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Abstract

A novel scheme for afast electron cooling of ion beams
with large momentum spread has been studied and inves-
tigated experimentally. Efficient longitudinal cooling was
achieved using an induction accelerator (IndAcc) sweep of
the stored ion beam. A constant voltage from the IndAcc is
applied to accel erate the beam toward the equilibrium point
of the cooling force. Experimental studies of this scheme
were performed at TSR. A carbon ion beam '2C%* of to-
tal energy 73.3MeV was shifted by dp/p = 1 with respect
to the momentum of the electron beam, and the cooling
timeswere measured. A reduction of the cooling time from
2.8sec without IndAcc to 0.6sec with application of 0.4V,
was observed. Further experiments, to estimate the maxi-
mum IndAcc voltage that can be applied without causing
beam loss, were performed at HHIMAC.

1 INTRODUCTION

The recent successful application of heavy ion beams to
the treatment of tumor cells[1], has prompted an increased
interest in the development and construction of compact
accelerator systems, dedicated to cancer therapy [2]. The
L SR project has been initiated at Kyoto university asare-
sponse to this need. LSR is a new generation compact
cooler ring currently under construction at ICR Kyoto, for
use as an injector of carbon ions for a pulsed synchrotron
with ultra-high magnetic field [3]. The ring will cool car-
bon ions produced from laser induced plasma[4], then in-
ject them into the synchrotron. In the present work we pro-
pose anew scheme for fast electron cooling that can reduce
the momentum spread dp/p of laser produced carbon ions
from 1% t0 0.1%.

2 PRINCIPLE

Electron cooling is a method for reducing the phase
space volume of a beam, that is based on energy transfer
between the ions and a cold external electron beam[5]. A
simple binary collision model of this process[6] yields a
cooling force

_%/Lc(u)f(v_;)%d%e D

where, @ = ©; — v, is the ion-electron velocity differ-
ence, Lo (u) isthe Coulomb logarithm, n. is the electron

density and f(v;) is the normalized velocity distribution
of the electron beam. Asymptotically, the force scales as
F ~ v;z for v; > o, where o, is the electron longitu-
dina velocity spread. Therefore for our current purpose a
conventional electron cooling schemeisnot suitable. How-
ever, we believe a fast cooling can be achieved if we ap-
ply an external force to assist the electron cooling forcein
high relative velocity range. We propose utilizing an in-
duction accelerator to rapidly push the ions toward the sta-
ble point of the cooling force, as shown in figure 1. The
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Figure 1. Principle of the induction accelerator sweep
scheme; fast cooling is possible with IndAcc acceleration
and capture by electron beam

induction accelerator is a device similar to a voltage trans-
former, which is capable of applying a constant voltage on
the stored beam, by varying the excitation current in the
primary winding. If we apply an IndAcc voltage of the
same sign as the cooling force, we will be able to reduce
the cooling time.

3 EXPERIMENTS

The IndAcc sweep scheme was tested experimentally at
TSR of MPI Heidelberg, as well as at HIMAC of NIRS.
The results of these experiments are presented.

3.1 Cooling time measurement at TSR

The purpose of the current scheme is the efficient cool-
ing of an ion beam with wide momentum spread. How-
ever, at TSR the injection beam has a rather small momen-
tum spread. Therefore the experiment was performed us-
ing cool beams shifted in momentum by 1% with respect
to the electron momentum. The time necessary for the
electron beam to recapture the ions, is an approximation
of the cooling time of hot ion beam with 1% momentum
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spread. Cooling times were measured for a carbon beam
1206+ of energy 73.3MeV and an electron beam density
ne = 2.4 x 107em™3. Theinjected beam is shifted in mo-
mentum to dp/p = 1% with respect to the electrons and
the time evolution of the Schottky noise signal of the beam
is measured. Such a measurement without application of
IndAcc voltage is shown in figure 2. The ion beam is po-
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Figure 2: Time evolution of a 12C%*73.3MeV ion beam
under the action of the cooling force for electron density
Ne = 2.4 x 107cm 3 and no IndAcc voltage (U;,qg = 0V).
After 3 seconds the ion beam is completely captured.

sitioned initially to the left, and is captured by the electron
beam located to the right. The IndAcc voltage is then ap-
plied and the same measurement is performed. The depen-
dence of the cooling time on the applied IndAcc voltage is
shown in figure 3. Numerical quadrature of the equation of
motion of the ions under the action of the IndAcc and the
electron cooling force is computed (curvesin fig. 3) and
fitted to the data points. The cooling time is defined as the
time necessary to achieve zero ion-electron relative veloc-
ity. We observe that the cooling time is decreased substan-
tially from 2.8 sec without IndAcc sweep, to 0.6 sec with
application of IndAcc voltage U;,,q = 0.4V. This scheme
is capable of achieving fast cooling times for ion beams
with large momentum spreads.

3.2 Maximum IndAcc voltage measurement at
HIMAC

Applying the IndAcc voltage has the effect of shifting
the stable point of the electron cooling force. At TSR a
maximum IndAcc voltage of 0.4V was applied, and the
stable point was always preserved for the electron density
used in the experiment. However applying a higher voltage
can cause the loss of the stable point, and therefore loss of
the ion beam. The dependence of the maximum IndAcc
voltage on the electron density was investigated at HHIMAC
(Heavy lon Medical Accelerator in Chiba). For this pur-
pose, a new IndAcc was constructed and installed, which
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Figure 3: Dependence of the cooling time on the IndAcc
voltage; reduction from 2.8sec without IndAcc voltage to
0.6sec with 0.4V is observed.

can produce a maximum voltage of 4V for apusle width of
84ms. Argonions 40 Ar'3+ of total energy 240MeV were
cooled by the electron beam, and the IndAcc voltage was
applied. The loss of the stable point, should be observed
as a shift in the Schottky noise signal of the beam taken at
different time instants, asthe beam is accelerated by the In-
dAcc. Theresult of this measurement for electron densities
ne = 0.7x107em =2 andn. = 1.0x107em 3, isshownin
figure 4. We observe that for n, = 0.7 x 107em ™3, beam
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Figure4: Frequency shift of the measured spectraasafunc-
tion of the applied IndAcc voltage. Scaling of the cooling
force from TSR data shows that these limit correspond to
the maximum of the cooling force.

capture is lost for an IndAcc voltage higher than U,,q =
0.7V. For n, = 1.0 x 107em =2 the maximum IndAcc
voltage is 1.0V. This result can be compared to the data
taken at TSR by scaling the appropriate parameters. As
seen in equation 1, the cooling force has alinear and square
dependence on the electron density and the ion charge re-
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spectively. However, is was found empirically at TSR that
the force hasa Z'-3 dependence on the ion charge[7]. The
maximum of cooling forcemeasured at TSRis10eV/m for
ne = 2.4 x 107em 3. Scaling this value to 4° A8+ gives
amaximum force of 12¢V/m for n, = 0.7x 107cm =3 and
17eV/m for n, = 1.0 x 10"em™3. We assume that in or-
der to preserve a stable point, the maximum IndAcc force
must be below the maximum of the cooling force,

FecoolL
2
e 2

Uind S

where L is the length of the electron cooler. For HI-
MAC L = 1m. The above equation gives for n, =
0.7 x 107em™3 a maximum voltage of 0.67V and for
ne = 1.0 x 107em™2 0.97V. These values are in quite
good agreement with the measured values. We conclude
that the maximum IndAcc voltage is limited only by the
maximum of the cooling force.

4 SIMULATION OF ELECTRON
COOLING PROCESSFOR LSR

A single particle tracking computer code has been de-
veloped in order to simulate the cooling process for LSR,
and to optimizethe L SR lattice for hot ion beam cooling[8].
The calculation isbased on an approximation of the cooling
force for non-magnetic flattened distribution of the elec-
trons [9]. The horizontal and vertical betatron vectors are
computed using the transfer matrix. The effect of the elec-
tron beam space charge is also included. The main param-
eters used in the computation are shown in table 1. The

Table 1: Main parameters used in the electron cooling sim-
ulation

ion beam 206+ 2MeV/u
Circumference 20.1 [m]
Tunes (1.58,1.16)
emittances (507, 207) [mm.mrad]
[-functions at E-cooler (2.0,3.1) [m]
Dispersion at E-cooler 1.55[m]
E-cooler length 0.5 [m]
electron current 50 [mA]
electron beam radius 2.5 [mm]

tracked particle is assumed to have initial phase space co-
ordinates as

(0)= (e ) oo @

where z iseither the horizontal or vertical coordinates. This
test particle was tracked under the action of both elec-
tron cooling and constant IndAcc voltage. The results are
shown in figure 5. A longitudinal cooling time of 0.4sec
sec is achieved with IndAcc voltage of 0.5V. We observe

that the reduction of the cooling time becomes less impor-
tant as we apply higher voltages, and application of a volt-
age larger than 0.5V does not appreciably reduce the cool -
ing time.

Dependence of electron cooling times at LSR on the IndAcc voltage
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Figure 5: Result of computer simulation of electron cooling
processfor LSR. A cooling time of 0.4 sec can be achieved
by applying an IndAcc voltage of 0.5V

5 CONCLUSION

The IndAcc sweep scheme rests on the use of an induc-
tion accelerator to accelerate the hot ion beam toward the
equilibrium point of the cooling force. Experimental tests
of this scheme were performed at TSR and HIMAC. Ap-
plying this scheme yielded an important reduction of the
cooling time from 2.8 sec to 0.6 sec. Also we have found
that the maximum IndAcc voltage is limited only by the
maximum of the cooling force. For LSR, computer simula-
tion showed that fast longitudinal cooling can be achieved.
However, if the emmittances of laser produced ions are
very large the transverse cooling time can become the dom-
inant factor, and further study for such a caseis necessary.
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