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The performance of accelerators profits from phase-space tailoring by coupling of degrees of freedom.
Previously applied techniques swap the emittances among the three degrees but the set of available
emittances is fixed. In contrast to these emittance exchange scenarios, the emittance transfer scenario
presented here allows for arbitrarily changing the set of emittances as long as the product of the emittances
is preserved. This Letter is the first experimental demonstration of transverse emittance transfer along
an ion beam line. The amount of transfer is chosen by setting just one single magnetic field value.
The envelope functions (beta) and slopes (alpha) of the finally uncorrelated and repartitioned beam at
the exit of the transfer line do not depend on the amount of transfer.
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Important figures of merit for any accelerator are the
beam emittances it provides at its exit. Emittances are
measures for the amount of phase space being occupied by
the particle distribution. Along an ideal linear focusing
lattice the dynamics in the three phase-space planes,
which we refer to as “planes” in the following, are not
coupled and the emittances remain constant in each plane.
Unavoidable coupling from fringe fields or from dis-
persion increases the emittances in the coupled planes.
Accordingly, lattice elements were designed in order to
minimize the coupling, except for dedicated applications
such as spectrometers, for instance. However, the case
may arise where the performance of an accelerator is
well within the emittance budget in one plane but far
beyond it in another one. Exchange of emittances between
two planes may be sufficient to remain within all emittance
budgets. Such schemes must involve interplane coupling.

Exchange of the two transverse emittances by a quadru-
pole triplet rotated by 45° (skew triplet) is state of the art.
Brinkmann er al. [1] proposed creation of beams with
strongly different transverse emittances, i.e., round-to-flat
adapters, and Refs. [2-4] report on the successful con-
duction of the experiment. They used the solenoidal field of
the electron source as an interplane coupling element as
well as a subsequent skew triplet. Application of this
concept to ion beams is proposed in Refs. [5-7].
Exchange between the longitudinal and one transverse
plane was considered and/or demonstrated in Refs. [8—10].
Coupling was provided through installation of a trans-
versely deflecting cavity inside a dispersive section created
by bending magnets. Several studies were done aiming at
finding the best-suited coupling scenarios to optimize the
emittance exchange [11] or to combine it with strong bunch
length compression [12]. A recent review of longitudinal to
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transverse emittance exchange beam lines can be found
in Ref. [13].

A common property of all emittance shaping beam lines
operated so far is that neither the set of values of the final
emittances has been changed nor has changing of this set
been foreseen in the designs of the beam lines. Exchange
beam lines just reassign the emittance values to the planes.
Final emittances of round-to-flat adapters are given by the
field strength of the solenoid at the source. The set of
final emittances achieved by these beam lines is called the
set of eigenemittances [14]. The beam lines applied so far
preserve the set of eigenemittances and the product of
the n eigenemittances is equal to the 2n-dimensional root-
mean-squared (rms) emittance of the beam. In the follow-
ing, we refer to two-dimensional geometric rms emittances
defined as

ey =\ () ) — (w2, (1)

where u is the particle coordinate and u’ is its derivative
with respect to the longitudinal coordinate. The beta
function and the alpha parameter are defined as

Transverse emittance transfer as proposed in Refs. [7,15]
instead offers a tool to arbitrarily choose the final emit-
tances as long as their product is kept constant. It changes
the set of eigenemittances. The beam line is sketched in
Fig. 1. Two quadrupole magnet doublets focus the beam to
a solenoid. A stripping foil is installed in the center of the
solenoid. Increasing the ion beam charge state by passing
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FIG. 1 (color online). Beam line of EMTEX (Emittance Transfer
Experiment) (a), vertical (blue) and horizontal (red) rms beam sizes
(b), and rms beam emittances (c) along the beam line for a solenoid
field of 0.9 T (see text).

the beam through a stripping medium is state of the art
in ion accelerators; see Ref. [16], for instance. The outer
electrons of the incoming ions are removed and the ions
experience stochastic angular scattering and energy strag-
gling. As a net effect, the charge state is increased and
the angular distribution is broadened as well as the beam
energy spectrum. However, for intermediate to heavy mass
ions, charge state stripping is mandatory in order to perform
acceleration at reasonable efficiency. Change of charge
state in the solenoid changes the set of eigenemittances.
The field strength of the solenoid determines the amount
of transfer between the eigenemittances. It is followed by
a quadrupole triplet and a skewed quadrupole triplet.
The latter preserves the eigenemittances but serves to
remove interplane correlations introduced by the solenoid.
It is followed by a regular quadrupole triplet to rematch the
beam for the subsequent transport. Finally, a slit-grid beam
emittance meter allows for measuring the phase-space
distribution in the horizontal and vertical planes. The slit
determines the position of the phase-space element. A
subsequent grid measures the angular distribution of the
ions that passed the slit. By moving the slit and recording
the angular distribution at each slit position, the full phase-
space distribution is recorded. A detailed description of
the concept of EMTEX (Emittance Transfer Experiment)
and the beam line itself is given in Refs. [7,15,17].
EMTEX has two very convenient features. The setting of
the beam line behind the solenoid does not depend on the
solenoid field strength B. The setting provides excellent
decoupling if it is determined for a solenoid field B, and if
the applied field B satisfies |B| < |By|. Additionally, the

Twiss parameters f and « provided at its exit do not change
with the field strength B. These very comfortable decou-
pling and rematching features were observed in simulations
[15] and were analytically explained later [18]. Hence
EMTEX is a one-knob tool for transverse emittance
partitioning. The knob is the solenoid field strength B.

EMTEX was installed [19] in 2013 along the transfer
channel from GSI’s Universal Linear Accelerator (UNILAC)
[20] to the synchrotron. For the experiment, a low-intensity
(i.e., negligible space charge effects) beam of “N3* at
11.4 MeV /u was used. The relative momentum spread of
the beam was less than 1073, First, all EMTEX magnets
were turned off and the stripping foil was removed from
the solenoid. Full beam transmission was assured by using
beam current transformers installed in front of and behind
EMTEX. In order to assure that the beam in front of EMTEX
does not exhibit already relevant interplane correlations, the
(x, y) beam distribution was observed on a fluorescent screen
for different settings of a quadrupole magnet being installed
in front of the screen. The absence of correlation in (x, y)
implied insignificant residual correlations between the two
planes.

In the following step, beam emittances were measured in
both planes at the exit of EMTEX. The obtained Twiss
parameters together with the settings of the first two
doublets were used to determine the beam Twiss param-
eters at the entrance to the first doublet of EMTEX. A
horizontal (vertical) rms emittance of 1.04 (0.82) mm mrad
was measured. Both doublets were set to provide a small
beam with double waist at the location of the stripping foil.
The foil (carbon, 200 ug/cm?, 30 mm in diameter) was
moved into the solenoid. The measured beam current
transmission through the complete EMTEX beam line
increased by a factor of 2.3 =7/3 as expected from
increase of the ion charge state by stripping of the beam
from 3+ to 7+. Beam phase probes behind EMTEX were
used to detect eventual beam energy loss induced by the
foil. Within the resolution of the phase probes, we assume
that the mean energy loss is close to the calculated value
of 0.026 MeV /u from the ATIMA code and that the amount
of energy straggling can be neglected. The same code was
used to calculate the increase of the square of the rms beam
divergence by (0.474 mrad)? per transverse plane. After
determining all required input parameters, the solenoid
field was set to 0.9 T. Applying a numerical routine, the
three triplets behind the solenoid were set to decouple the
beam and to provide for a beam with small vertical and
large horizontal emittance together with full transmission
through the entire setup. These gradients were set and full
beam transmission was preserved. Just slight adjustment of
the beam center using dipole-corrector magnets was needed
to recenter the beam in the emittance meter. This was
required due to residual misalignment of the solenoid axis
with respect to the beam axis. For the setting mentioned
above, both transverse rms emittances were measured.
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Afterwards the solenoid field was reduced stepwise to O T.
The solenoid field B; was set by following the remanence-
mitigating path B;_; — B, — 0T — B;. All quadrupole
magnet gradients were kept constant. For each solenoid
setting, full transmission was preserved and both emittan-
ces were measured. The upper part of Fig. 2 plots the
measured rms emittances behind EMTEX as functions of
the solenoid field strength. With increasing solenoid field, the
vertical emittance decreases while the horizontal increases.
The product of the two emittances remains constant within
the precision of the measurement. This behavior is in full
agreement with theoretical predictions from Ref. [15] and
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FIG. 2 (color online). Vertical (blue) and horizontal (red) rms
emittances (a), beta functions (b), and alpha parameters (c) at the
exit of the EMTEX beam line as functions of the solenoid field
strength. All other settings were kept constant. Shown are results
from measurements (dots), from application of the 4d-envelope
model for coupled lattices (dashed lines), and from tracking
simulations (dotted lines).

with tracking simulations with TRACK [21] using magnetic
field maps. It is also in agreement with calculations that
apply the recently developed 4d-envelope model for coupled
lattices [22-25]. The observed emittance separation under
variation of the solenoid field only confirms that EMTEX is a
one-knob tool for adjustable emittance partitioning. Beam
envelopes and emittances along the beam line for a solenoid
field of 0.9 T as obtained from tracking simulations are
plotted in Fig. 1.

Figure 3 displays measured phase-space distributions as
functions of the solenoid field strength. It demonstrates that
the shapes of the occupied areas in phase space and
especially the shapes of the corresponding 4 x rms ellipses
almost do not depend on the solenoid field strength. The
corresponding parameters  and a are plotted in Fig. 2.
Although there are small discrepancies between theory and
measurements for 8, and a,, the experimental results are in
full agreement with the observation from simulations
reported in Ref. [15] and with the properties of EMTEX
derived analytically [18]. These references assumed a beam
with exactly equal transverse emittances at the entrance of
EMTEX. The beam emittances in the experiment differed
by 23% from each other. However, the quasi-invariance of
the final ellipse shapes is in excellent agreement with the
4d-envelope model and with tracking simulations also for
the present experiment. Accordingly, the experimental data
also confirm that EMTEX is a one-knob emittance parti-
tioning tool that preserves the beam envelope functions /3
and «a at its exit, if the initial beam emittances are similar.
This feature makes it obsolete to rematch the envelopes
as a function of the desired emittance partitioning once the
partitioning is completed.

As the amount of emittance partitioning is given by the
solenoid field strength [15], inversion of the solenoid
field swaps the behaviors of the measured emittances
displayed in Fig. 2; i.e., for negative solenoid field strengths
the vertical emittance increases and the horizontal one
decreases with the field strength. This could not be tested
experimentally, since the solenoid power converter was
unipolar. Inversion of the solenoid field strength is fully
equivalent to inversion of the skew quadrupole magnet

> 'tit O S

0.0 0.6 0.9

id field strength (T)
I..ﬂ | i
| i~ |

Vertical (upper) and horizontal (lower)

FIG. 3 (color online).
phase-space distributions measured at the exit of the EMTEX
beam line as functions of the solenoid field strength. All other
settings were kept constant. Black ellipses indicate the 4 x rms
ellipses.
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FIG. 4 (color online). Vertical (blue) and horizontal (red) rms
emittances at the exit of the EMTEX beam line as functions of the
solenoid field strength. All other settings were kept constant.
Shown are results from measurements (dots), from application
of the 4d-envelope model for coupled lattices (dashed line), and
from tracking simulations (dotted line). With respect to Fig. 2, the
gradients of the skew quadrupole triplet are inverted.

gradients, while keeping all other gradients and the solenoid
field constant. Inversion of the skew gradients corresponds to
rotation of the skew quadrupole magnets by 90° , i.e., to
swapping the transverse planes. Accordingly, the ratio of
emittance partitioning is inverted for inverted skew quadru-
pole triplet gradients. This was verified experimentally as
shown in Fig. 4. Also for inverted skew quadrupole magnet
gradients, preservation of the orientations and shapes of the
measured phase-space distributions was observed. Just
the sizes of the corresponding 4 x rms ellipses changed
with the solenoid field strength. For inverted polarity of the
skew quadrupole triplet, the agreement with theory and with
simulations is still good but slightly worse than for the case
shown in Fig. 2. Additionally, for a given solenoid field
value, the horizontal emittance values shown in Fig. 4 are not
exactly equal to the vertical emittance values shown in Fig. 2.
According to theory they should be equal. However, the
differences are very small. We attribute them to remanence
effects in the solenoid and in the bipolar skew triplets.
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