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Abstract 
Investigations on the Charge Breeding (CB) time have 

been done with the PHOENIX ECR Charge Breeder. The 
traditional measurement method consists of generating a 
1+ ion beam rising front and measuring the time to reach 
90% of the final N+ ion beam intensity. In order to study 
the possible self-consistent effects of the accumulation of 
injected ions in the plasma and to better understand the 
1+N+ process, short Rb+ pulses were injected and the 
time resolved N+ beam responses were measured. The 
new short pulse CB time method and the experimental 
results are presented. The effects of several parameters 
such as the amplitude and the width of the pulse are stud-
ied. Calculation methods are proposed for the efficiency 
and CB time in pulse mode. Compared with the tradition-
al values, the efficiencies are found to be equivalent and 
CB time shorter by -10% in the case of short pulse injec-
tion; showing that the accumulation effect is low in the 
studied configuration. 

The short pulse method was used to study the influence 
of Bmin on the plasma behaviour. An increase of Bmin leads 
to an increase of the Rb19+ efficiency that is found to be 
caused by a higher ion confinement time. The results are 
also used to estimate the 1+N+ efficiencies in the case of 
Radioactive Ion Beam (RIB) species, showing how the 
RIB efficiency is reduced as a function of the half-life and 
charge state. 

INTRODUCTION 
ECR charge breeders (ECR CB) are used in ISOL facil-

ities to increase the charge state of a Radioactive Ion 
Beam (RIB) from 1+ to N+. They operate in continuous 
mode and can accept the injection of high particle flux, 
more than 1013 pps. They are mainly characterized by 3 
parameters. 

The first one is the Charge Breeding Time CB of the 
charge state of interest N. It is traditionally measured by 
switching ON the injected beam and measuring the 90 % 
rise time of the N+ response [1-4]. In order to improve the 
signal over noise ratio, the time response is averaged over 
several measurements, the 1+ beam being pulsed ON / 
OFF at low frequency (about 0.5 Hz) with a duty cycle of 
50%. This method is called here Long Pulse Injection 
(LPI). Figure 1 illustrates the principle of the CB meas-
urement with LPI. 

The second is the ionization efficiency. It is the ratio 
between the extracted particle current of charge state N 

and the injected particle current. Using the LPI, the N+ 
particle current is determined taking into account the 
background level (1+ beam OFF). 

The third parameter is the contaminant rate defined as 
the percentage of contaminants included into the N+ re-
sponse measurement. It depends on the charge breeder 
cleanness, the RIB production yield and the resolution of 
the downstream spectrometer. In the case of low RIB 
production yield (102 to 106 pps) and low spectrometer 
resolution (∆M/M of about 1/200), the beam of interest 
may represent a fraction that can be very small (some %), 
which has dramatic consequences for the physics experi-
ments [5]. 

Figure 1: Principle of the traditional τCB 
measurement. The dashed lines are the references of 
the pulse start (black) and 90% level of the Rb20+ beam 
intensity (red). 

Motivations for Short Pulse Injection 
Previous experiments have shown that the 1+ beam in-

jection can i) modify the CB plasma Charge State Distri-
bution (CSD) [6] and ii) trigger instabilities in a time 
scale comparable to the CB Time [7]. 

In addition, the LPI method can appear to be 
ambigu-ous because the rise of the N+ response is 
simultaneously affected by the injection and capture of 
the 1+ ions and the extraction of the N+ ions. 
Finally, large discrepancies were reported in the τCB 
measurements [8] with only small variations of CB pa-
rameters. 

For these reasons it was proposed to measure τCB 
inject-ing the 1+ beam with very short pulses [9]. This 
method is called here the Short Pulse Injection (SPI). 

 ___________________________________________  
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EXPERIMENTAL SETUP 

 
The SPI was tested with the PHOENIX Charge Breeder 

on the LPSC  1+N+  test bench.  The  1+ ion  beam 
was  generated by an ion gun source [10] and the pulse 
timing system was based on a signal generator to ensure a 
pre-cise pulse duration and triggering. 

The charge breeder wasn’t in the configuration offering 
the best efficiencies [11]. At injection it was equipped 
with a large diameter decelerating electrode, the HF 
blocker electrode [12] while the additional soft iron plug 
that increases the injection axial magnetic field peak was 
removed [11]. In this configuration, the maximum axial 
magnetic field was 1.2 T at injection (injection coil cur-
rent of 1200 A), and 0.9 T at extraction (extraction coil 
current of 800 A). The charge breeder was equipped with a 
permanent magnet hexapole generating a 0.8 T radial 
magnetic field at plasma chamber wall.  

Similar to the LPI, the 1+ and N+ beam intensities were 
measured with 1+ and N+ mass analysed Faraday cups. 

RESULTS 

N+ Response 
The SPI method was tested injecting a Rb+ beam into 

an He plasma. The CB was configured as follows. The 
microwave power level was 510 W. The injection, mini-
mum and extraction axial magnetic field strengths were 
simulated to be 1.19 T, 0.44 T and 0.84 T, respectively 
(injection, median and extraction coils were set to 1185 A, 
320 A and 726 A respectively). The pulse duration was 
reduced until the temporal N+ response becomes constant 
in shape.  Figure 2 shows the Rb19+ time response 
corre-sponding to a 2.5 ms SPI together with the integral 
of this signal i.e. the cumulative distribution function. 

Figure 2: Rb19+ response to a 2.5 ms injected pulse and 
the corresponding integral function. The dashed lines are 
the references of the pulse start (black) and 90% level of 
the Rb19+ integral function (green). 

With the SPI method, the efficiency is defined as the 
ratio between the number of injected particles over the 
number of extracted particles. It can be calculated by 
integrating both the 1+ and N+ signals. 

The CB Time is defined as the time between the rise 
front of the 1+ pulse and the necessary time to extract 
90% of the N+ ions (Fig. 2). 

To compare the values, the Rb19+ efficiency and CB 
time were measured with both the LPI and SPI methods. 
The efficiency was found to be the same with both meth-
ods at 4.8 %. The CB Time with SPI (178 ms) was found 
to be shorter than with LPI (191 ms) by -10%, which 
means that the accumulation effect of the 1+ ions injec-
tion into the CB plasma is low in this configuration. 
Moreover, it can be seen that the N+ pulse is strongly 
asymmetric, which implies that a large fraction of the ions 
are produced and extracted at significantly shorter time. 

Effect of the 1+ beam intensity 
The influence of the 1+ beam intensity on the N+ re-

sponse was studied in the range of 177 – 644 nA, the 
other experimental conditions (CB tuning, pulse dura-
tion…) being unchanged with respect to the previous 
measurement. The normalized N+ responses correspond-
ing to several 1+ beam intensities are compared in Fig. 3. 

Figure 3: 1+ injection pulse and Rb19+ normalized signal 
responses to several 1+ beam pulse intensities. 

In the studied beam intensity range, the N+ responses 
are the same, which means that the perturbation caused by 
the 1+ beam injection on the CB plasma is relatively 
small. 

Influence of the N+ Charge State 
Keeping the same configuration and with the same 

pulse duration, several N+ responses were measured for 
Rb charge states between 4+ and 19+. The time responses 
are plotted in Fig 4. These measurements illustrate the 
step by step ionisation process existing in ECR ion 
sources plasmas. 

Similar results were obtained by several laboratories in-
jecting short pulses of neutrals [13-16]. The goal of these 
earlier experiments was to study the plasma behaviour 
and estimate some plasma parameters (ion temperature 
and density, electron temperature and density…) by using 
0 dimension model simulations. 
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Figure 4: Rb4+, Rb8+, Rb10+ Rb13+, Rb17+ and Rb19+ beam 
intensity responses to a 2.5 ms injection pulse. 

Plasma Behaviour Study Example with Bmin 
Similar to the neutral injection, the SPI can be used to 

study the CB plasma behavior. As an example, this was 
done by varying Bmin. During the experiments, it was 
noticed that a linear variation of Bmin in the range 0.432 - 
0.444 T induced a linear variation of the Rb19+ efficiency. 
N+ responses were measured for several intermediate Bmin 
values, see Fig. 5. 

Figure 5: Rb19+ signal responses at several median coil 
currents. 

From the N+ response, some parameters can be de-
fined:  

i) IN+ which is the beam intensity peak value ii) <CB>
which is the time average of the N+ response and iii) τ 
which is a time constant when fitting the N+ response 
decay with a function of the form 𝑖ሺ𝑡ሻ ൌ 𝐼଴𝑒-t+t0/τ. 
Figure 6 shows the relative evolution of these 
parameters together with the LPI and SPI efficiencies as a 
function of Bmin. 

Figure 6: Variation of the time characteristics, 
maximum current and Rb19+ efficiency as a  function  of 
the median  axial field. 

In the studied range, the LPI and SPI efficiencies 
are the same. IN+ passes by a maximum value at the 
middle of the range (+16% at Bmin = 0.438  T)  when < 
τCB> and τ first experience a decrease of about 10% 
before substan-tial increase of respectively 30% and 
50%. Since the decay time can be considered to be 
directly related to the confinement time of the high 
charge state ions [17], the result implies that at 
stronger B-minimum the ion con-finement is improved. 

IMPLICATION ON THE RIB CB EFFI-
CIENCY 

Efficiency as a Function of the Half-life 
For stable elements, the SPI N+ response  can be  

pro-vided during preliminary RIB experiments done 
with the stable isotope or by earlier CB characterization 
measure-ments. If the RIB population decay is considered 
to be of the form of 𝑁ሺ𝑡ሻ ൌ 𝑁଴𝑒-t/ഓభ with 𝑇ଵ/ଶ ൌ 𝜏ଵ ∗ ln  
ሺ2ሻ  and T1/2 being the half-life, it becomes possible to 
estimate the actual RIB efficiency with the stable SPI 
N+ response more accurately than with the LPI method. 
This was done for Rb isotopes from 93Rb (T1/2 5840 ms) 
to 99Rb (T1/2 50.3 ms), using the 85Rb19+ SPI N+ response 
shown above. Figure 7 shows the evolution of the Rb19

+ RIB efficiency over Rb19+ stable efficiency ratio as a
function of T1/2.
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Figure 7: Evolution of the Rb19+ RIB  efficiency  over
Rb19+ stable efficiency ratio as a function of T1/2. 

Down to a half-life of about 380ms, corresponding to 
95Rb19+, the reduction of efficiency is limited to about 
15% but at shorter half-lives the CB efficiency starts 
decreasing rapidly for this charge state. An efficiency 
reduction of 65% is estimated for 99Rb19+ in this case. 

Efficiency As a Function of the Charge State 
N+ responses are different depending on the charge 

state (Fig. 4). The RIB efficiency estimation can be done 
for each charge state like done in the previous section for 
Rb19+. Figure 8 shows the estimated efficiency CSD of the 
radioactive Rb isotopes between 93Rb and 99Rb together 
with the stable 85Rb one. 

Figure 8: Rb isotope efficiencies as a function of the 
charge state. 

From Fig. 8, it can be seen that the high charge state 
RIB ions are more affected by decay losses than lower 
charge state ones leading to a shift of the CSD toward 
lower charge state. It is clearly visible by plotting the 
average charge state as a function of T1/2, see Fig. 9. 

In the presented configuration, the mean charge state 
shift is of -1.6 when comparing 99Rb with 85Rb. 

Figure 9: Evolution of the average ion beam charge state 
as a function of the half-life. 

CONCLUSION 
Using the SPI method, the temporal distribution of the 

N+ beam extracted from the CB was measured. The effi-
ciencies in SPI and LPI were compared and found equiva-
lent. The CB Time with SPI was found shorter than with 
LPI by -10%. 

SPI N+ responses provide information on the plasma 
behavior and this method will be of interest to study the 
influence of the different CB parameters on the efficiency 
and charge breeding time and more generally on the ECR 
plasma behavior. 

Finally, the N+ response curves will allow more precise 
estimation of RIB efficiency as a function of the half-life 
and charge state which is crucial for ISOL facilities. The 
method of predicting the RIB efficiencies could be 
vali-dated by RIB experiments. 

REFERENCES 
[1] S. C. Jeong, M. Oyaizu, E. Tojyo, H. Kawakami,

H. Ishiyama, H. Miyatake, K. Enomoto, Y.
Watanabe, I.. Katayama, T. Nomura, M. Matsuda,
A. Osa, and S. Ichikawa, "Test results of 18 GHz
ECR charge breeder for KEK–JAERI RNB facility",
Rev. Sci. Instrum. vol. 75, pp.1631, (2004).

[2] F. Ames, R. Baartman, P. Bricault, K. Jayamanna,
M. McDonald, M. Olivo, P. Schmor, D. H. L. Yuan,
and Lamy, "Charge state breeding of radioactive ions
with an electron cyclotron resonance ion source at
TRIUMF", Rev. Sci. Instrum. vol. 77, pp. 03B103 (2006).

[3] L. Maunoury, , P. Delahaye, M. Dubois, J. Angot, P.
Sole, Bajeat,  C.  Barton,  R.  Frigot, A. Jeanne, P. Jardin,
O. Kamalou, P. Lecomte, B. Osmond, G. Peschard, T.
Lamy, and A. Savalle, "Charge breeder for the SPIRAL1
upgrade: Preliminary results", Rev. Sci. Instrum., vol. 87,
pp. 02B508, (2016).

[4] T. Lamy, J. L. Bouly, J. C. Curdy, R. Geller, A. Lacoste,
P. Sole, P. Sortais, T. Thuillier, J. L. Vieux-
Rochaz, Jayamanna, M. Olivo, P. Schmor, and D. Yuan,
"Charge state breeding applications with the ECR
PHOENIX source: From low to high current production",
Rev. Sci. Instrum. vol. 73, pp.717, (2002).

[5] R. Vondrasek, J. Clark, A. Levand, T. Palchan, R.
Pardo, Savard, and R. Scott, "Operational experience

23th Int. Workshop on ECR Ion Sources ECRIS2018, Catania, Italy JACoW Publishing
ISBN: 978-3-95450-196-0 doi:10.18429/JACoW-ECRIS2018-MOC3

Charge breeding
MOC3

27

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

18
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I.



with the Argonne National Laboratory Californium Rare 
Ion Breeder Upgrade facility and electron cyclotron 
resonance charge breeder", Rev. Sci. Instrum. vol. 85, pp. 
02B903 (2014). 

[6] O. Tarvainen, T. Lamy, J. Angot, T. Thuillier, P. De-
lahaye, L. Maunoury, J. Choinski, L. Standylo, A. Galata,
G. Patti and H. Koivisto, "Injected 1+ ion beam as a
diag-nostics tool of charge breeder ECR ion source
plasmas", Plasma Sources Sci. Technol., vol. 24, pp.
035014 (2015).

[7] O. Tarvainen, J. Angot, I. Izotov, V. Skalyga, H. Koivisto,
T. Thuillier, T. Kalvas and T. Lamy, "Plasma instabilities
of a charge breeder ECRIS", Plasma Sources Sci. Technol.
vol. 26, pp. 105002 (2017).

[8] L. Maunoury, P. Delahaye, M. Dubois, O. Bajeat, C.
Barthe-Dejean, R. Frigot, P. Jardin, A. Jeanne, O.
Kamalou, P. Lecomte, B. Osmond, G. Peschard, A.
Saval-le, J. Angot, T. Lamy, and P. Sole, "SPIRAL1
Charge Breeder: Performances and Status", Proceedings
of ECRIS2016, Busan, South Korea (JACoW, 2016),
MOFO01.

[9] O. Tarvainen, J. Angot, I. Izotov, V. Skalyga, H. Koivisto,
T. Thuillier, T. Kalvas, V. Toivanen, R. Kronholm and T.
Lamy, "The effect of plasma instabilities on the
background impurities in charge breeder ECRIS",
Proceedings of ICIS2017, Geneva, Switzerland,
T6_Tu_66 (to be published).

[10] T. Lamy, J. Angot, T. Thuillier, P. Delahaye, L.
Maunoury, J. Choinski, L. Standylo, A. Galata, G. Patti, H.
Koivisto, O. Tarvainen, "Experimental activities with
the LPSC charge breeder in the European context", in
Proceedings of ECRIS 2014, Nizhny Novgorod, Russia
(JACoW, 2014), WEOBMH01.

[11] J. Angot, T. Thuillier, O. Tarvainen, M. Baylac, J.
Jacob, T. Lamy, M. Migliore and P. Sole, "Recent
im-provements of the LPSC Charge Breeder",
Proceedings of ICIS2017, Geneva, Switzerland, T6_Tu_65
(to be published).

[12] T. Lamy, J. Angot, M. Marie-Jeanne, J. Medard,
P. Sortais, T. Thuillier, A. Galata and H. Koivisto,
"Fine frequency tuning of the PHOENIX charge breeder
used as a probe for ECRIS plasmas", Proceedings of
ECRIS 2010, Grenoble, France (JACoW, 2010),
WEKOBK03.

[13] R. C. Pardo, R. Harkewicz, and P. J. Billquist,
"Time evolution of charge states in an electron
cyclotron reso-nance ion source", Rev. Sci. Instrum. vol.
67, pp.1602, (1996).

[14] V. Mironov, S. Runkel, K. E. Stiebing, O. Hohn,
G. Shirkov, H. Schmidt-Böcking, and A. Schempp,
"Plasma diagnostics at electron cyclotron resonance ion
sources by injection of laser ablated fluxes of metal
atoms", Rev. Sci. Instrum. vol. 72, pp. 2271, (2001).

[15] T. Nakagawa, T. Aihara, Y. Higurashi, M. Kidera,
M. Kase, Y. Yano, I. Arai, H. Arai, M. Imanaka, S. M.
Lee, G. Arzumanyan, and G. Shirkov, "Electron
cyclotron resonance ion source developments in
RIKEN" (invited), Rev. Sci. Instrum. vol. 75, pp. 1394,
(2004).

[16] R. C. Vondrasek, R. H. Scott, R. C. Pardo, and
D. Edgell, "Techniques for the measurement of
ionization times in ECR ion sources using a fast sputter
sample and fast gas valve", Rev. Sci. Instrum. vol. 73,pp.
548, (2002).

[17] D. Neben, G. Machicoane, G. Parsey, A. Pham,
J. Stetson and J. Verboncoeur, "An analysis of fast
sputtering studies for ion confinement time",
Proceedings of LINAC2016, East Lansing, USA (JACoW,
2016), TUPCR032.

23th Int. Workshop on ECR Ion Sources ECRIS2018, Catania, Italy JACoW Publishing
ISBN: 978-3-95450-196-0 doi:10.18429/JACoW-ECRIS2018-MOC3

MOC3
28

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

18
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I.

Charge breeding


