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Abstract: As the low energy ion facilities are being constructed there is an urgent need for
electron capture cross sections data to be collected. In this report current experimental data,
empirical predictions and theoretical models of electron capture cross sections will be
presented. Experimental data from various articles will be given in The Appendix.

1. Motivation

One of the most important processes that occurs in collisions between highly
charged ions (HCI) and atoms or molecules at low velocity is the electron capture or charge
transfer. Information on electron capture cross sections of various multiply charged ions in
the collisions with different targets at low and intermediate energy is needed for
the construction of low energy ions facilities such as HITRAP at GSI, Darmstadt and
a differentially pumped gas cell that is being constructed at the Institute of Physics,
Jagiellonian University, Cracow.

Charge exchange between ions and atoms or molecules determines the ion beam
lifetime in ion storage rings and ion beam lines. Knowledge on the cross sections for those
processes is necessary to predict suitable vacuum conditions in the beam line, in order to
minimize the charge loss and, consequently, lengthen the ion beam lifetime.

Calculations of target gas density, which are necessary for avoiding multiple
collisions in the target volume, also require information about capture cross sections.

In this report current experimental data as well as empirical approximations of

electron capture cross sections will be presented.



2. Experimental data results for single and double electron capture

cross sections

Most of the experiments concerning electron capture processes were performed in
the seventies and the early eighties. Those experiments focused on ion - H and ion - H
interactions, there are only few papers regarding other target atoms, such as He [1] and only
recently experiments with Ar or Xe targets were performed [2]. A large amount of data
involves single electron capture processes [3-8] but there are also some papers giving
double electron capture cross sections values [1, 2, 9-11]. Triple electron capture for
Xe¥'+Xe 20<q<32 is given in [12].

Data from all the papers mentioned above is presented in the Appendix with
a short description of experiment parameters (i.e. ions charges, species and energies, target
used). There is a variety of ion species given, from hydrogen up to zinc, with different
charge states — from highly charged to bare ions for light elements (Z<8) but only singly
and doubly ionized heavy elements. For the energies presented here (0,01 keV to 15 MeV)
the cross sections range 107'°-10"* cm?. A strong energy dependence can be observed for
low energy ions, for example in [3] cross sections for the lowest energies are about two
orders of magnitude higher than for the fastest ions concerned in that paper.

In the low energy regime electron capture processes are strongly state selective.
This case is presented in [12] where strong ion energy dependence is visible for final
electron state. This is especially visible for C** electron capture to 3p state in comparison to
capture into 3s or 3d states.

Charge dependence for single electron capture cross sections in low energy

regime is also visible [4, 5,9, and 11].

3. Theoretical calculations and empirical predictions of electron

capture cross sections

Electron capture processes for low energy ion-atom collisions are still not very

well understood, especially multiple electron capture processes. But there are many



empirical predictions as well as theoretical calculations regarding this problem given by
different authors. Some of the models are presented in this section.

One of the first empirical formula was given by Salzborn and Miiller [13]. They
investigated electron capture cross sections for Ne, Ar, Kr and Xe ions collisions with rare
gas atoms and molecular gases (H,, O, N», CHy4, CO3) in the energy range from few keV to
100 keV. Following Olson and Salop they assumed that electron capture cross sections in
low energy regime do not depend significantly on the projectile energy and for ion charges
g>4 do not depend on ion species and should depend only on the initial ion charge state.

They used a simple function of initial charge state and ionisation potential:

— A ja | A
T = Al
where k is the number of electrons captured and Ay, ok and Py are the fitting parameters,

which strongly depend on the number of electrons captured. (Tablel).

Table 1

Salzborn-Muller formula fitting parameters.
k Ak Olg Bk
1 1,43+0,76-10™" 1,17+0,09 -2,76+0,19
2 1,08+0,95-10"" 0,71+0,14 -2,80+0,32
3 5,50+5,8:107* 2,10+0,24 -2,89+0,39
4 3,57+8,9-107° 4.20+0,79 -3,03+0,86

Another empirical formula was given by Schlachter at al. in [14]. They used
reduced values of cross section and projectile energy per nucleon given by the following

equations:

where q is the projectile initial charge state, Z; is the target atomic number, with  in cm”

and energy in keV/u.
Fitting function is given in [14] and the best fitting to the data they present is:



1,1-10°°
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This estimation of cross section works only if some strictly specified conditions
are fulfilled: 10 < E and g >3, which mean that this formula does not work well for single

and double electron capture nor for collisions in low energy regime.

The simplest model describing electron capture processes in low energy ion —atom
collisions is Classical Over-Barrier Model (CBM) which was widely described by many
authors, for example [16].

Here the cross section can be expressed as 6=0,57R¢’, where R is the inter-

nuclear distance given by [15]:

. 2.72(2/q +1)

e

where Ip is the projectile ionisation potential and q is the ion initial charge state.

4,  Summary
In this paper a summary of cross sections for electron capture processes was
presented and a brief description of empirical and theoretical calculations was given.
Experimental cross sections for various species of ions and atoms are presented in

the Appendix.
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T. V. Goffe, M. B. Shah and H. B. Gilbody, J. Phys. B 12 (1979) 3763:

APPENDIX: Summary of single and double electron capture cross sections
for ion-atom collisions at low and medium energy

Single electron capture Gqq.1 and loss 6q4+1 cross sections by boron ions ranging from singly ionized
to bare ions. Measurements carried out for energy range 100-2500 keV for H and H, targets.

Energy Taa Tay T3z Ty i i3 T3
(keV) (107" em?) (107" cm?) (10" em®) (107" em?) (107" cm®) (107"* em?} {107 em®)
H Ha H H, H H; H H; H H. H Hs H H:
110 11-0 10-7 67 6-1 0-57 -6
2.0 1-6 1-0 07 016 0-16
185 303 18-3 22-5 14-0 11-2 10-6 a2 55 078 0-60
54 2.7 B0 4-5 1-8 1-4 07 0-6 0-13 0-12
300 258 202 17-1 125 B0 87 4-1 4-1 0-88 0-81
39 26 29 1-5 1:2 0-% 4 -4 014 012
500 157 14-3 9-9 9-5 45 55 22 27 096 1-18 019 19
2.5 1-5 1.2 0-9 05 0-5 [ B} +0-2 =13 +0-16 +0-03 +{0-04
750 10-0 100 B-5 10-4 43 6-5 20 3-8 093 1-27 092 1-12 024 0-24
+=1-2 +2-4 10 +1-0 -3 *0-7 #0-2 +0-3 {12 009 =015 006 20403 =003
10000 71 749 4.2 6-3 21 38 090 1712 0-29 -6 072 123 23 31
+1-2 10 (5 LO-6 202 +0-3 010 010 20405 =006 =011 018 2003 =004
1250 36 5-5 1-90 4-0 1-02 2.22 043 0-96 0-16 0-29 0-73 0-90 0-24 0-33
+-4 +0-5 +0-30  +0-5 +0-10 +0-15  +0-08  +00%8 002 4004 2011 £0-12 003 x0-04
1600 1-63 3-23 099 2-24 0-41 1-17 20 0-48 0-08 016 053 092 023 039
£0:20 £0:30 £0-15 2024 2006 £0-07 004 2005 2002 £0-02  £009  +0-11 £0-03 004
2104 0-60 143 0-35 0-98 0-154 046 0-073 0173 052 0-87 021 0-37
£0-09  £0-13 2007 =010 002 =004 0014 £0-025 010 #0111  +0-03  +0-0M4
2500 035 -84 020 071 0075 0-26 0-20 0-36
006 008 005 010 0011 £0-02 =03 004

Single electron capture and loss cross sections by carbon ions ranging from singly ionized to bare
ions. Energy range: 100-2500 keV for H and H; targets.
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G. Lubinski, et al. J. Phys. B 33 (2000) 5275:
State selective electron capture cross section for molecular hydrogen target are presented, for He-like
C*, N>" and O%" ions at the energy range 5-4000 eV/u.

c*:
) EeVamu—) 350101 gm?y 3prJD‘Lf‘cn12] 3d (10~ cm?y

5 g4+1.1 R e 1.8 0.8

10 107+ 1.1 a0 1.9+ 0.8
15 125+ 1.4 416 £ 2.2 23+ 1.0
25 1.7 £ 1.1 2.0£1.7 1.9 +07
48 137 £ 1.1 Al £ 1.6 20+£0.7
70 16.0+ 1.1 M4+£1.3 21+£0.7
100 143 £ 1.0 19.6 £ 1.1 1.5+ 0.5
200 n5+£1.2 210+ 1.1 1.9+ 0.5
00 193+ 1.2 16.7 £0.9 3405
400 187+ 1.1 133 £ 0.8 39+ 0.5
GO0 mT+£1.2 9.7 £0.7 51 0.6
830 16.5 £ 1.0 7.5 £0L5 4.9+ 0.5
1167 159+ 1.4 7.1 £iu6 4.7 £ 06
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GO0 05+ 0.2 L4+0.2 20£02
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Q29 08+ 0.2 30£0.2 i4£02
1000 0701 33£0.2 il£02
1190 LOE 0] 42+ 0.2 i4£02
2000 1L4+0.2 6.4+ 0.3 j6£02
4000 1.9+ 0.2 6.0 £ 0.3 5.6+£03
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R. A. Phaneuf, et al., Phys. Rev. A 26 (1982) 1892:
Total electron capture cross section for O™, 2<q<6 interactions with atomic and molecular hydrogen
in the energy range 0,01-10 keV/u.

Standard  Absolute Standard  Absolute

Energy Velocity Tgq-1tH)  deviation uncertainty oy, (Hi deviation uncertainty
Ion (e¥/amu) (107 cm/s) {10~ ¢m? {10-'% em®)
0t 188 1.50 4.1 0.3 0.8 1.2 0.3 0.6
375 2.69 2.5 0.2 0.5 1.8 0.1 0.3
656 1.56 1.9 0.1 0.3 2.2 0.2 0.5
1255 4,92 2.2 0.1 0.4 2.9 0.1 0.4
1885 6.04 2.0 0.1 0.3 31 0.1 0.5
2520 6.98 23 0.1 0.4 1.8 0.1 0.6
3275 7.95 33 0.3 0.7 3.9 0.1 0.6
o' 42 0,90 29.8 56 11.6
&1 1.08 23.7 1.3 5.2
73 1.19 M6 6.0 12.7
193 1.93 317 42 10.0 20.9 22 5.6
281 2.33 232 0.7 1.4 9.4 0.4 1.5
363 2.65 1.7 32 5.7
563 3.30 253 36 80 8.3 0.2 1.2
983 435 26.7 0.6 1.8 8.6 0.3 1.3
1890 6.03 2317 0.4 33 9.6 0.4 1.5
2830 7.39 226 0.5 32 9.9 0.3 1.5
770 8.53 21.8 0.5 i1 11.3 0.5 1.8
4915 9,74 224 1.3 4.0 11.7 0.6 20
o 56 1.04 25.3 5.0 102
81 1.25 41.0 1.5 10.1
98 1.37 339 38 0.9
128 1.57 39.6 3.5 10.5 38.0 1.1 9.2
215 2.04 30.5 32 8.6
257 2.23 26.6 3.7 2.6 39.6 6.4 13.5
323 2.49 351 1.6 9.3
375 2.69 23.3 0.9 i6 25.5 0.4 3.5
454 3.05 35.8 3.3 9.1
750 380 26.3 0.8 39 27.0 0.8 4.0
1310 5.03 28.3 1.2 4.5 2.2 0.7 4.6
2515 697 2689 1.4 4.6 208 0.9 4.4
3775 £.53 24.4 1.0 39 28.4 0.7 4.1
5050 987 24.5 0.3 14 26.2 0.7 38
6575 1126 23.3 0.7 14 25.5 0.3 35
oft 69 1.16 64.1 3.3 15.2
100 1.39 71.8 6.8 19.6 18.5 39 7.6
122 1.53 64.00 5.0 16.4
160 1.76 55.8 5.8 15.7 2.4 4.6 9.0
219 2.06 571.7 4.5 14.8
269 228 37.7 34 10.1
320 2.48 3.5 2.8 8.6 18.8 5.5 10.1
403 2.79 19.5 1.6 59
605 341 231 4.1 5.4
938 4.25 35.8 0.8 51 16.8 0.4 2.4
1630 5.61 338 0.4 4.6 19.6 0.4 2.8
3135 7.78 34.5 4.5 10.1 22.0 0.8 34
4720 9.54 33.6 1.1 5.0 22.7 0.5 3.2
6310 104 34.5 1.7 5.8 23.2 0.4 3.2
205 12.58 315 1.3 52 257 1.2 4.2



ot B3 1.27 250 25 7.0

120 1.52 270 24 7.2 52.4 2.9 11.6

145 1.67 55.1 4.0 12.9

169 1.81 50.4 7.0 15.6

192 1.92 36.5 29 9.4 51.2 5.2 13.5

264 2.26 36.7 2.3 9.0 49.1 1.6 10.2

323 2.50 4.1 2.0 9.9

383 272 36.5 41 10.6

484 3.05 51.8 4.5 12.9

726 3.74 479 2.8 10.7
1125 4.66 Ll 1.5 52 414 1.4 6.3
1975 6.17 37.0 0.8 52 39.8 0.5 5.5
3760 §.52 37.9 2.0 6.5 38.6 1.0 5.6
5675 10.46 39.7 2.6 7.5 170 1.2 5.5
7540 12.06 402 1.1 59 37.2 0.4 51
9860 13.80 41.8 0.5 5.7 377 0.9 5.4

Total electron capture cross section for C'9, 3<q<6 interactions with atomic and molecular hydrogen
in the energy range 0,01-10 keV/u:

T

" Standard  Absolute Standard  Absolute

Energy Yelocity Ogo-itH)  deviation uncertainty og,(Hs) devialion uneertainty
lon  (eV/amu) (107 em/s) (1071 em®) (1071 em?)
ci+ 11 0.46 14.7 2.0 4.7 8.0 2.1 39
20 (.62 10,0 1.2 i1 9.4 0.7 2.2
6 0.84 8.5 1.2 2.7
19 0.87 13.1 1.5 1.7
43 0.91 1.5 0.7 0
57 1.04 1.6 1.1 30
70 1.16 6.8 0.9 21 10.2 1.0 2.7
112 1.47 6.2 1.6 30 9.0 1.2 2.7
161 1.76 5.6 1.6 29
ci+ 15 0.54 13.7 12 6.3
27 0.72 17.0 2.9 6.3 53.2 4.9 13.5
50 0.98 228 23 6.3 55.6 4.5 13.5
57 1.05 209 1.6 54
75 1.20 44.5 1.7 0.4
a3 1.34 232 1.0 5.4 436 0.5 2.3
150 1.70 25.0 1.1 5.5 373 1.8 2.3
214 2.03 21.2 1.3 52 356 0.9 7.3
387 2.73 32.7 1.9 7.9 30,1 23 8.7
ci+ 71 1.17 249 3.7 E.4
a4 1.35 20.4 0.9 4.4
115 1.49 244 2.1 6.5 216 2.7 6.3
186 1.90 20.3 2.4 .1 14.5 1.7 4.1
268 2.27 22.1 1.7 5.7 &5 0.5 1.9
2490 6.93 272 0.8 4.0 17.9 0.5 2.6
4280 9.09 3.2 1.3 4.9 235 0.8 1.6
8750 12.99 6.4 1.0 5.3 28.8 0.4 4.0
i+ 142 1.66 7.0 18 5.6 34,1 4.3 10.0
160 1.74 11.8 2.6 5.1 8.4 4.4 10.7
1 2.06 17.8 3.2 6.3
319 2.47 0.7 iz 8.7 48.0 57 13.6



Cuneyt Can, Phys. Rev. A 31 (1985) 72:
Single electron capture cross sections for Ne ¥ 2<q<7 from atomic and molecular hydrogen target in

. . . A5 2
the energy range 50-3000 qeV. Cross sections Gqq.1 are given in 10 "cm
EeVig) o H) T A e o e
400 0.04520.007 1.3740.12 R T 2.70£0.31 13240.36
600 0.03320.003 1.55£0.12 1.42+0,14 3.19£0.36 1.27+0.71
800 0.038+0.017 1.16+0.38 1.29+0.43 2.56+0.63 1.33+0,54 3.15%1.1
1000 0.035£0.006 1.27+0.15 1.49+0.18 2.00=0.22 1.98+0.36
E@v/g  ofvH) oI (H,) O Hy) T emE) o¥H) o H,)
200 . 0L081 £0.004 1.3320.03 1.66:40.07 3.93+0.15 4.4940.45
400 (L114+0.005 2.45+0.04 3.21+£0.07 3674016 3.76+0.40 1.8610. 42
600 0.128+0.005 26420.04 3.20+0.07 3.60£0.16 370+0.42
300 0.121+0.005 2.50£0.04 287+0.06 3.20+0.013 342+0.26 4.04+0, 40
1000 0.1174£0.005 2.4820.03 2.98+0.06 2744012 4.95+0.43

Double electron capture cross sections for Ne'® from molecular hydrogen target in the energy range

50-3000 qeV. Cross sections G4 are given in 10" *cm’
E (eV/g) ol (Hy) o)
200 0.084:£0.007 0.17:£0.03
400 0.069+0.007 0.2110.04
600 0.097£0.01
800 0.082+0.08 0.15+0.04
1000 0.069:+0.07

Single electron capture cross sections for Ar'? 2<q<10 from atomic and molecular hydrogen target in

. . . 15 2
the energy range 50-3000 qeV. Cross sections Gqq.1 are given in 10 “cm
E (eV/g) H) oS4 HY ol H) o H) o¥H ) oy (H) oy ' aHH)
200 0.025+0.014 L77£0.24 1.9210.33 2.61£0.40 3.74£0.67 183£0.78 2.95£0.68 3.30z1.0 4.48£1.TH
520 0.034+0.012 1.48+0.14 1.6240.20 2244029 2.90+0.39 170+0.41 L.5110.45 3.63+0.72 1.09+0.48
800 0.084+0.014 1.53:0.16 1.37£0.19 237:0.34 28740.48 2004042 2.4840.49 2.29:0.56 1215119
1250 0.052+0.0135 L48+0.26 1.60£0.25 1.8410.29 Lo6+0.43 1 ll:tO 53 251+0.52 4.67£0.97 2 2311 14
E (eV/g) o5H,) ot (H,) o4 (H) ol (Hy) o (Hy) o1 (Hy) ohy (Hy) oy H,) aiiH,)
30 0.110+0. mﬁ 2.2440.05 2 93*[! 11 24340012 4.27+0.22 4. IU}U 27
100 0.166:+0.009 2.4120.06 286+0.11 3.01£0.15 5.20£0.27 5.50+0.34
200 0.242+0.007 1.83£0.03 287+0.07 2.77t0.11 5.05+0.79 6.17+0.26 4.54+0.25 7.2420.50 5.40£0.74
520 0.279+0.007 1.624+0.03 238+£0.07 2.6240.11 4.20£0.18 523+0.25 4.89+0.29 6.53£0.49 3.T76x0.62
800 0.244:0.007 1.5320,03 2.78+0.08 282:0.12 5.12:0.20 5.12+0.25 4.59::0.28 4.8720.41 6.0420.81
1250 0.266+0.008 1.5310.03 3144010 2.92+0.14 4.29+0.21 5.56+0.29 5.25+0.32 7.5320.55 7.59£0.91
2000 0.282+0.008 1.3040.03 J01+0.08 2.6140.12 4.39+0.20 5.57+0.27 4.81+0.28 5.63+0.46 5.97+0.73
3000 0.258:£0.007 1.260,03 292£0.09 27120.13 4.1920.21 4.94£0.26 4.74:0.32 5564049 4892072

Double electron capture cross sections for Ar'? from molecular hydrogen target in the energy range

50-3000 qeV. Cross sections G4 are given in 10" *cm’

E (eV/q) iy (Hy) o ) iy (H,) o5 (H,)
100 0.59£0.04

200 0.74+0.03 0.18+0.02 0.1740.02

520 0.62+0.03 0.71:+0.05 0.41:£0.05 0.26:+0.03

800 0.62:+£0.03 0.7940.05 0.36+0.04 0.2240.03

1250 0.55+0.03 0.22:+0.03

2000 0.59+0.03 0.55+0.04 0.29+0.04 0i2+0.02

3000 0.56+0.03 0.31£0.04 0.17£0.03

——————————————————
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D. H. Crandall, et al., Phys. Rev A 19 (1979) 504
Single electron capture cross sections for He- and Li-like B, C, N, O ions on molecular and atomic
hydrogen target for the energy range 4-25 gkeV

o Ty, q -1 1H) au.lq_jtﬂzl
Ton  (10% em/faee) (U016 pm®)  (LO-EF o)
B . 0.43 11.8(2.0) 20,4(0,8)
047 14,2012} 20,210,6)

0,66 18.53{1,2) 17.8(0.4)

0,75 15.8{1.4) 17.9{0.6)

0,75 17 .4(1.6) 18.4{0 &)

| P 0.52 4.3100.6) B4 (0.8}
0,57 4,3{0.5) G.4{0.2)

0.749 8,3{0.7) 5.0{0.2)

0,41 8,711} E.300.3)

0,02 10.6(0.8) .500.6)

c* 0,73 16.3(1.8) 6,400.5)
N¥ 0,51 20.8(1.2) 6,4{0.5)
0,58 19.3(0.8) G804

0.72 17.7(0.8) G.2(0.2)

0,56 18.7(0.8) 7.000.3)

0,59 16.,8(1.2) 9,400 .4)

B 0,60 30,9(2.8) 22,1010
: .66 26.5(1.6) 22 7(0,6)
0,94 25.1(2.4) 23,000,8)

1.06 27.2(1.0) 23.3(0.6)

ot 0.48 28,8114} 26, 6(0,6)
0.58 27.512,0) 24,8(1.2)

0.66 22.711.8) 25,9{(0,5)

0.73 29 3(2.6) 23,60 ,8)

{184 23 .5(2.8) 23,2(1.2)

0,98 24.2(2,6) 22.4{0.8)

1.06 27.,3(2,2) 21,7(1.0)

N .44 20,2(1.0) 34,00 )
0.55 30.5(1.0) 33.8{0.6)

0.59 26,0448} 20,61 4)

0.64 29.2(0.8) A0B{0.4)

0,73 29,5(1.00 31.4(1.2)

0.4 26.,2(0.8) 27,000 4)

0,99 24.4100.8) 25,200 .4)

1.16 25.001.2) 28,101.2)

B 1.05 o0 64,00 22,8(3.4)
o .82 29,2(9,2) 20,0(1.4)
N .51 20.312.8) 12.060.6)
0,62 25.4(0.6) 18.310,3)

0,67 24.6(1.4) 17,911 .4)

0,72 26.7(1.2) 19,7(0,6)

0,82 27 .2(1.4) 29 5(0,4)

0,94 29.6(1.0) 21,710,8)

1.11 23.1(2.2) 23,200 ,5)

1.29 a0.002,6) 26,3010}

o™ 0156 27 813.6) 18,410 .6)
0,61 32.7102.2) 22,001 1)

0.73 24.812.0) 22 ,.4(1.0)

0,87 30,4(2,2) 22.1{0.8)

0,98 324100 22 81{0,6)

o 061 310540 35,32 .8)
) 067 57.7{6.8) 34.6{4.2)

0.73 32,007 .8) 33.9(1.8)

005 37.6(3.8) 34,7(2.8)

1,08 36,7(2.4) 34,3(1.4)

P 0,73 35.5(2.2) AR,.A(L.0)

Art .70 42.8(8.4) 34,9(1,6)




R. W. McCullough, et al., J. Phys. B 12 (1979) 4159
Cross sections for one-electron capture by Ba®', Ti*, Mg2+, Cd*, zn**, Kr** and B*' in both H and
H, have been determined in the energy range 0.8-40 keV.

Ba™' Ti® Mg™* cd™ Zn™ Kr*' B*"
Energy —_ — N — — _ S - S— e
(keV) H H; H H, H H, H H, H H, H H, H H;
4.3 87
08 - - - - - - - - +0-5 +0-6 - - - -
o - . B B _ 52 9-0 0-07 2-13 -
+0-5 +0-6 +0-06 +0:05
6-4 9-9
13 - - — - - (-5 +0-5 ) - - -
L5 0-05 N _ . _ 495 7-6 10:9 014 2-54 . _
+0-002 £0-2 06 +06 FO-O08  #0:05
0-07
L - +£0-004 B - - - - -
. B 011 0-025 0-057 20- 1 44 7-8 102 0-24 2:87
+0-01 +0-005 +0-003 1.4 (-1 +0-4 £0-4 H06 008
015
ok - 001 - - - - - - - - - - - -
0-27 20:0 4.2 86 9.8
2:5 - +0-01 - N 12 +(-2 £0-6 (-6 N o
30 N 0-42 - 0:32 0-064 0:068 208 42 10-5 10:1 035 315 10 22:6
£0-02 £0-03  +0-007 £0-005 £0-7 E0-1 -4 +0-3 L0005 +0-08 0.3 +1-0
40 ) 0-74 _ 0-38 01 0-076 19-5 3.9 10-7 9-3 0-4 323 23 22:6
+0:02 +0-02  +0-01 +0-003 +1-2 +0-1 +0-4 +0-3 +0-06  +0-08  +0-5 +0-5
o 0-96 0-42 0-15 0-083 19-0 3.5 133 9-0 0-5 325 4.5 22.7
+0-04 FOA02 +0-01 +0-002 +£0-9 +0-1 +0-7 £0-3 £0-06  +0:04  £0-7 <03
60 N 1-06 - 0-52 023 0-001 17-3 325 137 86 6 3.32 5.6 21-7
+0-03 +0-04 +0-02 +=0-005 +0-6H +0-1 +0)-7 +{-2 +(-07 =008 +0-9 +(-6
2.0 ~ 1-16 0-14 0-53 0-34 011 18-8 33 13-9 7-9 07 3-42 66 21-9
+0-03  +0-03  +0-03  +0-02 +0-003 (-8 +0-1 +0-8 +02 +0:07  +0:04  +0.7 +0-6
80 - 1-19 019 0-53 -4 011 16-7 3.0 15-6 83 08 3-51 8.2 21-6
L0004 £0-04  +0-03  +0-03 +0-01 1.0 +0:1 LO-6 +0-2 +007  +0-03 407 £(-9
o, B 1-26 0-29 066 0-55 0-12 17-6 29 15-6 7-6 0:9 353 1040 212
+0-03 (05 +0-03 +0-03 (101 +(-9 (-1 +1-0 +()-4 +()-07 +(-03 +0-7 +0-7
— B 1.22 036 0-75 071 014 16:5 2.8 17-5 76 0-95 352 11-7 20-6
+0-07  +0-05  +0.05  +0-05 £0-01 06 £0- £0-7 £0-2 +0:07 4006 +0-7 £0-5
0-43 0-93
11-0 - - L0-08  +0-09 - - - - -
12-0 _ 1-32 0-58 1-02 1-1 017 16-8 27 16-8 7-2 1-1 367 135 204
+0-04  +0-08  +0:06  +0-06 +0-01 +06 +0:1 (-9 02 008  £0:05 207 +0-6
0-69 0-97
EHL - - +0-09  £0-06 - - - - - - - - -
] 0-07 1.36 0-96 1-1 13 018 16-2 2-6 177 7-0 1-2 374 151 19-3
+0-02  £0-04  +0-1 +0-1 +01 +0-01 +0-6 =03 £0-9 +0-3 =08  £0-07 =09 +0-9
160 - B 0-98 1-21 1-7 0-21 - B 3 . .
009 £0-04  £0-07 £O-01
175 0-18 146 _ _ 17-4 26 18- 64 1-4 384 161 187
+0-02  +0-03 £0-6 £0-03  +1- +0:2 +0-08  +0:06  +0-6 +0-5
180 _ _ 1-24 1-32 2.1 025 - . _ _ _ o B
LO-08 2003 2001 £0-01
20-0 0-32 1-53 1-47 1-35 23 0-28 163 2.3 19-1 66 1-54 406 162 184
+H-02  £0-02 =01 +0-03  +01 +£0-01 +0-§ +0-1 +£1-0 +0-1 +1-09  x0-09 08 07
22.5 0-4 1-54 1-74 1-43 2-5 0-32 158 22 185 61 1-64 3-99 16:7 181
: +0:03 =007 +0-1 002 £0-1 +0-02 £0-9 01 +1-6 02 +0-09 =006  +0-8 +0-8
S 0-47 1-57 206 1-57 2.8 0-36 169 2.4 16:0 5.9 1-8 411 166 17:7
+0-04 +0-04 +0-2 +0-03 +0-1 +0-01 +0-9 +(+1 £0-6 +0-1 £0-09 401 +0-7 t(-5
31 0-39
e - - - - +0-2 +0-01 - - - - - -
o 0-64 1-66 23 1-73 34 0-4 16-6 22 16-3 61 21 4-61 15-7 17-1
; £0-05  +0-06 001 £003 101 +£0-01 07 £0-1 +1-1 £0-1 Q-1 =02 (16 +0-4
35-0 0-73 1-66 27 1-81 39 0-47 17-2 22 160 61 25 51 14-8 16-8
+0-04  +0-05 02 £0-07  £0-2 £0-02 +1-1 +0-1 £0-7 £0-1 £0-1 £0:07  +0-T 06
302 1.9 4.3 0-51
LUl - - +0-2 £0-06  £0-2 +0-01 - - - - - -




W. L. Nutt, et al.,J. Phys. B 11 (1978) L181
Cross sections for electron capture by C*” and Ti*" ions in H and H, have been determined within the
energy range 0.5-14 keV

[‘E— ']'].11'
Energy ozy H) 24 Hal iy H} i Hy) Tl Hah
kevy {1077 cm?y (1074 em?) (10747 em*®) (10717 gm ) (10717 em?)

03 110 £ 24 RERE ) | -

o7 163 + 39 454 + 43 — — -

10 214 + 52 522 £ 52 : —

15 241 + 49 547 1 50 — — —

20 30+ 55 672 + 50 — — -

30 441 £ 64 T3 + 65 — 2103 27+ 04

4l 409 + 45 Trh + 26 38 402 32+ 05

S0 da-l 4 64 Thel 4+ 56 42 =+ 02 30 4+ 04

G 458 + &6 797 + B0 52+ 04 33+ 06

T 423 + &3 736 £ 79 14 1+ 03 53 103 35 4£07

&0 — 19 + (-4 53403 Mo or

&3 a4 4+ &5 833 L 55 — —

5 29 4 05 66 + 03 35+ 07
100 423 + 14 G040 £ 70 36+ 05 T-5 & (5 35+ 06
110 43 £+ 08 93+ 08 3+ 07
120 435 + 79 907 + 65 SE 4 08 102 = 06 22 + 05
130 64 + 00 &7 & 06 27 & 05
140 470 £+ 84 921 £ 61 96 £ 11 -0 + 10 22 4 09

K. H. Berkner, et al., Phys. Rev A 23 (1981) 2891
Single and double electron capture cross sections for Fe%'+H,. 3<q<25. All the values are given in
10"°cm*/molecule
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K. H. Berkner, et al., J. Phys. B 11 (1978) 875

Experimental single-electron-capture cross sections 6qq.1 Fe?" + H; collisions. All cross sections
have an absolute uncertainty of 10% except for the one marked § , for which the uncertainty is 15%.
Cross sections (10" ecm*/molecule)

Cross sections (10717 em?/molecule)

Energy ‘Incident

{(MeVamu™') charge state g gy a

1-10 11+ 330
12+ D64 355
13+ 385
14+ 0109 435
L6+ 0142 510
1B+ 0-250 630
204 0315 740
22+ 0430 950

0277 9+ i1-9 485

0262 124 328
14+ 570

R. A. Phaneuf, Phys. Rev. A 28 (1983) 1310
Single electron capture cross sections of Fe? 3<q<14 on the H and H, target in the energy range 10-

95eV/iu
- L {[H} Randoam® Tatal® T Tyl H;} E;; ncdom® Total®
Energy Velocity uncertainty uncertainty uncertainty uncertainty
q eV /amu 10° em.s [10~" em® (10-" em?
3 10.4 448 44 +3 £11
3 204 627 4 3 11 28 +5 =10
4 13.8 5.16 25 2 [l
4 27.2 T.24 17 4 9 18 4 8
5 i7.3 5.78 48 3 10
3 3.0 §10 45 3 10 32 3 13
6 20.8 6,33 57 4 13
i 40,8 8.87 58 7 16 52 5 12
7 24.2 6,83 70 9 20
7 47.6 9,58 81 4 16 36 5] 14
] 27.7 7.31 a0 14 28
] 4.4 10.24 77 & 19 62 5 13
9 61.2 10,87 108 & 20 83 E 19
10 68.0 11.45 117 B 23 14 11 22
11 748 12.0 119 11 26 92 14 28
12 81.6 12.55 68 11 22 56 20 36
13 R4 13.06 112 15 n 105 17 2
14 13.55 44

93.2

128

23

10



N. Selberg, Phys. Rev. A 56 (1997) 4626
Absolute charge-exchange cross sections for the interaction between slow Xe®" .15<q<43 projectiles
and neutral He, Ar, and Xe for ion energy 3,8 gkeV.

TABLE I Partial cross sections o, ., for the processes M ol a2 o
+He—He!* P + He™ + (r—p)e” i umits of 107" em”. In the ) 4 a6 e9-2
cases where only single-electron-capture cross sections I:c.rj_,_q_]} i 11.1+14
are given, the results are obtained by means of the double-collision 31 16+1.6 14+05 12+02
method (cf. Sec. IIT B). The collision energy was 3.8g keV. 37 og+172 28+05 a+0.2

i3 44x13 41+05 1.0x0.2
34 3610
35 35+13 37x04 1.0x0.1
36 3.6+135 32x04 14+02
37 42x20 32+05 14+03
38 113+14 50+09 1603
39 631
40 44x20 32+06 21+05
41 70x490
2 164+x34 46+14 22x08
TABLE II. Same as Table I, but with Ar as a target.

q ':"l.--r—l 'Ti-q—l "T;-q—'- '7:-;—'- 'T-; g-1! '5"; g-1

2 11.3+13

25 10.9x09 53205 3504 1.2+0.1

26 134+18 10x1.0 3.7x05 1.0+02

27 13.7x146 6.6+0.9 41+04 1.1+02 0.4+0.09

28 130+13 6.6+0.7 5.4+0.6 2003 1002

29 59+04 3.3x03 2302 0.2x0.1 0.53x0.06 032005

30 152+14 6.1+0.7 3.7x05 1.7+03 1002

3l 15311 59405 3.7x03 1.7x02 08=x0.1

32 123+19 4508 25+04 1.3x02

34 216%55

35 189+121 5.7x10 48+08 1.3x04

36 120+43

37 18623 54+09 3.1+0.6 12+02

39 14.0+44

40 16.7+2.6 54+12 605 0.7£0.3

41 126+3.1 1617 40+12 24207 12404

12 240x45

43 18628 5.7x10 21+04 0.2+02

q ':"é--r—l ':":-4—3 "T;-q—a "T;-E—- ':"3 g-1 ':"; q-12

25 04007 0.8x0.1 1.0+0.1 1.0x0.12

26 0.4*+0.09 14x02 1.6+02

27 2x0.06 0.6+0.1 0.8x02 1402 12+02 0.7x0.1

22 0.9+02 1202 1.1+02 1.4+02

29 0.5*+0.06 0.8+0.09 0.4+0.03

30 1.6+03 19+03 1.8x03 19+03

31 1402 2302 A4x02 1.3+02

32 1.6+03 23x04 1.1+x0.2 12+02 1.0+02

35 2606 29+0.6 27+0.6 1.5x04

37 2305 22+04 1.6x04 12+03

40 2006 34x08 26+0.7

41 1.8+0.6 6.0+14 28+038

43 0.6+02 19+04 21+04

11



TABLE III. Same as Table L but with Xe as a target.

"Tl g—1 'I;:.d—l "T;.a— "T;.s— I.T; g— '-'-".3 g-1
Q9+04
12.1+046 72+04 33x02 1409
119+18
149+07 83x04 46+02 27102 1.2+0.06 02005
174+13
17510 82x05 4503 26x02 1.6x02 03008
258+32
17609 J4+05 3003 2702 1.6x0.1 09+0.08
23.1x21
29+12 10707 4704 28402 1.4+01 06x0.02
193+21 J1x1.1 45046 22403
M4+14d 11.1x09 4704 3203 1202
29+35
23+32 B4x14 352006 1604 1.2+03 0.7x02
25345 100x18 48+009 20x04 1.2+03
I8 8+42 122x20 48+009 1.6x04
'T;:--r—i Ui-q—i U;-q—a 'T; g-1 "Tj-é—-‘- ':"; g-2
0.2+0.03 0.4+0.04 0.8+0.06 1.3£0.08 1.0+0.07
08x01 1.8+0.2 1.8+02 1.8+02 1.5x02
1.3x02 1.7x0.2 20x02 20x02 1.4+02 1.0x0.1
08008 1301 1.5+0.1 1.2x0.04 1.2+0.06 0.7x0.07
20x02 28+02 27202 20+02 1.6x02 0e+0.08
3104 3604 25203 24103 2003 1.6x02
4604 5005 48+04 jox04 30x03 20x02
5.3x09 63x1.1 44+08 35206 1.6x04
3 51210 4508 3907 24103
211 2x11 3.1x09 28206 19+04
':"i-s—- 'Ig g-2 "_‘r; g-3 T g.q-3 '73.-4—3 U;-q-i
0.5+0.09 08x01 1.1x01
0.5£0.06 0.35+0.05 0.1+0.03 02003 03004 0.3x0.05
0.7x0.08 0.4+0.06 0.3+0.06 042007 03007 1.0x0.1
0.6+0.02

1.4+02 0.60.1 0.4+0.009 04009 0.23+01 0.7x01




