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Abstract

This report presents the status of the first year studies on the Production ring, in the
framework of the Beta Beam Work Package within EURONU. The ionization cooling, physics
and efficiency, and the technological issues are here discussed.
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1 Introduction

The Beta Beam concept foresees the production of pure electron neutrinos and anti-neutrinos
for oscillation experiments from the beta-decay of suitable isotopes [1]. Such a facility could
be advantageously placed at CERN making use of the Proton Synchrotron(PS) and Super
Proton Synchrotron (SPS) for accelerating the radioactive ions to a Lorentz γr of 100.
Within EURISOL [2] under the European Framework Program 6 (FP6), the 6He and 18Ne
as neutrino and anti-neutrino emitters have been studied. Intense beams would be produced
using the so-called Isotope-Separation On Line (ISOL) method, transported to an Electron
Cyclotron Resonance (ECR) source, accelerated though a Rapid Cycling Synchrotron, then
in the PS, SPS and finally stored in a Decay Ring, as shown in the schematics in Fig. 1, left.
For an optimal sensitivity of the Beta Beam facility to the θ13 angle and CP violating phase,
a total throughput of 1.1 1019 neutrinos and 2.9 1019 anti-neutrinos was generally assumed
over a running period of 10 years (200 d/y, 50% efficiency). In turn, a top-down approach
results in the need for production of about 3.3 1013 6He radioactive atoms and 2.1 1013 18Ne
atoms per second, taking into account efficiency coefficients along the accelerator chain [2].
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Figure 1: Beta Beam complex. Left: FP6-EURISOL proposal (6He and 18Ne). Right:
FP7-EURONU proposal (8Li and 8B).

Since at the end of FP6 Program there was a shortfall in the 18Ne production, the FP7
Program EUROnu Beta Beam Work Package [3] is considering an additional new pair of
isotopes, namely 8Li and 8B, as anti-neutrino and neutrino emitters. The main changes to
the Beta Beam layout (see Fig. 1, right) are a longer baseline for the detector, which would
also allow mass hierarchy measurements, and a new production method with a compact
storage ring equipped with an internal target [4]. Indeed, due to the higher energy of
the (anti-)neutrinos emitted by 8B and 8Li, the detector needs to be placed at ∼ 700 km
(e.g. Gran Sasso or Canfranc) instead of the 130 km of Frejus, in order to detect the first
oscillation peak. The cross section is larger for higher energy neutrinos, but the incoming
flux is reduced due to the solid angle opening. The sensitivity studies in [5] indicate that for
8Li and 8B a factor 5 more intensity is required, which corresponds to ∼ 1014 radioactive
ions produced per second.
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Concerning the new production scheme, [4] proposes a compact synchrotron in which a
25 MeV Lithium ion beam circulates and interacts with a D or 3He supersonic gas-jet target,
to exploit the 7Li(d,p)8Li and 6Li(3He,n)8B reaction channels. The radioactive isotopes,
produced at every passage through the target, are collected by a special device which stops
and transports them to the charge-breeder ECR-source by a diffusion/effusion ISOL-like
mechanism, for further acceleration through the Beta Beam complex.

The stored beam is expected to survive for several thousands of turns, corresponding
to the production characteristic time for the target thickness proposed in [4] and according
to this scheme, the ionization cooling [6, 7] provided by the target itself and a suitable
RF system would be sufficient to compensate for Multiple Coulomb Scattering and energy
straggling.

The first part of the report introduces the ionization cooling mechanism and gives an
estimation for the cooling potential for a Beta Beam Production Ring. The lattice design,
subject of the work of [8], and the ring parameters are then reported. Finally, the tracking
simulations work [9] and the results in terms of emittance evolution and beam losses are
presented. In the second part, technological solutions and challenges for the production ring,
as originally proposed in [4], are discussed, with special attention to the requirements for
the gas-jet target, the stable Li source, the RF cavity and the vacuum issues. Finally, when
the feasibility of the proposal cannot be easily demonstrated and/or when we think it could
be an interesting option to be considered, alternative solutions are identified and discussed.

2 Description of the Production Ring and ioniza-

tion cooling

2.1 The Production Ring

In order to produce 8Li and 8B from the reactions 7Li(d,p)8Li and 6Li(3He,n)8B, [4] proposes
to use of a compact ring in which a Lithium beam is stored and interacts with a D or 3He
supersonic gas-jet target. The small synchrotron has a circumference of about 10 m and
the beams kinetic energy is 25 MeV, giving a relativistic beta of about βr ∼ 0.1. The ions
are injected as Li1+ at the target location via a charge-exchange method where the target
itself is acting as a charge stripper. At 25 MeV, the circulating beam is fully stripped. The
radioactive isotopes, produced at every passage through the target, are emitted in a narrow
angular cone of about 8o [10]. A special collection device [11] stops them and transports
them to the charge-breeder ECR-source, for further acceleration through the Beta Beam
complex.

Due to the interaction with the target, the stored beam suffers of longitudinal and trans-
verse emittance blow-up, induced by Multiple Coulomb Scattering and energy straggling.
The beam degradation is kept under control with the ionization cooling mechanism provided
by the target itself and a suitable RF system.
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2.1.1 Circulating beam

The number of particles N circulating in the ring is given by the following equation:

dN

dt
= −1

τ
N + Isource (1)

Following Ref. [4], in order to produce 1014 radioactive isotopes per second, the 7Li ion
source has to provide Isource = 160µA = 1015 ions/s. Being τ = 104 turns /frev = 3 ms the
nuclear lifetime, after a ∼few ms transitory there will be ∼ 1012 7Li particles circulating in
the ring. For the 8B production, since the nuclear cross-section is a factor 10 smaller, these
quantities have to be increased by the same factor.

2.1.2 Internal target

The circulating Lithium beam is interacting with the production target at every passage
in the ring. According to [4], for the energies of interest, the cross-section for the nuclear
reaction 7Li(d,p)8Li is about 100 mbarn, while for the 6Li(3He,n)8B reaction it is about
10 mbarn (see also [12,13]).

The total cross-section, thus the sum of the nuclear elastic and inelastic reaction cross-
sections, which causes the ejection of the particle from the beam, is typically of 1 barn
for both 6Li and 7Li nuclei and, assuming a target thickness t = 0.277 mg/cm2 [4], this
corresponds to a nuclear beam lifetime of about n ∼ 104 turns.

The blow-up due to Multiple Coulomb Scattering is evaluated using the Moliere rms
angle equation:

θc =
√

〈θ2〉 =
14.1MeV

βrcp
z

√

t

χ0

[

1 + 0.038 ln
t

χ0

]

(2)

where βrc, γr, p and z are the velocity, relativistic mass factor, momentum and charge of
the incident ion and χ0 is the radiation length.

The mean energy lost at the target is estimated via the Bethe–Bloch formula [14]:

∆EBB =

〈

dEL

dx

〉

t = Kz2 Z

A

1

β2
r

[

1

2
ln

2mec
2β2

rγ2
rTmax

I2
− β2

r − 1

2
δ(βrγr)

]

t (3)

where A, Z and I are the target atomic mass, charge and mean excitation energy. The
quantity

Tmax =
2mec

2β2
rγ2

r

1 + 2γrme/M + (me/M)2
(4)

is the maximum kinetic energy which can be imparted to a free electron in a single collision,
with me the electron mass and M the mass of the incident particle, and K = 4πNAr2

emec
2

is a constant, being re the classical electron radius and NA the Avogadro’s number.
For a target thickness of t = 0.277 mg/cm2 [4], the average energy lost by a Lithium ion

is 300 keV, value that needs to be restored by a strong RF system.
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Energy fluctuations are assumed to have a Gaussian distribution, with an r.m.s. width
of about

√

〈δ2
rms〉 = 15 keV, as from Table 1 in [4].

Losses due to single large-scattering events [15] and by Intra-Beam Scattering are for the
time being not included in the computations.

2.2 Ionization Cooling

The ionization cooling [6] is recently receiving large attention for the fast cooling of muons
for a Neutrino Factory or a Muon Collider [7]. It is based on the principle that a beam
traversing a material looses energy and only its longitudinal component is recovered in the
RF cavities, with the net effect of a transverse emittance shrinking, as sketched in Fig. 2.

Figure 2: The principle of transverse ionization cooling [16].

In analogy to synchrotron radiation damping, one can introduce [7] partition numbers,
whose sum is invariant, to characterize the cooling rates in the three planes and define
equilibrium emittances from the balance between the cooling terms and the heating ones.

The challenge of applying ionization cooling for low-energy ions resides in the strongly
negative slope of the Bethe-Bloch formula [14] for the energies of interest. In particular,
(∂Eloss/∂p) < 0 means that for an increase of particle momentum, the energy losses in the
material becomes weaker, thus causing strong heating, instead of cooling, in the longitudi-
nal plane. Longitudinal cooling can be achieved by introducing coupling with the horizontal
plane via the dispersion and by using a wedge-shaped absorber in a dispersive region, but
since the sum of the partition numbers is a constant (and in this case only slightly posi-
tive [17]), one can achieve longitudinal cooling only at expenses of the transverse one.

Following the derivation of [7], the equations for the normalized horizontal and vertical
emittances εN,i = βrγrεi, with i = x, y, are:

dεN,x

ds
= −Jx

1

p

dp

ds
εN,x + βrγr

βx

2

d
〈

θ2
c

〉

ds
(5)

dεN,y

ds
= −Jy

1

p

dp

ds
εN,y + βrγr

βy

2

d
〈

θ2
c

〉

ds
(6)
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The first term on the right side of the equations is the energy-loss cooling term. It
is characterized by the partition numbers Jx and Jy, which, in case there is no coupling
between the planes, are:

Jx = Jy = 1 (7)

and it is proportional to the relative momentum losses at the target, which can be expressed

in terms of kinetic energy Ec and energy losses
〈

dEL

ds

〉

from the Bethe-Bloch formula [14]
as:

1

p

dp

ds
=

γr

γr + 1

1

Ec

〈

dEL

ds

〉

(8)

The second term in the Eqs. 5, 6 represents the blow-up term due to Multiple Coulomb
Scattering, where

〈

θ2
c

〉

is the rms multiple scattering angle, evaluated from Eq. 2, and βx,y

are the horizontal and vertical betatron functions at the target location.
For the target thickness t = 0.277 mg/cm2 [4], which induces an average energy lost at

the target of ∆EBB =
∫ t

0

〈

dEL

ds

〉

ds = 0.3 MeV, it follows from Eqs. 5, 6 and 8 that the

damping times in the transverse plane is:

τi = Ji

(
∫ t

0

1

p

dp

ds
ds

)−1

= 167 turns, i = x, y (9)

and the equilibrium emittances are:

εi =
εN,i

βrγr
= τi

∫ t

0

βi

2

d
〈

θ2
〉

ds
ds = βi × 33.5 mm mrad, i = x, y (10)

for an r.m.s. multiple scattering angle of
√

〈θ2〉 = 6.35 × 10−4.
Concerning the longitudinal plane, the equation for the emittance evolution is [7]:

dεN,l

ds
= −Jl

1

p

dp

ds
εN,l + βrγr

βl

2

d
〈

δ2
rms

〉

ds
(11)

where Jl is the longitudinal partition number and
〈

δ2
rms

〉

is the r.m.s. energy straggling
(assuming a Gaussian fluctuation distribution).

βl is a longitudinal focusing function defined as:

β2
l ≡

〈

z2
〉

〈δ2〉 =
β2

rp c C λRF αc

2πzeVRF sinφs
(12)

where C is the ring circumference, αc the momentum compaction, ze the particle charge,
λRF and VRF the RF wavelength and RF voltage and φs the synchronous RF phase.

One should note that the longitudinal partition number Jl, which is proportional to the

rate of change of the energy lost at the target with respect to the change in energy, ∂
∂E

〈

dEL

ds

〉
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(i.e. the slope of the Bethe-Bloch curve), is strongly negative for the energies of interest and
therefore in this plane there is no ionization cooling, but heating:

Jl =

∂
∂E

〈

dEL

ds

〉

1

p
dp
ds

=

{

−1.6 for 6Li
−1.99 for 7Li

(13)

In order to achieve cooling in the longitudinal plane, it is necessary to introduce coupling
with the horizontal plane in the region of the target via the dispersion and to introduce a
wedge shape for the target itself, so that the thickness ρ(x) seen by a particle depends on
its horizontal offset x (i.e. on its momentum offset) and the partition numbers become:

Jl → Jl + Dx
1

ρ0

dρ(x)

dx
(14)

Jx → Jx − Dx
1

ρ0

dρ(x)

dx
(15)

Jy → Jy (as there is no x–y coupling) (16)

The total cooling power, which is the sum of the partition numbers, cannot be changed,
however it can be transferred from one plane to the other via the dispersion (x–z coupling)
and other coupling mechanisms.

The sum of the partition numbers, as it should always be the same, can be computed
for the case of no coupling (Eqs. 7, 13):

∑

Ji = 1 + 1 +

∂
∂E

(

dEL

ds

)

1

p
dp
ds

=

{

0.4 for 6Li
0.01 for 7Li

(17)

The result shows that for the case of the Production Ring for Beta Beam isotopes, using
a 7Li or 6Li beam at ∼ 25 MeV impinging on a D or 3He target, the cooling efficiency is
very low, almost zero. This depends on the slope of the Bethe-Bloch equation and could be
improved only by changing the beam energy, on which there is not much freedom since it is
set to optimize the production cross-section.

The practical meaning, for the Production Ring application, is that there is a very small
margin for cooling and only in the case of perfect emittance exchange, achieved by coupling
the longitudinal plane both with the horizontal and with the vertical, it will be possible to
keep the beam size under control, as already pointed out in [17].

3 Tracking simulations

3.1 The proposed lattice

The optics of the 12m–long production ring for the 25 MeV 7Li ions (to produce 8Li iso-
topes) is shown in Fig. 3 and the design is well documented in [8]. The ring has a two-fold
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Figure 3: Sketch of the Production Ring and Twiss parameters [8].

symmetry: two of the straight sections have zero dispersion, in order to accommodate the
RF cavity(ies), the other two, instead, have an horizontal dispersion of 50 cm, as required by
the specifications for the production target, which will be installed in one of them. Table 1
summarizes the ring parameters.

For the following simulations, the working point of (2.58, 1.63) has been choosen. The
horizontal βx is for the moment of about 2.6 m at the target and leads to important beam
blow-up due to Multiple Coulomb Scattering.

For particles with “large” momentum offset (i.e. of the order of 1%), the large negative
chromaticity may induce resonance crossing and losses. A first attempt to include sextupoles
in the lattice to compensate the chromaticity led to dynamic aperture problems. A trade-off
between the increase in tune spread and the reduction in dynamic aperture has to be found.
Moreover, as shown in Fig 4, a large second order dispersion in the straigth sections leads
to a non-zero dispersion in the RF cavity for particles with a 1% momentum offset and to
a 10% difference in the cooling section, which may need to be taken into account.

This lattice, which still needs to be tuned for optimizing the cooling efficiency, is used to
set-up tracking simulations and for identifying the parameters to reduce the blow-up [18].

3.2 The code SixTrack

SixTrack [19] is a fully 6D, single-particle tracking code, based on high order truncation
of Taylor expansion, which is widely used at CERN for dynamic aperture studies and for
collimation. It can read the lattice directly form a MADX-PTC special output file, including
higher order multipole components. The collimation version [20] has the possibility to track
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Table 1: Production ring parameters.

Particle 7Li
Kinetic energy Ec 25 MeV
Relativistic mass factor γr 1.00383
Beam rigidity Bρ 0.636 T m
Circumference C 12 m
Revolution frequency frev 2.18 MHz
Transition γ γt 3.58
Tune Qx,y 2.58, 1.63
Natural chromaticity Q′

x,y −3.67, −3.58
β @ target β∗

x,y 2.62 m, 0.35 m
Dispersion @ target D∗

x,y 0.523 m, 0 m
Target thickness t0 0.27 mg/cm2

Target thickness nt 1019 atoms/cm2

Energy losses @ target EBB 300 keV

an initial particle distribution and to model the beam evolution in special elements such as
collimators.

3.2.1 Code modifications

The production target has been implemented in the code as a special element and the
interaction with matter modeled by simple analytical formulas. The energy lost by a particle
traversing a target is a random value from a Gaussian distribution, with the mean given by
the Bethe-Bloch formula (Eq. 3), and the rms spread (energy straggling) proportional to
the target thickness and hard-coded with the value from Table 1 in [4]. For the Multiple
Coulomb Scattering, Eq. 2 is used.

Since SixTrack can only deal with protons, an equivalent proton beam is tracked, with the
same rigidity (Bρ) and the same momentum ∆pRF /p recovered at the RF-cavity. Before
the interaction with the target, the proton energy is converted to the 7Li equivalent and
then back again after the target [8]. The equivalent proton energy is 19 MeV and the energy
recovered at the RF cavity is ∆ERF ∼ 0.22 MeV for the reference particle. The RF voltage
and synchrotron phase, for an harmonic number h = 1, have been set to V = 860.6 kV and
φs = 15o, from considerations of bucket height, but this can be further tuned.

Furthermore, a few beam diagnostics have been included in SixTrack, e.g. the possibility
to have the turn by turn rms emittance evolution in the three planes.
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Figure 4: Horizontal and vertical beta functions (left) and dispersion (right) for a particle
with a 1% momentum offset, compared to the reference particle. Different lines correspond
to the different codes.

3.2.2 Comparison with MADX-PTC and the effect of momentum offset

Since SixTrack is mainly used for LHC tracking and, since there is not much experience
with low energy machines, it was necessary to perform a benchmark with MADX and PTC.
Figure 4 shows the beta functions and the dispersion for one half of the ring, for a momentum
offset of 1%. Even for this “large” momentum offset, both MADX and SixTrack, which is
using a truncated Taylor expansion, are in very good agreement with PTC, which is using
the exact Hamiltonian. As it was previously mentioned, from these plots one can also note
that the optics differences between a particle with the nominal energy and one with a 1%
momentum offset are not negligeble, especially for what concerns the dispersion.

3.3 Simulations with a rectangular target

Figure 5 (left) shows the transverse and longitudinal beam evolution in the case of a
rectangular-section target (zero wedge angle). One would like to see cooling in the hori-
zontal and vertical plane and blow-up in the momentum spread.

Indeed, the momentum spread is increasing (blue curve) and generating important beam
losses when it becomes larger then a few 10−2. As shown in Fig. 5 (right), losses occur in
the horizontal plane in the two high dispersion regions, for positive displacements, when the
particles hit the aperture which is set to a = 10 cm.

From Fig. 5, it is however not clear whether cooling is reached in the transverse plane, as
losses occurs for an aperture set to a = 10 cm (half size). The red curves in Fig. 6 shows the
same case for zero wedge-angle, but assuming a larger aperture of the beam pipe, a = 30 cm.
In these simulations, it is more evident that cooling occur for the first 300 turns, but when
the momentum spread goes above 2%, there is a sudden change in the slope of the emittance
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Figure 5: Left: Horizontal and vertical emittance, momentum spread and intensity evolu-
tion in case of a rectangular target. Right: Horizontal coordinate of lost particles. The half
aperture is a = 10 cm.

evolution.
The emittance blow-up for large momentum spread has two explanations: first of all, it

is due to the large, non-corrected natural chromaticity which leads to values of ∆Q ∼ 0.8,
for a ∆p/p = 2× 10−2, and induces (integer) resonance crossing. Moreover, for the horizon-
tal plane, the large second-order dispersion at the place where the emittance is computed
generates an artificial emittance increase due to particles with non-zero dispersion whose
invariant is not correctly evaluated.

If one restricts the analysis to the first 300 turns, the values found in the simulations
are in agreement with the analytical estimations for the transverse equilibrium emittances
(Eq. 10) of εx = 87.7 mm mrad in the horizontal plane and εy = 11.7 mm mrad in the
vertical. Also the cooling time is of the order of the predicted 167 turns (Eq. 9).

In order to keep the momentum spread blow-up under control, a non-zero wedge angle
for the target should be introduced.

3.4 The choice of wedge-angle

A wedge-shaped target in a dispersive region is used to transfer the cooling from the hor-
izontal to the longitudinal plane. By linearizing the Bethe-Bloch formula, with respect to
the target thickness variation ∆t and the particle energy offset ∆E, one obtains:

EBB(t, Ec) ≈
dE

ds

∣

∣

∣

∣

Ec0

t0 +
dE

ds

∣

∣

∣

∣

Ec0

∆t +
∂

(

dE
ds

)

∂Ec

∣

∣

∣

∣

∣

Ec0

t0 ∆Ec

The first term is the mean energy lost by a beam of nominal energy Ec0, traversing a target
of uniform thickness t0, and it is the energy recovered in the RF-cavity by the synchronous
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Figure 6: Emittances, rms momentum spread and beam intensity evolution for different
target wedge angles. The aperture is a = 30 cm.
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particle. The second and third terms both depend on the particle momentum offset (∆p/p),
since it is:

∆Ec = Ec
γr + 1

γr

∆p

p
(18)

∆t = 2 ρ tan
w

2
∆x = 2 ρ tan

w

2
D∗

∆p

p
(19)

where ρ is the target density, w is the angle of the wedge and ∆x is the horizontal offset,
induced by the dispersion D∗ at the target.

By playing with the dispersion and the wedge-angle it is possible to compensate for the
difference in mean loss value due to different particle energy and, in particular, to fully
compensate for the losses dependence on the momentum offset if:

D∗ tan
w

2
=

1

2ρ

(

dE

ds

)

−1

Ec0

γr + 1

γr

∂

∂Ec

(

dE

ds

)∣

∣

∣

∣

Ec0

t0 Ec

The angle necessary to keep a constant momentum spread, thus to have no blow-up in
the longitudinal plane, is w = 15o, but, if one would chose this value, the blow-up in the
horizontal plane would be too large and would lead to losses comparable to the zero-wedge
case (see Fig. 6, bottom-right). Indeed, a w = 6o angle is the best compromise between the
blow-up in the horizontal and longitudinal planes.

Figure 6 shows the transverse emittances, momentum spread and beam intensity for three
different wedge angles. The beam pipe aperture has been set to a = 30 cm. For a w = 6o

angle, the momentum spread increase is smaller than in the case of a rectangular target
(w = 0o), but this is obtained at the expense of a more important horizontal blow-up. In
the vertical plane the cooling is the same as before, since there is no coupling. Increasing the
wedge angle to 12o leads again to strong losses, due to the uncontrolled horizontal blow-up.

Figure 7 shows the beam intensity, transverse emittances and longitudinal blow-up as a
function of the wedge angle. The aperture has been set back again to a = 10 cm, which is a
most realistic value. Even for the best case (w = 6o), after 900 turns 60% of the beam is lost
in the machine. This has to be compared to the expected production rate, which generates
a decrease of the circulating beam with a caracteristic time of ∼ 104 turns. This results can
be improved by minimizing the horizontal beta function value at the target position and by
introducing coupling with the vertical dimension, to share the cooling power in the three
planes.

4 Technical solutions and challenges

In the following we discuss the outcome of a preliminary investigation about possible tech-
nical issues and solutions.
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4.1 Primary ions source

According to [4], for the energies of interest for the 6Li and 7Li nuclei, the total cross-
section is of the order of 1 barn. For the nuclear reaction 7Li(d,p)8Li, the cross section
is about 100 mbarn at 25 MeV [12, 13], meaning that 10% of the interacting particles will
produce a useful isotope. Therefore, in order to reach the 1014/s radioactive-isotope flux
from the production ring, as required from physics, one would need 1015/s 7Li particles
injected. Assuming 100% transmission efficiency in the linac, this corresponds to 160 µA
from the 7Li source.

Existing ECRIS only reach ∼ 30µA [21, 22], e.g. the high temperature oven in GSI [23]
produces an operational ion current of 30 µA (maximum intensity over short periods goes up
to 70 µA).The source is working in CW, since Lithium is too light for afterglow mode [21].
The transmission efficiency of a linac, not optimized for Li ions, is of order of 30% but it
can be increased if a dedicated linac is built.

The primary ion intensity is not considered to be a show-stopper for the 8Li production,
since several sources could be added in parallel to feed the linac, and/or R&D has to be
pushed.

For the 6Li(3He,n)8B reaction, the cross section is about 10 mbarn, thus a factor 10 more
intensity should be provided from the source, which is challenging.

4.2 Ion production and collection

The collection of the radioactive ions after production in the target is under study at CRC,
Louvain-la-Neuve, Belgium [11]. The development of the collection device for 8Li is pro-
gressing and experiments are ongoing to measure the extraction efficiency. For the 8B, due
to its high reactivity, studies aim at finding suitable materials or possible compounds that
can be extracted form the catcher.

Cross-section measurements for the reaction 7Li(d,p)8Li at the energies of interest have
been done in INFN Napoli, Italy, in 2008 and data treatment is ongoing [10]. So far, the
analysis confirms that the angular distribution of the 8Li products has a maximum at around
8o. The angular cross-section measurements for the 6Li(3He,n)8B reaction are planned for
2011 at INFN Legnaro, Italy [24].

4.3 RF cavity

By traversing the 0.27 mg/cm2 thick internal target, the Lithium ions will loose about
300 keV [4]. This energy has to be restored by an RF cavity. Since the revolution frequency
is ∼ 3MHz, and the harmonic number should be as small as possible, a low-frequency cavity
is needed. Moreover, the cavity should be as compact as possible, because of the space
constraints.

The solution is to use an evacuated cavity with capacitive loading [25], in order to keep
the size below 2m. A typical example at CERN is the bunch rotation cavity for ACOL (now
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used in the AD) which reaches 750 kV at 9.55 MHz [26,27]. It is a pulsed device dissipating
660 kW at full voltage. At 300 kV, operation in CW would be feasible.

The drawback of using such a cavity is that it requires good vacuum conditions to avoid
multipacting. Indeed, the cavity needs 1 day conditioning before being put in operation.

A similar solution of a compact, low-frequency, high voltage, capacitive-loaded cavity
has also been selected for the ERIT-FFAG, described in Sec. 4.6.

4.4 Charge exchange injection

Particles are injected in the ring as Li1+ ions at the gas-jet target location, which will also
act as a stripper, and the circulating ions will be fully stripped. The transfer line and the
injection have to be designed, however the design will be simpler than for standard H−–
injection systems, as the stripper will stay in the circulating beam being the target itself.

4.5 Beam scraper

In order to clean out large amplitude particles and have losses concentrated in one location,
a beam scraper can be envisaged e.g. in the dispersive region opposite to the target.

4.6 The FFAG-ERIT experience

At Kyoto University, a prototype of a compact proton FFAG was built to produce neutron
for Boron Neutron Capture Therapy (BNCT) via protons impacting on a Beryllium foil
internal target [28, 29].

The FFAG-ERIT (Emittance Recovery Internal Target) makes use of the ionization
cooling effect to reduce the transverse beam blow-up caused by Multiple Coulomb Scattering
during target traversal. Thanks to its large (momentum) acceptance, it does not need
longitudinal cooling. Parameters of the machine are very similar to the requirements of our
Production Ring, since it stores protons at 11 MeV, has a mean radius of 2.35m and an RF
cavity which provides a maximum voltage of 230kV at 18 MHz.

The project is closely followed-up and studies are ongoing [30] to investigate the possi-
bility of using ERIT for the Beta-Beams production.

4.7 Target

In order to produce a sufficient number of beta-emitters per second, the gas-jet target density
should be extremely high. Table 2 summarizes the specifications for the target, as from [4].

Existing gas-jet and cluster-jet target reach a maximum of 1015 atoms/cm2, which is 4
order of magnitudes less than the thickness proposed in [4].

Examples of the performances of existing gas and cluster jet target is given in [31] and [32],
the latter giving a comprehensive summary of jet and solid internal targets for accelerators.
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Table 2: Gas-jet target [4].

Thickness 0.27 mg/cm2

5 × 1019 atoms/cm2

Diameter 5 cm
Density @ nozzle exit ∼ 0.06 mg/cm3

Pressure @ nozzle exit 250 Torr
Gas Volume (@ 250Torr) 4.3 m3/s
Mach Number 4
Nozzle throat 3.26 mm
Plenum Pressure ∼ 3.5 atm
Length ∼ 30 cm

The prototype for the H2 cluster-jet target PANDA in FAIR, GSI, Germany, under devel-
opment at Munster University, reaches a thickness of 8 × 1014 atoms/cm2. The interesting
feature for the Production Ring application, although density is not enough, is the possibil-
ity to have an adjustable shape for the target section, e.g. rectangular (can be triangular
for our case), thanks to special laser-cut skimmers [33].

The H2 gas-jet target in the Cooler ring at the Indiana University Cyclotron Facility [34]
reaches 1016 atoms/cm2, but the problem of a gas-jet is the background gas which is larger
than for a cluster-jet.

Frozen-pellet targets, which are also under development at Munster University for PANDA
[33], are not an option either, since the effective target thickness seen by the beam is of the
order of 1015/cm2 as well.

The densities proposed in [4] can be reached in a gas-jet e.g for fusion application [35]
or aerospace, but the critical issue for the Production Ring is to keep a good vacuum in the
accelerator.

4.8 Vacuum issues

From the parameters in Table 2 it follows that the gas to be pumped out is:

Q = 250 Torr × 4.3 m3/s ≈ 106Torr l/s (20)

Assuming we want to keep a pressure of 10−5 Torr, the pumping speed would be:

S =
Q

P
= 1011l/s = 108m3/s (21)

which is 3 order of magnitude higher than what an existing pumping system (even staged)
can provide (see Appendix A, [36] and [31]).
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Looking at the problem from the other side: if the maximum pumping speed is S =
105 l/s, the residual pressure around the target is:

Pres =
Q

Smax
= 10 Torr (22)

Assuming the entire beam pipe is coated by getters, they can remove another:

Sgetters = s × C × 2π a = 30l/s/cm2 × 10m × 2π 10cm = 2 × 106l/s (23)

but this means that the ring will be anyway at 1 Torr, which is an issue due to the vacuum
constraints in the RF cavity.

5 Discussion of possible solutions

The required 1019atoms/cm2 thick gas-jet target in the accelerator vacuum environment
represents the most crucial issue for the feasibility of the Production Ring.

Possible solutions have been investigated:

• Increasing the injected beam intensity, to reach the required ion production rate, is
not feasible, since the proposed stable-ion sources are already at the limit of or beyond
the available operational currents.

• Living with a poor vacuum in the machine, which could be a solution as long as the
residual gas is “thin” with respect to the jet-target, causes multipacting in the RF
cavity and it is therefore not feasible.

• Separating the target by “thin” windows causes a significant additional emittance
growth and extra RF power to compensate for energy losses.

• Working at different energies is not an option, since 25 MeV is already the best com-
promise [4,10] between good production cross-section (which decreases with increasing
energy) and stripping efficiency.

• Running with a “conventional” gas-jet target, with a 4 orders of magnitude lower thick-
ness, decreases the production rate by the same amount. This is partly compensated
by the increase in lifetime which will also increase the circulating beam current. The
space charge limit is anyway at about 1012 ions/bunch therefore only a factor 10 can
be gained. Moreover, since the energy lost and recovered in the RF cavity is smaller
as well, the cooling rate (Eq. 9) is also lower by the same amount, therefore ionization
cooling may not be efficient.

• Using CERN rings, such as AD, ELENA or LEIR, deserves feasibility studies. Since
they are already existing, even if some upgrade is needed they will not contribute
substantially to the cost of the facility, they have a larger circumference which allows
the storage of a higher number of ions, for the same space-charge constraints, and they
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are equipped with electron cooling, in case ionization cooling is weak. This solution is
not as elegant as the one proposed in [4], but it may be considered if the production
rates are high enough.

• Having a solid or liquid target allows to reach 1019atoms/cm2 target thickness. In this
case it is preferable to have a Lithium target and a Deuterium or Helium beam (direct
kinematic [17]). This is for the time being our preferred option and it is under study.

6 Conclusions

We have analyzed in detail the proposal by [4] to use a compact ring with an internal target
to produce 8Li and 8B isotopes for the Beta-Beams.

A preliminary ring design is available. The optics studies have been done for the
7Li(d,p)8Li inverse kinematics case, but they can be easily scaled to the other reactions.

Due to the strongly negative slope of the Bethe Bloch function at the energies of interest
for the isotopes production, the total budget of ionization cooling that can be achieved is
very low, almost zero, therefore one should not expect sensitive emittance reduction but, in
the best case, only control of the beam blow-up.

6D tracking tools are fully in place and predict what expected from analytical ionization-
cooling considerations. SixTrack code allows us to see also the high order effects, e.g. chro-
maticity and second order dispersion, therefore the blow-up that is seen in the simulations
is explained and could be corrected, although it is not so straightforward due to the small
periodicity of the machine.

The lattice requires careful tuning to maximize ionization-cooling efficiency and in par-
ticular the beta function at the target position needs to be reduced as much as possible.
Coupling with the vertical plane should be introduced as well.

Feasibility studies identified as a major issue the large thickness (1019atoms/cm2) re-
quired for the gas-jet target in a vacuum environment. The direct kinematics approach
looks more feasible for the point of view of the target density, although the thin liquid-films
technology (used as heavy-ions strippers and as target in nuclear physics) is still in early
R&D [37].
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A Brief recap about vacuum pumping

See also Ref. [36].
The quantity of gas can be measured in [pressure × volume] units since, at a given temper-
ature T , the number of moles n is proportional to the pressure p and the volume V , via the
ideal gas law:

pV = nRT

where R = 8.3145 J/mol K is the universal gas constant.
The gas throughput Q is measured in Torr l/s:

Q = P
dV

dt

The pumping speed S is measured in l/s:

S = Q/P

Turbo-molecular pumps Turbo-molecular pumps work in a regime where the inter-
action between the molecules is smaller than the interaction with the wall (versus viscous
pumps).

The maximum pumping speed that a mechanical pump can achieve is S ∼ 105 l/s and
there are constraints about the maximum ratio between the pressures inside and outside.

Cryogenics pumps and Getters Absorbing surface lifetime (the inverse of the molecules
escape probability) is given by the Frenkel equation:

τ = τ0 exp
E0

RT

and it should be larger than the experiment duration. In order to extend τ , one can:

• increase the binding energy E0 going to chemical bounds ⇒ getters: either in-situ depo-
sition of evaporable getters like Ti-alloy or BaAl4, either non-evaporable getters(NEG)
coatings like TiZrV alloy, by heating up to some activation temperature

• reduce the temperature (to liquid Helium) ⇒ cryogenics pumps (nb, there you need to
avoid contact of hydrogen with hydrogen, but need contact hydrogen with the metal,
therefore you need porous materials with a high surface)

The maximum pumping speed for getters, assuming all coming molecules are pumped
out, is s = 44 l/s/cm2 for hydrogen. For heavier molecules it is worse since less molecules
impact the surface and it goes as ∼ v 1/

√
M . e.g. for Deuterium s ∼ 30 l/s/cm2.
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