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Highly charged ion densities and ion confinement properties
in an electron-cyclotron-resonance ion source
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Absolute ion densities in an electron-cyclotron-resonance ion source~ECRIS! plasma have been measured
using high-resolution x-ray spectroscopy of (n52)→(n51) emission lines from highly charged argon ions.
Ion densities have been correlated to extracted currents. The evolution of the ion confinement times with
charge state has been investigated for various plasma parameters: a linear increase of the confinement time
with charge was found. This result leads to a better understanding of the ion confinement mechanism in ECRIS
plasmas.

PACS number~s!: 52.50.Dg, 52.70.La, 29.25.Ni, 52.55.Jd
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I. INTRODUCTION

Electron-cyclotron-resonance ion sources~ECRIS’s! are
devices designed for intense highly charged ion beam
duction. They are mirror machines where a plasma is he
by a high-frequency~hf! wave, usually between 10 and 1
GHz @1#. A resonant coupling between the wave and
electrons occurs when electrons cross a particular magn
surface—the resonant surface—where the Larmor freque
is equal to the wave frequency. It leads to an increase of
perpendicular velocity~relatively to the magnetic flux lines!.
The heated electrons are trapped in a minimum-B structure.
It has been shown that the resonance surface defines a
ume where most of the particles are trapped@2#; its typical
volume is about 25 cm3 depending on magnetic field param
eters.

Both theoretical@3# and experimental@4# works have
shown that these plasmas are far from thermodynam
equilibrium. The electron distribution function~EDF! is
strongly non-Maxwellian and can be schematically rep
sented by three populations: a cold one, whose typical
ergy lies around the plasma potential (^Ee&'50 eV), a warm
one, responsible for ionization processes, and a hot one
confined in the mirror. The typical range of electron dens
of these plasmas is between 1011 and 1012cm23 depending
on ion source parameters@5#. As the time scale of the
electron-ion collisional heating is much longer than the
confinement times, the ionic energy is low@6#. Moreover,
owing to a strong ion-ion collision rate@6#, ions of any spe-
cies and charge have the same temperature~around 1 eV
@7#!.

Many plasma parameters such as electron density@5#,
electron population temperatures@4#, and ionic temperature
@7# have been measured in various experiments with a r
tive good agreement with theoretical predictions. The m
surement of highly charged ion density is also of great
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portance for understanding and upgrading ECR
performances. This gives access to the confinement time
the ions, which are directly related to the ultimate perfo
mance of the ECRIS.

A previous experiment was made in the vacuum ultrav
let ~vuv! range for low-charge nitrogen ion density measu
ment by Vinogradovet al. @8#. An attempt was also made i
the x-ray range by Gru¨bling et al. @9#. However, as a low-
resolution spectrometer was used, and a Maxwellian E
was supposed, the accuracy of the results was limited
comparable study, but for medium-charge-state ions~up to
O51!, in the vuv range, has also been performed in the C
stance B device@10#.

In this paper, we describe an experiment carried out on
ECRIS operated with argon. Quasisimultaneous meas
ments of x-rayKa emission and bremsstrahlung were pe
formed and led to the determination of the EDF and the
charge state distribution~CSD! in the plasma. At the same
time the source was biased to a positive voltage~120 kV! in
order to extract ions. Current spectra were recorded and c
pared to ionic densities. Correlations between the CSD in
extracted beam and that in the plasma have been inv
gated.

II. EXPERIMENT

Spectroscopic measurements were performed on
plasma of the so-called Caprice 10 GHz ECRIS, similar
that described in@11#. The source was operated under va
ous plasma conditions with argon, possibly adding oxygen
enhance high-charge-state currents using the well-known
mixing technique@12,13#.

Extracted ions were analyzed in mass and charge b
dipole magnet and currents were measured by a polar
Faraday cup. The highest detectable charge state was A161

~typical current 0.6mA!. Stability of the plasma parameter
for a range of several hours was achieved using a s
regulated gas injection system.

Preliminary experiments were carried out with a low
resolution nitrogen-cooled high-purity germanium~HPGe!
type of detector and showed that theKa line shifts and
i-
3015 ©2000 The American Physical Society



3016 PRE 61G. DOUYSSET, H. KHODJA, A. GIRARD, AND J. P. BRIAND
FIG. 1. Low-resolutionKa emission spectra of argon, acquisition time 700.0 s.~a! 20 W, ~b! 900 W.
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broadens as more highly charged ions are extracted from
source. At the same time theKb line disappears indicating
the removal of allM electrons (q.81) ~Fig. 1!. Although
the resolution of the detector~typically 150 eV at 3 keV! is
insufficient to separate each individual line, this indicates
increase of the mean charge state of the plasma.

As the energy shift of argonKa is only about 20 eV for
eachL electron removed (81,q,161) @14#, we designed
and built a high-resolution Bragg type spectrometer. For t
purpose, we used bent Ge~111! and Si~111! crystals in Jo-
hann geometry@15#. The radii of curvature were 1000 mm
Crystal dimensions were 80 mm38 mm; however the
lighted area was limited to 30 mm38 mm by lead slits in
order to reduce aberrations. Dispersive crystals w
mounted under vacuum on a rotating and translating pl
Crystals were set up 2200 mm away from the plasma ce
on the ECRIS main axis.

A linear position-sensitive proportional counter@16# lo-
cated on the Rowland circle was mounted on a movable a
The filling gas was a mixture of xenon and 15 mol %
C2H6 (P51.5 bar). The entrance window was made of th
Kapton~18.75mm!. As the detection depth is close to 8 m
the absolute efficiency at 3 keV was found to be 75% on
70-mm detection length. Spatial resolution was found to
200 mm at 6.4 keV.

In order to determine the absolute ionic densities, the
solute efficiency of the spectrometer has been carefully s
ied. Solid angle and emitting volume have been computed
simulating photon paths through the spectrometer. Theo
he
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cal Bragg diffraction patterns were taken from theXOP code
@17#. The observable energy range for a fixed crystal ori
tation was also computed~' 70 eV! and was found to match
the experimental data. The energy resolution was 3.1 or
eV at 3140 eV (l/dl'1000– 1500) depending on the an
lyzing crystal.

Between the ECR plasma and the crystal chamber an
line micro x-ray tube was designed and mounted for ene
calibration purpose.

The crystal was also made extractable to record the a
photonic emission with the low-resolution HPGe detector.
this case a movable collimation system could be used.

An overview of the experiment is given in Fig. 2.
The absolute efficiency of the low-resolution detector w

computed by a Monte Carlo simulation and is presented
Fig. 3. This result was successfully checked by compari
of the spectra recorded simultaneously with a well-kno
Si~Li ! detector. Solid angle and emitting volume were a
precisely computed.

III. PHOTON EMISSION FROM ECR PLASMAS
IN THE X-RAY RANGE AND DATA PROCESSING

A. Bremsstrahlung emission

Electron interactions with the residual gas and the io
inside the plasma chamber lead to bremsstrahlung emis
which is characteristic of the EDF. This is a powerful dia
nostic for the warm and the hot electron population stu
@4,18#.
s
FIG. 2. Overview of the x-ray diagnostic
mounted on the Caprice 10-GHz ion source.
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The emissivity under an observation angleV~u! from a
multispecies plasma can be written as

J~hn!5~hn!N~hn!5 (
q5neutrals

qmax

nq~hn!E
hn

` d2sq~Ee ,hn,u!

dV~u!d~hn!

3 f ~Ee!b~Ee!c dEe , ~1!

whered2sq(Ee ,hn,u)/dV(u)d(hn) is the double differen-
tial bremsstrahlung cross section,f (Ee) is the relativistic
EDF, nq is the density of charge stateq, b(Ee)c is the ve-
locity associated with an electron of energyEe , andN(hn)
is the number of photons emitted per second and per un
photon energyhn. The sum is performed over all the charg
states present in the plasma. As the energy emitted du
bremsstrahlung reaction increases according toZ2, whereZ
is the atomic number of the target,e-e emission was ne-
glected in Eq.~1!. Even though no theoretical data can
found for the dependency of double differential cross sec
on charge state, the estimation of the single differential cr
sectiondsq(Ee ,hn)/d(hn) variation with ion charge@19#
shows that in our case, no significant correlation with i
charge can be found. The reason is that we used low-Z gas
~oxygen or argon! and we started the EDF determinatio
above theK-shell excitation threshold of argon ions~typi-
cally 3 keV!. Therefore, we used an interpolation of brem
strahlung cross sections for neutrals from the work of Kis
@20#. Consequently, one can get access to an approa
EDF by fitting the experimental emissivity spectrum with t
one produced by two Maxwellian functions. However, t
total target density~sum of neutral and total ionic densitie!
has to be fixed. Reasonable values are in the range
1011 cm23. This value can be checkeda posteriori.

B. Discrete line emission

X-ray line emission from ECR plasmas is related to va
ous collisions: electronic inner-shell ionization and exci
tion, dielectronic recombination, charge exchange reactio
or radiative recombination.

As EDF’s are always very energetic, the dielectronic
combination rates, taken from@21#, are low compared to the
dominant processes, which are inner-shell ionization andK-L
excitation.

FIG. 3. Computed absolute efficiency of the low-resoluti
spectrometer.
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Charge exchange and radiative recombination react
lead toKa emission only after collisions on Ar171 or Ar181.

We have used the cross sections for inner-shell ioniza
computed by Golden and Sampson@22# that model the shape
for successive charge states. A statistical weight was use
populate all the possible initial statesun8L8S8&. Excitation
cross sections of Ar171, Ar161, and Ar151 are taken from
@23–25# and for 81,q,151 excitation rates were interpo
lated.

The energy and fluorescence yields for each transi
un8L8S8&→unLS& have been taken from multiconfiguratio
Dirac-Fock ~MCDF! calculations of Indelicato@26,27# and
Chen@28–31#.

IV. EXPERIMENTAL SPECTRA

A. Ka spectra and extracted ion currents

Several spectra were recorded for various plasma co
tions from low to high hf injected power. They are present
in Fig. 4 together with extracted currents. The hig
resolution spectrometer allowed us to separate clearly e
individual Ka line from ions of charge state above 91. Line
identification was performed after energy calibration us
MCDF calculations. An example of comparison betwe
theoretical and experimental spectrum is given in Fig. 5. T
confirms the statistical population of the initial states.

Several results appeared from the high-resolution spec
First, a strong evolution connected with the injected pow
should be noticed. Moreover, it was always impossible
detect an ion in the plasma if it did not appear in the e
tracted current spectrum. The third result is that most of
ions are in their ground configuration before theK-shell ex-
citation. Indeed, no line of doubly excited configuratio
such as (1s2s2pn) – (1s22s2pn21) (n.1) could be de-
tected. Then we may notice that the argon ionization ra
are very close to 100% even for low hf injected powe
(Phf>150 W).

On the other hand, whatever the plasma parameter
remained impossible to detectKa lines of H-like argon. This
indicates that the Ar171 density in the plasma is always ver
small.

B. Bremsstrahlung spectra

After theKa spectra recording, the bremsstrahlung em
sion was measured by the HPGe detector keeping all
plasma parameters constant. The emissivity measurem
started from 4.5 keV to avoid contamination of the spec
by argon Ka lines. EDF’s were then extrapolated to th
K-excitation threshold~3.3 keV!.

No Ka line from wall or electrode materials~Fe, Cu, Co!
was detected, which confirmed the efficiency of the collim
tion system.

Experimental and simulated emissivities of two typic
plasmas are presented in Fig. 6. The high-energy contr
tion increases for high-performances plasmas~from 48 keV
at 150 W to 60 keV at 500 W!, whereas the lower energy i
kept nearly constant~9.5 keV at 150 W and 10 keV at 50
W!. Numerical simulations by Perret@32# predicted that the
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FIG. 4. High-resolutionKa emission spectra of argon@Ge~111!# ~acquisition time 100.0 s, hf powers 1100, 800, 500, 150, and 10 W! and
the corresponding extracted current spectra~unlabeled peaks are from oxygen ions and impurities!.
in
th he

ted
fraction of electrons of energy higher than a few keV is
the range of 20% to 50%. In our case, we check that
integral *Thresh

` f (E)dE is 1.931011cm23 at 150 W~Fig. 6!
and 2.831011cm23 at 500 W ~same figure!. The highest
e
value obtained during the experiments was 5.731011cm23,
obtained at 1100 W for the optimum performance of t
source for Ar161. These values are consistent with expec
densities.
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FIG. 5. Comparison between experimental~a! and theoretical~b! (1s2s22p3) deexcitation spectra~Gaussian profiles and statistica
population are assumed!.
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V. RESULTS AND DISCUSSION

A. Ionic density measurements

Ion densities were deduced from x-ray spectra and ED
using a steady state model~corona equilibrium!. Writing the
excited state production rate and recalling that the domin
processes are inner-shell ionization andK-L excitation, we
get

dnq
i

dt
5nenq

0^sexc
q→qv&1nenq21

0 ^s ion K
~q21!→qv&2

nq
i

t i
50.

~2!

Here,ne is the electron density,nq
0 is the density of Arq1 in

the ground state,nq
i is the density of Arq1 in the excited state

i, sexc
q→q ands ion K

(q21)→q are core excitation andK-shell ioniza-
tion cross sections to the excited leveli, andt i is the total
lifetime (radiative1Auger) of the excited statei. The
Arq1 Ka line intensity is proportional tonq

i /t i .
As the H-like argon density is negligible, and as most

the ions are in the ground configuration, the1P1(1s2p) state
of Ar161 is populated only by excitation of He-like argon.

On the other hand, the density of Ar151 can be deduced in
two different ways: ~i! the forbidden line
3S1(1s2s) –1S0(1s2) is produced by inner-shell ionizatio
of Ar151 in the ground state; ~ii ! the lines
2P3/2(1s2s2p) –2S1/2(1s22s) and 2P1/2(1s2s2p) –
’s

nt

f

2S1/2(1s22s) are produced byK-L excitation of Ar151 in the
(1s22s) configuration. These two determinations were fou
to be in excellent agreement.

Densities of other charge states were deduced by sol
the system of coupled equations~2!.

The ionic densities for three different ion source settin
are presented in Fig. 7 together with the extracted current
very strong correlation appears: whatever the plasma par
eters the extracted ion spectrum is an image of the dens
in the plasma. This leads to important conclusions conce
ing the ion confinement times.

B. Ion confinement times

Ion confinement timestq were estimated using the fol
lowing equation:

tq5k
~2L !S

2

nqqe

I q
. ~3!

Herenq is the density of Arq1, e is the charge of the elec
tron, I q is the measured electrical current of Arq1, 2L is the
length of the plasma, andS is the area of the extraction hole
k is the transmission efficiency of the beam line. Equal c
rents out of the two ends of the field lines of the mirror a
assumed, which explains the factor of 2 in the denomina
This assumption is reasonable as the Caprice source w
with a quasisymmetric mirror. From the derived densit
FIG. 6. Experimental and fitted~with two Maxwellians! emissivity curves of argon plasmas.~a! 150 W; colder temperatureTc

59.5 keV, hotter temperatureTh548 keV and~b! 500 W; Tc510 keV, Th560 keV.
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FIG. 7. Compared evolution of ion densities and extracted currents with charge state. Three typical plasmas are investigated
to low injected hf power.
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and measured currents it is therefore possible to have
estimate of the confinement times. The uncertainties rela
to the derived values have already been mentioned. Sta
cal errors are small, but systematic errors are difficult
estimate exactly: there is some slight uncertainty concern
the density of targets~see above! and also concerning th
solid angle and the absolute calibration of the spectrome
there is also some uncertainty related to the transmissio
the beam line~75% transmission is assumed!. From all these
uncertainties it is most probable that the determination of
confinement times is reliable within a factor of 2.

Figure 8 shows the confinement times of Arq1 ions for
two plasmas:~a! at high ~1100 W! hf power ~left!—this
plasma corresponds to the optimization
Ar161(0.53e mA)—and ~b! at intermediate power~700 W!,
where the largest current for Ar121 is obtained~right!. The
order of magnitude of the confinement times obtained is
an
ed
ti-

o
g

r;
of

e

-

tween 0.74 and 3.5 ms. This is consistent with recent res
obtained for electron confinement times@33#. It is interesting
to notice that the confinement time increases as the ch
increases. This tendency is particularly clear in Fig. 8~a!,
where the confinement time varies between 1.5 and 3.5
for Ar ions beyond charge 9: to optimize high-charge sta
~here Ar161! it is necessary to maximize the confineme
time. On the other hand, when only intermediate (Ar121)
charges are to be optimized, the confinement time does
need to reach such high values@Fig. 8~b!, 700 W#: it varies
between 0.7 and 1 ms. Moreover, the slopes of the two li
@Figs. 8~a! and 8~b!# are different. In order to check thi
evolution the Ar171 confinement time can be extrapolate
As the EDF is measured, the Ar171 density and extracted
current can be estimated. We found that this density is ab
70 times smaller than that one of He-like argon. The e
mated corresponding current is in the range of 7 nA. T
FIG. 8. Estimation of ion confinement times.~a! 1100 W ~Ar161 optimization!; ~b! 700 W ~Ar121 optimization!.
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confirms that theKa lines of Ar171 are too weak to be de
tected by our spectrometer. In the same way one can
access to an approached value of the densities of Arq,91.
Then the unresolvedKa line of Arq,101 intensity can be
roughly estimated. It appears that this value only sligh
exceeds the experimental intensity.

C. Discussion

Several theoretical models of ion confinement in mir
plasmas have been proposed@34–36#. It was suggested tha
ions are trapped in a potential dip@37,2,38,39#. This negative
potentialDf would be produced in the center of the machi
by high-energy electrons that are magnetically well confin
The resulting formula for ion confinement time in this case
@35#

tq5R
ApL

vTi

expS uqeDfu
kTi

D . ~4!

Here R is the mirror ratio of the magnetic tra
(5Bmax/Bmin), 2L is again the plasma length,vTi

is the ion

thermal velocity, andTi is the ion temperature. So even for
low Df ~lower than 1 V! the confinement time evolution
with charge state could be very strong. However, this f
mula becomes highly questionable at high density, when
ions become very collisional. In that case the following ph
nomena should be taken into account@6,36#.

~i! The axial ambipolar electric field pushes the io
~chargeqe! of mobility mq out of the plasma; the mobility is
defined as usual by the formula~5! ~n is the collision fre-
quency of the ions!

mq5
qe

mn
. ~5!

~ii ! Ions experience a random thermal motion, which c
make them diffuse out of the plasma. This mechanism
induce both a radial transport over a characteristic lengta
~radius of the chamber! and an axial transport over a chara
teristic scaleL ~half-length of the plasma!. In this study only
parallel confinement times can be estimated since only a
fluxes are measured.

These~axial! transport phenomena lead, respectively,
the following confinement times~units: t, s; L, cm; ne,
cm23; Ti, eV; E, V/cm!:

tq57.1310220Lq ln LAA
neZeff

Ti
3/2E

, ~6!

tq57.1310220L2q2 ln LAA
neZeff

Ti
5/2 , ~7!

whereA is the atomic mass number,ne the electron density
Zeff the usual effective charge of the plasma,

Zeff5

(
q

nqq2

ne
,

et

y

r

.
s

-
e
-

n
n

al

E the electric field, and lnL the Coulomb logarithm. Both
schemes show that the confinement time increases as
density increases; however, it decreases as the ion temp
ture increases. The first mechanism leads to a linear de
dence of the confinement time on the charge, while the s
ond mechanism leads to a quadratic law. It is interesting
compare experimental values of the confinement times w
the theoretical models: as the ion temperature is in the ra
of 1 eV it is reasonable to expect that the electric field is
the order of 1 V/cm. Taking lnL515, ne51012cm23, L
53 cm ~half-length of the plasma, i.e., the resonance zon!;
and Zeff58.5 ~optimization of Ar161!, the following values
are obtained:

t9151.5 ms; t16152.7 ms

for the confinement time using Eq.~6!, while the following
values are obtained:

t91542 ms; t1615132 ms

with Eq. ~7!.
Our measurements therefore suggest that the first me

nism @Eq. ~6!# is more suited to describe the confinement
an ECR ion source, as it leads both to the correct depend
on charge and also to the correct order of magnitude. In
confinement scheme, however, there is no potential dip
assumed in the derivation of Eq.~4! ~potential dip model!:
the sign of the electric field is such as to expel the ions,
to confine them as in the potential dip model. This raises
important question: is there any potential dip in an ECRI
Such a potential dip related to ECR heating is well known
fusion devices~ECR heating was only an additional heatin
and it modified the profile of the electric field!, but it has
never been clearly measured in an ECRIS, which is a de
where ECR heating is the only production process of
plasma, with much cooler and much heavier ions than
fusion devices. In Constance B@10# the ions were much
warmer~15 eV! than in our device~the reason why the ions
are so hot in Constance B was not explained, however!. In
ECRIS’s it seems that the collisionality of the ions is so hi
and their temperature so low, that it is not necessary to
sume that they are confined by any supplementary me
nism such as electrostatic trapping in a potential dip to
count for the very high charge states that can be reache
such devices. The potential dip model is most probably w
suited to low-collisional protons such as in fusion devic
but not adapted to the cold collisional heavy ions
ECRIS’s. Our measurements then suggest another con
ment scheme from the one usually assumed in numer
calculations@37#.

VI. CONCLUSION

In this paper we presented a diagnostic for character
tion of ECRIS plasmas. The highly charged ions were st
ied in situ in order to improve comprehension of ion confin
ment mechanisms in these particular plasmas. A hi
throughput, high-resolution Bragg spectrometer w
designed and built for this purpose. TheKa emission spectra
of highly charged argon ions are presented for vario
plasma parameters. The most important result is the str
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correlation between the x-ray spectra and the extracted
rents.

As EDFs were determined by analysis of the bremsstr
lung emission, ion densities of Ar91 to Ar161 were estimated.
We demonstrated that whatever the ECRIS settings the
tracted electrical currents are an image of the densities in
plasma. This experimental result makes it possible to ve
some assumptions about the ion confinement mechanis
appears that the best candidate mechanism for ion trans
is the mobility of ions in the ambipolar electric field. Th
mechanism will therefore be taken into account in the ECR
simulation codes that are developed in the laboratory@3#. In
the future a spatial study of ion densities could be carried
using a new ECRIS fitted with several radial accesses to
plasma.

This study has also shown that ECRIS plasmas are
adapted for very high precision atomic physics measu
CR
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ments. Indeed, ECRIS’s are efficient ion traps. The x-ray l
emission is intense even for low density ions~1024– 1025

times the electron density! and free of Doppler broadening
Using an improved x-ray spectrometer and a current hi
performance ECRIS it is now possible to measure very
curately x-ray wavelengths or line widths of heavy high
charged ions.
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