of the beam matching and acceleration
by a dedicated CH linac is given in Sec. V.

V. RF POSTACCELERATION OF THE
LASER GENERATED PROTON PULSE BYA

40 MEV CH LINAC

A high intensity laser generated proton bunch might be
injected into a linac at energies of ten to several tens of
MeV for further acceleration. The laser generated proton
bunch has small emittance values initially when compared
to conventional accelerators, at an extremely high proton
number per bunch. To compare the beam dynamics in each
bunch with conventional bunch trains, we compare the
beam current resulting from a cw linac operation with all
rf buckets filled with the same particle number. The result-
ing equivalent beam current to be used for beam dynamics
calculation is then

Ib ¼ Nb � f � e: (3)

FIG. 18. A copper plated CH-DTL structure.

FIG. 19. A schematic view of the CH-DTL, showing the
separated function concept of the KONUS-beam dynamics.

FIG. 20. Effective shunt impedance for different rf structures
including the transit time factor T and the synchronous phase ’s

as a function of the particle velocity � ¼ v=c. The black
horizontal bars represent some realized interdigital H-mode
(IH)-DTL’s while the blue line represents the expected shunt
impedance from IH cavities. The red line represents the expected
shunt impedance of the room temperature CH cavities for the
GSI-FAIR 70 MeV, 70 mA proton linac [26].

FIG. 21. Schematic diagram of a crossbar H-mode structure
(CH) showing the electric fields in red and the magnetic fields in
blue (courtesy of Rudolf Tiede).
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For example, at Np ¼ 1010, f ¼ 325 MHz the average

current Ib ¼ 0:52 A. This may be compared to 100 mA
beam current which is state of the art in conventional
injector techniques.

Reference [33] is an early publication about the rf
acceleration topic: A 7 MeV laser generated proton pulse
is matched by 1.8 m long matching section with five
quadrupoles to a 6 m long 7 MVAlvarez-type DTL.

In the present work, the capabilities of a CH linac for
the acceleration of laser generated proton pulses are
investigated.

A. Dedicated CH-linac design for the laser
accelerated protons

The layout of the CH-DTL was performed in two main
steps. At first, a 500 mA equivalent beam current design
was developed. In a second step, the linac layout as pre-
sented below was finally defined by optimizing the beam
transport for the laser generated pulse. Indeed, the initial
beam emittance values of the laser accelerated protons are
much smaller than the values for conventional linacs, but as
a consequence the space charge effects become much big-
ger (Sec. III C 2). It is shown in the following that the beam

emittance of the laser accelerated bunch in front of the
linac was even too big for full transmission. The 500 mA
CH-DTL design was performed at IAP-Frankfurt and is
shown in Fig. 22. The bunch transport along the matching
section was simulated using the LASIN code (see Sec. II).
The continuation of beam dynamics studies for the longi-
tudinal and transverse planes along the DTL were per-
formed by the LORASR code.
This design consists of four CH-type cavities with gap

numbers varying from 7 to 10 gaps and operating at
325 MHz, to accelerate up to 1010 protons per bunch
from 10.05 to 40.03 MeV. The total length is 5.10 m and
the average accelerating gradient per cavity varies from
7.00 to 12:61 MV=m. In order to get a robust longitudinal
bunch focusing, high gap voltages of typically 1 MV are
applied. The calculated effective voltage distribution along
the CH structure is roughly uniform within each section
and varies from 0.92 to 1.08 MV per gap.
Because of the fact that the transverse focusing period is

much longer than in a conventional FODO structure, and in
order to reduce beam losses, the length of the first cavity
was limited to 7 gaps only.
Two injected beam distributions were analyzed for this

design: The matched case which is a numerically generated
waterbag distribution with rms-emittance values close to
the linac acceptance (compare aperture filling in Fig. 23),
and the laser accelerated case with a proton distribution as
simulated in Sec. III C.

1. Matched beam case

The matched beam parameters at 500 mA are summa-
rized in Table I, where the input values are given 40 mm in
front of the first gap center (compare to z ¼ 147 mm in
Fig. 2). The particles were accelerated to the exit without
any losses.

FIG. 22. 3D view on the proposed CH-DTL consisting of four rf cavities separated by triplet quadrupoles. In front of the first cavity,
the pulsed solenoid is located and the distance between the end edge of the solenoid and the center of the first gap is 103 mm.

FIG. 23. Transverse 90%, 99%, and 100% envelopes at 500mA
beam current. Black lines indicate the aperture.

TABLE I. Normalized rms-emittance values for the input and
output distribution with 500 mA beam current.

Emittance Input Output

Transverse/mm mrad x: 3.85 4.08

y: 3.85 4.06

Longitudinal/keV ns 5.37 6.68
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The rms-emittance growth rates along the linac are less
than 25% in the longitudinal plane and less than 6% in the
transverse planes.

The transverse 90%, 99%, and 100% beam envelopes at
500 mA equivalent beam current can be seen in Fig. 23.
The magnetic field gradients of the quadrupoles are rang-
ing up to 50:5 T=m at quadrupole aperture radii of 25 mm.
The particle distributions at entrance and exit in transverse
and longitudinal planes are shown in Fig. 24 for 106

macroparticles.
These simulations demonstrate the capability of the CH

structure to accelerate high current beams.

2. Laser accelerated beam case

The laser generated proton bunch was simulated by
LASIN along the pulsed magnetic solenoid (Sec. III C)

and down to a position 40 mm in front of the first DTL
gap. After that, the particle distribution is reduced to the
energy window 10 MeV� 0:5 MeV corresponding to the
longitudinal DTL acceptance. 6� 109 protons are con-
tained in this bunch, corresponding to a linac current of
300 mA, and plotted green in Fig. 25. The red particles fall
into the simulated transverse DTL acceptance as derived
from the matched beam case above. In consequence, only
72% of all particles within 10� 0:5 MeV are accepted by

the DTL. The other particles are truncated at that position
with respect to the beam simulations.
The beam parameters for this subset of particles are

summarized in Table II; all particles were accelerated to
the exit without any further losses along the DTL.
Resulting normalized rms-emittance growth rates of

100% in longitudinal plane and of less than 16% in each
transverse plane. By comparing with the matched case, it
becomes clear that the deformed longitudinal input emit-
tance in the laser generated distribution is a disadvantage:
The longitudinal growth rate is even bigger than in the
matched case, although the proton number in the beam is
43% only.
The transverse 90%, 99%, and 100% envelopes can be

seen in Fig. 26. The optimized magnetic field gradients of
the quadrupoles are ranging up to 50:8 T=m. The output
particle distribution at the CH-structure exit in transverse

FIG. 24. Transverse (left) and longitudinal (right) particle distribution at entrance and exit of the CH-DTL section at 500 mA
equivalent beam current. The input and output energies of the CH-DTL were 10 and 40 MeV, respectively. Normalized emittance
values are relevant for the plotted 95% ellipses.

TABLE II. Normalized rms-emittance values for the input and
output distribution of the laser generated case (216 mA).

Emittance Input Output

Transverse/mmmrad x: 2.89 3.06

y: 2.89 3.33

Longitudinal/keV ns 3.42 6.86

FIG. 25. Laser generated particle distribution in transversal (left) and longitudinal (right) planes at the DTL entrance within an
energy range 10 MeV� 0:5 MeV in green (identical with the green distribution of Fig. 17, right). The red 72% subset falls within the
transverse CH-DTL acceptance area and is used for DTL beam dynamics simulations.

A. ALMOMANI et al. Phys. Rev. ST Accel. Beams 15, 051302 (2012)

051302-10



and longitudinal planes are shown in Fig. 27 for 200 000
macroparticles.

These distributions are valid for further rf acceleration at
acceptable loss rates, as the duty cycle for this kind of
injector will stay very low.

B. rf power budget for a single bunch operation

One great advantage of high current, single bunch pas-
sage along the cavity is that the amplifier only has to
provide the loss power in the cavity walls. The beam power
is provided by the stored energy in the cavity fields, while
reducing the field levels only within tolerances.

An estimation of the maximum single bunch proton
number can be given in the following way: The stored field
energy and thermic wall losses for any DTL cavity are
given by the equations

W ¼ Ploss �Q0

!
; (4)

Ploss ¼
ðNG � Tf � V0Þ2

Zeff � L : (5)

W ¼ stored field energy, Ploss ¼ thermic wall losses,
Q0¼unloadedqualityfactor, NG¼gapnumbers, Tf ¼
transit time factor, V0 ¼ gap voltage amplitude, Zeff ¼
effective shunt impedance, and L¼effectivecavitylength.
The synchronous beam bunch will absorb cavity energy

while passing NG cells of length ��=2; the bunch transit
time along the cavity corresponds to

�c ¼ T � NG

2
(6)

with T ¼ 1=f, f being the rf frequency in Hz. Assuming
an rf phase of 0� in each gap center—that means maximum
voltage gain Vg ¼ V0 � Tf, the energy transfer to the beam

bunch with Np protons along each gap passage corre-

sponds to

Wg ¼ Np � e � Vg: (7)

The single bunch will pass the cavity during a few ten ns,
where a feedback amplitude control will be too slow for
compensation. On the other hand, a feed forward loop
technique might provide solutions for achieving even
higher bunch particle numbers, but is not considered here.
The acceptable voltage drop tolerance A caused by the

bunch will be in the 1% to 2% range:

A ¼
�
�
�
�
�
�
�
�

�Vg;max

Vg

�
�
�
�
�
�
�
�

: (8)

This assures in a good approximation an unchanged power
input Pl by the feeder line during the bunch passage;
additionally the matching condition will be disturbed
slightly only.
The time constant �m, after which the amplitude shift

caused by the beam reaches the limit, is given by

�m ¼ 2 � A �W
Pb;eff

: (9)

Pb;eff ¼ the rf power extracted by the beam. In case of a

single bunch passage through a ��=2 structure it is

Pb;eff ¼ 2 � Tf � V0 �Qbunch

T
: (10)

The bunch particle limit will be exceeded if

�m � �c: (11)

FIG. 27. Output transversal (left and middle) and longitudinal (right) particle distribution at the CH-DTL structure exit where the
output energy is 40 MeV. The input particle distributions are shown in Fig. 25 (the red subset).

FIG. 26. Transverse 90%, 95%, and 100% beam envelopes
starting 60 mm behind the solenoid. Black lines indicate the
aperture.
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The particle limit is given by

�m
�c

¼ 1; (12)

2 � A �W
Tf � V0 �Qbunch � NG

¼ 1; (13)

Qbunch ¼ 2 � A �W
Tf � V0 � NG

: (14)

As an example, for the first cavity of the proposed linac,
cavity parameters can be estimated to getQbunch as follows:

L ¼ 0:5 m; Zeff ¼ 60 M�=m; NG ¼ 7 gaps;

Tf ¼ 0:8; V0 ¼ 1:0 MV; Q0 ¼ 12 500:

From Eq. (5), the wall losses result in Ploss ¼ 1:05 MW.
Equation (4) gives the stored field energy W ¼ 6:4 J.

With an assumed tolerance value A ¼ 0:01, one gets
from Eq. (14) a maximum bunch charge of Qbunch ¼
2:29� 10�8 C, corresponding to a proton number NP ¼
1:43� 1011.

This would correspond to an equivalent beam current of
7.43 A.

This can be compared with a particle number of
4:3� 109 in the simulate example VA2.

This shows that the single bunch beam load will not
affect the cavity oscillation, as stated above.

One further aspect is the total number of protons arriving
at the linac entrance. These particles might cause cavity
sparking when hitting the wall. Even cavity dephasing
might occur by a large particle fraction with energies close
enough to the accepted energy window. To reduce the risk
of sparking, the intense low energy part of the laser gen-
erated pulse should be cut at the linac entrance by scrapers.
Moreover, the inner drift tube contour can be optimized to
reduce the secondary particle emission.

The total number of accepted particles with energies
above 10.5 MeV is estimated to about 5� 109. But they
are continuously distributed in rf phase. One main aspect of
an rf postacceleration experiment will be the rf operation
stability under these beam load conditions.

VI. CONCLUSIONS AND OUTLOOK

Laser driven proton beam sources have attractive fea-
tures as rf linac injectors at energies above 10 MeV. They
might become superior to the ion source, RFQ, and the first
DTL stage of conventional linacs for special applications.

The high number of particles per bunch and the feature
of delivering single bunches to the experiment are unique.
Moreover, the beam power is delivered by the stored
energy in the linac cavities and does not cause demand
for larger rf amplifiers as in conventional linac systems.

Single bunch proton numbers around 1010 at the linac
exit seem within reach. Detailed simulations from the

target through the solenoid and up to the linac entrance
were presented, applying suitable software. Special care
was taken on the time steps, in particular close to the target,
and on the space charge interaction between electron and
proton distributions.
The resulting emittance values in all 3 phase planes are

relatively large at linac injection, due to the high phase
space density at bunch generation which leads to emittance
growth along the transport section.
A CH linac with high space charge limit and large

transverse and longitudinal acceptance was designed to
accept a maximum fraction of the laser generated proton
bursts. The high particle number per bunch requires a very
high voltage gain per meter along the linac to get enough
longitudinal focusing force. The described example is at
the upper technical limit. The voltage can be reduced by up
to 50% with only a minor increase in emittance growth.
Attractive applications for single bunch operation as

delivered naturally by laser driven systems might occur,
involving time of flight techniques or the study of second-
ary reactions at low noise level, for instance.
The time averaged beam current at the linac exit may be

increased to more interesting values for certain applica-
tions, if advanced laser systems with much higher repeti-
tion rates (100 Hz to several kHz) will become available.
On the other hand, conventional injectors consisting of an
ion source, low energy beam transport LEBT, and radio-
frequency quadrupole RFQ will always be superior if a
high time averaged proton current is needed, as these
systems are flexible in the beam pulse structure up to cw
operation.
With respect to the linac development it is intended to

realize the first cavity of the proposed CH-DTL and to
demonstrate the acceleration of a laser generated proton
bunch.
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