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Short pulses of neutral particles generated by laser ablation of metal targets have been injected into
the Frankfurt 14 GHz electron cyclotron resonafEER) ion source. Rise/fall times of pulses of
highly charged ions of Cd and Mg were registered as a function of microwave power and gas
pressure. From a comparison of the measured data to numerical simulations, values of the electron
density and the temperature in the ECR plasma were estimated to be aboufl0'76m 3 and a

few keV. The effective electron temperature increases with increasing microwave power and
decreases with increasing gas pressure. The electron density is only a weak function of the
microwave power, but increases significantly with the gas pressure. In the ga&mixing mode

of operation, an improved confinement of lowly charged ions was observed®00@ American
Institute of Physics.[DOI: 10.1063/1.1361087

I. INTRODUCTION vestigated. Besides this, the injection of laser-ablated fluxes

) into ECR plasmas is a promising way to produce beams of
Electron cyclotron resonance ion sourd&CRIS are highly charged metal ions.

successfully used as injectors of highly charged ions in a = | 5ser ablation is an explosive type of evaporation of

variety of accelerator facilities.The underlying physical target material by short powerful laser pulses, followed by
processes are quite complicated, and continuous efforts affe creation of a dense hot plasma near the target surface.
undertaken by the ECRIS community to gather more infor-ager peing created and heated the plasma expands into the
mation about the processes in the source plasma. A few yeags .,ym where the recombination of ions takes place. In this
ago, a promising tool for the diagnostics of ECR dischargegyay intense short fluxes of particles of virtually any solid
had been Sl_JggeStéd[h's is the injection of short pulses of aterial can be formed. Ablation occurs if the power density
neutral particles, created by laser ablation of metal targetgy ihe focused laser beam exceeds a defined threshold value.
into the source plasma. By observing the dynamics of thehese thresholds are different for different target materials
extracted pulses of ions in defined charge states, one is ablg, 4 vary in the range of 1010 W/cn?. For YAG:Nd*

to estimafce various parameters of 'Fhe plqsma, such as, e.ghqer systems with up to 100 mJ energy @aswitched

the effective temperature and density of its electron compopises; “this implies that the size of the laser beam on the
nent. In this way, the reaction of the ECR plasma to changeg, et surface should be of the order of 1 fnifhen, particle

of internal parameter.s,. as well as the influence of Spec'?ﬁuxes with total contents of about ¥8-10' particles per
tools, such as gas mixing, biased electrode, etc. can be IBulsé are ejected from the target. The maximum of the ve-
locity distribution of the particles lies at around kfin/s,
¥Electronic mail: stiebing@alpha.ikf.physik.uni-frankfurt.de their time spreads are in the order=10 us at a distance of
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5 cm from the target. If one uses the laser beam intensity
close to the threshold for ablation, these pulses consist to )

. . biased electrode
90% of neutral particles. The total number of emitted par- . ,

ticles increases with increasing laser-beam energy. —
The time spread of these primary particle pulses is de- RF injection
termined by the variation of the velocities of the ejected par-
ticles. It is directly proportional to the distance from the tar- T end of hexapole
get. When the particles hit the surface of the vacuum
ﬁ laser beam

chamber, they stick to the wall with a probability that de-
pends on the type of particle, the angle of incidence, the
particle energy, and the properties of the surface. Some of FIG. 1. Experimental setup.
the particles will be reflected from the surfAagith reflec-

tion coefficients in the order of 10%—-30% for Iaser-ablationtarget surface was 150°. The laser beam entered the chamber
systems similar to the one used in the present experimentshrough a vacuum window. It was focused onto the target by
The pulse width of the particle flux into the plasma is mainly 5 |ens with a focal length of 110 mm. The target-lens system
determined by these sticking rates of metallic atoms and iong,as |ocated inside one of the two 17° vacuum ports of the
to the walls. It is short enougfabout 100us) compared 10 gourcet® In this configuration, the ablated fluxes of neutral
typical ionization/confinement times for highly charged ionsparticles had to be reflected by the plasma chamber walls
in ECR plasmas, which are in the range of a fewpefore they could enter the ECR plasma. This avoids distur-

miIIisecon_dsl. _ bances of the plasma by the direct fluxes of the ablated par-
Crossing the plasma of the ECR discharge, those neutrgl|es.

particles, which are ionized, are then trapped inside the aAp YAG:Nd3' laser system was used with a wavelength
plasma and increase their charge step by step in ion-electresy 1 o6 um, a pulse width of 15 ngQ-switched mode of
collisions. After their extraction and charge separation, th%peratioh and with up to 30 mJ energy per pulse. In the
time structure of the pulsed currents of highly charged iongxperiments described here, we used only single shots of the
(HCI) provides information on these processes in the plasmagger system. The laser beam energy was controlled by the
In particular, the rise times, as well as the amplitudes of thQ/oItage of the flash-lamp discharge battery.
extracted current for the individual ion charge states are of e pulsed ion currents were detected after the 90° ana-
interest. _ _ lyzing magnet in a Faraday cup of impedance of(&0The

The laser-ablation experiments reported here have begfine dependence of the pulsed currents was registered by an
carried out at the Frankfurt 14 GHz ECRIS. Cadmium a”doscilloscope, which was synchronized by the trigger signal

magnesium targets were used, and the time dependence &f the laserQ-switch unit. The oscillograms were recorded
the pulsed currents has been detected for nonoverlapping, means of a digital camera.

charge states of these metal ions as a function of the micro-  The extraction voltage of the source was 25 kV through-
wave power and the gas pressure. The influence of the biasggt g experiments. The beam transport optics was opti-
electrode and of gas mixing has also been examined. The ifized for each individual ion charge state under investiga-
currents of the support-gas elements were registered to iRy, Only when measuring charge state distributi6®SD),

vestigate their response to the injection. This work is a conthe optical conditions remained fixed. In the given configu-
tinuation of our previous studywhere Cd and Zn atoms ration, the source output was very sensitive to the beam

lens

were injected into the Frankfurt ECRIS. transport tuning. In the extracted dc currents?Cibns were
observed even without laser ablation. This was due to the
Il EXPERIMENTAL SETUP continuous sputtering of the target by the ECR plasma. After

a few days of operation with a Cd target mounted in the

The Frankfurt 14 GHz ECRIS is described in detail source, a certain level of contamination of the chamber with
elsewheré. In its present configuration, a metal-dielectric Cd metal layers was observed, which remained even after
structure (AjO3/Al) is inserted into the plasma chambfer, removing the target out of the source. These dc currents
which assists us in increasing the output of the higheshever exceeded the level of 100 nA. They have to be com-
charge states, at the same time decreasing the output of iopared to currents afl5-40 A of Ar®" ions and 1—-2uA of
with lower charge state§Z <8 for argon. The biased disk Cd'®" pulse amplitudes. However, the dc currents were use-
has been replaced by@3 mm stainless steel rod inserted ful to optimize the beam optics for the detection of pulsed
axially into the plasma chamber from the microwave injec-currents of C4" ions. The CSD for dc currents of Cd ions
tion side of the source. It was found that such a biased ele@eaked around21+). dc currents of magnesium ions were
trode works as good as th#28 mm biased disk used befére beyond the limits of detection. For the measurement of
(see also Ref. 10 pulsed currents of Mg ions, the optics was optimized to

To inject neutral particles into the ECR plasma, a metaktransport Ar ions with approximately the saie'Q ratio.
(cadmium or magnesiumtarget was located inside the The experiments have been performed with pure argon
source chamber at the microwave injection side near thas a working gas used to sustain the ECR discharge. Pure O
chamber wall(Fig. 1). The target surface was directed suchand Ar—GQ, gas mixing have also been examined; however,
that the angle between the source axis and the normal to the satisfactory stability in the extracted currents could be

Downloaded 21 Jan 2004 to 141.2.34.237. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



Rev. Sci. Instrum., Vol. 72, No. 5, May 2001 lon source plasma diagnostics 2273

overfocused beam

optimal tuning

current, euA
current, euA
w

time, msec

FIG. 3. Distortions of A" ion currents by the injection of laser ablated
fluxes of magnesium atoms. The oscillograms are obtained with three dif-
ferent tunings of the beam transport line.

stants are needed to describe the decay of the current pulses.
To show this behavior more clearly, in Fig:B) the pulse of
Cd'®* ions is presented in logarithmic scale.

For high laser beam energies, i.e., for high fluxes of
ablated material into the plasma, and for both types of ab-
lated materials, distortions of the ion currents of the main gas
(Ar?") and of the dc component of €t ions were ob-
served. The time dependent shapes of these distortions were
different for different tunings of the beam transport optics

current, euA

T T T

1234567809101112131415161718 and for different charge states. This is demonstrated in Fig.
time, msec 3. They also depended on gas pressure and microwave
power. However, some characteristic features common to all
FIG. 2. (A) Pulses of cadmium ions generated after the injection of laserdistortions could be observed. Immediately after triggering
ablated fluxes into an argon ECRIS plasma. The charge states of the ions afige laser, the currents decreased for the high ion charge states
indicated at their corresponding graphs. The laser unit was triggered at timﬁ.e" 7Z=6 for argon iong whereas the currents of the low

t=0.25ms.(B) A pulse of Cd*" ions presented in logarithmic scale to . . .
show more clearly its saturation at a level above the dc curferd&ated Charge states increased. This stage lasts about 0.5 ms. It is

by dashed ling followed by a short increase of the currents, and then the
disturbed currents recover relatively slowly to their initial dc
OIevels. This recovery stage lasts about 20 ms. It occurs either
r]{rom above the initial level of currenfdash-dotted line in
I§ig. 3 or from below (dotted ling, depending on the volt-
ages at the Einzel and quadruple lenses in the beam transport
line. The parameters of the beam optics could also be chosen
such that almost no deviations in the currents were observed
Two main phenomena were observed when laser proafter the first, fast stagesolid line in Fig. 3.
duced fluxes were injected into the ECR dischar(m: When the energy of the laser beam was reduced to a
pulsed currents of ions of the injected metals were generatedgvel close to the ablation threshold, the influence of the laser
and (b) the ionic currents from the working gas deviated ablated fluxes to the extracted ion currents became negligibly
from their dc levels. The shapes of the pulses were clearlgmall, deviating now by less than 10% from their dc values
different for different charge states of metal ions, with after triggering the laser.
shorter rise and fall times for lower charge states compared In contrast to this behavior of the dc ion currents, the
to those for highly charged ions. This behavior is illustratedtime structure of the pulsed @dg) currents does not de-
in Fig. 2A) for the production of C#" ions in an Ar plasma pend on the laser beam energy and, consequently, on the
at the gas pressure of X80 " mbar and 300 W of injected number of neutrals injected into the dischatgey. 4). Only
microwave power. The pressure was measured at the injethe amplitudes of the currents change for different laser
tion side of the source relatively close to the vacuum pumpbeam energies. Varying the parameters of the beam transport
The range of representation has been chosen such that thptics, small changes in the shape of the ionic pulses are
laser unit is triggered at 0.25 ms. Hence, the levels of the dobserved, with=10% variation in the rise time of the ex-
currents of Cd ions can be seen at the graph prior to thigracted currents. We assume that the disturbances of the ex-
moment. It is interesting to note that at least two time con4racted dc currents are not due to changes in the electron

these tests. We plan to repeat these particular investigatio

IIl. EXPERIMENTAL RESULTS
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FIG. 4. Pulses of C§" ions as obtained for different laser beam energies FIG. 5. Pulses of C§" ions after injection of cadmium atoms into an argon

under fixed conditions of the ECRIS. The laser beam energies were varied iIHCR plasma for different microwave powers. The values of the microwave

five steps from Slower curve to 30 mJ(upper curve power are indicated at the graphs in units of watts. The argon pressure was
2.7x10 " mbar.

density and temperature inside the dense core plasma, but

rather have to be ascribed to changes in the transpor00 W leads to a clear decrease in the extracted currents of
extraction conditions of the ions. In the following, we the high charge states. Simultaneously, the currents36f H
present pulsed currents of (dg) ions obtained at the maxi- and Cd®" ions, i.e., of the sputtered particles, increase under
mum available laser beam energies. these conditions.

In order to avoid plasma oscillations and instabilities due  The rise/fall times of the pulsed currents of metal ions
to extensive heating, we established the maximum microereated by laser ablation get faster if the microwave power is
wave power to less than 500 W. In these conditions, théncreased. This is especially pronounced for ions with high
optimal pressure of Ar for the production of ®Ar'?*  charge state€Z=10, measurable under Cd injectioffigure
ions in the Frankfurt ECRIS is in range of (1.5-3) 5 illustrates the typical dynamics of the slopes of the current
X 10~ " mbar. Simultaneously to the experiments on laser abpulses for the case of Cd injection into an argon plasma.
lation, the dc output currents of Af ions were also mea- Also, for the pulsed currents an increase of the ampli-
sured as a function of the microwave power. The measuretlides of the pulses is observed when the microwave power is
currents of Af* are given in Table I. Also, in this table the brought up from 50 to 400 W, whereas for higher microwave
currents of I-i* and Cd®" are given representing those ion powers the amplitudes decrease again and become less
species, the fluxes of which are generated by sputtering offtable. In Table I, the dependencies of the rise time of the
the chamber walls and the plasma electrode. For these epulsed currents of My ions representing low charge states
periments, no cadmium target was located inside the chanand Cd®" representing high charge states as a function of
ber for the measurements of dc currents. Cadmium atomihie microwave power are presented. The source conditions
entered the discharge only via the contamination of thewere slightly different for both cases due to replacement of
plasma chamber. The gas pressure in the source was abdbe target, which demanded an opening of the source be-
2.7X10 " mbar. The beam line optical elements were tunedween the two runs.
for the transport of AF". In these experiments, only very moderate changes were

It is seen that 400 W of injected microwave power is andetected in the rise times of the ionic pulses for low charges
optimal value for the production of HCI under the present(Mg®") when rising the microwave power above 50 W. The
conditions of the source: an increase of the injected microrise time of Mg+ decreased fromse=0.85 to 0.75 mgi.e.,
wave power up to 400 W results in an increase of extractedpproximately by a factor of 1.1, Table) ,lwhen the micro-

Ar ions with Z=7 and in a decrease of the lower chargewave power is increased from 100 to 400 W. For®¥ipns,
states. A further increase of the power to values larger tham,. was 0.4 ms in this range of microwave power. For the

TABLE I. Currents of AF*, H3", and Cd®" ions measured in dc modeithout laser ablation inside the champas a function of injected microwave power
for constant argon pressure.

Electric current of iongeuA)

P(c\)/\\,/v)er Ar2t Ard* Ardt Ars+ Ar8* Ar’* Ar8* Ar* Arlo+ Arllt Arl2t H§+ Cot8*
100 0.32 1.9 6.3 11.2 14.4 131 11.9 2.8 0.4 0.04 0.01 0.08 0.03
200 0.34 1.7 5.1 11.3 17.0 20.4 26.7 9.6 2.1 0.3 0.04 0.14 0.05
300 0.26 1.4 3.7 9.5 16.7 23.0 36.2 16.3 4.7 0.9 0.10 0.19 0.07
400 0.19 1.2 3.1 8.3 155 23.1 39.4 19.8 6.4 13 0.16 0.21 0.06
500 0.21 1.4 3.7 8.8 15.6 22.5 37.6 16.9 5.2 0.9 0.09 0.30 0.15
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TABLE Il. Total particle and electric currents of Ar ions, mean charge state of Arions in extracted
currents, rise times for pulses of Migand Cd®" ions as a function of injected microwave power for constant
argon pressure.

Total Rise time
particle Total electric Rise time of of Cdt®*
current () current () Mg®" ion ion pulses
Power(W) (puA) (euA) Zmear=le/1p pulses(ms) (ms)
100 10.7 62.5 5.8 0.85 12.0
200 14.7 94.8 6.5 0.80 10.0
300 16.4 112.9 6.9 0.75 9.0
400 16.7 118.6 7.1 0.74 7.8
500 16.2 113.3 7.0 0.73 7.5

higher charge states, the difference in the production rateson of the source pressure. The microwave power was 300
was more pronounced: for &1 ion pulsesr,, decreased W. The variations inre for Cd'®" are small at pressures
from 12 to 8 mg(i.e., by factor of=1.5) in the same range of larger than 1.5 10 ' mbar and become very large for low
power variation. pressures. Also, for Mg current pulses created in an argon

In the present status of tuning of the ECRIS, the meardischarge, the same tendency . was observed, but the
charge state of Ar ionsZmes) gradually shifts to higher shape of the MY pulses is more strongly affected by
values with increasing microwave pow@rable 1), until the  changes of the gas pressure at values above 1.5
plasma becomes unstable above 400 W of injected microx 10 " mbar. No saturation was observed for the rise times.
wave power. This instability manifests itself in a decrease ofThe time structure of C§" ion pulses(Fig. 7) reveals an
Zmean@nd in @ prominent increase in the extracted dc currentgicreased level of fast oscillations in the extracted current for
of H* and Cd®" ions. Fluxes of neutral jand Cd particles pressures above 2310’ mbar. Also, currents of other
into the plasma are determined mainly by the desorption o€harge states of Cd and Ar ions oscillate above this pressure
molecules and atoms from the chamber walls and the plasmaith amplitudes in a range of 10%—-30%. Varying the gas
electrodes under ion impact. Thus, the extracted currents gfressure, dc currents of & ions start to decrease already
these ions could be considered an indicator of how manyor pressures above &0 ' mbar, whereas Af currents
HCls hit the walls. These losses are clearly increased for rincrease up to pressures of 2.30 " mbar and then de-
powers of about or more than 400 W. It can be readily seewrease. Pulsed amplitudes of *€d currents reach their
from Fig. 5 that the amplitude of G&# pulses is decreased maximum at pressure of 510 ' mbar at the same pres-
already noticeably at 500 W compared to 370 W. sure as A" ion currents.

Analyzing the charge state spectra of Ar we calculate The “gas-mixing” mode of operatiotf has also been
that the mean charge states afg.,~7.0 for 500 W, tested during the injection of Cd and Mg atoms into the ECR
Zmea= 7.1 for 400 W, andz,,=5.8 for 100 W of injected discharge. Controlled addition of oxygen into the source re-
microwave power(Table Il). The current of A}* ions in-  sulted in an increase of the output currents fot?Arand
creases approximately by a factor of 3 when going from 100Ar'** by factors of roughly 2, with a simultaneous decrease
to 400 W(Table )), and almost the same increase is observeaf the extracted currents of lowly charged argon io@s (
for the amplitudes of C&" pulses. =<8). The pulse amplitudes of Cd/Mg ion currents decreased

Figure 6 illustrates the variation of the rise times for for all charge states, with a somewhat more pronounced de-
Cd'8* jons (left scalé and M@ ions (right scalé as a func-

20 : : : I . . 2‘0 T T T T T T T T T T T T T T T T T
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FIG. 6. Rise times of the current pulses of*€dions (closed circles, left  FIG. 7. Pulses of Cd" ions in a pure Ar discharge as a function of the gas
scale and M@"* (open squares, right scalas a function of argon gas pressure. The values of pressure are indicated at the graphs in units of
pressure, at a constant microwave power of 300 W. 10" mbar. The microwave power is 300 W.
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IV. DISCUSSION
0.20-

When the laser-ablated neutrals pass through the ECR
< 015 plasma, they are ionized by electron impact. Being captured
=3 in the plasma, these lowly charged ions begin to increase
f: their charge step by step in electron—ion collisions, whereas
s 0.10- the total content of injected particles in the plasma gradually
= decreases due to ion losses to the walls and to ion extraction.
3 0054 The ionization times for ions are inversely proportional to

neX(ozv), wheren, is effective density of electrons, and
0.004 (ozv) is the rate coefficient, i.e., the product of ionization

cross section for an ion of charge staie- and electron
velocity averaged over the distribution of the electron veloci-
ties. A higher electron density results in a shorter ionization
FIG. 8. Currents of CB*15*18" in pure argon plasm@lashed-dotted lings  time. The ionization cross-sections decrease rapidly with
and_in oxygen gas-mixing modsolid lines. The charge states of the ions increasingZ, and, in general, the higher the charge state of an
are indicated at the graphs. . . . . . .
ion, the longer will be the time that is required to produce it.
The curves of Fig. 2 illustrate this step-by-step production of
crease for the lower charge states. The rise times did naons in the plasma, where different rise times for different
change noticeably. The pulses of Cd ions wtk-13, 15, charge states can be directly observed.
and 18+ are presented in Fig. 8 for pure Ar as working gas ~ We carried out numerical calculations to simulate the
optimized for the production of Af' ions (pressure-1.5 ionization dynamics for magnesium ions using the fit for-
x 10" " mbar, microwave power—400 W, dash-dot lines atmula for the rate coefficientsrv) given in Ref. 14, where
the graph, and for the operation in gas-mixing mode for the Maxwellian velocity distributions are assumed. Unfortu-
same power at a total gas pressure ob3lB ' mbar. The nately, the data of Ref. 14 are given only for elements up to
gas mixture was optimized for the extraction of'Arions.  Ni. Hence, we were not able to estimate the cadmium ion
Note that the currents are presented here in particle micrggroduction in this simple model. Besides the loss channel of
amperegpuA) to show the dynamics of particle losses moreionization, no other ion losses are taken into account in these
clearly. calculations. The rise times for the creation of ion species at
The influence of the biased-electrode voltage on the given electron density inside the ECR plasma, as obtained
shape of the ionic current pulses has also been investigateby this simple approach, are presented in Table Il for Mg
As it has been reported alreatiyno changes were observed ions of different charge states as a function of the mean
in the rise/fall times of the pulses. We also studied the influelectron temperature. The electron density was fixedto
ence of pulsing the biased-disk voltagen the dynamics of =7.5x10"cm 3. All calculations were started with the
metal ion production. In this case, without laser ablation, busame level of density of neutral Mg atoms. No further dy-
exposing the Cd target to sputtering by the ECR plasma, aamics of atom and electron densities, e.g., additional time
pulsed increase of Cd ion currents over their dc level waslependent fluxes of neutrals into the plasma, had been taken
observed. This behavior was especially pronounced for theto account. The extracted currents are directly proportional
highest charge states. Pulses of€dions with amplitudes to the ion densities inside the plasma. The experimentally
exceeding the dc level by factors of 2—3, could be producedneasured shapes of Kg®>" ion pulses as representatives of
by switching the bias voltage from+300 to —500 V in a  low charge state ions are best reproduced by assuming the
step-like manner for approximately equal periods of timeabove-mentioned electron density and an electron tempera-
with a bias modulation frequency of 1 kHz. A more detailedture in the range of 1-3 keV. No better fit f is possible
description of these measurements will be given in a forthwhen only low charge states are analyzed.
coming article. From Table Ill, it can be deduced that the production

time, msec

TABLE lll. Model calculations of rise times for the ion densities of magnesium ions as a function of electron
temperature. The electron density is OZED* cm 3.

Calculated rise time of ion pulséms)

Electron Electron density—0.7810cm ™3
temperature

(Te) (eV) Mg* Mg®* Mg®* Mg™* Mg®*
200 0.83 1.94 4.64 8.61 R
400 0.52 1.13 2.33 4.03 8.46
500 0.48 1.01 2.03 34 7.21
750 0.42 0.87 1.69 2.79 5.53
1000 0.4 0.79 1.54 2.54 4.94
1500 0.4 0.75 1.42 2.32 4.5
2500 0.4 0.75 1.41 2.25 3.54
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rates for low charge states of Mg iortid+, 5+) are not W. For even higher powers,, decreased again.
affected by changes of the electron temperature at values In our experiments, we observed that the rise times of
above 400-500 eV. The higher the ion charge, however, th€d/Mg current pulses always decreased with increasing gas
more pronounced is the influence ®f on the ionization pressure or injected microwave power. Lower ion charge
dynamics, and, e.g., for Mg ions, ther, values are not states (M§") turned out to be more sensitive to changes of
expected to saturate even affaas high as 2500 eV. The the gas pressure and exhibited only a rather weak depen-
ionization times are inversely proportional to the electrondence on the microwave power. In contrast to this, the pulse
densities. Thus, at electron temperatures above 500 eV, tlshapes for ions in higher charge states & are affected
changes in the rise times of Mg pulses, as shown, e.g., in most by changes in the microwave power level, not by
Fig. 6, are indicative of changes in the electron densitychanges in the gas pressuiEable Il and Figs. 5 and)6
rather than in the electron temperature. Setting a too high level of the microwave power or of the gas
Theoretical predictions of charge state spectra after inpressure resulted in a decrease of the output of HCI and in an
jecting short pulses of Cd and Zn atoms into an argon ECReXxcitation of plasma instabilities. However, no larger ioniza-
plasma have been obtained previously by solving the nonlintion times have been observéeigs. 5 and 7.
ear set of balance equations for ion production/losses. The From the above, we conclude that, for a fixed gas pres-
applied model is described in Ref. 15. It was found that thesure, an increase of the microwave power does not result in a
rise/fall times for the lowest charge states may be fitted bysignificant increase of the electron density but in an increase
assuming mean electron temperatufies=0.5—-1 keV and of the effective electron temperature enhancing the produc-
electron densities af,~5x 10t cm ™2 for the Frankfurt EC-  tion of highly charged ions. When the gas pressure is in-
RIS. creased, the electron density is increased too. From the fact
Simulations of the bismuth—ion pulse dynamics for thethat the rise time of My ion pulses decreased by a factor of
Argonne PIIECR under laser ablatforesulted in an electron two when the gas pressure was increased from 1.7 to 3.4
density in the range of 410"-6x 101 cm™3 and electron X 10" " mbar (Fig. 6), one can conclude that the ratio of the
temperatures between 1.5 and 4 keV. The rise time f6¥Bi €lectron densities is roughly proportional to the ratio of gas
was measured to be about 10 ms, quite close to our valugdessures. The production rates of highly charged ions are
for Cd*®* of 8 ms. It was also noted that the decay times ofnot changed, however, which can be explained by a decrease
highly charged iongBi?®* and B**) could not be repro- ©f the electron temperature, which compensates the increase
duced by simple electron-impact ionization/charge-exchang@f the electron density. This is consistent with the results of
recombination models, but that ion escape processes also hanulation of ECR plasma given in Ref. 17.
to be taken into consideration. Indeed, for high charge states, The production rates for Cd ions are not changed signifi-
the production/recombination processes are predicted to g&@ntly by adding oxygen into the argon ECR discharge. The
in equilibrium. Hence, the decay of a pulse is determined bylecay times of the ion pulse for €d are noticeably in-
the escape of the ions from the plasma. The same observeased, while the amplitudes of the pulses are strongly re-

tions were made when modeling the Cd ion dynamics in oufluced, especially for cadmium ions with lower charge states.
previous publicatiofi. This indicates a reduction in the loss rates of ions during the

In contrast to the above, the dynamics of ions of lowiOnization avalanche, and increased confinement of the ions

charge states is not determined by the ionic escape from tH the plasma. More detailed studies of the dynamics are
plasma, but by the ionization probabilities. However, as cafequested. However, for this purpose an improved stability
be deduced from Fig. 2, at the latest stages of the ionizatioff Operation of the Frankfurt ECRIS is essential. We plan to
avalanche, when the density of the injected neutral particle§ontinue these experiments.

should already be negligible, the currents of the cadmium
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