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Abstract

The UNIlversal Linear ACcelerator (UNILAC) at GSI
< aims at provision of high brilliant heavy ion beams, as its
*E main purpose will be to serve as injector for the upcoming
% FAIR accelerator complex. To keep acceleration efficient,
-2 heavy ions need to be charge state stripped and progress in
% improving this process is reported. Recent advance in mod-
£ eling time-transition-factors and its impact on simulation of
g longitudinal dynamics is presented. The UNILAC injects
£ into the subsequent synchrotron SIS18 applying horizon-
2 tal multi-turn injection (MTT). Optimization of this process
+« triggered intense theoretical and experimental studies of the
£ dynamics of transversely coupled beams. These activities
-£ comprise full 4d transverse beam diagnostics, round-to-flat
% beam transformation, extension of Busch’s theorem to ac-
g celerated particle beams, and optimization of the MTI pa-
S rameters through generic algorithms.
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INTRODUCTION

After being upgraded the UNILAC (Fig. 1) together with
o % the subsequent synchrotron SIS18 will serve as injector for
O FAIR [1]. Three ion source terminals can be operated in
© pulse-to-pulse switching mode at 50 Hz. One terminal is
§ equipped with an ECR source providing highly charged ions.
& Followed by an RFQ and an TH-cavity operated at 108 MHz
S it forms the High Charge Injector (HLI) providing beams
g at 1.4 MeV/u. Another terminal houses a Penning source
2 (PIG) providing low intensity beams at intermediate charge
O states at 2.2 keV/u.
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Figure 1: The upgraded UNIversal Linear ACcelerator (UNI-
LAC) at GSIL.
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The third terminal is dedicated to provision of intense
beams of low-charged ions at 2.2 keV/u as well. Intense
heavy ion beams are produced in a MEVVA or VARIS.
» Beams are bunched and pre-accelerated to 120 keV/u along
= a9 m long RFQ operated at 36 MHz. Afterwards two IH-
S cavities provide for acceleration to 1.4 MeV/u, being the exit
E energy of the High Current Injector (HSI). For uranium the
% highest particle numbers are obtained by using the charge
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state 238U%*. After the TH-DTL the acceleration efficiency
is increased by passing the beam through a gaseous stripper
which delivers the mean charge state of 28U+ at its exit.
This increase of charge state is at the expense of intrinsic
particle loss. Prior to 2014 about 87% of the uranium ions
were stripped to charge states different from 238U+ After
dispersive selection of the desired charge state the beam is
matched to the subsequent post-stripper Alvarez-type DTL.
The latter is operated at 108 MHz and comprises five tanks.
Its exit beam energy is 11.4 MeV/u being the injection energy
for the synchrotron SIS18. The post-stripper DTL can be fed
with beams from the HLI as well. The design parameters to
be achieved after the upgrade are listed in Tablel.

Table 1: Beam Design Parameters for the Upgraded UNI-
LAC

Ion A/q <85

Beam Current 1.76-A/q mA
Input Beam Energy 14 MeV/u
Output Beam Energy 30-11.7 MeV/u
Emit. (norm., tot.) hor/ver 0.8/2.5 um
Beam Pulse Length <1.0 ms
Beam Repetition Rate 10 Hz
Rf Frequency 108.408 MHz

This upgrade program is based on dedicated R&D w.r.t.
the provision of high brilliant ion beams. It comprises the
optimization of charge state stripping by passing the ion
beam through a media as well as the improved modeling of
longitudinal beam dynamics along DTL cavities. Diagnos-
tics of the full 4-dimensional transverse phase space includ-
ing inter-plane correlations was developed and successfully
tested. A novel technique allows to transfer emittance from
one transverse degree of freedom into the other one, thus
increasing the efficiency of multi-turn injection. The mod-
eling of this emittance shaping was simplified significantly
by showing that the underlying dynamics are described by
extending the Busch theorem from single particles to accel-
erated beams. Finally, generic algorithms were developed
to optimize multi-turn injection into a synchrotron.

INCREASE OF STRIPPING EFFICIENCY

So far, a continuous N, jet has been used as stripping
medium. The achieved stripping efficiency from 233U** to
238U%8* was 14%. Since 2014 a pulsed gas stripper cell has
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been tested [2,3]. It injects short gas pulses, the length of
which matches the beam pulse length into the stripping cham-
ber, producing a high density target without overloading the
differential pumping system toward adjacent accelerator sys-
tems. Using H; the efficiency of stripping into the most
populated charge state has been increased from 14% to 21%.
Figure 2 compares measured charge state spectra of an ura-
nium beam at 1.4 MeV/u applying a continuous N, jet with a
spectrum resulting from a pulsed H; cell. The rms-width 6¢g
of the spectrum from the jet is about 3.6. The width from the
pulsed cell is dg ~ 2.3, i.e. it is reduced by 36%. Another
appealing feature of the pulsed stripper is its flexibility w.r.t.
the applied back pressures of the single gas pulses as well as
to the lengths of the individual pulses. Both can be changed
in pulse-to-pulse switching mode of the UNILAC thus elimi-
nating restrictions from the constant back pressure provided
by the N jet. Additionally, the set-up can be equipped with
a second valve, thus allowing for pulse-to-pulse operation
with a second stripper gas.
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Figure 2: Comparison of measured uranium charge state
spectra applying a continuous N jet (red) with a spectrum
resulting from a pulsed H, cell (blue).

Final optimization and implementation into routine oper-
ation of this new stripping set-up have started. A detailed
description of the development and testing of the high pres-
sure Hj gas cell as well as the latest results obtained with
the device are reported in [2, 3].

LONGITUDINAL MODELING OF DTLS

Any DTL cavity is a sequence of drifts and finite gaps.
The dynamics inside gaps is quite demanding as the effective
local forces on the beam particle are explicit functions of
time and position. Usually, the equations are solved by doing
the approximation that the particle velocity is constant dur-
ing the gap transit. Although this approximation obviously
contradicts to the purpose of gaps, namely increasing the ve-
locity, it delivers reasonable results and generations of DTLs
were designed in this way. To a huge fraction this is thanks
to the focusing nature of the effective longitudinal lattice.
Errors in velocities and rf-phases from that approximations
cause oscillation around the design orbit even for the perfect
particle. However, the errors are small and machine perfor-
mance is not seriously harmed. This figure changes, if the
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regular longitudinal focusing is weakened or partially aban-
doned as for the KONUS [4] beam dynamics that slightly
moves attention from focusing towards efficiency of acceler-
ation. The UNILAC pre-stripper DTL uses this dynamics
for very efficient acceleration of 2¥U** and operation re-
vealed that the longitudinal dynamics is very sensitive to
small changes of cavity voltages and phases compared to the
post-stripper DTL which uses Alvarez-type cavities.

In order to better understand these sensitivities the longi-
tudinal modeling was refined as described in detail in [5].
The static electric field inside gaps is calculated by Fourier-
Bessel series as implemented into the BEAMPATH code [6]
using

M
E, = —cos(wt + ) Z E,. Io(ty, 1) sin (

m=1

2nmz )

2rmkE,,

= cos(wt + ¥g) Z

() cos (2’}’" Z), (1)

)

By = sin(wt + ¥g) Z

and
2
2 1
um=7” (m?) _1, T=l+2¢+d,
2)
. am(l+g) (
Cau om0 | sin ()
Io(gma)l T amii+g) mg

where Iy and I; are the Bessel functions of zero and first
order, w is the angular frequency of the field, r is the radial
coordinate, U is the gap voltage, ¢ is the phase at the gap
at t=0, and a,l, g, d define the gap geometry [5]. The sin-
gle particle starts moving at z=0. Typically the number of
Fourier harmonics is M=30. The reference particle vector
function and its derivative w.r.t. z is defined as

Z(t,z7) = [ ] [ ﬁc ] 3
and
dZ(t,z Be
DZ(t,z) := 5[ 2) = I m—E(z) cos(wt + o) | - (4)
Vi-g?

This non-linear differential equation is solved by applying
the Bulirsch-Stoer method. Using the refined modeling of
a KONUS DTL the sensitivities mentioned above could be
reproduced in simulations as reported in [5].

Additionally, the "intermediate" energy phenomenon of
UNILAC s last two Alvarez-type cavities was finally mod-
eled 35 years after it has been observed in operation. By
chance it was found during commissioning of the fourth
(fifth) DTL cavity, that it provides high quality beams with
small energy spread, if it is operated just at 80% (70%) of its
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E nominal voltage. The output energies are reduced by 34%
5 (32%) compared to the nominal values. Although this was
Z not understood, these beams are supplied to users since many
% decades to their full satisfaction. Using the advanced model-
2 ing these "intermediate” energies were exactly reproduced in
£ simulations. Figure 3 shows the electric field strength along
£ the DTL together with the respective reference particle en-
5 ergy. It reveals that the beam is even temporarily decelerated
£ inside the cavity. The according longitudinal phase space
- distribution at the cavity exit is displayed in Fig. 4.
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< design particle at nominal cavity voltage (upper), at 70%
E of the nominal voltage (center), and the respective particle
© energies along the fifth DTL cavity (buttom).
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£ Figure 4: Longitudinal phase space distributions at the exit of
g the DTL. Red: last DTL cavity operated at nominal voltage.

‘g Blue: last cavity operated at 70% of the nominal voltage.
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COMPLETE TRANSVERSE 4D BEAM
DIAGNOSTICS

For any accelerator or transport lattice which includes
elements coupling the transverse planes as solenoids for in-
stance, complete 4d transverse beam diagnostics is required
for adequate beam-based modeling of the lattice. The four
27 order inter-plane correlations must be measured. To
our knowledge such measurements never were conducted
successfully before at ion energies beyond about 150 keV/u.
Applying a slit/grid emittance meter preceded by a skewed
quadrupole triplet such measurements were done with an
uranium beam at 11.4 MeV/u. Details on this method can
be found in [7].

Additionally, the ROtating System for Emittance mea-
surements (ROSE) was developed and commissioned [8]
with 83Kr!3* beam at 1.4 MeV/u and with 23U+ beam
at 5.9 MeV/u. It is a single-plane slit/grid emittance mea-
surement device housed in a chamber which can be rotated
around the beam axis (Fig. 5) by any angle 6. For one
beam transport setting (a) emittance measurements were
performed at rotation angles of 0°, 90°, and at an interme-
diate angle 8y. One additional measurement at 6y using a
different setting (b) was done. The accuracy of the mea-
sured 2" moments is sufficiently high to define transport
sections that can completely decouple the beam with skewed
quadrupoles for instance [8].
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Figure 5: ROtating System for Emittance measurements
ROSE (top). Measured 2" order beam moments that quan-
tify the amount of coupling between the horizontal and ver-
tical plane (bottom).

EXTENSION OF THE BUSCH THEOREM
TO BEAMS

In 1926 H. Busch formulated the preservation of the conju-
gated angular momentum of a single charge particle moving
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along a region with longitudinal magnet field [9]. The gen-
eralization of the theorem [10] is expressed as

jlg?wdé + ﬁl// = const.
C ny

®)

and visualized in Fig. 6. The path integral of the stream
of possible particle velocities v along a closed contour C
confining a fixed set of possible particle trajectories, plus the
magnetic flux through the area enclosed by C is an invariant
of the motion.
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Figure 6: The contour C encloses possible streams of particle
trajectories and encloses the area A.

In 1992 A.J. Dragt introduced the eigen-emittances [11]
as the rms-emittances £/, which the beam acquires after all
of its inter-plane correlations have been removed. Accord-
ingly, they are preserved by all linear elements even if they
introduce correlations and change the rms-emittances. This
section briefly summarizes the results and applications of ex-
tending Busch’s theorem to accelerated particle beams [12].
The preservation of the sum of the squares of the two trans-
verse eigen-emittances is expressed using conjugated vari-
ables. Finally, this preservation delivers a term that is quite
similar to Eq. (5)

M?{

mcrm

2
%} = const., (6)
men

" dC+

S

2
(em _8n2) +

C

where the integral is to be taken of the averaged beam di-
vergence around the curve enclosing the beam rms-area di-
vided by . This expression connects the normalized eigen-
emittances, the beam vorticity, and magnetic flux through
the beam rms-area A. It turns out that this conservation law
allows for very fast modeling of beam emittance shaping
experiments done with electrons and with ions. In many
cases application of conservation laws is more efficient w.r.t.
solving the underlying equations of motion.

The first application is on Fermilab’s flat beam experi-
ment [13], where an electron beam was extracted from a
cathode immersed into the magnetic flux By (Fig. 7).

After acceleration to 16 MeV correlations were removed
with skew quadrupoles. The final transverse emittance ratio
is quickly derived using the extended Busch theorem by
applying Eq. (6) at the cathode and at the exit of the beam
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Figure 7: (from [12]) Schematic sketch of the beam line of
the experiment performed at NICCAD at FERMILAB [13].

line

2
] = (Snfl _Ean)z +0+0, @)

By A
O+0+[e0 0
m

which with few steps delivers the formula derived in [13]

Enfi2 = £LBY + /(LBY)* + (eh)?. ®)

The second application is on the EMTEX experiment done
at GSI[14,15] being sketched in Fig. 8. A beam of '*N3* was

Bg
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143+ 14N 7+
------------------------------------ decoupling  ----
K3y K.

N

Figure 8: (from [12]) Schematic beam line of EMTEX at
GSI for transverse emittance transfer [15].

passed through a solenoid with field By into which charge
state stripping to '*N7* was done. Accordingly, the fringe
fields act differently on the beam at the solenoid entrance and
exit, respectively. The imposed correlations were removed
by a quadrupole triplet. The effective repartitioning of the
emittances through EMTEX can be derived quickly from the
extended Busch theorem. First it is applied to the entrance
of the beam line and to the centre of the solenoid right before
stripping as

(Sx,3+ - 8y,3+)2 +0+0

2, 2B ArBy r ©)
= - %%
(17— e2)” + (Bp)3+ ’ (Bp)3+
where
Wy =2A j{ r:'(x,y,s) .dC

C (10)

= (IxYy = (D) )+ () ((xxy = (yy))
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E is twice the beam vorticity multiplied with the beam rms-
;::f area. Charge state stripping just changes the beam rigidity
Z but does not change any other beam property (straggling and
% scattering can be neglected). Afterwards the invariance is
) re-formulated for the new charge state, i.e., at the centre of
£ the solenoid right after stripping and at the exit of the beam

ey
=
a

2B ArBy 17
0y 4 | A 0]
(Bp)7+ (Bp)7+
= (gx,7+ - 8y,7+)2 +0+0.

(e1f — &27)* +

(1)
Combining these relationships leads to the final repartition-
ing of the projected beam rms-emittances

(8x,7+ - 8y,7+)2 = (gx,3+ - 8y,3+)2
(12)

[ 1 1P
+ (ArBo) [(Bp)7+ (Bp>3+] :

The equivalent deviation based on solving the equations of
motion exceeds several pages [14].

OPTIMIZATION OF RING INJECTION
WITH GENERIC ALGORITHM

The efficiency of injection from a linac into a circular
accelerator depends on many parameters as position and
angle of injected beam (x, x”), initial orbit bump x;, and its
reduction rate T, number n of turns during injection, and
the horizontal tune Q, and emittance &, from the linac. Op-
timization of this parameter set was successfully done by
applying a generic algorithm as reported in detail in [16]. A
number of initial parameter sets is defined and labelled as
initial generation. Their fitness w.r.t. efficiency is evaluated
and the fittest are mixed pairwise to exchange single param-
= eters combined with small mutations, i.e., arbitrary changes
i of single parameters. The new generation formed in that way
m is re-evaluated and the fittest are re-mixed partially with the
8 previous generation to create the subsequent generation. Do-
£ ing so, very fast convergence is achieved as depicted in Fig. 9
and the final result is much better compared to optimizations
without generic algorithms.

The simulations of efficiency were benchmarked [17] with
according measurements [18]. Using EMTEX the transverse
emittance ratio was varied leaving all other beam parameters
unchanged. Figure 10 plots the simulated and measured
accumulation rates revealing excellent agreement.
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