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Charge-state changing processes for Ne ions passing through thin carbon foils
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We report on a method to measure charge-changing cross sections for ions passing througim matter
nonequilibrium conditionsThe charge states of an initial distribution are separated by applying a high voltage
before they penetrate thin carbon foils; the charge states after those foils are identified using a high resolution
magnetic spectrometer. Thus the full matrix of cross secti®(s ,q;) and energy losseAE(q;,qs) is
obtained. The data are compared to calculated charge-state distributions based on microscopic cross sections
for charge-changing processes in individual interaction steps and with a Monte Carlo simulation.

PACS numbe(s): 34.50.Bw, 79.20.Rf

[. INTRODUCTION usually have not yet reached the equilibrium charge-state
distribution with a mean charge staig,, and hence suffer a
The proper understanding and calculation of the processesmaller or higher energy loss, depending on whether the ini-
occuring when ions pass through matter have been the subial charge state is lower or higher thag,. For these appli-
ject of intensive studies since the early work of Bethand  cations it is of importance to have a detailed knowledge of
Bohr[2]. In their investigations, the energy transferred in anthe charge-changing processes in the first layers of the ma-
atomic collision, and the specific energy loss for ion energieserial studied. These are also of general interest for under-
where the electronic energy loss dominates, were calculatestanding of the passage of ions through matter. In the present
by assuming a certain charge state of the ion. In general, amork we report on a method to measure charge-changing
effective charge statg.s; has been introduced in order to processes and energy losses of ions in dependence on the
describe the energy loss of ions in matter. The effectivanitial and final charge states. These quantities are measured
charge is a semiempirical quantity, which takes into accountor various thicknesses of target foils, which will define vari-
that an ensemble of ions develops a charge-state distributiayus situations, nonequilibrium and the transition to equilib-
during the passage through matter. It represents a weightedim conditions. The results will serve to model microscopic
average over the various charge-dependent energy losses.theories in order to calculate the specific energy bEsd x
practice,q3 is used as a scale factor for the well known of ions in very thin layers.
stopping power of protons at the same enefdgy But it

bec_omes a useful quantity on_Iy after sever_a_l charge-_changing Il. EXPERIMENTAL METHOD
collisions—at the charge equilibrium conditions. Various re-
finements of the well known Bethe-Bloch formu2] for the In our measurements we use the high resolution magnetic

specific energy losd E/dx have been made over recent de- spectrometer Q3ID9], which we have been using for the thin
caded4,5], usually by introducing correction terms, as, e.g.,layer ERDA method at the lon Beam LaboratdI$L) at the
by Lindhard[6]. Essential ingredients in these approachediahn-Meitner-Institut. The principle of the method presented
are the individual charge-changing collisions contributing toin the present work is based on the production aharge-
the final energy loss. The semiempirical approach for thestate distributionof the incoming ions by a first, thin scat-
specific energy loss of Zieglet al.[4] gives a good descrip- tering foil and aseparation of the incoming charge statgs g
tion in the case of equilibrium charge states; however, it ha®y applying a potential difference between this foil and a
its limits, e.g., for rather thin layers, where charge-changingecond target foil as shown in Fig. 1. The transmission foil is
collisions are not in equilibrium. used to study the processes of interest; the ions penetrating
Another important aspect, which was apparent in the earlyhe foil lose energy and change their charge state with high
work, is the strong variation of the electron-capture andprobability. Energy analysis of the transmitted ions is ob-
electron-ionization probabilities for given electronic configu- tained by a position-sensitive detector in the focal plane of
rations in atoms as a function of the relative velocities. Atthe spectrometer, which selects one outgoing charge state
energies higher than 1-2 MeV/u the ions are ionized in they; .
higher shells and change their charge state rather quickly. With this setup an intrinsic energy resolution &E/E
Under these conditions equilibrium is reached for material=4x 10" * was obtained. For this particulas, we observe
layers up to 5@g/cn? thickness. several peaks in the focal plane spectrum, which are sepa-
The analysis of thin(10—-100 nm layer samples with rated by the energy differendeE,;=AqgX U, corresponding
ERDA (elastic recoil detection analygigsing a high resolu- to different initial charge stateg;, as shown in Figs. 1, 3,
tion magnetic spectrometer has reached depth resolution limand 4 below. The intensities of the relevant lines, with vary-
its of about 1 nn{7,8]. In these thin layers the incident ions ing g; and fixedq;, give the charge-changing cross sections;
the whole matrix ofo(q;,q;) is obtained by selecting the
corresponding magnetic fields for the differeptvalues. In
*Also Fachbereich Physik, Freie Universigerlin. addition to the charge-state distribution, the energy loss
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FIG. 2. Charge-state distribution 6fNe at 2 MeV/u after the
scattering foil.

——""T73

q;=6"-10*

Ei(@) q;=8" Q3D states are shown .for.fc')ils varying in thickness between 0 and
E (99 18 ugl/cn?. The |nd|\_/|dual peaks for each ch_arge state
are well separated with an applied potential differencé of
FIG. 1. The principle of the method to investigate charge-=80 kV. The upper diagram shows the single line without
changing processes and energy loss as a function of the incomirthe transmission foil. The subsequent graphs show the spec-
(g;) and outgoing @) charge states of the projectile. A potential tra in the focal plane of the magnetic spectrometer Q3D with
differenceU is applied, which allows energetic separation of ionsincreasing energy loss due to the increasing foil thickmkss
with different initial charge stateg; in front of and the same final as indicated. Five lines can be identified, frap=+6 on
charge statej; behind the transmission foil. the left side up tay; =+ 10 on the right side. We observe a
broadening of the individual peaks with increasing target
AE(q;,q¢) can be determined for the same parameter spacéhickness due to straggling effects and a shift due to the
g, and g;. In the setup we used a thin layer of Nb energy lossAE(q;,qs,d). By unfolding the observed peaks
(8 nglcn?) evaporated on a carbon backing f@/cn?) as  we are able to extract the peak positior the energy logs
scattering foil. This foil produces a charge-state distribution
from the incident beam from the accelerator, which usually 1200

2 12
has a charge state far from equilibrium. It has to be a very 0 pg/em® *C
thin and homogeneous foil so as to preserve the good energy 600 -
0

resolution of the primary beam. The scattering angle is set in
such a way that the count rate in the focal plane of the spec-

trometer is kept below a few kHz. By varying the thickndss 3.9 ug/cm? ¥C
of the transmission foil, the measurement allows the deter- 400
mination of two important quantities: the charge-changing 2004

cross section for each pair of andq;, o(q;,qs), and the =
energy lossAE(q;,q;,d) with the same selection of charge ™~ 0 6.6 ug/cm? 2C
statesq; andq;, as a function of foil thicknesd. c|c|> 400 -
oF 200+
lll. THE EXPERIMENT: Ne IONS IN C FOILS o o
. = 9.5 2 ¢
The present study was performed wittfAle beam at an < 400 4 pe/cm

energy of 2 MeV/u, accelerated in a charge statgoef+3
in the cyclotron at ISL. At this energy the equilibrium charge 2009
state in the carbon medium is approximately given dy 0 15
~8.5. The beam was scattered on gu8tcn?-thick Nb 400_18’4 pg/em?®

layer evaporated on a self-supporting C foil ofuf§y/cn?

thickness. The measured charge-state distribution after this 200
scattering foil is plotted in Fig. 2. It serves as the initial oA

charge-state distribution for the transmission foil. The dis- 750 800 850 900 950
tance between the two foils was about 30 cm, long enough AE [4,5 keV/ch]

for all ions that left the scattering foil in an excited state to Exp

decay before they reached the transmission foil. FIG. 3. Energy spectra 6Ne ions with an energy of 2 MeV/u

In Fig. 3 and Fig. 4 we show two examples of measuredhng final charge statg;= + 6, normalized to the same integrated
spectra for final charge stateg=-+6 andqg;=+10. The  current as the incident beam, after passage throutft aransmis-
spectra are normalized to the same integrated current as tB@n foil with varying thickness as indicated. The peaks for different
incident beam(normalization factomNy). For two givenq; g; are shifted due to the potential differentk as explained in
values (+6 and +10) the yields for individualg; charge Fig. 1.
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FIG. 4. The same as Fig. 3, but fgf=+10.

and its integral(for the charge distributionfor each foil
thickness and for each;. The information obtained from
this procedure is the energy loss as well as the charge-state
changing cross section as a function of target thickness and
initial charge state, which allows us to study the evolution
toward equilibrium for eachy;. The result is compiled in

Fig. 5 for the charge stateg=+6, +7, +8, +9, and+10,
where the fractiongpercentagesof each charge statg are
shown as a function of the target thickness. The plotted error
bars represent the statistical errors. The evolution of the
charge-state distribution with increasing foil thickness can be
clearly seen in the spectra. The equilibrium distribution at A 5 ; 5
d=50 ug/cn?, which is known from other work10], has i thickr%ess d%/cmf']
also been verified in a separate measurement.

FIG. 5. Charge-state distributions féfNe at 2 MeV/u for dif-
IV. ANALYSIS OF THE CHARGE DISTRIBUTIONS ferent initial charge states; (+6 to +10). The symbols show the

measured values, the lines represent results for the charge-state

For the Int_erpretatlon of these r_esults, model CalcuIa’“On%ralctions from the solution of the rate equations with the cross sec-
can be done in two ways1) by solving the coupled-channel ;s given in Table I.

rate equations for the individual charge-state probabilities

[11], or, (2) by a Monte Carlo calculation, following the o 4jf interaction processes and for each possible electronic
history of each ion on its way through the foil with the com- ¢snfiguration of the penetrating ion must be entered. These
plete set of cross sections for different electronic configurag,gss sections are electron capture (radiative and radia-

tions at each interaction ste}8]. In this study both ap-  iqnjesg, jonization from a shellg;,,, excitation from one
proaches have been pursyé&d. First we dlscuss briefly the gyl with quantum number, to a higher shelh;, o, (for
results of the model of Rozet al. [11], which are actually shells withn,=<3, for excitation ton;=4, o, is added to

shown as full lines in Fig. 5. gion by estimatingo,, for n;=4 and using a H® scaling
law for higher shells and Auger and radiative decay. We
used the codeTACHA [11] to calculate these cross sections
for hydrogenlike configurations and then to scale them for
For calculation of the charge-state distribution, wherethe proper ionic charge, taking into account the screening
rates of charge-changing processes enter, the cross secticffects of the residual electrondl1,12. The data are very

A. Description of the charge-state distributions by solving the
rate equations
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TABLE I. Calculated cross sections (1€ cn) for the atomic  sitions (1s— 2p,2s—2p), are comparable to,, and are
processes of Ne projectiles in their respective charge states in th@ostly followed by the ionization of the excited electron.
ground state or with one electron in a higher slielarked with %

passing through carbon. B. Monte Carlo simulation of the charge-state distributions

o +6 +7 +8 +9 +10 The second way to describe the charge-state distributions
is a Monte Carlo simulatiodMCS). We used the same rou-
tines as in ETACHA to calculate the cross sections for the

ac(1s) 115 221

oc(2s) 46.7 106 135 160 processes listed before for all possible electronic configura-
o¢(2p) 152 174 197 251 298 tions, distributed over thi, L, andM shells. Starting from
oc(3s) 11.0 19.1 30.5 48.8 720 3 given configuration, namely, the ground state configuration
a<(3p) 18.5 32.1 514 81.9 121 for the incident charge states, we calculated the cross sec-
o¢(3d) 7.3 12.8 204 325  48.0 tions and the rates mentioned above. With the random gen-
Tion(19) 143 135 126 50.1 eratorRANLUX [15] we determined for each step of the pas-
Tion(28) 2370 1060 907* 757* sage through the foil with a step size of Quy/cn?, whether
Tion(2p) 1370*  1200*  1000* 838* a charge exchange occurred or not, and, if yes, for which
Tion(3S) 3150*  2890*  2620*  2330* procesgcapture, ionization, excitation, or degain the case
Tion(3P) 3260*  3000* 2720*  2430* that a transition had occurred, a new set of cross sections
Tion(3d) 3300*  2980*  2700*  2450* according to the new electronic configuration was calculated
Tex(15—25) 6.9 13.5 6.1 for the next step. The number of steps varied from 39 for the
e (15—2p) 75.5 72.0 68.4 28.3 thinnest foil to 185 for the thickest one. Smaller step sizes
0 oy(15—39) 29 28 28 1.3 have been tested, but have not led to different results. The
0o d15—3p) 14.4 13.7 12.9 53 simulated charge-state distributions obtained in this way
To(15—3d) 1.4 1.3 13 0.5 agree well with the data as well as with the distributions
To(25—2D) 2070 1030 1030*  1030* from the rate equauoqg. Hov_vever, in this description of the
7o (25—39) 151 72 66+ 56+ processes we get addI.tIOI’I.aJ information about the passage of

& . . the ion through the foil. Figure 6 shows as an example the
Tex(25—3p) 206 99 93 81 . : , ot

details of the MCS for a Ne ion with an initial charge state

Tex(25—3d) 598 279 253* 210* - . . n? thick-
ood2p—35) 40 35+ 30 6+ qi +1SO passing tr:]rough acarbog] f0|lfof 3@10 t |ch o
e(2p—3p) 9o o 7 g1+ ness. Starting with a given number of particles on the left

side, an upward branch shows the number of ions that have
captured an electron. A horizontal branch points to the num-
ber of projectiles passing the foil without further charge-

changing reaction, and a branch downward indicates how

sensitive to the values of the cross sections, in particular in . : .
o any ions have lost an electron. At the very right side, the
those cases where a fast change of the charge yield is ob-

. . i inal charge states after 39 interaction steps are plotted in
served in th‘? thinnest Iayer_ Of. 3g/cnt . In a first attempt angular brackets. We can see that out of 1 million incident
we got a quite good description of the data for loy(+6

and +7), indicating that the ionization and excitation cross particles, 183302 traverse the foil in a frozen charge state,
' 9 that is, about 43% of all the ions with the final charge state

sections were correct, but there were obvious discrepancie — +10. Of the 816698 particles that have captured an

;'?;tqi;;slo\'/vvéhsgic?n(ljyegleiﬁgf ?hgagzt;féel;ggrf:tfsréngpoeelectron, 327036 lost it again, but only half of them crossed
! PS- u u ptu YRe foil without any further charge exchange. The other half

ﬁiftfnsrgz\rfatt?ogefg?F;g;ﬁsi'ssf%tglégiﬂ Susseutheesetllgg- b captured another electron. 32 957 of these ions were ionized
PP bro) 99 Yonce more and left the foil again with;=+10 (7.0%.

Ei_chler [13]_for Fhe capture calculations. Th? predictions 0f129 380 particles captured two electrons before they lost them
IEEC?ﬂﬁ{f?jgﬁg?;;?égewg\e/g"j: hl?ohxi?:tzggévv\\;g\r; tgﬁfe 0again (7.8%. With this detailed picture a detailed assess-

. . ppro : ' ent of the energy loss as a function of charge states in thin
give too small cross sections for an intermediate energy of 23"5 also becomes possible

MeV/u. So we have used the values from the CD\W4]

and got satisfactory agreement with the data in Fig. 5. We
would like to point out that there is no fitting parameter in
this description. The cross sections we used to calculate the Detailed knowledge of the charge-changing processes
curves shown in Fig. 5 are compiled in Table I. From theseduring the transition of ions through matter is an important
cross sections and from Fig. 5 we can identify the processesspect of the energy loss of the ions. In the following discus-
that contribute most to a change of the charge stéigsr,, sion we consider as an example the energy loss for the tran-
the capture cross sections fgr=+9 and +10, are large sition q;=+ 10 andq;=+10. As long as thé’’Ne ions are

into electronic states that are velocity matched for 2 MeV/uin a charge state lower thah10, they have a smaller stop-
(mostly transitions into & and ). (2) oi.,, IOnization  ping power, and so they will modify the finite value of the
cross sections from the higher sheli® particular from  energy lossAE(qg;= +10,q;= +10) of ions without charge
2p,3s, and higher statgsare large(3) oy, the dipole tran- exchangefrozen charge stateOur measured results for the

Tox(2p— 3d) 362% 343+ 317  210*

C. Charge-state-dependent energy loss
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4682 1422 <7+> B 8t -
2800 —~ 150 s -
q—q1 57602 €— 12152 =< - -- oo oaoooooe <7+> o * 7t AX(10%) _~-
588 I_ + 7% e
(¢ -capturc) 6490< 251 <Ta> Fi0| & 6 2 -
3751 o o K/ =
q q--q 39207 14862-~------- < 84+> ?3/- s0- /§ X 7+) |
17855< 10358 <9+> o A
q—g+1 30027 70148 -------mmmmmmmeeaeeeaes <8+> oE=—7 T T
629 0 5 10 15 20
(e -loss) 7501 < 2639 <7+> thickness [pg/cm?]
E 4233
48923 1938¢---<-~=-~-~ <8+> X
4574 FIG. 7. Measured energy loss of 2 MeVfiNe for different
22042< gﬁ? <> charge stateg;=q; as a function of the thickness of the carbon
172524— 77664---------===-=-- P <9+> foils. The solid line represents the energy loss calculated in the
16557< 9291 <9+> conventional way using the values for the charge-state equilibrium;
159372 — 20380 28 oes the dashed lines are drawn to guide the eye. For illustration we have
7.0 %) marked by arrows the energy loss error and thus the foil thickness
BIGEOBI— 189388 -oommmoommmmmme e rnn e <9 difference AX between theAE value represented by the full line
6139 §§Z? <T+> and our measurement fof= +7 andq; = + 10, respectively.
42730 17022 ---===-~~ < 8+> . i
< 3760 However, those ion§24%) that captured an electron in the
19569< 11835 <9+> .
3965 1s shell will change the measured value the most.
1659800 — 744427= == - momom oo so0n T In Table Il we give a compilation of quantities of this type
i 1585 ;3“9; <9+ for understanding the energy logsE(q;=q;). We have
43808 32957 ---<----- <10+> listed the percentage values as in Fig. 6 for all measgred
27036 161086-n-n e mmmmeen 8% . ans>  A“c’ symbolizes an electron capture; “I" is for the ioniza-
(38,0 %) tion process. According to the argument given above we can
1000000 183302----=--~==--------------cesecccocncaooooooonoo <10+> . .
433 %) conclude that the measured valued\d for the thinnest foil

_ _ _ in Fig. 7 and for the charge statgs=+8 to +10 corre-
FIG. 6. Monte Carlo simulation of the passage offdle ion at  spond mainly to the frozen charge states, whereas the values

2 MeV/u and an initial charge statg= + 10 through a 3.8.g/cn? for g;=+7 and +6 were generated mostly by the charge
thick carbon foil. The branching for each interaction step is eX-state +8. Hence. the fractional stopping powers cannot be
plained in the upper left. The values in parentheses indicate thaetermined direc;tly from the slopes of the curves in Fig. 7
percentage of ions with respect to the total number of ions in thebecause the contributions toE from the charge-state fIUC.- '
final charge stat@; = + 10 (bold numbers The final charge states tuations increase with the foil thickness, so that A€ val-
at the exit from the foil{q¢), are indicated on the right side. - . . ’

(a0 g ues for the thicker foils differ from the frozen charge-state

energy losses.
charge dependence of the energy lasE(q;,qs,d) are
shown in Fig. 7, where from our complete matrix only the V. CONCLUSIONS AND OUTLOOK
energy losses fog;=q; are shown. In order to estimate the '
influence on theAE values of those ions that had some  With the method presented here it is possible to investi-
charge-state fluctuations before they left the foil with we  gate efficiently the charge-state distributions and energy
have to take a look at the cross sections of Table I. For the
. TABLE Il. Percentage of?Ne ions withg;=q; that have suf-

charge stat&loowe see that most electrons ars captured |ntc1zelre d charge-changing fluctuations in a carbon foil of @dicn?
the 2p shell (32%), followed by the b shell (24%) and the thickness. c, electron capture; |, electron loss
2s shell (17%). The electrons in the [2 shell are ionized " v '

with high probability[ ojon(2p, +9)=838x 10" cn?] and  pocess +10 49 48 47 46
those in the 28 shell also [oj.,(2s,+9)=757

X 10 2% cn?]. For the % shell there is another very high no 43.3 46.5 52.9 135 2.9
cross section leading to the depopulation of tlsecBnfigu- ¢l 38.0 344 29.3 12.7 3.5
ration: the excitation to the 2 shell [0, (25—2p,+9) I-c 2.8 55 40.2 30.5
=1030x 10" 2° cn?]. Those large cross sections especiallyc-c--| 7.0 5.1 3.1 15 0.4
lead to small mean free path valuegh (2s)=0.9 ug/cn?, c-l-c-l 7.8 6.2 4.4 34 11
N (2p)=1.7 ug/cnt], whereas the ground state configura- c-I-I-c 0.8 1.1 6.0 4.5
tion is much more stablé\(1s)=23.1ug/cn?]. Conse- |-c-c- 0.5 0.8 5.3 4.6
quently, the particles that left the foil witlj;=+10 but  |-c-I-c 0.5 0.8 8.0 12.1
which were temporarily in the charge stat®, where the |.cc 0.1 2.2 21.0
electron was captured into a higher shels @ 2p), will not g and more 3.9 3.2 2.0 7.2 19.5

influence the AE(g;=+10,q;=+10) value too much.
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losses of ions in thin foils as a function of initial and final accelerator. Those measurements have estimated only the en-
charge state. These quantities were measured for Ne ions @tgy losses fog;=q;. Our method allows us to measure the
an energy of 2 MeV/u penetrating carbon foils of varyingenergy losses for all combinations of incident and final
thicknesses (3.8-5@g/cn?). The measured charge-state charge states. These data can now be put into a quantitative
evolutions for different initial charge states6 to +10) can  relation to the elementary processes by using the full matrix
be described by solving the rate equations; the needed crogs +(q.,q;) and AE(q;,q). The aim is to eliminate the
sections were calculated. We got satisfying agreement witontributions to the measured energy losses of those ions that
the measured data without any fitting parameter. With thesgaye undergone charge-changing fluctuations, and to extract
cross sections a Monte Carlo simulation code was written t¢rgzen-charge-state stopping powers. Finally, it should be
investigate the charge-changing history of the ions duringossible to estimate the energy loss of ions with high preci-
their passage through the foil. In connection with the measijon, even in very thin layers, where charge-state equilibrium
sured energy losses for ions that enter and leave the foil witls not yet reached. This will give a reliable basis for appli-
the same charge staig,=q;, we were able to estimate the cations of ion beams using ERDA for the analysis of very
contributions of those ions that suffered several charge-stai@in fiims in the nanometer range as discussed by Dollinger
fluctuations to the energy loss of those ions that passed th& a).[7,18]. In addition to this, the technique described here
foil in a frozen Charge state. This investigation led to theW||| give experimenta| access to detailed data on the pro-

conclusion that the stopping power for frozen charge stategesses governing the passage of ions in matter.
could not be extracted from the slopes of the measured en-

ergy loss data. This point will be the subject of a future
study. . . . . ACKNOWLEDGMENTS
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