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In Coster-Kronig electrons from the autoionizng Rydberg states of 64 Mé&Viéns excited through He gas
and very thin C-foil targets, several peaks have been observed in the electron energy range up to 2.5 eV. To
obtain a better understanding on low-energy electron production mechanisms in such collisions, we synthesize
the expected electron spectrum by assuming that the spéetratgy distribution of each line can be ex-
pressed with a Gaussian profile with proper resolution and compare that with the observed spectrum. Two
theoretical methods, namely, the perturbation theory oftexpansion(MZ code and multiconfiguration
Hartree-Fock metho@Cowan codgare used to calculate Auger electron energies and rates. It is found that the
1s2p15-1s2s'S, 1s2p13-1s2s3S, 1s?2p9l-1s?2s, 1s22s2p9l-1s22s?, 1s22p?71-1s22s2p °P,
and 1s?2p?91-1s?2s2p 1P decays give a significant contribution in the electron spectrum near threshold in
the range of 0—-2.5 eV. Synthetic spectra have been found to reproduce the observed spectra reasonably well if
the ion charge distributions are taken into account properly. Based upon the synthetic electron spectra from
particular core configurations best fitted to the observed spectra, we have inferred the ion charge “inside” foils
which can be compared with the well-established equilibrium charge “after” foil.
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. INTRODUCTION 1s22s2p9l —-1s?2s?,  1s?2p?71-1s22s2p 1°P, and
1s22p?91-1s?2s2p 'P. Two theoretical methods, namely,

The present paper is a part of our continuing effort tothe perturbation theory of th&-expansion(MZ code [4,5]
study the Coster-Kronig electrons emitted from high-energyand multiconfiguration Hartree-Fock methcdowan codg
highly charged ions colliding with gas and thin foil targets [6], are utilized to get the atomic data necessary for the
[1,2]. We had previously measured these electrons when thHeresent analysis. First, assuming the Gauséistribution
64 MeV §* (gq=6,11,12,13) ion passed through either HeProfile for each transition and summing up all the possible
gas atoms or carbon foils. At first we tried to identify only transitions, we synthesize the electron spectrum for each de-
the energy of the observed peaks by comparing the calc@y Of ions with specific charge statq<11,12,13). Then,
lated values based upon the quantum-defect thESIryFur- comblnmg these results with pro_perly yve|ght|ng factors for
thermore, to identify the observed Auger electron peaks anyarious decays of each charged ion, it is found that the final

compare the energy distibutidspectrun. the electron en- /T BIE 2N PR SR SRR O levance
ergy for the singlet and tripletsf2pnl(n=9-20) states of P i P

. . . of the observed electron spectrum to the ion charge distribu-
S*2* jons was calculated using theZléxpansion methofi] P g

(see details later It was pointed out that not only the pri- tions inside foils.
mary four-electron ($22p9l) states but also three-electron
(1s2pl3 and 1s2pl19) states as well as the five-electron
(1s?2s2p9l, 1s?2p?7l and 1s?2p?9l) states had to be
taken into account to reproduce the observed electron spectra The present experimental apparatus has been described in
from S'2* ion collisions[2]. detail [7], and only a brief description is given here. The

In the present paper, we observe the electron spectruirero-degree electron spectroscopy technique was applied to
from 65 MeV S2?* ions passing through He gas and carbonmeasure the electrons ejected from projectile iofis. iBns
foil and furthermore perform more detailed calculations ofwere accelerated with the tandem accelerator of the Japan
the Auger electron energy and Auger rates for the followingAtomic Energy Research Institute, Tokai, and poststripped
decays over the electron energy range of up to 2.6 eV tthrough a carbon foil of 10ug/cn? and, then, the ions of the
understand the  electron  emission  mechanismsiequired charge state were selected with a magnet. The pro-
1s2p15-1s2s'S, 1s2p13-1s2s3S, 1s?2p9l-1s22s, jectile ions were collimated to a diameter of 2 mm, and col-
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1.5 of 1/Z-expansion seriesZ( is the nuclear chargeand the
T S, H calculation of every coefficient of this series is carried out by
1.4 +He - -
means of the Feynman diagram technique. An advantage of
| ~ ‘-.l""..,_ this method is that the coefficients are constant for the whole
isoelectronic sequence and depend only on the electronic
/ \ state. We note that mixing of configurations inside one com-
" '\ plex is taken into account by the first-order coefficients of
/ . the series. The complex of states means a group of configu-
Iy \ rations with the same parity and the same set of the principal
o~

1.3 1

1.2 4

1.1 1

Relative intensity

10 quantum numbers €2s?2p+ 1s?2p3, for examplg. The
) ’ mixing between configurations of different complexes is
094 L g » taken into account with the second- and higher-order dia-
s e grams of the perturbation theory method. The Breit operators
08 .. - T . T . . . . are responsible for the relativistic contribution. The radiative
0.0 05 1.0 15 20 25 corrections(Lamb shify and high-order relativistic contribu-
Electron Energy (eV) tions are also taken into account in MZ code. We will not

i : discuss calculation of all Z/ coefficients in detail herésee
FIG. 1. Experimental Coster-Kronig electron spectrum of sulfur[4 5] for detailg &

ions. The electron energy is in the projectile frame.

In Table Il we list and compare the Auger electron ener-
lected in a Faraday cup after collisions with He gas or carbo 'S,f of the 52pni .Rydberg states witim=13 and 15 for

A . : calculated using MZ and Cowan codes. It should be
foil with a thickness of 2.2ug/cn? to integrate the total .

; ) . . .noted that the atomic structure code of CoW@henables us
number of ions. The electrons ejected into the ion-beam di; | hich v i d ith
rection were measured with a tandem 45° parallel plate ele(;[-0 get results which are generally in good agreement wit
tron spectrometer. To get better energy resolution, the secont perimental energies by scaling the electrostatic Slater pa-

P - 100 9y ’ rameters to include the correlation effe¢iindzolaet al.
analyzer was set to pass only 50 eV electrons through, an

thus, electron spectra in the laboratory frame were obtaine ). We use the scaling factor of 0.92 in the present paper. It
' . P ; ) y . an be seen from this Table that the discrepancy between two
by scanning a retarding potential between the first and se

ond analyzers. The electron spectra transformed into the r(h'_wethods is about 0.1—-0.4 eV. The Auger electron energies of
Y : P P quplSI and 1s2pl3 states are measured from the

Jlfi;t”i (Eaen;z;r;r?ggggl‘gr?gzzEgrcsrigrgiggg f?)rif shown "N1s2s s, and 1525_381 thresholds,_respectively. We can see
' ' ' ' from Table | that, in order to obtain the accuracy of 0.1-0.4
eV, we need to calculate absolute values of both the upper
ll. THEORETICAL TECHNIQUE and lower states with the accuracy of 0.002—0.01 %. This is
In Table | we present absolute energg) and ionization the main problem of calculations of the Auger electron ener-
gies near threshold. Using Cowan code, we mix the doubly

potential (1) for different stage of ionization of sulfur ions . . .
calculated using MZ code. MZ code was based on the per(::-xcned Is2pnl states with the excitedstnl states. As a

turbation theory method with Coulomb basis. This methoaresu“’ we calculate the enerd” of the doubly excited

was described in detail by Safronova and Senashpfikand 1s2pnl states relative to the groung®2s S, , state. Then,
Safronovaet al. [5]. In this method (1 method or 1Z ex- we obtain the Auger electron energy as the difference be-

- o ; tween EY and ionization potential listed in Table I. We
ansion methodthe energy matrix is represented in the form U X
P ct 9y P present the ionization potential for s32s2S,,,

15213y, 1s2s'S,, and 1s2s3S;. The last two values are
used to calculate the Auger electron energy fe2[d15 and
"{ 1s2p13 states, respectively.
" It should be noted that the atomic structure code of
\ Cowan allows us to mix about 50s2Inl’ configurations.
'\ We choose the following configurations with even and odd
| parity to obtain results presented in Table II.
\ Even-parity states: <2s, 1s?3s, 1s2s?, 1s2p?,
[ |
‘«.
\
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1s2s3s, 1s2s3d, 1s2p3p, 1s2s4s, 1s2s4d, 1s2p4dp,
1s2p4f, 1s2sbs, 1s2sb5d, 1s2s5g, 1s2p5p, 1s2p5f,

Relative intensity
3
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"a 7 ; : : _
H = | F'f 1s2snl, with n=9, 10, 15, and=s,d,g,i; 1s2pnl, with
40 | n=9, 10, 15, and=p,f,h,k; 1s2p10m, 1s2pl5m.
’ \
lI
.0

"""--"'i-\_/""' Odd-parity states: €2p, 1s?3p, 1s2s2p, 1s2s3p,
T T T T 1s2p3s,  1s2p3d, 1s2s4p, 1s2s4f,  1s2p4s,

1 M T
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Electron Energy (eV)

02 0

1s2p4d,1s2s5p, 1s2s5f, 1s2p5s, 1s2p5d, 1s2pb5g,
1s2snl, with n=9,10,15, and I=p,f,hk; 1s2s10m,

FIG. 2. Experimental Coster-Kronig electron spectrum of sulfurls2s15m; 1s2pnl, with n=9,10,15, and =s,d,q,i.
ions. The electron energy is in the projectile frame. The most important mixing occurs between states with the
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TABLE |. Absolute values of energyE) and ionization potentiall) for different configurations of
St — g jons in units of 16 cm™! calculated with the MZ code.

Configurations LSJ E Configurations LSJ E

1s2s s, 34438.530 $%2p? P, 64623.730

1s2s s, 34581.920 $%2p? °p, 64618.100

1s2p P, 34337.640 $%2p? °p, 64610.000

1s2p 3P, 34449.750 $%2p? D, 64557.310

1s2p °p, 34446.490 $%2p? s, 64424.900

1s2p °p, 34433.420 $%2s2p P, 64757.370

1s? s, 54184.010 $%2s2p 3P, 64947.670

1s?2s %Sy, 59886.450 $%2s2p 5P, 64943.340

1s22p 2P 59646.980 $%2s2p p, 64933.490

1s22p 2P, 59662.160 $%22522p 2P 69697.320

1s22¢? s, 65147.070 $22522p 2Py, 69684.032

Configurations LSJ Configurations LSJ |

1s?2s %Sy 1s? is, 5702.44

1s?2s %Sy 1s2s s, 25447.92

1s%2s %S 1s2s 33, 25304.53
1s22s? s, 1s2s 23S, 5260.62
1s22522p 2Py 152252 1s, 4550.25
1s22s%2p 2P 1s22s2p 3P, 4749.65
1s22s?2p 2P 1s22s2p 3P, 4753.98
1s22s?2p 2P 1s22s2p p, 4763.83
1s22s%2p 2P 1s22s2p P, 4939.95

same principal quantum numberssgs3p, 1s2p3s, and Let us discuss some details on calculation using MZ code

1s2p3d, for example. We examined the influence of the for Rydberg states such as2l’'nl states. We have already
scaling parameters on our energy-level calculations andhentioned that MZ code is based on the representation of
found that different scaling parameters change the level erevery atomic characteristics in the form ofZléxpansion.
ergy up to 0.1 to 0.2 eV. This agrees with the previous confor the 1s21'nl states, it is convenient to divide the value of
clusion[9]. eachith order E(") coefficient into two parts, namely, the
core and Rydberg parts
TABLE Il. Comparison of Auger electron energiés eV) for

3 !
S'3* calculated using Cowata) and MZ (b) codes. E(i)(lsZI )= E(i)(lsZI 4 E(i)(nl). 3.

1s2pnlLSJ  E? EP 1s2pnlLSJ  E? EP

The two-electron core ternk()(1s21"), is calculated as
15s2P;, 0.7532 0.6646 18'Py, 0.7510 0.6659 we explained previouslysee[4,5]).

15s%P,, 0.7544 0.6658 18“D,, 0.7201 0.7329 Let us consider the asymptotic behavior of the second
15p%Dy, 0.8012 0.7389  18%D,, 0.8372 0.7527 term. The first- and second-order nonrelativistic terms i 1/
15p2Py, 0.8028 0.7501 18*Fs, 0.8879 0.8073 expansiofE{’(nl) andE{?)(nl)]include the 1> term as a
15p2Dg, 0.8043 0.7414  18“Dg, 0.9015 0.8222 leading term

15p°P,, 0.8078 0.7538 13'Gg, 0.9228 0.8482

15p%S,, 0.8204 0.7340 1B*F,, 0.9259 0.8519

2 2
15d zDS,Z 0.8448 0.7910 1§‘2‘P3,2 1.4360 1.0528 EQ(nl)= Z+Ejn), E@(nl)= ~Z By
15d%F,, 0.8448 0.8059 18?P,, 1.4769 1.0850 n n
15d 2F5, 0.8476 0.7935 18°Dg, 1.5072 1.0924 (3.2

15f 2Fg, 0.8578 0.8233 18%Ds, 1.5223 1.1172 ) ) ) o
15f2F,, 08585 08233 18°P,, 15284 1.1334 Ihe firstterms in Eq(3.2) give the largest contribution to

15d2P,, 08600 07811 18Dy, 15472 11470 the value of each coefficient i (nl) and EF(nl). The
15d%Py, 0.8627 0.7848 13°Dy, 15529 1.1482 second term&j(nl) andEj(nl) are proportional to H°
15f °G,, 0.8681 0.8282  18%F;, 1.5759 1.1594

15f 2Dy, 0.8752 0.7985 18%Dy, 1.5901 1.1792 . .

15f 2Dy, 0.8763 0.7997  18*F,, 1.5911 1.1805 Ei(nl)= n—; E;(nl)= n—z (3.3
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TABLE lll. The Auger energiesksg) in eV, weighted sum of transition probabilitieg4;), and autoion-
ization rates A,) in units of 13° s ¢ for Li-like S**" ions.

nlLSJ Es gA A, LSJ B gA A,
[1s2p(*P)nl LSJ-1s2s5'S,] decay [1s2p(®P)nl LSJ-1s2s3S,] decay

155 2Py, 0.7532 0.0057 0.2509 $3P,, 0.7510 0.0075 0.4316
155 2Py, 0.7544 0.0140 0.2188 p3D 1), 0.8201 0.0357 0.3257
15p 2Dy, 0.8012 0.0698 0.1056 $3P3), 1.4360 0.0121 0.3260
15p 2D 0.8043 0.1140 0.1073 $3P,), 1.4769 0.0238 0.3575
15p 2S5 0.8204 0.0308 1.2983 p3Dyp, 1.5072 0.0501 0.3270
15d 2P, 0.8600 0.0147 0.3986 p3D 4, 1.5472 0.0805 0.9364
15d 2P, 0.8627 0.0286 0.4006 3D, 1.5529 0.1408 0.3664
15f 2Ggp 0.8679 0.0108 0.1244 $3P,, 3.1624 0.0386 1.0388
15f 2G4, 0.8681 0.0109 0.1263 p3Py, 3.2092 0.0384 0.4297
159 2Hg)p 0.8735 0.0039 0.1690 PPy, 3.2175 0.1181 0.4982
159 2H 150 0.8737 0.0045 0.1688 b3S, 3.2629 0.1022 1.4938
1502141 0.8764 0.0019 0.1768 t3P,, 3.2896 0.0079 0.4935
150 2l 455 0.8767 0.0022 0.1768 3P, 3.2911 0.0337 0.3980
15i %K 135 0.8786 0.0012 0.1673 83H 13 3.3209 0.0080 0.3151
15i 2K 157 0.8787 0.0014 0.1673 43H 1100 3.3213 0.0081 0.3192
15k 2L 155, 0.8793 0.0013 0.1442 cH PP 3.3232 0.0038 0.3194
15k 2L 17 0.8793 0.0014 0.1441 b3 .5 3.3235 0.0043 0.3192
15 2M 7, 0.8793 0.0011 0.1116 13K 5, 3.3250 0.0026 0.2845
15 2M g, 0.8794 0.0012 0.1116 13K 7 3.3252 0.0029 0.2845

First, we calculate theE()(1s2l'nl) coefficient for n  In Table Ill we present th¢1s2p(1P)15 LSJI-1s2s1S,]
=ny(No=3,4) using Feynman diagram technique. Then, weand[1s2p(3P)13 LSJ-1s2s3S,] Auger electron energies
subtract theE()(1s21") [Eq. (3.1] value and the leading (Eg) in units of eV, weighted sum of radiative rategA;)

2/n? [Eq. (3.2] terms from the calculateB()(1s2I'nl) and,  and autoionization ratesA() in units of 13° s~* for Li-like

as a result, we obtain the valuesof and e, terms. Then, g3+ jons. We already explained in the previous paragraph
these coefficients are used to calculf¢'(nl) andE{(nl)  that Auger electron energy is obtained as the difference be-
for n=13 and 15 using Eqg3.3) and (3.2). Here, we ex- tween two absolute energies. The radiative rates for
plained only theT g:a!culation of the diagonal me}tri?( eIementslszp(lp)la LSJ and 1s2p(°P)13 LSJ states are com-
for the nonrelativistic part of enerdfq. (3.1)]. Similar for- 5 ;ted as a sum of radiative transition probabilities from these
mulas are used to calculate the coefficients describing th§tates in all lower states. The radiative rates for te2pin|

relativistic part of energy as well as the nondiagonal matrixstateS withl =s,d,g,i are calculated by choosing the lower

elgments(see[lo] for detaily. Results of our caI(_:uIatlons ates among the 46 even-parity configurations and for the
using MZ code are presented and compared with those oo
s2pnl states withl=p, f, h, k, and m among the 45

Cowan code in Table II. dd-parit f. i Th toionizati a
It can be seen from this table that Auger electron energ)? | -pla{I 3(; con 'gu;ﬁ lons. The au ollconlza |0|_r: r(;‘l 2 ?re th
for 1s2p13 and 1s2p159 states calculated both by Cowan calculate as € Square of ampitude o €

1 1 3
code including the 45 odd-parity and 46 even-parity statel;ll‘zzzz(3 SP )]lfjlel_c:ij;lsrzzpsgcivelsnc:n %zlzep(lllpivlg Ili_s?Jthe
MZ includi h i i is 1 ) .
and by code including the asymptotic representations is s2p(*P)15 LSJ and 1s2p(3P)13 LSJ states with A,

in good agreement with each other. This indicates high accy= : BT
rger than 0.1 in 18 s ! units.

racy of the present calculations in both methods and this i . .
In Table IV Auger electron energies, weighted sum of

very important in precise identification of electron spectra . R
near threshold region. transition probabilities gA,) and autoionization ratesAg)

from the[1s?2pnl LSJ-1s%2s] states are presented for Be-
like S'?* ijons. The present data differ slightly from data
previously given if 1]. This difference is due to the different
scaling factor used in the present and the prevjalipapers.

We calculate Auger electron energies, radiative and autowe used here the scaling factor of 0.92, meanwhile the scal-
ionization rates for the $2p19, 1s2p13, 1s?2p9l, ing factor of 0.85 was used ifil]. We examine different
1s%2s2p9l, 1s?2p?7l, and 1s°2p?9l Rydberg states in scaling factors by comparison with experimental energy lev-
sulfur ions with various charge. Our results are listed inels for the low-lying levels in Be-like 8" ions. Indeed we
Tables ll1-VI. found that the scaling factor of 0.92 better reproduces the

IV. AUGER ELECTRON ENERGIES AND RATES
FOR LI-, BE-, AND B-LIKE SULFUR IONS

052704-4



COMPREHENSIVE THEORETICAL AND EXPERIMENTA . .. PHYSICAL REVIEW A 65 052704

TABLE IV. The [1s?2pn| LSJ-1s?2s] Auger energiesEg) in eV, weighted sum of transition probabili-
ties (@A), and autoionization ratesAf) in units of 13° s~ for Be-like S2* ions.

nlLSJ Es gA A, LSJ B gA A,
9s°p, 0.7897 0.0125 0.3013 HotH 1.4670 0.0170 0.3297
9s'p, 0.8327 0.0134 3.2076 FPHg 1.4680 0.0201 0.3303
9plp, 1.0888 0.0291 0.3221 to°H, 1.4718 0.0141 0.0061
9p 3D, 1.1006 0.0300 0.1455 PHe 1.4719 0.0293 1.4343
9p°3s, 1.1500 0.0191 2.3490 4G, 1.4728 0.0370 1.4275
9p'D, 1.2234 0.0278 0.2149 P'Hs 1.4728 0.0249 1.4489
9d °F, 1.3042 0.0261 0.1162 dF, 1.4733 0.1010 1.0681
9d'D, 1.3108 0.0292 0.1175 i91g 1.4776 0.0146 0.2126
9p s, 1.3647 0.0029 8.0012 i§l, 1.4783 0.0169 0.2130
9d°D, 1.3770 0.0491 0.6881 ol g 1.4805 0.0198 1.1721
9d °p, 1.3852 0.0286 1.0653 el 1.4814 0.0228 1.1715
9d 3P, 1.3905 0.0087 1.4506 9K, 1.4857 0.0166 0.7390
9f 1F, 1.4155 0.0259 0.3060 i9Kg 1.4864 0.0188 0.7391
9f °F, 1.4238 0.0340 0.3841 KL g 1.4867 0.0145 0.3239
9f 3Gg 1.4434 0.0393 1.2019 KPL,g 1.4873 0.0162 0.3239
991G, 1.4480 0.0204 0.3910 &F, 1.4882 0.0234 0.2182
99 %Gs 1.4500 0.0249 0.3979 dP, 1.4961 0.0413 1.0713

low-lying experimental energy than the scaling factor ofrates,gA,, are larger than the autoionization ratés,, in
0.85. We already mentioned in the previous paragraph thahany cases as can be seen from Table V.
we can obtain the difference in energy levels by about 0.1 eV The Auger electron energies, weighted sum of radiative
when the scaling factor was changed in Cowan code. Convates, and autoionization rates for the?2p?(L,S;,)nl
parison of our Auger electron energies presented in Table \étates are presented in Table VI. For these states, there are
and in Table llI[1] confirms our conclusion. two possible thresholds for Coster-Kronig transitions:
In Tables V and VI we list similar results for different 1s?2s2p P and 1s?2s2p ®P. The value ofn when the
decays in B-like &' ions. The [1s?2s2p(®P)9ILSJ  1s%2p?(L;,S;)nl states become autoionizing depends on
-1s%2s? S| decay data are presented in Table V. It can behe intermediate terni,,S;, and the threshold considered.
seen from this Table that, values are very small, compared The states with the singlet intermediate terrs?2p?(*D)nl
with those for Be-like & ions. The nearest s£2s2p  and 1s22p?(*S)nl, relative to the $?2s2p P threshold be-
X (®P)9ILSJ levels to the threshold s£2s?!S levels come autoionizing fom=9 and n=7, respectively. The
happen to be the quartet levels. The nonzagofor these states with the triplet intermediate terms?2p?(°P)nl, rela-
levels are due to the relativistic effects which are still not sotive to the 22p 3P threshold become autoionizing for
important for B-like 3! ions. As a result, the largest, for ~ =7. We can also consider cases wits?2s2p 3P threshold
the states considered are smaller by a factor of 10 than thoser the 1s?2p%(*D)nl and 1s?2p%(*S)nl states and
for the LS-allowed decays in Be-like’3" ions presented in  1s22s2p 'P threshold for the $22p?(3P)nl states but the
Table IV. For the $22s2p(3P)9I LSJ states the radiative A, for those decays should be much smaller than for previ-

TABLE V. The[1s22s2p(3P)nl LSJ-1s?2s? 1S] Auger energiesEs) in eV, weighted sum of transition
probabilities gA,), and autoionization ratesAf) in units of 13° s~ for B-like S'** ions.

niLSJ Es 9A A, LSJ B gA A,

9s*Py, 0.1402 0.0044 0.2200 dPFy), 1.4941 0.0611 0.1315
9p “Dypp 0.5090 0.0074 0.0146 fFDs, 1.5810 0.0196 0.0320
9s5*Py), 0.6801 0.0087 0.1607 FPay, 1.9713 0.0132 0.7666
9s2Py, 0.7491 0.0061 0.5807 S,/ 2.4199 0.0151 0.1108
9d “Dg, 0.8674 0.0439 0.0459 d*Dx, 2.6462 0.0431 0.0487
9f *Ggp 1.0013 0.0168 0.0113 F), 2.7373 0.0937 0.2106
9p“*Dy)p 1.1337 0.0088 0.0716 fFFg) 2.7875 0.0212 0.0250
9d *F5, 1.3931 0.0479 0.0427 fFDgy) 2.8170 0.0158 0.0580
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TABLE VI. The Auger energiesHg) in eV, weighted sum of transition probabilitieg4,), and autoionization ratesA§) in units of
10" s for B-like S'** ions.

nlLSJ B gA A, LSJ Es 9A A,

[1s?2p?(*D)nl LSI-1s%2s2p *P] decay

9s5%Dg, 0.3577 0.0148 1.5739 fFHg, 1.2024 0.0225 2.2945
952Dy, 0.3582 0.0104 1.4980 fFH 11 1.2036 0.0266 2.3019
9p 2Py, 0.7935 0.0201 4.8243 19111 1.2266 0.0024 2.4382
9p 2Py, 0.8131 0.0317 4.6665 13 1.2281 0.0176 2.4435
9d %Dy, 1.0692 0.0322 1.0800 HPK 157 1.2341 0.0083 1.9340
9d 2Py, 1.1206 0.0245 1.9512 HPK 15/ 1.2348 0.0095 1.9341
9d 2Py, 1.1430 0.0560 1.9344 i8L 15 1.2377 0.0033 1.1736
9d %S, 1.1543 0.0157 2.7448 i8L17p 1.2382 0.0037 1.1737

[1s?2p?(*S)nl LSJ-1s%2s2p P] decay

7f °Fx, 0.2506 0.0450 5.5691 HPH g 0.3265 0.0367 2.4796
7 2Fp 0.2526 0.0600 5.5388 HPH 11/ 0.3279 0.0441 2.4796
792Gy, 0.2977 0.0387 45727 i P11 0.3391 0.0317 0.6991
792Gy 0.2998 0.0484 4.5726 i Plyap 0.3402 0.0370 0.6990

[1s22p?(P)nl LSJ-1s?2s2p 3P, ] decay

7p %S, 0.0321 0.0185 1.5943 7D 0.4580 0.0480 2.9646
7d *Fgp, 0.0987 0.0291 1.6297 SPPg), 0.5004 0.0232 8.8147
7p*Dsp, 0.1188 0.0436 1.2535 gr*H o 0.5009 0.0266 2.4674
7d *Fg), 0.1694 0.0706 1.9495 G*Fop 0.5037 0.0332 2.4626
7p*Dap 0.1749 0.0273 1.9878 H* o 0.5305 0.0218 1.3452
7p %P1 0.2728 0.0177 5.1897 H*G 11 0.5320 0.0261 1.3451
7p D3 0.3067 0.0357 1.3502 PP, 1.2894 0.0182 1.2719
7f *Gspp 0.4430 0.0364 2.8734 P*P3p 1.4607 0.0330 1.6557

[1s22p?(P)nl LSJ-1s?2s2p 3P, ] decay

7d“Dy), 0.2508 0.0140 1.7864 2G) 0.6308 0.0476 2.9753
7d2Dg, 0.4514 0.0592 2.0801 fPFs), 0.6507 0.0363 1.5742
7d 2F5), 0.4890 0.1321 2.8718 P*Hgp 0.6612 0.0331 2.5421
7f *Ggy, 0.5991 0.0605 2.8672 GP*H11 0.6615 0.0399 2.5279
7p *Psy; 0.6073 0.0458 2.0292 P2P 1) 0.7526 0.0182 3.8157
7f *Fap 0.6173 0.0247 1.5623 PPy 0.9238 0.0330 4.9671

[1s?2p2(®P)nl LSJ-1s?2s2p 3P, ] decay

7d“D), 0.0377 0.0383 1.0743 GgPH 110 0.4778 0.0398 1.9961

7d“Dg), 0.1022 0.0618 1.1554 fPFsp 0.4944 0.0364 1.3546

7d 2F ), 0.3408 0.1838 2.1694 GG, 0.5087 0.0332 1.4922

7d 2Dy, 0.3412 0.0767 2.0156 GGy 0.5097 0.0265 1.2842

7t %G1 0.3927 0.0721 2.1811 GG 0.5112 0.0398 1.7671

7d%Dg), 0.4462 0.1368 2.5939 H1 137 0.5116 0.0305 1.0932

7t *Fop 0.4519 0.0492 1.5139 K7 15 0.5130 0.0348 1.0928

7t *Fgpp 0.4735 0.0600 2.1846 GGgp 0.5137 0.0330 1.5751

79*H 13 0.4772 0.0466 1.9837 f2F ), 0.5209 0.0378 1.4100
ous ones. In the first cas€ls?2p?(*D)nl-1s?2s2p *P] Our results for the 822p?(L1,S;,) 71 LSJ states with the
and [1s?2p?(!S)nl-1s?2s2pP] decays are LS triplet intermediate term and the triplet term for the threshold
allowed, meanwhile in the second case, are also given in Table VI. We consider results relative to the
[1s?2p?(*D)nl-1s?2s2p 3P] and  [1s?2p?(S)nl  1s?2s2p°P,, 1s°2s2p°P,, and 1s?2s2p 3P, thresholds.
—1s2s2p 2P] decays are.S forbidden. The multiplet splitting for 522s2p 3P term is equal to 0.54
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FIG. 3. Synthetic spectrum of'& with a resolution of 0.1 eV(a) [1s2p(*P)15 —1s2s'S] decay; andb) [1s2p(3P)13 —1s2s°3S]
decay. The scale in the ordinate is in units of31@™*.

and 1.22 eV. Such shifts in threshold energy lead to the dif- N
ferent| distributions in Auger electron energies, as can be IS(E)=AE I,(E). (5.2
seen from a comparison of the results in Table VI. n=1

Here, the factoA is an adjustable parameter to get the best
fit to the observed spectrum.

In Figs. 3—7 we present synthetic electron spectra for Li-,
Be-, and B-like sulfur ions over a narrow region of electron

To create the synthetic Coster-Kronig electron spectrum&nergy up to 2.6 eV. It should be noted that the real calcu-
first we use the calculated Auger electron energigand the  2t€d number of states in Figs. 3—7 is much larger than the
autoionization rateg\, . It is assumed that the spect(ah- number of states included in the Tables. To limit the size of
ergy distribution! ,(E) of eachnth transition has a Gaussian [N0S€ Tables we list only those with the largégtrates. We
profile with the energy resolution ofE also compute data for states with Auger electron energy

n larger than 2.6 eV because they are in one complex and
differ only by intermediate moment. Let us explain, for ex-
- ample, how to prepare results for the*2s2p(°P)nlLSJ
| (E)=1(ED)2 /In2 1 oxd —41n2 E—-Es states given in Table V. States with the singlet intermediate
n s T OF, SE, | | moment P are also autoionizing relative to thes?2s? 'S
(5.1)  threshold but they are 20 eV higher from threshold than
states  with the triplet intermediate = moment
3p, 1s22s2p(®P)nILSJ We did not include the
Here, 5,E andEY are the linewidthenergy resolutionand 1s?2s2p(*P)nl LSJ states in our synthetic specira. ,
the line energy position, respectively, ah(EZ)=A". By . The synthetic spec'tra_for Li-like'$' ions, as presented in
summing up the Gaussian profiles for all the posslﬂall)tean- Fig. 3, are found to dlstrlbulte over a very nalrrow interval of
sition lines the synthetic spectrum can be obtained. The finac?j_o'8 eV for the[1s2p("P)15 LSJ-1525°S,] decays

. : nd in two more wider intervals of 0.8—-1.1 eV and 1.5-1.8
synthetic spectrum can be expressed as a function of ener 3 3
(E) in the following form: for the [1s2p(*P)13 LSJ-1s2s°S,] decays, respec-

tively.

V. SYNTHETIC SPECTRA FOR LI-, BE-, AND B-LIKE
SULFUR IONS

1

8_
7] 0.8
6_
5] 0.6
“ 0.4]
3_
2] 0.2;
! N
0] J 0]
0 02 04 06 08 1 12 14 16 18 2 22 24 26 0 02 04 06 08 1 12 14 16 1.8 2 22 24 26
Electron Energy (eV) Electron Energy (eV)
FIG. 4. Synthetic spectrum of*S with a resolution of 0.1 eV: FIG. 5. Synthetic spectrum of*S" with a resolution of 0.1 eV:
[13322p91I—15223] decay. The scale in the ordinate is in units of [?§2321p9l—132252] decay. The scale in the ordinate is in units of
108 571, 108 71,
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(@ (b)

0. I i I s 0
0 02 04 06 08 1 12 14 16 18 2 22 24 26 0 02 04 06 08 1 12 14 16 18 2 22 24 26
Electron Energy (eV) Electron Energy (eV)

FIG. 6. Synthetic spectrum of '8 with a resolution of 0.1 eV;(a [1s?2p?('D)9I-1s?2s2p'P] decay and (b)
[1s?2p?(19)71-1s22s2p 1P] decay. The scale in the ordinate is in units of1@™ 1.

In Fig. 4 we demonstrate the synthetic spectrum from thg 1s22p?(1S) 71 LSJ-1s?2s2p 'P,] decays, respectively, in
[1s?2p9l LSJ-15%252S,,] decays in Be-like 8" ions. It S!* jons. Both spectra show peaks distributed over a very
can be seen from this figure that’S spectrum consists from narrow range of 0.3—1.25 eV and 0.2-0.4 eV.
three peaks over the energy interval of 0.7—1.6 eV. Itis noted We show in Figs. @), 7(b), and 7c) three synthetic spec-
that in this energy interval, there are also three peaks frotra  created from  single  autoionizing  states,
S'3* ions though relative intensities of these three peaks ar&és?2p?(3P)7ILSJ, but with three different thresholds of
different, as shown in Fig. 3. In this case, the combinedis?2s2p3P;, J=0, 1, and 2. It can be seen from these
[S'?" + 53] spectrum is not much different from'¥  figures that the energy spectral distributions get narrower as
spectrum when they are included with equal weights. J increases. WhendJ=0 [Fig. 7(a)], seven peaks of

Five peaks due to thels?2s2p(3P)9I LSJ-1s%2s?1S;]  [15?2p?(®P) 71 LSJ-1s°2s2p 3P;] decays distribute over
decays in synthetic spectrum from B-like''S ions are the whole 0-2.6 eV energy range. There are only two peaks
present over the interval of 0—-2.2 eV, as seen from Fig. 5. for [1s?2p?(°P)7I LSJ-1s°2s2p 3P;] decays withJ=2

In Figs. Ga) and 8b) we present synthetic spectra [Fig. 7(c)]. We combine together all three spectra with equal
created from [1s?2p?(*D)9ILSJ-1s?2s2p?P;] and  weight, as shown in Fig.(d).

(b)

o == N W H OO N ®O® ©

9
8
¥4
6
5
4
3
2
1
0

(1 LW VREA k "

0 02 04 06 08 1 12 14 16 18 2 22 24 26 0 02 04 06 08 1 12 14 16 1.8 2 22 24 28
Electron Energy (eV) Electron Energy (eV)

(c) (d)

o = N W A OO N O ©
o =+ N W H OO N O O

0 02 04 06 08 1 12 14 16 18 2 22 24 26 0 02 04 06 08 1 12 1.4 16 1.8 2 22 24 26
Electron Energy (eV) Electron Energy (eV)

FIG. 7. Synthetic spectrum of '8 with resolution of 0.1 eV; (@ [1s?2p?(®P)7I-1s?2s2p°3P,] decay and (b)
[1s?2p2(3P) 71 -1s?s2p 3P, ] decay,(c) [1s?2p?(3P) 71-1s%2s2p 3P,] decay, andd) [ 1s22p?(3P)71-1s22s2p P;] decay. The scale in
the ordinate is in units of 8 s 2.
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VI. COMPARISON OF OBSERVED AND SYNTHETIC (a)
SPECTRA

Now we can compare the observed spectra with the syn-
thetic spectra for different charge state ions mentioned
above. To understand and explain the observed electron spec
tra, we need to have the following information and d&fa:
the cross sections for forming particular autoionizing states
during collisions;(2) the transition energy of electrons emit-
ted; and(3) the autoionization rates from these states. As
shown above, reasonably reliable transition energy and auto-
ionization rates can be obtained. On the other hand, there is
no simple means to get the cross sections under heavy ion-
atom collisions. Under such conditions, we can infer the con- (b)
tribution from different decay channels through comparison
of the observed and synthetic electron spectra, only based s
upon the calculated autoionization rates.

0 02 04 06 08 1 12 14 16 18 2 22
Electron Energy (eV)

0.6

A. He gas target

0.4
In Fig. 8(a), the observed electron spectrum from 64 MeV
S*2* jons colliding with the He gas target is shown with
solid dots, meanwhile the synthetic spectrum from the o
[1s?2s2p(3P)9I LSJ-1s%2s? 1S, decays of & ions is
shown with a solid curvéshifted by 0.13 eV from calculated
values. It is easily noted that in both spectra there are three
peaks at around the 0.3, 1.0, and 2.0 eV regions over the (c)
present energy range measured. General features of the ob-
served spectrum are reproduced fairly well with the synthetic 08
spectrum. But it is also noted that the observed spectrum is
much broader than the synthetic spectrum, suggesting that 08
there is more significant contributions from other decays.
It is important to note that the present collisions with a

e .Jli.unlL.nu.-l. L), l.|L oL

0 02 04 06 08 1 12 14 16 1.8 2 22
Electron Energy (eV)

0.4

dilute He target can be consider&imply) so-called single 0.2

collisions and means that the charge state of most of projec- J AL ” Jul l

tile ions does not change during passage through the gas ofge it vadesacill lstulbih btk ]

target. 0 02 04 06 08 1 12 14 16 18 2 22
To get better agreement between the observed and syn- Electron Energy (eV)

thetic spectra, we clearly need to add some other decay chan- o )
nels, with different weighing factors, from similar FIG. 8. Electron spectra from'& + He collisions and synthetic

. 2 292 H H .
1s22p2(1D)9l [Fig. &a)], 1s22p3(19)7I [Fig. 6b)], and spectra:(a) 1s°2s2p9l—1s-2s° decay with resolution of 0.3 eV,
152 p2(3 ) [_Ig sl Sll+p -( )71 [Fig. 6b)] (b) =;I;X calculated intensityl;=1 for i =[1s?2s2p9l —1s22s?],

s°2p“(°P) 71 [Fig. 7(d)] of S**" ions. It should be noted : 3m 201 2 1 ;
, . 1;=1/35 for i=[1s"2p(*D)9l-1s°2s2p “P], 1;,=1/80 for i
that all these (21") states dominantly are formed through ' 755 > 7 2 1 = .
th .. bet @ and tat foll d b =[1s2p“(*S)71-1s“2s2p *P], and [;=1/110 for i
€ mixing between 2 and 2 states, followed by one- =[1s%2p?(3P) 71-1s%2s2p °P,] decays with the resolution of 0.2
electron capture m_to Rydberg_ statzes. Thg combined spgctrugv; () additional to(b) I,=1/30 for i =[1s2p(*P)15/—1s2s 5]
of these decays with the previous“2s2p(*P)9l [shownin  on4) —1/20 fori =[ 1s2p(®P) 13 —1525 3S] decays with a resolu-
Fig. 8(a) based upon Fig. ddecays seems to reproduce thetjon of 0.2 eV. The solid circles represent the observed data points

observed spectrum much betfesee Fig. 8)], except for  (see Fig. 1and the vertical bars the autoionizing rates.
peaks at 1.0 and 1.8 eV which have been found to be rea-

sonably represented only by adding the contribution ofor ionized but such probabilities are expected to be quite
1s2p15 [Fig. 3@] and 1s2p13 [Fig. 3(b)] decays of &* small due to a large binding energy-8500 eV), although
ions. The final synthetic spectrum is shown and compare&'* is expected to be appreciable inside the foil at the
with the observed spectrum in Fig(c®. So far this shows present collision energyll]. There is another possibility of
much better agreement with the observed spectrum, thoughe contribution of &' ions, namely, some role of the meta-
there is some chance for further improvement by adding othstable (52s) S*** ions which are formed during collisions
ers. with the He gas target. In fact, it is known for quite sometime
Yet there is a puzzling question: Why do thess2@13  that a significant fraction {£30%) of the metastable state
states of & ions contribute to the electron spectrum pro- ions are formed after passing through thin foils. Recently it
duced in $2* ion collisions? To form the 42p core ion, one  has been experimentally confirmed that similar fractions of
of the 1s electron in the incident’3" ion has to be excited the metastable state ions also can be formed even in the He
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FIG. 9. The observed electron spectra frodf'S+ C (foil) collisions and synthetic spectra of puré®S (a) and combined 3"
+(1/8)S'** ions with a resolution of 0.12 eV. The captions are the same as in Fig. 8.

gas targef12]. Though presently we do not have quantitative 7(d)] by +0.05 eV. This small shift required suggests that
information on the fraction of such metastable state beams ghe present calculations are quite precise and its accuracy is
S ions at the present collision energy, the metastable staigtimated to be within 0.0088% at 565 eV.

ions can easily form 42p state through a mixing between  \yhile the projectile ions pass through foils, they easily
2s and 2p states and then capture an electron into their Rygyet charge equilibrated and at the present energy the charge
dberg state, resulting insPpnl states. Thus even a small gisyributions of S ions aftefnot inside foils are estimated to
fraction of this metastable ion beam can play a role in form+, roughly 30% of & and $2* and 15% of &* and $%*

ing such Rydberg state ions. ions (see[11]). The emitted electron spectrum should be

Furthermore, we should point out why practically no . . .
2 oy / : _ strongly correlated with the charge state upon leaving foils.
1s%2p9l decay of $%* ions (Fig. 4) contributes to the elec Indeed the contributions from& and $%* ions to the

tron spectrum observed here. To form these states, we neGémitted electrons are relatively minor as their autoionization
first to remove one of the initial 2 electrons(the binding y

energy of~450 eV) via either excitation or ionization, ac- rates are small, as shown in Table Ill. On the other hand, it is

companied with an electron capture into Rydberg) (&ate. natural that the contribution froinllé” ions is dominant with
Unfortunately no reliable information of the cross sections®Nly @ small contribution of 8" ions. The present results
on formation of such states is available but they are expected@y suggest that the ion charge distributions after collisions
to be small, compared with those for forming the core ionwith foil target have to be taken into account to get the best
1s?2121" states which are formed via the efficient mixing @greement between the observed and synthetic electron spec-
between 2 and 2’ states. Also as the most dominant decaytra.
peaks from these states of?S ions are located at 1.6 eV Itis generally believed that, when ions pass through thin
(see Fig. 4 where the intensities of the observed spectrunfoils, a Rydberg state electron is formed through the capture
are minimum, it can be concluded that the contribution ofof electrons “entrained” to the strong Coulomb field of the
S'?* jons is minor in the present electron energy range.  incident projectile ions but not of electrons of the target at-
oms just when the ion leaves the foil surfa¢83].
B. Carbon foil target As mentioned above, the present analysis of the observed

In Fig. 9@ are shown the observed electron SpectrumRydberg electron spectra shows the dominance of the

originated from 64 MeV &' ions in collisions with 1s°2p0l (00“5'3“”9 (.)f 15229 core ion and9Rydberg el_ec-
2.2 pglen? thick carbon foil, together with the synthetic tron) decays c2)f 32, lons (ZF'g' ‘})’ W|th_small contribution
spectrum for &* ions (see Fig. 4 A large portion of the (1/8) of the 1s°212l 71|+(,1S 2121" core ion and 7 Rydberg
observed spectrum over 0.7—1.8 eV is reproduced nicellectron decays of 8 ions at low energy part. Under the
with the calculated energy for the even-parity states of thesegntrained” electron model where the Rydberg electron is
decays shifted by 0.17 eV, but significant discrepancy is seefttached only when the ion leaves foils, the present result
at a lower energy region. If the contribution of 1/8 of suggests that the average core ion charge “inside” foils is
the intensities of calculated spectra from'''S ions  12.9+0.4, which can be compared with the equilibrium
including [1s?2p?(*D)9l LSJ-1s22s2p 1P;] [Fig. 6(@], charge of 12.5 “after” foils taken from the empirical formula
[1s22p?(*9)7I LSJ-1s?2s2p*P,] [Fig. 6b)], and [11]. Our preliminary analysis of the Rydberg electron spec-
[1s22p2(3P) 71 LSJ-1s%2s2p 3P,] [Fig. 7(d)] decays are trum from 56 MeV Si ions from thin foil§14] also shows
added, much better agreement has been obtained over a witleat the core ion charge inside foils is about ¥1®4, com-
range of the electron enerdgee Fig. %)]. Indeed, good pared with that11.8 after foils[11]. These results seem to
agreement is seen over the whole energy range measurejggest that the “core charge” of ions inside foils is not very
except for a peak at the lowest energy. To get better fittinginuch different from and, in fact, very similar to the equilib-
we have to shift the last two decay grouffsg. 6b) and  rium charge of ions after foils. This is the first time to
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experimentally show the ion charge inside foils, though thiscan be synthesized nicely by taking into account the ion
is relevant only to the ions which emit the Rydberg electronscharge distributions at the time ions emit these electrons. It
It should be noted that the incident? ion charge in the has been found that the observed electron spectra are
present paper is close to the expected equilibrium chargstrongly correlated with the equilibrated charge distributions.
after foils [11] and thus the charge equilibration of ions is  We have shown that the average charge of the core ions
immediately established once the ions start to penetrate foilSinside” foils can be inferred from the present analysis of the
Indeed the observed electron spectra and intensities from thHeydberg electron spectrum and found to be very similar to
incident $2* ion collisions do not change even if the foil the “after” foils. It also should be pointed out that we need
thickness increases from 1.5 to 1@g/cn? [14]. to have reliable cross sections for forming the autoionization
Of course as the present observed results have been oftates under heavy-ion collisions to get a better understand-
tained only from a few particular collision systems undering of electron emission mechanisms and better reproduce
limited conditions, the present conclusion on the ion chargéhe observed electron spectrum.
distributions observed through the Rydberg electrons should It would be interesting to systematically extend similar
not be generalized to other cases yet. Still we need to inveslectron measurements to different collision energies and dif-
tigate similar effects in different collision conditions before ferent gas targets as the charge equilibrium distributions
getting the definite conclusion on the charge distributionschange, resulting in different electron spectra.
inside foils. Yet we have demonstrated that we can get some
reliable information on the charge inside foils through the ACKNOWLEDGMENTS
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