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Abstract
Cooling of secondary beams is often critical to accel-

erator based nuclear and sub-nuclear physics, with beams
ranging from particle/anti-particle pairs (for the respective
collider facilities) to exotic nuclei ions (like 132Sn1+) as in
the SPES (Selective Production of Exotic Species) project
at LNL. A prototype of a radiofrequency quadrupole (RFQ)
cooler (RFQC) was developed at LNL and is under test in
the Eltrap facility at Milan University; Eltrap provides a
solenoidal magnetic field. Typical limits of RFQC and high
resolution mass spectrometer (HRMS) performances are re-
called; HRMS requires less than 1 eV energy spread. The
major RFQC parameters are reviewed, in particular for the
case of Cs+ against He gas, whose pressure ranges from 2
to 9 Pa; status of Milan test bench is updated, with some ra-
diofrequency multiplexer and wiring details. Modeling and
simulation results are summarized. Practical consideration
on gas pumping are also included.

INTRODUCTION
Cooling [1, 2] of secondary beams is often necessary to

their use in the context of accelerator based nuclear and
sub-nuclear physics [3–6]. The case of exotic ion beams,
as fostered by the LNL SPES project (Selective Production
of Exotic Species) [7, 8], requires a very low emittance and
cold beam for obtaining an adequate mass separation of
isobaric ions, like for example 100Tc+1 and 100Nb+1; as a
reference goal, the rms spread σE of ion kinetic energy Ki

should be σout
E ≤ 0.5 eVrms. Exotic nuclei are nuclei far

from stability produced with fissions induced by a primary
beam (proton 70 MeV) into a hot target, where these nuclei
(with a distribution of nucleon A and atomic Z numbers) are
stopped and neutralized; then they diffuse to an ion source
IS1 [9, 10], where they are singly ionized and extracted as a
beam, see Fig 1.a. The resulting beam energy spread [11,12]
depends of the used ion source (and from stability of the Vs

source extraction voltage), say σin
E ≤ 5 eVrms as a worst

case for arc-based sources with Vs � 40 kV [10]. This spread
is much lower than those observed for in-flight secondary
particles manipulation [4], so that the exotic ion beam can
be transported and cooled in linear traps, as the so-called
Radio Frequency (RF) Quadrupole Coolers (RFQC); ion
focusing is provided by the RF quadrupole.

In the RFQC, cooling (that is the reduction of the momen-
tum variance of ion population) is due to an average effect
of ion collisions with a lighter gas (typically Helium), in
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Figure 1: (a) relation of RFQC with the SPES project; (b)
principle of RFQC confinement and cooling, with some
electrodes, voltages and components shown; (c) the Eltrap
machine RFQC installation, note emittance meter EMI1, ion
source IS1 and Faraday cups FC1 and FC2.

some ranges of ion speed or equivalently of the effective ion
kinetic energy Ki = mi |v|2/2 with mi the ion mass and v
the macromotion velocity [13,14], that is, the ion velocity
averaged over an RF period τ = 2π/ω. In SPES project, the
beam (injected into and) extracted from an RFQC contains
many exotic species, so that a HRMS (High Resolution Mass
Separator) is needed. Inside RFQC, we also have beam dif-
fusion (or straggling, due to harder collisions as in Fig. 1.b),
which may heat a very cold beam (as discussed later) and
increase the beam emittance; moveover beam emittance can
grow for focusing mismatch, and for the effect of excessive
RF fields. To better investigate this complex physics we thus
install a test bench with a reduced size RFQC prototype in
the Eltrap machine at Milano University, where also other
linear traps (as Penning-Malmberg traps) for basic physics
researches are studied [15,16]; the test bench also helps to
develop technical solutions in differential gas pumping and
RF distribution as described in the following. Eltrap ma-
chine may also provide a solenoidal field Bz for additional
ion focusing, with z the solenoid axis; Oxyz be a Cartesian
frame with O the solenoid center point and Orϑz be the
cylindrical coordinates; as usual r2 = x2 + y2. In Eltrap
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Figure 2: Detail of rf multiplexer (gas tight RFQC cover
removed); the resistors are sandwiched between mica foils
for heat disposal towards a large copper bar; capacitors as
C1, C2 and C3s stay in He gas region.

ion diagnostic may be simplified because: 1) a lower input
kinetic energy is used Ki ≤ 5 keV; 2) the ion source is a
commercial standardized surface ionization source, allowing
several cathodes for K or Rb or Cs beams; 3) with current
Cs cathode, we only have one ion species (namely 133Cs+1);
4) transmission efficiency ηt = I2/I1 is simply verified, with
I1, I2 the ion currents measured by Faraday cups FC1 (when
inserted) and FC2, see Fig. 1.c.

PRINCIPLES AND ELTRAP RFQC SETUP
The RFQC [14, 17, 18] is enclosed in a box to maintain a

He gas pressure from pg = 3 Pa to 9 Pa, with beam in and exit
holes as small as possible; let ng and Tg = 0.025 eV be the
gas density and temperature (in energy units). The RFQ rods
are divided into N sections, so that different DC voltages V s

i ,
i = 1, . . . , N , can be applied to them with resistors R � 0.5
MΩ . The RF voltages V+r f and V−

r f in phase opposition are
applied to quadrupole electrodes with capacitors C1; this
multiplexer, placed in vacuum, with resistor sandwiched
between mica foils for thermal dissipation see Fig. 2, allows
to use only N+2 feed-through pins for driving 4N electrodes.
The Eltrap solenoid vacuum chamber, 1.5 m long, 0.25 m
inner diameter is a convenient ground reference; the RFQC
prototype (with N = 10 sections in a gas tight box about
0.75 m long) is placed on the same bar as the beam injection
optical elements, consisting in the drift tubes at voltages
V0, V2 and V4, the einzel lens at voltages V1 and V3 and the
deceleration triode V5, V6 and V7, housed in the antechamber
A1. The extraction triode Te (at voltages V8, V9 and V10)
and the antechamber A2 are cantilevered on the RFQC box.
Feedtroughs for all these voltages stay on one single CF250
flange, see Fig. 3, so that these electrodes can be assembled
outside the vacuum chamber, and form a single ’plug-in’
module. Gas input, and the gauge monitoring pg are also
placed on this flange.

The emittance meter EMI1 and the final Faraday cup FC2,
with their signal connections, are instead supported (see
Figs. 2 and 3 in Ref [19]) by a CF200 4-way cross, with a
septum (see Fig. 4) and a large turbopump TP550 on one

Figure 3: The plugin flange, seen from vacuum side, with
one CF40 for redundant rf input pins, and 12 CF16 for other
connection (as partly labeled); ion beam enter from drift
tube V0 connected to ion source IS1 and isolated from flange

side. Gas escaping RFQC box apertures is mostly collected
by antechambers A1 and A2, connected with a network
of 4 pipes (20 mm diameter) directly to this TP550 pump,
with pipe conductance adjusted not to overload it. In other
vacuum chamber regions, a pressure p3 is maintained by a
turbopump TP300; p3 < 10−5 Pa when RFQC is not in use.

For reference, source and transport voltages are here re-
ported only for the 5 keV ion case. Then V0 = V2 = V4 =
−4.8 kV, which allow to use a precise Vs = 200 voltage on
source emitter. By applying adequate drift voltages V s

i (from
10 V to 100 V, with respect to RFQC box and Eltrap cham-
ber) to the RFQC sections i = 1, . . . , N , ions are first strongly
decelerated at RFQC input, and then gently re-accelerated
in the RFQC, arriving to RFQC box exit, where they are
extracted. As sketched in Fig. 1.b, outside RFQC box, gas
and RF are negligible, so the ion motion is simply Hamilto-
nian, but inside RFQC it is damped. For example, with e.g.
V s

1 = 100 V, we have Ki = e(Vs − V s
1 ) = 100 eV at RFQC

input and K10
i = e(Vs−V s

10)−EL at exit, with EL the average
energy loss [19]. In the ballistic regime, we plan to adjust
V s

10 so that K10
i is in the range [3, 10] eV; the trapped regime

is defined by K10
i � 0 eV, but this has the disadvantage that

part of ions are stopped before exit, and transmission will
decrease. On the contrary, in the ballistic regime almost all
ions arrive at the RFQC exit, so that a goal ηt � 0.9 can be
considered, apart from possible losses due to mismatches
and RF heating. With plugin connection nearly complete,
first beam transmission tests are expected within this Au-
tumn, also depending on available rf amplifiers. Feedback
control of pg and protection of TP550 against gas overload
also need experimental verification.

TRANSPORT AND COOLING SUMMARY
Writing the RF electric field as ℜE f (x)eiωt , the pon-

deromotive potential is φp = e|E f |
2/(4miω

2) with mi the
ion mass (and mg be the gas mass). As a first approxi-
mation, we neglect micromotion , so that the only (time-
averaged) effect of RF is to produce a ponderomotive force
Fp ≡ eEp = −e∇φp . With Vr f the amplitude of RF voltage
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Figure 4: View of gas pipes and septum inside the 4way
cross, with electrodes V9 and V10 dismounted from an-
techamber A2 to show V8 and its cable.

applied to electrodes with inner radius r0 (that is, region
r ≥ r0 contains the electrode rods), we have

φp =
miω

2
Mr2

2e
, ωM =

e
√

2
mi

|Vr f |

ω r2
0
, Ωi =

e|Bs |

mi
, (1)

where ωM and Ωi are respectively the macromotion and
cyclotron angular frequencies, with Bs the magnetostatic
field (and Es the electrostatic field). Each ion-gas colli-
sion changes the macromotion velocity v only slightly since
mg/mi ≪ 1 and Tg < Ki; in the statistical average, indicated
with ⟨.⟩, the first order effect is a friction force Fr = −miνiv
with νi(Ki) the momentum collision frequency. Second or-
der is a straggling, which can be modeled by a Langevin
equation

dtv =
e

mi

(
Es + Ep + v × Bs ) − νiv + η , (2)

⟨η⟩ = 0 , ⟨ηm(t)ηn(t ′)⟩ = Dmnδ(t − t ′) , (3)
where η is a random kick, with the second order moment
given by the diffusion tensor D, and m, n = 1, 2, 3 or x, y, z
are coordinate indexes.

In paraxial approximation vx ≪ vz , calculating averages,
we got νi = ng f1 |v|σm and for example the component
Dxx = ng f 2

1 |v|
3σxx , with σm the momentum cross section

[20–22], σxx the transverse diffusion cross section given in
eq. 5 of Ref. [21] and f1 = mg/(mg + mi). Let v̄ be the
solution of eq. 2 for D = 0, which can be calculated with
the usual ray-tracing [19], and ṽ = v − v̄ the fluctuation due
to η; also x̄ =

∫
dt v̄ and x̃ = x − x̄. As an approximate

and fast numerical method for eq. 2, consider a streamer
or pencil P, that is the set of fluctuations around one single
ray x̄, v̄; the evolution equations for the x̃, ṽ pencil 2nd order
correlations can be written and solved in addition to the
ray-tracing, verifying that ⟨x̃2⟩ remains reasonable small
(≪ r0) in the same calculation [23], implemented by an
extended leap-frog method and user scripts in a general
matrix program [24], while axysymmetric field maps are
imported from a multyphysics enviroment [25]. We use (also
in full non-relativistic regime) the normalized emittance

εNx = [⟨x2⟩⟨p2
x⟩ − ⟨x px⟩

2 − ⟨x py⟩2]1/2/(mic) (4)

Figure 5: (a) pencil emittance evolution for several pg and
Vp ≡ φp(r0) = 2 V and adjusted V9 = −1.4 kV; (b) output
energy spread for initial σin

E = 4 rVms and several pg, V9

with p the ion momentum, and similarly for y; for axial
symmetry we expect εNx � εNy . Invariant emittance εPx of
each single pencil P is similarly defined. The geometrical
emittance εgx � cεNx /vz rapidly changes as vz does, while
pencil emittance changes are only due to collisions, as

dt (ϵ px )2 = 2⟨x2⟩ Dxx − 2νi(ϵ px )2 , (5)

with the shorthand ϵ px � cεPx ; the emittance of all rays v̄
can be easily added to εPx to get εNx as a total. We may have
εNx ∈ [0.3, 7] × 10−9 m at ion source, and εNx ≤ 3 × 10−9 m
is reachable at RFQC exit with pg > 5 Pa.

Similarly, defining the transverse temperature as

Tt = mi ⟨ṽ
2
x + ṽ

2
y⟩/2 , (6)

we got an equilibrium value Tt = miDxx/νi ≫ Tg, that is
Tt = 2 fiKiσxx/σi , which shows the need of a low K10

i . In
conclusion, results at different pg are shown in fig 5, with
ouput triode central voltage V9 = −1.4 kV and ponderomo-
tive net voltage Vp = φp(r0) = 2 V. Slightly lower ϵNx are
obtained with Vp = 3 V, that is Vr f = 250 V at a frequency
ω/(2π) = 4 MHz. Morover σout

E < 0.5 eVrms is achieved
for a wide range pg > 3 Pa.
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