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Esperimento BRIC
Attivita' svolta nel periodo gennaio - giugno 2000

Durantei primi sel mesi del 2000 |' attivita di BRIC s € svoltanelle due direzioni:

*)

Disegno e progettazione dell'apparato: e stato definito completamente il disegno di
progetto dell'intero apparato: sorgente di elettroni (Pierce gun da 1.0 ampere con
catodo 'reserve’ con F =10 mm); cameradi derivadegli ioni con quadrupolo RF (L =
110 cm, F = 150 mm) completamente immersa in due solenoidi (L = 50 cm) separati
tra loro di d = 10 cm; collettore degli elettroni monostadio con quadrupolo
elettrostatico di focheggiamento per gli ioni a foro di ingresso/uscita praticato sulla
parete di fondo del collettore. Tutte le varie componenti sono anche state ordinate al
Budker Institute of Nuclear Physics (BINP) di Novosibirsk, escusi i due solenoidi.

Simulazione numerica della dinamica del fascio di elettroni e di quello degli ioni: la
propagazione del fascio di elettroni dal catodo a collettore di raccolta attraverso tutto
il breeder e stato smulato con il noto codice: EGUN,. Tae codice prende in
considerazione anche la carica spaziale, ma non € possibile valutare I' azione del
campo del quadrupolo RF. Tale valutazione € pero' stata fatta con il nostro codice,
BRICTEST, appositamente sviluppato e di cui s parlera piu' diffusamente in seguito.
La simulazione della dinamica degli ioni nel quadrupolo RF é stata fatta acquisendo il
noto codice SIMION. Con tale codice € stato anche possibile introdurre il campo
magnetico longitudinale dei solenoidi dimostrandone I' effetto destabilizzante in
combinazione con il campo quadrupolare. Ma SIMION non tiene in conto della
carica spaziale del fascio di elettroni. Il codice da noi sviluppato invece, BRICTEST
assicura la valutazione contemporanea dell'effetto del campo quadrupolare, del campo
magnetico longitudinale e della carica spaziae degli elettroni. Con tale codice €' stato
possibile dimostrare la stabilita del fascio di elettroni nel quadrupolo RF (impossibile
con EGUN).

Il risultato piu’ interessante di queste prime simulazioni con BRICTEST , ci sembradi
poter affermare che sia stato quello della conferma dell'azione di filtro di massa
esercitata dal quadrupolo RF. Variando infatti opportunamente i valori della
componente DC e di quella AC della RadioFrequenza, € possibile selezionare uno
stretto range di masse con dato stato di carica che risultano stabili e quindi possono
essere estratte dal breeder, mentre le atre sono eliminate. L' azione di filtro risulta
potenziata a stati di caricamaggiori (*).

Report BRIC, allegato



The BRIC Experiment: Project Study and
Simulations

G. Brauitti, T. Clauser, A. Raino, V. Stagno,
Dipartimento di Fisicadell'Universitaand INFN - Sezione di Bari, Italy
V. Variale,
|stituto Nazionale di Fisica Nucleare (INFN) - Sezione di Bari, Italy
P. Logatchov,
Bunker Institute of Nuclear Physics (BINP), Novosibirsk, Russia

Abstract

This work deals with the "charge state breeder” that will be tested at INFN Laboratory of Bari
(Italy). The breeder, based on the Electron Beam lon Source (EBIS) scheme, is designed for
applications in Radioactive lon Beam (RIB) production facilities based on the Isotope Separation
On-Line (ISOL) method in the framework of the SPES project of the INFN LNL laboratory
(Legnaro). Some improvements with respect to the classica EBIS have been foreseen and
numerically simulated. The insertion in the ion chamber of a RF - Quadrupole , aiming to filtering
the unwanted masses, is the most relevant change with respect to the classical EBIS. The breeder
design and numerical simulation results of the electron and ion beam propagation are reported.



1 INTRODUCTION

The SPES Project at the LNL-INFN of Legnaro (Padud) [1] aims to assembling an advanced
facility for Radioactive lon Beam (RIB) production based on the Isotope Separation On-Line
(ISOL) method. In the framework of the SPES project, our INFN group in Bari is involved in the
development and testing of a“charge state breeder” of the EBIS (Electron Beam lon Source) type:
BRIC. The accelerated radioactive atoms will have probably a mass lying in the range 80-200
am.u. A facility of thistype, has two acceleration stages (see Fig. 1).
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Fig. 1: ISOL -Facility Scheme

The primary accelerator is intended to provide the ion beam incident on the target. The produced
radioactive species have to be ionized, elevated in charge state and mass separated. The secondary
stage is intended to accelerate the radioactive ions at the desired energy before they reach the
experimental area. After the production, the radioactive species enter the ion source to be ionised.
Then the singly charged ion beam is injected into a charge state breeder device to enhance the ion
charge state at high level. This alows to increase the total efficiency of the beam transmission and
to lower the cost of the secondary accelerator. For efficient acceleration by compact LINAC'S,
charge over mass ratios greater than 1/10 are required and a value between 1/9 and 1/4 seems to be
a good choice [2]. At the present state of art, other than the usual stripping tecnique, two sources
type seems useful for charge state breeding: the Electron Cyclotron Resonance lon Source (ECRIYS)
and the Electron Beam lon Source (EBIS). A comparison between the performances of this two ion
sources have been reported by several authors (see for example[2,3]).

In an EBIS source, the ion charge state enhancement is obtained through the interaction with an
external electron beam. In atypical scheme of the source the electron gun, the ion chamber and the
collector are coaxial and the ions are injected and extracted from the same side of the set up. The
injected ions are trapped in a longitudina potential well where they remain until the extraction.
Two injection mode for the ion beam have been considered up to now [2]:

fast injection mode:

where the ions are decel erated before the injection, enter the breeder through the collector and
are finaly trapped by raising the potential barrier on the collector side. The ions must be
injected in a pulse whose length has to be shorter than the round trip time in the potential well.




slow injection mode:

where the ions have an energy higher than the potential barrier on the collector side and enter
continuously the chamber during the confinement time. They reach a higher charge state
during one round trip time and then remain trapped in the confinement area.

For the fast injection mode the continuous ion beam must be pre-bunched, so a trap for
accumulation, cooling and bunching is requested (as in REX-ISOLDE (CERN)). However the
number of particles that can be accumulated in a Penning source is limited. On the contrary for the
slow injection or accu-EBIS mode no trap is required, but the electron space charge force can be
directly to transverse contain the ions during the charge state breeding. The number of ions that can
be contained in an EBIS depends on the electron beam current I and energy U, oOn the
confinement length ¢ and on the reachable fraction of space charge compensation k which is ™
50%. This number is given by:
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2 BRIC EXPERIMENT
2.1 Set-Up Assembly

The BRIC experimental set up is, in the test assembling, the same as the classical one just
described before in the introduction. The general scheme of the breeder is shownin Fig. 2.
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Fig. 2: BRIC Set-Up Assembly

In this configuration, the input and the output of the radioactive ions are on the same side of the
device: the hole aperture on the right side of the collector. In this way, the alignment of the electron
gun and the electron beam collector with the ion drift chamber results in a more compact device and
can aids to reduce same geometrical problems.

This choice cannot be the better choice from the point of view of the whole ISOL facility line and
different breeder configurations are in order for the future studies. A possible new assembling
where the electron gun and collector axis will have an angle with respect to the ion chamber axisis
showninFig. 3.
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Fig. 3: A possible future BRIC configuration

This configuration, just adopted in the our pioneer experiment TIS (Trapped lon Source) [3], has
the advantage to inject and extract the ions on the opposite sides of the breeder by leaving the
radioactive ion drift axis unchanged.

2.2 Electron Gun and Collector

The BRIC electron gun (Fig. 4) has been chosen having in mind the device major commercial
qualities together with the minor cost. So aclassical Pierce gun supporting a dispenser cathode with
A ~ 10 mm providing a current up to 1.5 A has been selected.

Fig. 4: Electron Gun

The beam can be focused and modulated by controlling the voltage of the Pierce electrode. The
output energy can be raised up to 10 keV. The transverse dimensions of the beam are reduced to
about 4 mm by the increasing magnetic field of the solenoid on the ion chamber. Actually the gun
will be placed at the inflexion point of the solenoid magnetic field (semi-immersed flow
configuration). These dimensions are maintained throughout the ion drift chamber by neglecting the

whole beam oscillations (beam scallop).
The collector (Fig. 5) allocates two static quadrupoles to focus the ions at the exit hole.
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Fig. 5: Electron Collector

The tail of the solenoid field have to be cut on the collector zone in order to increase the
efficiency of the electron beam collection and to avoid the electrons to come back towards the ion
chamber and towards the gun. The static quadrupoles aid to focus the ions at the exit hole.

2.3 The lon Chamber

The ion chamber (Fig. 6) has been designed to allocate the drift tubes, the barrier electrodes for
the longitudinal ion trapping and the RF-Quadrupole. All the feed troughs for DC voltage and RF
power supply, diagnostics and so on, have been inserted in the central zone of the chamber.
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Fig. 6: lon Chamber

The overall chamber (110 cm length) is immersed in the longitudinal magnetic field of two
solenoid (50 cm long, 10 cm apart). The current in the windings has been chosen to reach a
maximum field on the axisof =~ 2 kGauss. The magnetic field is important to ensure the highest
possible electron beam current density J thus reducing the ion-beam containment time t ¢ to reach
the required charge state; so a much higher magnetic field intensity should be required ( around 1
T). However this can be obtained with corresponding major cooling problems and cost. The chosen
field value on the axis permits to reduce the beam diameter to © 4 mm and to reach (with the
maximum of the electron beam current of 1.5 A) avalue of J~ 10 A/cm?.



BRIC Charge Breeding Parameters:

Following the SPES project requirements, if an ion mass of about 100 a.m.u. and a charge state of
10 (charge over mass ratio = 1/10) is considered, from the condition [4]:

Jte~ 3+ 4[Aesec/om?

the resulting containment time t , for electron beam current density J of the order of tens A/ cm?,
isin the range: 100 + 300 msec.

2.4 The RF- Quadrupole

The Fig. 7 reports the transverse section of the BRIC ion chamber together with the RF-
Quadrupole. The design parameters have been chosen accordingly to the parameter h = r/r, wherer
isthe cylinder radius and r, isthe distance of the cylinder from the axis). Currently the value of the
h parameter is fixed as the "magic number" h = 1.145. However the best approximation has been
recently demonstrated to be h = 1.1 [5]. So we designed our quadrupole with this last assumption.
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3 TRANSVERSE PARTICLE DYNAMICS IN THE RF QUADRUPOLE

3.1 Pure RF Quadrupole

The theory of the RF Quadrupole has been completely developed (see for example [6,7]). Here
only some important results are reported. In general the electrode applied signal has two
components: a DC component U, sometime called equalizing voltage, and a RF component V. The
particle motion equations, can be expressed, in both the transverse coordinate planes, through two
Mathieu equations:

2

i

[% +(aX- 2q, cos2(t - to))x =0
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Here gj and m; are the ion charge and mass respectively, r, is the quadrupole bore radius, w is RF

angular frequency and t,, is the initial phase of the RF with respect to the particle. It can be shown
that the maximum displacement of the particle does not depend on the initial coordinates and
velocity but on the phase t,. The theoretical results on the Mathieu equations show that the motion
is stable only when the coefficients a, and gy are chosen within same “stability regions’ for both the
transverse planes. In the mass filter theory the stability region of interest is restricted to a small
quasi-triangular zone in the positive (a, q) plane. Owing to the symmetry around both axes x an'y,
often only the positive (a, q) quadrant of the stability diagram of base g™ 0 + 0.9 and vertex: a =
0.2334, q = 0.706 is considered, as shown in Fig. 8. The major filtering is obtained for values of a
near the vertex a = 0.2334 corresponding to o = 0.706. The ratio: u = a/ q = 2U/V is only
dependent on the DC and AC components of the Radio-Frequency. For a fixed charge state, the
points corresponding to the given masses are al on the working line corresponding to the chosen U
and V RF components. The intersection of this line with the stability region determines the stable
masse range. The slope of the line, and consequently the range of the stable masses, can be changed
by varying the value of U and V.
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Fig. 8: Mathieu first stability zone

3.2 Solenoid Magnetic Field and Electron Beam Space Charge Effects

When the longitudinal field of the solenoid and the electron beam space charge force are taken
into account, the stability diagram is quite modified. Namely the new equations of the ion motion in
the plane (X, y) depend also on two other coefficients accounting for the magnetic field and the
electron beam space charge. A simple model can be assumed to evaluate the space charge effect
since within the ion chamber the electron beam can be roughly assumed cylindrical of constant
radius r, owing to the solenoid containment and by neglecting the small scallop effect. Thus the
new trajectory equations can be written as:
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if theionisin the electron beam, and:
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if theionis out of the electron beam.
. & 0 .
In Egs. (3) the new parameters. b = 26,B and c = g 1 x 8q2, 3 Le are been
m, w 4dpe, g mw ry Vg

introduced. The fist one is related to the solenoid field B, whereas the second one take into account
the electron beam space charge force: le is the beam current intensity and ve the electron vel ocity.

Nevertheless also in this case, new stability regions can be identified [9]. The magnetic field and
the electron beam space charge act in opposite way: the first one reshapes and reduce the stability
region area, whereas the second one increases the stability area, due to the enhancement of the
transverse containment of theions.

4 BRIC NUMERICAL SIMULATIONS

4.1 Electron Beam Smulation

The electron beam propagation from the gun to the collector has been numerically simulated by the
well known EGUN code [10]. Several possible experimental conditions and configurations have
been tested. The example shown in Fig. 9 refers to an electron energy of 10 keV and electron beam
current 1 A. The solenoid magnetic field is B =1.8 kGauss and the gun is in semi-immersed flow
configuration. Evident from the figure is the shrinking of the beam up to the ion chamber input due



to the semi-immersed flow configuration. Evident in the figure are the whole beam small
oscillations (scallop), and the deep in the central zone of the ion chamber due to the gap (10 cm)

between the two solenoids.
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Fig. 9: BRIC Electron Beam Simulation

4.2 lon Motion in the RF — Quadrupole (SMION Code)

B{Z} Tesla

160K
Almm)

To simulate the ion motion in the drift chamber, the code SIMION has been used [9]. Severd
experimental conditions have been simulated and the effect of the solenoid field has been
evaluated. An example of ion stable trgectories without magnetic field is shownin Fig. 10.
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Fig. 10: RF - Quadrupolelon trajectories

Thetunein SIMION is defined by fixing the q value to 0.706 and by decreasing the avalue from
the maximum 0.2334 (Tune = 100%) down to zero.

The effect of the solenoid magnetic field (generating instability) can be observed in the example
reported in Fig. 11 (sametune 97 % asin Fig. 10, longitudinal section view). By lowering the tune
value (77 %), new stable trgjectories can be observed for the same magnetic field (see Fig. 12).
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Fig. 11: Instability Effect of the Solenoid Field on the lon Trajectories
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Fig. 12: Stablelon Trajectoriesfor aLower Tune Value

4.3 BRICTEST Code lon Smulation

The EGUN Code is not useful for quadrupole analysis. The SIMION Code cannot evaluate the
electron beam space charge forces and the charge state evolution of the ions during the interaction
with the electron beam. Thus we are developing an appropriate numerical package (BRICTEST) to
take into account all the physical problems involved. The routines already working alow to
evaluate both the solenoid and electron beam space charge effect, whereas work is in progress to
include all the physical processes involved in the ion-electron interaction to fix the requested time
to reach the desired ion charge state level. In Fig. 13 some well known results, reproduced with
BRICTEST, are shown. Here, a™ 0.23 and g = 0.706 (vertex of the first stability region). The ion
motion is stable.
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Fig. 13: RF —Quadrupolelon Trajectories. top: x(t) and y(t);
center: (x,x’) and (y, y');_bottom: transverse (x, y) plane

In Fig. 14 alongitudinal magnetic field B = 1.8 kGauss has been inserted with the same values of
the a and q parameters. The generation of instability is evident as deduced from the SIMION
simulations.
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Fig. 14: Solenoid Effect on lon Trajectories



Finally the space charge force due to the electron beam has been added. In the preceding
conditions we observe that a beam of 5 keV and 100 mA is sufficient to obtain again the ion
motion stability. The results are shown in Fig. 15.
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Fig. 15: RF — Quadrupole + Solenoid + E-beam Space Charge

5 RF -QUADRUPOLE MASSFILTERING

From the simulation results obtained up to now, the filtering action of the RF-quadrupole
resulted evident. By plotting the mass range versus the AC component of the quadrupolar field, for
fixed DC component value, stability and instability regions can be enlighten. This shows the
possibility to select the mass range of interest with a good resolution by varying the amplitude of
the RF DC and AC components. A particularly intersting example for zero DC component, RF
frequency of 1 MHz and mass range 80+200 (as probably will be the case of the SPES project) is
reported in Fig. 16. Here, the chosen parameter values are: electron beam current le = 100mA;
electron energy We = 5 keV; solenoid magnetic field on the axis B = 1.8 kGauss. In Fig. 16 a), b),
and c) the effect of the increasing charge state level can be observed.

Although the analysis of the example reported and of all the other tests, shows that the mass
separation is possible, however the complexity of the parameter connections needs still a lot of
work. Namely the evolution of the charge state level in the breeder must be analyzed in a deeper
way to understand how the masses of interest can be elevated at the highest charge state without

instability generating.
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6 CONCLUSIONS

The numerical ssimulation of the charge state breeder BRIC show that it is possible to obtain an
increase of the mass separation through the insertion of an RF-quadrupole into the ion chamber.
The mass filtering action depends on a complex way on several parameters that can be varied to
match the best experimental conditions, and to increase the containment of the desired ion masses
with the required charge state level of ionization. The strong instability of the light masses obtained
through the quadrupole at lower charge states can help to increase the chamber vacuum by
eliminating the residual gas masses.

A lot of work is necessary to understand the problems related to the ion containment and the
stability conditions during the charge state enhancement.
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Esperimento gruppo  Rappresentante nazionale Struttura res naz nuovo continua

BRIC 5 Vincenzo Stagno BARI continua
Inviti
= | espeRIM Missioni | ospiti | Missioni M%tier. Spes Trag. Pub. [Spese h’/?‘éfhu? Mater. | Costruz.
r_|_|" | interno |[stran.| estero Cons. Sem | Fac. Bcien.| Calc App.| invent.| apparatii TOTALE
Personale
Ricercatori 40| Tecnologi 10| Tecnici 20 Servizi mesi uomo
= FTE 26| FTE 05| FTE 11 4,0
= Rapporti (FTE/numero) Ricercatori 0,65 Ricercatori+Tecnologi 0,62
BRIC 21 17, 20 3 21 205 287
di cui sj
Totali 21 17 20 3 21 205 287
di cui gj
Richieste/(FTE ricercatori+tecnologi) 92,58
OTALI
Totali 21 17 20 3 21 205 287
di cui gj
|Confronto con il modello EC4
IMod. EC4 dati 21 17 20 3 21 205 287
Totali-Dati EC4

|Personale
Ricercatori 40| Tecnologi 10| Tecnici 2,0 Servizi mesi uomo
FTE 26| FTE 05| FTE 11 40
Rapporti (FTE/numero) Ricercatori 0,65 Ricercatori+Tecnologi 0,62

Richieste/(FTE ricercatori+tecnologi) 92,58
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