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2.1 HREOEH

) A generalized valence-bond configuration-interaction method (with -dependent Gaussian-type
pseudo-potential)
@) I-dependent Gaussian-type pseudo-potential

lm lm

EV

Vl(r) =A; exp(—@-‘lrz) - *d - %q + 1

2(r2 +d2)2 2(r2 +d2)3 r

©) Slater—type orbital: The orbital exponents are obtained by optimizing the energies of respective
electronic states of R = «
@ The accuracy with respect to the spectroscopic values is better than 0.05 eV



2.2 A semi-classical molecular-state close-coupling method

v =2ai(t)(bi(r,R)E.(r,R)

®,(r,R) : Adiabatic wavefunction
F(r,R) : Electron translation factors (ETFs)

- BRI
ia,=€,a,+ Y v(P+A).a
i

: Adiabatic potential energy
: Non-adiabatic coupling

> "y =

: ETFs correction
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3. B4 A VI &k BAKFRRERFD 6 OBHBTHIHE

3.1 \EFIREDGE i}
#3.1 BHS 1A A v OBEREFEICHO B A v &
IKEBFEFFHD AL — % —RIFL B D iE 5

3.1.1 HELEERIsK H
nl LIREEI=E"s nl LIREEI=E"s
Is 1.0519 Is 1.0000
2s 1.0585 2s 0.5000
2p 0.8947 2p 0.5000
3s 0.6993
3p 0.7716
3d 0.6500
4s 0.6906
4p 0.6094
4d 0.6566
af 0.8544
5s 0.8500
5p 0.8500
5d 0.8500
5f 0.8403
5g 0.8398
6s 0.8333
6p 0.8333
6d 0.8333
6f 0.8333
6g 0.8333
6h 0.8333
7s 0.7143
7p 0.7143
7d 0.7143
7f 0.7143
7g 0.7143
7h 0.7143
7 0.7143
8s 0.6250
8p 0.6250
8d 0.6250
8f 0.6250
8g 0.6250
gh 0.6250
8i 0.6250
8 0.6250




#3.2 BY¥(nl) A & v DE LT 2V ¥ — DOEHEAE & BERE D L

nl FHAEE (a. u. ) el (a. u.) 7% (eV)

6s -0.347689 -0.347222 -0.012714

6p -0.347266 -0.347222 -0.001187

6d -0.347246 -0.347222 -0.000649

6f -0.347215 -0.347222 0.000194

T

0.46eVdH 573 n = 6,7TDIREEICEBWTIZ

7s -0.256508 -0.255102 -0.038253 OO4€VDJ\V\]C:LRi 5 TWVD,
Tp -0.255183 -0.255102 -0.002192

7d -0.255071 -0.255102 0.000837

7f -0.254860 -0.255102 0.006584

7g -0.254828 -0.255102 0.007465

7h -0.254765 -0.255102 0.009172

7i -0.254280 -0.255102 0.022360

8s -0.200856 -0.195313 -0.150859

8p -0.195313 -0.195313 0.000000

8d -0.192890 -0.195313 0.065925

8f -0.190524 -0.195313 0.130312

8g -0.186775 -0.195313 0.232318

8h -0.182606 -0.195313 0.345778

8i -0.179377 -0.195313 0.433625

8j -0.178315 -0.195313 0.462542

3.1.2 X5y LT3 )L¥X—phfi
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3.2 (B + H (29)) lR% D E MM AT
3.2.1  n KA WA

69 DIRREZ F VT, PR IR
ey ML RS & 5 B 2 iR o TR RE SR
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Cross section (1016cm?)
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#:3.2.1

(BS++H(28))lZE R D n ARAFHE 7T Wi

E(keV/amu)|| 0.062 | 0.075 | 0.089 | 0.095 [0.122 | 0.140 | 0.159 [0.201 |0.248 | 0.357 | 0.486 | 0.558 | 0.635 | 0.717 | 0.804 | 0.992 | 1.550 [2.232 |2.540 |3.038 |3.395 [3.968 |4.375 |5.022 | 6.200
B*(61) 7.82 | 8.19 |[10.58 [11.03 | 10.37 |10.28 [ 11.15 | 13.89 | 18.89 |20.93 |29.39 |30.69 [34.44 |32.92 | 34.11 |34.90 |32.15 |30.52 |29.83 [29.54 [29.91 |31.22 |32.10 |33.79 |35.62
BY(71) [540.65 [549.68 |554.88 |555.71 |575.35 |591.31 [603.70 |594.43 [584.43 |588.83 |583.24 585.46 |594.13 [596.92 |600.11 [606.20 |630.59 |632.50 [634.02 |637.00 [638.28 |636.91 [634.32 |630.24 |622.95
B*(8) 41.70 [44.49 | 54.30 | 57.17 [55.62 |50.82 |48.58 |53.80 [59.90 | 71.08 | 64.66 | 66.55 | 63.10 | 67.44 | 68.52 | 75.51 | 82.55 | 84.07 |83.20 | 81.39 | 79.96 | 80.05 [ 82.03 |85.15 |93.13
TOTAL |590.18 [602.36 [619.76 |623.90 |641.33 [652.41 [663.43 |662.12 |663.23 |680.84 |677.29 [682.70 [691.67 |697.29 |702.73 [716.62 |745.29 |747.09 |747.05 [747.93 |748.15 |748.18 |748.45 |749.19 |751.70

(x10"%cm?)

12



3.2.2  nl WG S WIS

(B> +H(29)) #2452 D nl AR WA 2 #3.2.212 58 L 72

#3.2.2(a) (BS*+H(2s)) 222D nl AEER W (E = 0.062~0.635 keV/amu)
E(keV/amu) || 0.062 0.075 0.089 0.095 0.122 0.140 0.159 0.201 0.248 0.357 0.486 0.558 0.635
B*(6s) 1.22 0.71 2.67 271 1.02 0.49 0.78 1.05 1.98 1.98 2.53 2.30 222
B*(6p) 0.70 0.96 1.11 1.17 0.99 121 132 1.86 2.25 2.88 4.87 3.97 3.75
B*'(6d) 2.42 2.22 1.78 1.74 1.89 1.61 1.81 2.32 2.82 3.37 4.65 4.69 5.54
B*(60) 1.96 2.64 2.85 3.04 4.04 439 436 4.54 6.23 4.48 6.24 7.97 9.89
B*(62) 0.96 1.10 1.47 1.64 1.69 1.86 2.11 3.20 3.88 461 7.78 8.79 9.70
B*(6h) 0.56 0.57 0.70 0.73 0.74 0.74 0.78 0.91 1.73 3.60 3.32 2.97 3.34
B*(7s) 36.90 37.78 37.09 37.23 43.43 43.12 45.11 39.32 34.26 35.98 30.85 32.99 37.32
B*(7p) 133.10 | 11739 | 103.26 98.58 81.90 85.18 86.87 82.05 76.21 71.66 57.55 55.27 52.39
B*(7d) 185.96 | 179.71 | 167.44 | 16122 | 15440 | 15152 | 15171 | 145.05 | 137.51 | 121.88 | 111.70 | 104.50 99.70
B*(7) 116.85 | 129.23 | 141.79 | 14474 | 14329 | 138.81 | 134.67 | 131.57 | 13427 | 140.77 | 151.94 | 157.56 | 164.30
B*(7g) 4735 60.02 73.56 79.06 98.73 106.67 | 109.43 | 103.59 93.91 85.57 87.53 90.74 94.10
B*(7h) 16.09 20.88 26.83 29.67 44.70 54.60 62.15 71.99 78.56 87.88 91.17 90.13 89.95
B*(7i) 4.40 4.66 491 5.21 8.90 11.41 13.76 20.87 29.70 45.10 5251 54.27 56.37
B*(8s) 3.16 4.39 5.35 5.47 4.56 3.48 3.67 6.24 8.07 7.69 6.15 4.58 4.10
B*(8p) 6.43 6.03 5.66 5.87 7.59 6.40 523 5.35 5.94 6.22 5.18 6.49 7.31
B*(8d) 12.41 11.61 11.22 11.62 12.41 9.80 8.61 11.10 11.29 10.45 8.87 9.52 8.49
B*(8f) 10.34 11.08 15.02 15.23 11.91 11.69 11.42 9.82 10.38 12.56 9.84 9.84 9.63
B*(8g) 4.17 5.02 7.7 8.25 6.40 6.63 6.76 7.45 8.72 9.71 7.94 6.95 6.42
B*(8h) 2.53 3.09 4.57 5.19 5.28 5.38 5.41 5.36 5.01 6.33 6.27 6.11 6.40
B*(8i) 2.06 2.58 3.57 4.12 5.63 5.52 5.35 5.68 6.68 8.68 11.21 13.40 12.80
B*(8j) 0.59 0.69 1.15 1.41 1.84 1.92 2.12 2.80 3.83 9.44 9.20 9.66 7.96
TOTAL 590.18 | 602.36 | 619.76 | 623.90 | 641.33 | 652.41 | 66343 | 662.12 | 663.23 | 680.84 | 67729 | 682.70 | 691.67

(x10"%cm?)

13



3.2.2  nl WG S WIS

7:3.2.2(b) (B> +H@s))E LR D nl AL W (F = 0.717~6.2 keV/amu)

E(keV/amu) || 0.717 | 0.804 | 0.992 1550 | 2232 | 2540 | 3.038 | 3395 | 3968 | 4375 | 5022 | 6.200
B*(6s) 1.88 2.44 375 3.89 4.09 3.85 3.58 3.42 3.26 3.05 2.89 2.83
B*(6p) 3.26 422 4.99 6.43 6.87 6.59 6.33 6.46 7.10 7.61 8.51 9.43
B*(6d) 4.90 5.09 5.13 6.01 6.51 6.40 631 6.48 7.14 7.74 8.77 10.10
B*(6£) 10.72 10.81 11.26 8.84 7.15 7.28 8.10 8.77 9.61 9.96 10.28 10.24
B*(6g) 9.07 8.27 6.84 447 3.82 3.84 3.68 3.43 2.97 2.68 232 1.95
B*(6h) 3.09 3.28 2.93 251 2.08 1.86 1.54 1.35 1.14 1.06 1.02 1.07
B*(7s) 40.01 4256 | 4653 5296 | 4683 | 4447 | 4056 | 3865 | 3654 | 3562 | 3421 32.66
B*(7p) 52.15 5117 | 4697 | 4860 | 5572 | 60.63 6795 | 7067 | 7284 | 7284 | 7157 | 67.84
B*(7d) 9492 | 8950 | 8422 | 7806 | 7586 | 7723 77.73 7780 | 7614 | 7502 | 7516 | 77.92
B(76) 166.80 | 16955 | 17058 | 17352 | 168.17 | 165.00 | 162.05 | 162.17 | 163.86 | 165.06 | 165.68 | 165.64
B*(7g) 97.52 | 10133 | 11047 | 129.82 | 140.66 | 14233 | 14487 | 14569 | 14554 | 14485 | 14349 | 14033
B*(7h) 87.64 | 8684 | 8679 | 8510 | 83.01 8356 | 8497 | 8530 | 8485 | 8430 | 8364 | 82.10
B*(7i) 5788 | 59.16 | 60.64 | 62.53 6225 | 60.81 5887 | 58.00 | 57.13 5664 | 5650 | 5645
B*(8s) 426 4.86 4.54 5.62 6.32 6.52 6.42 6.17 5.87 5.83 6.12 731
B*(8p) 8.82 9.08 9.59 10.33 9.46 8.99 8.84 8.93 951 9.89 10.69 11.77
B*(8d) 9.53 8.53 10.11 15.43 16.33 16.03 15.46 14.54 13.70 13.63 14.00 15.79
B*(8f) 9.67 9.92 12.13 18.21 16.88 16.25 15.23 14.85 14.92 15.76 16.49 18.45
B*(8g) 6.66 731 8.82 9.74 9.93 9.64 9.25 9.13 9.20 9.63 9.90 10.91
B*(8h) 6.19 6.46 7.55 791 8.39 833 8.11 7.96 7.80 7.78 7.85 7.84
B*(8i) 13.36 13.82 12.17 8.77 9.72 9.98 10.65 11.14 11.70 12.14 12.85 13.47
B*(8j) 8.97 8.54 10.60 6.54 7.04 7.46 743 7.24 7.36 7.36 7.25 7.59
TOTAL | 69729 | 70273 | 716.62 | 74529 | 747.09 | 747.05 | 747.93 | 748.15 | 748.18 | 748.45 | 749.19 | 751.70

(x10"cm?)
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3.3 (B5 + H(2p)) 22 D EmiE T WihitE

3.3.1 n RAEERSTWIEIRS, X3.3.1, Efitiz#3.3. 11”7,

1000

O LEABTWmEEEE X 2370.0 x 1016
cm?~ 500.0 x 106 cm?2fEchhH . E
= 0.99keV/amu THiHRE IR AIC R 5

.,
¢ %0000 o

@ (B + H(2s) Hi%5% & [k, Yo7l 1
X —fHITH BH(7]) JREE~NDE Tl
DI

, P l,||rl""'. — & mg i —a

@ BT REIZR A THLGIIRE DI,

Cross section (1016cm?)

E <3keV/amuTIlZB*(6/) JREETH % H3 B Bd+(6))
E >3keV/amuTIl3B4*(8/) IRfE L 7 % e B#(7])
—&— B+(8))
—— TOTAL

E(keV/amu)

X|3.3.1 (B> + H(2p)) 222D n G EMBEATWIHTE

15




%3.3.1

(BS++HEp)E R D n A7 57 Wi

E(keV/amu)| 0.062 | 0.075 [0.089 | 0.095 | 0.122 | 0.140 | 0.159 ]0.201 [0.248 | 0.357 | 0.486 [ 0.558 | 0.635 | 0.717 [ 0.804 [0.992 | 1.550 [2.232 | 2.540 |3.038 [3.395 | 3.968 |4.375 [5.022 | 6.200
B*(6]) 26.23 | 35.51| 40.32 | 39.99 | 39.92 | 43.41 | 50.67| 61.01 | 68.58 | 82.51 [ 88.28 | 88.62 [ 85.74 | 87.90 | 92.01 | 99.30 |102.28 | 99.99 [ 95.63 | 90.95| 89.96 [ 90.44 | 91.10| 92.24 | 92.92
BY(7)  ||323.89 |327.73 |317.74 |325.20 |346.12 |363.00 | 362.18 | 374.18 | 381.35 |395.22 |375.31 |366.17 | 367.18 |360.72 |353.97 |338.35 | 284.41 |251.43 |244.51 |235.32 |229.54 [222.39 [219.04 [215.07 [209.35
B*(8)) 17.76 | 15.92| 1478 | 14.81 | 12.03 | 10.52 9.30| 9.15| 12.57| 17.35| 23.65| 27.88 | 33.65| 38.94 | 44.36 | 54.05| 69.55| 81.89 | 86.08 [ 91.87 | 94.15[ 96.76 | 97.54 | 97.60 | 97.51
TOTAL ||367.89 [379.17 | 372.84 |380.00 [398.07 [416.94 |422.14 [444.35 |462.50 |495.08 |487.23 |482.67 |486.56 |487.56 [490.33 |491.70 [456.24 |433.32 |426.22 |418.14 [413.65 |409.59 [407.68 [404.90 |399.78
(x10"%cm?)

16



3.3.2  nl AKAFER ST WA

(B>*+H(2p)) 5<% D nl HAFRITWIRIRG 2 #3.3.2127R L 7

#3.3.2(a) (BS*+HEp)#EZ%D nl iAFH MR (E = 0.062~0.635 keV/amu)
E(keV/amu) 0.062 0.075 0.089 0.095 0.122 0.140 0.159 0.201 0.248 0.357 0.486 0.558 0.635
B4‘(6s) 1.92 2.93 4.25 3.99 2.54 3.07 3.99 6.35 5.05 3.39 5.23 6.30 6.75
B‘“(ép) 2.69 3.10 2.70 2.95 4.29 4.59 5.37 6.61 7.79 9.83 10.12 10.80 10.66
B‘“(éd) 6.04 7.58 8.55 8.26 6.87 7.13 7.61 7.81 8.54 12.68 18.69 20.71 21.21
B‘“(6f) 10.40 15.50 17.74 17.57 15.57 15.43 17.36 19.14 23.28 26.90 28.63 28.47 26.64
B‘“(ég) 3.25 4.46 5.18 5.55 8.22 9.66 11.98 16.19 17.90 19.64 19.66 17.76 15.46
B‘“(éh) 1.93 1.95 1.90 1.67 2.44 3.54 4.35 4.92 6.02 10.08 5.94 4.56 5.02
B4‘(7s) 22.24 24.52 20.64 20.12 26.88 19.68 16.79 27.92 18.70 28.86 25.55 31.38 35.29
B‘“(7p) 120.99 119.12 109.84 113.96 117.55 131.15 116.77 99.21 87.27 65.82 50.36 44,01 40.52
B‘“(7d) 105.13 103.56 99.39 100.22 101.32 106.60 112.53 108.85 113.52 93.94 80.75 74.92 75.49
B‘“(7f) 48.00 47.73 53.89 56.97 63.34 62.85 66.41 74.11 91.45 112.45 119.06 115.20 111.73
B‘“(7g) 17.18 19.59 18.23 17.40 18.62 22.54 27.04 32.23 38.18 54.35 63.02 64.32 63.68
B‘“(7h) 7.37 9.34 10.79 11.21 12.51 13.22 14.60 19.64 19.06 24.05 24.16 25.99 29.70
B4‘(7i) 2.97 3.87 4.96 5.32 5.90 6.97 8.04 12.22 13.18 15.74 12.41 10.35 10.78
B4‘(85) 1.81 1.49 1.40 1.34 0.69 0.67 0.59 1.20 1.16 1.00 1.37 2.37 3.56
B‘“(Sp) 2.37 1.95 1.76 1.68 1.43 1.46 1.79 1.22 1.69 2.16 3.15 3.38 4.53
B‘“(Sd) 5.14 4.33 3.40 3.27 2.97 2.55 1.84 1.72 2.20 2.65 4.63 5.56 7.91
B‘“(Bf) 5.27 5.13 4.89 4.83 2.79 1.95 1.47 1.15 1.51 3.01 3.37 4.38 5.13
B‘“(Sg) 1.12 1.06 1.27 1.46 1.41 1.34 1.26 0.86 1.14 1.68 2.30 2.74 3.26
B‘“(Sh) 1.00 0.89 0.92 1.03 1.09 0.94 0.85 0.98 1.42 1.93 2.09 2.41 2.73
B‘”(Si) 0.66 0.70 0.70 0.71 0.97 0.89 0.71 0.84 1.62 2.28 3.59 3.75 3.16
B‘”(Sj) 0.40 0.38 0.44 0.49 0.68 0.71 0.78 1.19 1.83 2.64 3.13 3.28 3.35
TOTAL 367.89 379.17 372.84 380.00 398.07 416.94 422.14 444 .35 462.50 495.08 487.23 482.67 486.56

(x10"%cm?)

17



3.3.2  nl AKAFER ST WA

#3.3.2(b) (BS*+H2p))#E 222D nl AFEEIWIERE (E = 0.717~6.2 keV/amu)
E(keV/amu) [ 0.717 0.804 | 0.992 1550 | 2.232 2540 | 3.038 3.395 3.968 4375 5.022 6.200
B*'(65) 7.61 8.26 9.61 10.26 12.17 1137 9.28 8.17 7.30 6.67 5.93 491
B*(6p) 11.25 12.89 15.43 17.03 21.62 2041 18.48 17.66 16.50 15.82 14.68 12.52
B*(6d) 22.78 23.54 | 2483 21.14 14.96 14.42 14.81 14.98 15.01 15.05 15.37 16.20
B (6f) 24.64 | 2400 | 21.74 17.19 18.92 19.31 2016 | 21.22 23.27 24.61 26.27 27.70
B*'(6g) 14.69 14.09 14.20 19.78 19.35 18.73 18.32 18.59 19.45 2017 | 2130 | 22.83
B*(6h) 6.92 9.24 13.49 16.88 12.98 11.38 9.89 9.34 8.91 8.78 8.70 8.76
B*(7s) 35.92 35.93 35.88 3396 | 2886 | 2770 | 2629 | 2562 24.63 23.85 22.77 2091
B*(7p) 37.83 34.94 3140 | 2824 30.36 3225 3143 2990 | 2937 30.32 3246 36.84
B*(7d) 72.56 70.75 68.98 68.22 61.85 58.83 55.61 53.12 48.27 45.25 41.28 36.61
B*(7f) 107.69 | 10246 | 90.85 5630 | 4636 | 4530 | 45.12 4530 | 4571 45.83 4574 | 4472
B*(7g) 63.49 65.57 6470 | 4429 31.86 | 29.58 28.31 2789 | 27.87 27.87 27.83 27.12
B*(7h) 32.24 32.96 3451 38.22 34.34 32.76 30.42 29.48 28.21 2751 26.53 24.72
B*(7i) 10.98 11.35 12.03 15.18 17.80 18.08 18.15 18.23 18.34 18.39 18.46 18.43
B*(8s) 4.26 4.66 5.79 8.36 9.07 9.02 9.14 9.40 9.76 9.69 9.28 8.34
B*(8p) 5.13 6.64 9.46 11.80 14.28 14.75 15.03 14.51 13.86 13.34 12.43 11.12
B*(8d) 9.43 10.93 12.41 14.21 16.58 17.41 18.51 18.97 19.09 18.80 17.89 16.01
B*(8f) 6.63 7.37 8.94 12.72 17.11 18.77 2060 | 2119 | 2199 | 2231 22.52 22.60
B*(8g) 3.74 4.09 4.92 6.79 9.58 10.77 12.02 12.62 13.35 13.82 14.46 15.57
B*(8h) 3.10 341 3.53 4.68 5.41 5.66 6.19 6.52 6.82 7.08 748 8.36
B*(8i) 3.10 3.30 3.95 481 446 430 479 5.04 534 5.55 6.07 6.99
B(8j) 3.57 3.97 5.04 6.18 5.38 5.40 5.60 5.90 6.54 6.94 746 8.52
TOTAL 487.56 | 49033 | 491.70 | 45624 | 43332 | 42622 | 418.14 | 41365 | 40959 | 407.68 | 40490 | 399.78

(x10"°cm?)
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4. CO+A FVIZ X BKRFBRFD 6 DEMEITHHIE

4.1 BEIREEDGIE

4.1.1 FEERI%

CH*RIZBE T RO TETIREDGH
W BLUE O T TR BRI TOTEN TES,
UL, (CO+H(2D)) 2L RICBNTII Al
AF > DI ENZ & HAS IR BB H
BHIEINS, C*(8I) IREEANDE TN L
L ThHETHIND, Lo T, BEMET
W AR D FHRITII L <DIREEZHDIAA T
STE TN END D, fHIR(LDDIT, &
REEZ E UK LHHI AN T, R D
ARSIz, WAL —4 —RIfE O
BEIFZE R4 U, TNSOREREEE W
TESNZCHMA L DEFIRIF—DE
BREEEH Rl DL A R4 2R T,

#4.1 (CH)S* 751 A 4 v o HRER IS 7
AL — & =R D WuE T %

c* H
nl L/ BIEE =24 nl LI /RIEE=2¢ nl LI/ BEE =24
Is 1.9938 7s 0.8571 Is 0.5000
2s 1.4933 Tp 0.8571 2s 0.5000
2p 1.4730 7d 0.8571 2p 0.5000
3s 1.2289 7f 0.8571
3p 1.1148 g 0.8571
3d 09114 7h 0.8571
4s 1.0105 71 0.8571
4p 1.0118 8s 0.7500
4d 1.4131 8p 0.7500
0.9451 8d 0.7500
4f 1.4243 8f 0.7500
0.9456 8g 0.7500
5s 0.6571 8h 0.7500
Sp 0.7172 81 0.7500
5d 1.0398 8] 0.7500
5f 1.0961 Os 0.6667
5g 1.0101 9p 0.6667
6s 0.8551 9d 0.6667
6p 0.8987 of 0.6667
6d 1.0000 Og 0.6667
6f 1.0000 9h 0.6667
6g 1.0000 91 0.6667
6h 1.0000 9 0.6667
9k 0.6667
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#4.2 C(nl) 4 A4 v DET T 3V F — D1 HEME & BlEHEO Hhig

nl | 5tEEw) | BiRlau) | BEeEV) nl | stEf#E@uw) | BiflEau) | BEEV)
6s -0.50004 -0.50000 0.00097 8d -0.28139 -0.28125 0.00372
6p -0.50002 -0.50000 0.00052 &f -0.28101 -0.28125 -0.00648
6d -0.50000 -0.50000 -0.00008 8g -0.28088 -0.28125 -0.01007
6f -0.49998 -0.50000 -0.00042 8h -0.28030 -0.28125 -0.02593
6g -0.49924 -0.50000 -0.02060 81 -0.28001 -0.28125 -0.03383
6h -0.49855 -0.50000 -0.03943 8] -0.27935 -0.28125 -0.05169
7s -0.36781 -0.36735 0.01263 Os -0.23384 -0.22222 0.31606
Tp -0.36746 -0.36735 0.00305 9p -0.23218 -0.22222 0.27102
7d -0.36733 -0.36735 -0.00037 9d -0.22222 -0.22222 0.00000
7f -0.36721 -0.36735 -0.00377 of -0.21925 -0.22222 -0.08080
7g -0.36718 -0.36735 -0.00442 9g -0.21179 -0.22222 -0.28385
7h -0.36714 -0.36735 -0.00552 Oh -0.20855 -0.22222 -0.37210
71 -0.36692 -0.36735 -0.01167 91 -0.20393 -0.22222 -0.49770
8s -0.28212 -0.28125 0.02380 9j -0.20188 -0.22222 -0.55366
8p -0.28168 -0.28125 0.01165 9k -0.19959 -0.22222 -0.61583
4.1.2 KTV ¥ LT 3LX — iR

OB AT n =9
T K0.6eVTH %
. n=6-8TlEET
0.06eVLIHNIZE I -
TWw3,

.M. A, OREDEF VI ¥ L2 LFX -z X4.1.1~4.1.412RF, EFv> vy LT3
VX —HE DR EZNRR T WIS I IR T v Y VI 2 VX =6 7 —ua v KFEIES/R%
FIVyTW 3,
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(E — 5/R)(a.u.)

lcﬁ(g D+H*
+ C6++H(2p)
=—C6++H(2s)
: } C5+(8 [)_|_H+

__JC5+(7I)+H+

-Jc5+(61)+H+

R(a.u.)

4.1.1 (CH)S* RZREAT v V2L ¥—iift (17X2~48%) o1



(E — 5/R)(a.u.)

:|C5+(9 [).|_H+
Co6*+H(2p)

} C5+(8 [)+H+

}C5+(7Z)+H+

}C5+(6[)+H+

R(a.u.)

4.1.2 (CH)S* RINREEAR T > v LT 2L ¥ —ihi#k (1111~3711) 29



(E — 5/R)(a.u.)

¥4.1.3

13 18 23 28 33
R(a.u.)

(CH)S* RAREEX T > > v LI 2L X —lllift (7A~28A)

38

}C5+(9Z)+H+

| S

CS+(81)+H*

}C5+(71)+H+

}C5+(61)+H+
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(E — 5/R)(a.u.)

¥4.1.4

13 18 23 28 33
R(a.u.)

(CH)* ZDIRFER T > > v L T2 L X —hift (4Dd~21D)

38

}C5+(9Z)+H+

}C5+(81)+H+

}C5+(7 D+H+

}C5+(61)+H+
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4.2  (CS* + H(1s)) fi52% 0 B %47 Wi i

(Co* + H(1s)) 22 RIZBAL TUIN< DG
[1-31BD, =N B 1T W fEz
gL 7= D% XK4.2177R T,

O HEZINVX—PRES LD LE
EWHRIIRE SR 5, — "

@ BB IR A THI45

x1016cm?

—#— Present

M.Kimura and C.D.Lin (cal.)

Cross section (1016cm?)
=

—— T.A.Green et al (cal.)

—— F.W.Meyer ef al (exp.)

1 PR | L L L L n L M| L L L n L
0.06 0.1 1 7

E(keV/amu)

4.2 (Co*+H(1s)) fE2¢% DM EATHIRE

[I] M. Kimura and C. D. Lin, Phys. Rev., A32, 1357 (1985)

[2] T. A. Green, E. J. Shipsey and J. C. Browne, Phys. Rev., A25, 1364 (1982)
[3] F. W. Meyer, A. M. Howald, C. C. Havener, and R. A. Phaneuf, Phys. Rev., A32, 3310 (1985) 25




4.3 (C6++H(2s)) 122 % D BRI T Wi
4.3.1 nREE WIS

QI DAIRFEZ H T, o FIEIEICIE-D 2yl 1000 ¢ —
ER RS A TR 2 iR TIRRE ?Eﬁ?'-é?*@ﬁl’fj f__+_;~:;~::_;::_—;—_ —‘;i__ —e—S5aass B
R 2 R 7o, nfRAFER Sy WA 2 4.3 11273 R H s )

L. Bufiiz#4.3.1128 L7,

@D Jﬁb%é@ﬁlzw% —BHIE T,
Co(n=8) IRFE~DTE T LRI T H
D, ROBEOWHEL AN —TZDHFEIX
#180%

100 pyaly e — e

@ C*(n =8)IREEDRIZHEGNPRKE DI 10 -'//./—.-/—.:‘“ran
{2 = %)L ¥ —4EI(E < 0. 36keV/amu)

TIEC>(n=9) 7205, HELZ FILX =K (1

Cross section (1016cm?)

E K72 B2 TCH (n=7) IRIBD A 573 - c:rsn
au\{ﬁic\—iﬁajﬂ] LC5+( ) 4ﬁﬁﬁccﬂb3‘/@3‘2@ﬂ i -— —— C7(9)
MZ7: % ) — & TOTAL
0.06 0.1 |
@ AWEEIIEEL L —REL R BIC AlkeV/amu)

SN L., E=6.2 keV/amu<T740x
-16 2 4
10°16 cm?2 FLEE X4.3.1 (C8++H(2s)) #2255 Dnilk {7 miff T Wi AS
@ fEZET %)L X —fHIK TCoM(n=6) IREED
RS AL 12 /N & < AW I X L THRR
T3UREDHS
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#£4.3.1 (C + H(2s) WA Onlicts BT AT Y

E(keV/amu)| 0.062 | 0.075 | 0.089 | 0.095 | 0.105 | 0.122 | 0.140 | 0.159 | 0.201 |0.248 | 0.357 | 0.486 | 0.558
C@l) || 0.13 | 030 | 041 | 044 | 047 | 061 | 093 | 1.18 | 1.34 | 145 | 1.71 | 2.73 | 3.66

C*() || 932 | 13.50 [ 17.13 | 19.42 [20.69 | 26.71 | 30.35 | 31.40 |41.44 | 55.48 | 89.46 |109.94 [114.26

C*'(81) ||450.93 |473.82 [458.41 |472.78 [479.40 |472.06 [471.53 |486.34 [474.97 |490.94 [478.93 |467.80 [468.41

C*On ||92.15 | 87.26 | 86.54 | 88.37 | 85.23 | 80.72 | 86.45 | 91.75 | 99.77 |100.23 [101.55 | 98.29 | 97.79

TOTAL |[552.53 |574.88 |562.50 |581.01 |585.80 |580.10 |589.26 [610.67 [617.51 [648.11 [671.66 [678.76 |684.12

E(keV/amu)| 0.635 | 0.717 | 0.804 | 0.992 | 1.550 |2.232 | 2.540 |3.038 |3.395 |3.968 | 4.375 |5.022 | 6.200
C6l) || 441 | 510 | 6.07 | 7.34 | 834 |14.59 |17.53 |21.36 |22.64 | 23.63 |23.97 | 24.34 |24.21

C*(71)  |[120.94 |125.60 [131.38 |154.35 [178.74 |175.69 [171.73 | 165.45 [162.40 |158.94 155.32 | 148.28 [136.12

C*(81) ||482.57 |492.68 [490.03 |463.26 [453.89 |466.40 [465.18 |462.45 [461.67 |462.74 [464.90 |468.67 [475.20

C*(91) ||98.75 |100.84 [103.42|103.83 | 78.77 | 77.24 | 82.90 | 91.24 [ 95.92 | 99.42 [101.26 |103.49 [107.00

TOTAL (706.67 |724.21 |730.90 |728.78 | 719.74 | 733.93 | 737.33 |740.50 |742.62 | 744.74 | 745.46 | 744.79 |742.54

(X10™"°cm®)
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4.3.2  nl WA WIS

(CS++H(2s)) 222D nl AR Wi %2 £4.3.212 R L 7=

#4.3.2(a) (CO+HE)EZER D nl AT Wi fE (CO+(6s)~Co*(7i)IkfE, E = 0.062~0.558 keV/amu)

E(keV/amu)|| 0.062 0.075 0.089 0.095 0.105 0.122 0.140 0.159 0.201 0.248 0.357 0.486 0.558
C5+(6s) 0.05 0.09 0.07 0.09 0.11 0.12 0.16 0.13 0.11 0.11 0.12 0.19 0.30
C5+(6p) 0.01 0.02 0.05 0.05 0.07 0.13 0.19 0.26 0.18 0.16 0.15 0.32 0.38
C5+(6d) 0.02 0.07 0.08 0.08 0.08 0.12 0.23 0.25 0.26 0.26 0.31 0.37 0.59
C5+(6i) 0.02 0.05 0.09 0.09 0.08 0.11 0.16 0.25 0.38 0.47 0.52 0.71 1.01
C5+(6g) 0.01 0.05 0.08 0.08 0.07 0.09 0.13 0.21 0.30 0.35 0.46 0.66 0.77
CS*(6h) 0.01 0.03 0.05 0.05 0.05 0.05 0.06 0.08 0.10 0.10 0.15 0.47 0.61
CS*(7s) 2.66 4.01 3.68 4.39 4.15 6.89 8.01 5.71 6.70 6.73 13.16 10.72 7.05
CS*(7p) 1.59 2.00 2.94 347 3.59 4.29 5.32 6.20 9.21 10.17 9.06 11.37 12.62
CS*(7d) 1.71 2.77 3.36 3.54 393 4.21 3.85 4.71 6.60 9.12 13.02 14.65 16.92
CS*(71) 1.75 2.56 3.79 4.16 4.40 5.15 5.40 5.80 7.49 11.27 19.25 27.09 26.60
CS*(7g) 1.00 1.25 1.79 2.08 2.56 342 4.23 4.87 6.27 9.81 18.30 23.65 25.45
CS*(7h) 0.36 0.54 1.02 1.19 1.42 1.97 2.63 3.09 3.90 6.29 11.88 16.15 18.24
C5+(7i) 0.25 0.38 0.55 0.59 0.65 0.79 0.91 1.03 1.26 2.09 4.80 6.31 7.40
(X10"°cm®)
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4.3.2  nl WA WIS

#4.3.2(b) (CS*+H(28)) &2 R D nl AR WiTHIFE (CO*(68)~C>*(7i)IREE, F = 0.635~6.200 keV/amu)

E(keV/amu)|| 0.635 | 0.717 | 0.804 | 0.992 | 1.550 | 2.232 | 2.540 | 3.038 | 3.395 | 3.968 | 4.375 | 5.022 | 6.200
C™(6s) 030 | 033 | 042 | 052 | 087 1.30 1.33 1.57 1.60 | 1.54 | 144 | 132 1.19
C™(6p) 040 | 048 | 0.71 0.91 133 | 254 | 284 | 3.19 | 3.18 | 320 | 332 | 3.64 | 401
C™(6d) 0.83 | 0.98 1.12 1.38 153 | 213 | 255 | 3.08 | 324 | 3.60 | 393 | 437 | 473
C™(6f) 1.35 1.61 188 | 222 | 246 | 3.12 | 354 | 463 | 533 | 606 | 624 | 622 | 580
C*(6g) 0.86 | 0.96 1.11 136 | 142 | 283 | 3.91 502 | 526 | 510 | 487 | 456 | 426
C**(6h) 067 | 073 | 082 | 095 | 074 | 267 | 334 | 388 | 403 | 413 | 416 | 423 | 423
C¥(7s) 5.81 58 | 483 | 610 | 322 | 270 | 259 | 291 349 | 430 | 440 | 411 | 3.92
C*(7p) || 14.03 | 1090 | 895 | 11.30 | 1024 | 879 | 800 | 6.62 | 678 | 7.86 | 843 | 898 | 9.11
C*(7d) || 17.56 | 16.97 | 17.15 | 18.84 | 20.57 | 20.59 | 19.41 | 16.56 | 1499 | 12.56 | 11.26 | 9.75 | 829
C(7r) || 25.88 | 26.71 | 2823 | 32.73 | 42.99 | 45.63 | 44.98 | 4230 | 40.00 | 36.92 | 3495 | 32.17 | 27.82
C*(7g) | 27.98 | 30.69 | 3334 | 38.83 | 49.89 | 47.57 | 45.44 | 43.33 | 42.02 | 40.35 | 39.10 | 36.59 | 32.81
C¥(7Th) || 20.56 | 23.42 | 2626 | 31.52 | 3545 | 3336 | 33.86 | 35.16 | 35.53 | 35.89 | 3547 | 34.43 | 31.85
C™(7i) 9.12 | 11.02 | 12.61 | 1503 | 1638 | 17.05 | 17.44 | 18.57 | 19.59 | 21.05 | 21.72 | 22.27 | 22.32
(X10™"%cm?)
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4.3.2  nl WA WIS

7¢4.3.2(c)

(CO*+H(2s)) #5932 D nl EAFERTWIHRE (Co*(85)~Co*(9K)IR

N

E(keV/amu)f| 0.062 | 0.075 | 0.089 [ 0.095 | 0.105 | 0.122 | 0.140 | 0.159 | 0.201 | 0.248 | 0.357 | 0.486 | 0.558
C™(8s) |[[214.47 [218.57 | 210.94 | 222.31 |222.22 | 217.84 | 219.61 |231.17 | 211.15 [ 212.49 | 195.15 | 182.96 | 166.70
C¥(8p) 81.29 | 82.43 | 8237 | 82.39 [ 89.76 | 93.84 | 9490 | 98.12 |101.40 | 99.92 |[107.49 | 93.36 | 100.97
C¥(8d) 68.74 | 77.86 | 7420 | 75.76 | 73.98 | 67.39 | 61.55 | 59.41 | 60.10 | 67.72 | 59.99 [ 62.24 | 63.33
C¥(8f) 40.65 | 37.83 | 36.18 | 37.73 | 39.33 | 42.64 | 4243 | 4339 [ 43.60 | 4934 | 57.06 | 62.23 | 68.47
C*(8g) 21.92 | 26.03 | 25.51 | 25.77 | 27.43 | 2526 | 2470 [ 24.13 | 26.82 | 30.48 | 26.50 | 29.57 | 30.88
C¥(8h) 1299 | 18.87 | 17.02 | 17.64 | 17.47 | 15.41 15.41 17.20 | 18.63 | 16.77 | 17.49 | 1629 | 17.26
C™¥(8i) 7.86 8.49 8.28 7.41 5.96 6.56 8.57 7.52 7.61 10.78 7.43 12.77 | 13.97
C¥(8j) 3.02 3.72 3.92 3.77 3.25 3.12 435 5.41 5.67 3.43 7.82 8.38 6.84
C¥(9s) 9.70 12.51 10.52 | 1223 | 1437 | 1235 | 10.78 | 12.20 | 1548 | 11.53 8.73 8.89 8.90
C¥(9p) 20.83 [ 13.53 | 14.75 | 13.89 | 10.12 8.91 9.86 10.02 | 11.48 | 11.42 6.92 8.76 7.51
C¥(9d) 19.83 17.60 | 1597 | 17.16 | 19.32 | 20.87 | 18.40 [ 16.23 | 20.03 | 21.60 | 13.35 | 14.2] 15.01
C¥(91) 15.73 | 17.29 | 1598 | 15.58 | 1548 | 13.70 | 14.09 | 17.19 | 1850 | 18.77 | 18.24 [ 20.65 | 21.77
C™(9g) 9.12 8.04 7.81 8.12 7.50 8.76 8.94 7.29 11.81 12.23 | 12.82 | 13.29 | 15.72
C¥(9h) 8.26 8.28 8.60 9.48 8.11 6.11 8.92 9.61 8.68 8.90 1322 | 1224 | 11.27
C¥(9i) 3.96 4.41 4.60 4.26 3.97 3.74 5.71 7.31 5.82 6.79 9.10 6.79 5.57
C¥(9)) 2.48 2.89 4.23 4.10 3.23 3.11 5.37 6.38 3.86 4.96 8.75 5.18 5.29
C¥(9k) 2.24 2.71 4.08 3.55 3.12 3.17 4.38 5.53 4.11 4.04 10.43 8.28 6.76
TOTAL | 552.53 | 574.88 | 562.50 [ 581.01 | 585.80 | 580.10 | 589.26 | 610.67 [ 617.51 | 648.11 | 671.66 | 678.76 | 684.12

(X10"cm?)

&, E =0.062~0.558 keV/amu)
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4.3.2  nl WA WIS

7¢4.3.2(d)

(CO*+H(29)) {222 D nl WAFTSTWIHRE (C5+(88)~C5* (9K)IR

N

E(keV/amu)|| 0.635 | 0.717 | 0.804 | 0.992 | 1.550 | 2.232 | 2.540 | 3.038 | 3.395 | 3.968 | 4375 | 5.022 | 6.200
C™(8s) 160.13 | 154.31 | 143.55 | 113.48 | 75.84 | 58.98 | 54.57 | 49.47 | 46.75 | 43.40 | 41.83 | 39.97 | 36.66
C¥@8p) | 112.32 [ 119.29 | 116.45 | 96.23 | 69.24 | 65.83 | 64.79 | 61.47 | 58.41 | 54.49 | 52.17 | 49.68 | 46.30
C¥(8d) 69.83 | 76.33 | 80.58 | 85.86 | 9428 | 9221 | 91.13 [ 91.18 | 90.33 | 90.45 | 90.46 | 90.05 | 87.77
C¥(8f) 70.52 | 70.56 [ 72.92 | 80.70 | 93.33 | 104.92 | 106.94 | 108.19 | 110.14 | 112.84 | 114.41 | 115.83 | 119.08
C*(8g) 31.35 | 32.79 | 35.68 | 42.52 | 57.24 | 66.33 | 67.16 | 69.88 | 71.89 | 74.40 | 76.16 | 78.90 | 83.76
C¥(8h) 17.78 | 18.28 | 18.64 | 20.63 | 34.06 | 40.95 | 43.68 | 46.39 | 4831 | 51.25 | 53.45 | 56.68 | 61.55
C¥(8i) 1426 | 1425 | 1451 | 14.87 | 18.19 | 22.58 | 22.26 | 22.25 | 22.76 | 23.81 | 24.66 | 26.02 | 28.42
C¥(8)) 6.40 6.88 7.71 8.98 11.71 | 14.60 | 14.66 | 13.63 | 13.07 | 12.10 | 11.76 | 11.54 | 11.66
C*(9s) 8.36 8.34 9.42 11.82 5.71 4.35 4.20 4.51 4.57 4.79 4.84 4.81 4.73
C¥(9p) 5.93 6.60 8.79 11.77 8.06 8.09 8.45 9.02 9.09 8.83 8.51 8.39 8.52
C¥(9d) 1570 | 1585 | 15.44 | 1243 8.34 9.30 10.90 | 11.32 | 11.37 | 11.08 | 10.78 | 10.30 | 10.33
C¥(91f) 22.01 | 21.71 | 21.17 | 20.16 | 1649 | 17.56 | 19.49 [ 21.78 | 23.31 | 2423 | 2446 | 2422 | 23.29
C*(9g) 18.23 | 18.16 | 16.24 | 1290 | 9.15 1026 | 11.32 | 12.39 | 1330 | 13.73 | 14.04 | 1491 | 15.31
C¥(9h) 11.51 | 12.02 | 11.98 | 10.33 8.07 8.76 9.38 11.26 | 12.10 | 12.82 | 13.29 | 14.09 | 15.43
C¥(9i) 5.28 5.68 6.33 8.02 8.30 5.92 5.74 6.24 6.68 7.59 8.10 8.85 10.08
C¥(9)) 5.95 6.71 7.55 8.64 7.39 6.06 6.12 6.67 7.15 7.79 8.18 8.57 9.20
C¥(9k) 5.79 5.75 6.50 7.77 7.27 6.94 7.29 8.05 8.36 8.59 9.06 9.36 10.10
TOTAL | 706.67 | 724.21 [ 730.90 | 728.78 | 719.74 | 733.93 | 737.33 | 740.50 | 742.62 | 744.74 | 745.46 | 744.79 | 742.54

(X10"cm?)

f&. E =0.635~6.200 keV/amu )
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4.4 (CS++ H(2p)) fl#22% O AT Wi
4.4.1  n ARAT o WIS
nfAF R AT A 2 M 4.4. 1128 L, Bl 1000 ¢
344157, . T Sy USSR
D RWHRIEEEL 2L X —HAEL R DI F B T e
SNDTITED 2D 5 R
E 100 ¢ g S
@ (C5* + H(2s)) 2% & D b Wi OfiE 1 i i //Ffﬂ”+“*j
/NS ¢ F = 6.2 keV/amuT560x 1016 cm? 2 e U
FREE é ]
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Co* (n=8) IRRE~ DT - KRN T H 5 : = (6
D, ROLBEAHERI LIV X —TIDRED ; ()
D% 5. 134980% S I L cm
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7¢4.4.1 (Cb" + H(2p)) %2 Dt A- T 1 T Wi

E(keV/amu) | 0.062 |0.075 [ 0.089 [0.095 | 0.105 [0.122 | 0.140 | 0.159 |0.201 | 0.248 |0.357 | 0.486 |0.558
C*(6l) 097 | 1.50 | 222 | 256 | 2.89 | 3.12 | 3.23 | 3.39 | 345 | 427 |11.07 |13.06 |12.12
C*(7)  |[43.39 |55.04 | 67.01 | 71.32 [79.39 | 92.05 [100.85 [103.98 {106.04 [104.67 |104.65 |110.08 |108.63
C™(8l) |358.70 [353.17|344.67 |353.05 [353.68 |349.53 [358.00 |360.36 [353.77 |343.68 |346.01 [336.16 |340.21
C™OI) (2796 33.29 |37.71 |38.87 [40.21 |42.12 [42.12 |39.50 |32.15 |30.42 | 36.10 |37.50 |37.16
TOTAL [[431.01 [442.99 |451.62 [465.80 |476.16 [486.83 |504.19 |507.23 |495.41 |483.04 [497.83 |496.80 [498.12
E(keV/amu) | 0.635 |0.717 [ 0.804 [0.992 | 1.550 |2.232 |2.540 |3.038 |3.395 |3.968 |4.375 |5.022 |6.200
C™6l) 1223 [12.75 | 12.93 | 13.47 [16.77 | 18.51 [23.25 |[31.40 | 36.91 |44.50 |49.31 |55.81 | 65.11
C*()  |106.56 [102.28|97.92 | 88.99 |81.35 | 86.69 [90.68 |95.19 | 97.36 |99.69 |100.89 [101.87|102.56
C™(8I) |347.27[354.35|359.56 |361.82 353.62 |348.66 [344.50 |339.34 [335.40 [329.78 |326.59 [322.30 |316.66
C™9I) |36.49 [35.96 |36.17 |40.97 [60.09 | 70.94 |73.53 |76.28 | 77.19 |77.62 |77.43 | 76.73 | 75.57
TOTAL  [[502.55 [505.35|506.58 [505.25 |511.83 [524.80 |531.96 |542.21 |546.86 |551.59 [554.21 [556.70 |559.90
(X10"°cm?)

33



4.4.2 nl WAEE WIS

(CS++H(2p)) E2E% D nl AR WilhifE 2 £4.4.212R L 72

#4.4.2(a) (COH+H2p)) 2R D nl AR W (C5(6s)~Co+(7i){RfE, E = 0.062~0.558 keV/amu)

E(keV/amu) [ 0.635 0.717 0.804 0.992 1.550 2.232 2.540 3.038 3.395 3.968 4.375 5.022 6.200
C5+(6s) 1.04 1.12 1.06 0.86 1.13 0.90 1.37 1.65 1.61 1.74 1.92 2.11 2.23
C5+(6p) 1.68 1.90 1.96 1.64 1.84 2.33 2.92 3.64 4.07 4.52 4.75 5.07 5.95
C5+(6d) 2.82 3.11 3.28 3.30 4.29 3.73 4.61 6.67 7.95 9.11 9.57 9.99 9.70
C5+(61) 2.91 2.89 3.03 4.04 4.67 5.36 6.52 7.62 8.23 9.53 10.72 12.80 16.36
C5+(6g) 2.59 2.41 2.28 2.22 3.09 448 5.35 7.85 10.03 13.24 15.18 17.52 20.80
CS*(6h) 1.19 1.32 1.33 1.41 1.75 1.72 2.47 3.98 5.02 6.36 7.18 8.30 10.07
C5+(7s) 7.97 8.09 7.10 4.62 1.88 2.41 2.93 3.17 3.09 2.93 2.88 2.87 2.94
C5+(7p) 12.99 10.41 8.42 6.96 10.14 10.14 11.17 12.28 12.29 11.80 11.54 11.24 11.19
C5+(7d) 16.70 17.37 17.38 14.97 12.69 9.40 8.92 9.05 9.35 9.59 9.70 9.88 10.37
C5+(7i) 18.67 21.07 22.63 22.66 19.62 19.80 19.11 17.85 17.66 18.51 19.48 20.75 21.82
CS*(7g) 27.99 26.33 24.89 22.25 16.80 16.16 16.37 17.31 18.31 19.96 20.85 21.61 22.25
CS*(7h) 17.42 15.42 14.08 12.64 11.01 14.17 15.51 17.08 17.96 19.07 19.55 20.13 20.95
C5+(7i) 4.83 3.60 343 4.89 9.21 14.61 16.67 18.45 18.70 17.83 16.88 15.39 13.03
(X10™"%cm?)
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4.4.2 nl WAEE WIS

#4.4.2(b) (CS'+H@p)EZER D nl AL W (C5(6s)~C5(7i){RAE, E = 0.635~6.200 keV/amu)

E(keV/amu) [ 0.635 0.717 0.804 0.992 1.550 2.232 2.540 3.038 3.395 3.968 4.375 5.022 6.200
C5+(6s) 1.04 1.12 1.06 0.86 1.13 0.90 1.37 1.65 1.61 1.74 1.92 2.11 2.23
C5+(6p) 1.68 1.90 1.96 1.64 1.84 2.33 2.92 3.64 4.07 4.52 4.75 5.07 5.95
C5+(6d) 2.82 3.11 3.28 3.30 4.29 3.73 4.61 6.67 7.95 9.11 9.57 9.99 9.70
C5+(6t) 2.91 2.89 3.03 4.04 4.67 5.36 6.52 7.62 8.23 9.53 10.72 12.80 16.36
C5+(6g) 2.59 2.41 2.28 2.22 3.09 448 5.35 7.85 10.03 13.24 15.18 17.52 20.80
CS*(6h) 1.19 1.32 1.33 1.41 1.75 1.72 2.47 3.98 5.02 6.36 7.18 8.30 10.07
C5+(7s) 7.97 8.09 7.10 4.62 1.88 2.41 2.93 3.17 3.09 2.93 2.88 2.87 2.94
C5+(7p) 12.99 10.41 8.42 6.96 10.14 10.14 11.17 12.28 12.29 11.80 11.54 11.24 11.19
C5+(7d) 16.70 17.37 17.38 14.97 12.69 9.40 8.92 9.05 9.35 9.59 9.70 9.88 10.37
C5+(7i) 18.67 21.07 22.63 22.66 19.62 19.80 19.11 17.85 17.66 18.51 19.48 20.75 21.82
CS*(7g) 27.99 26.33 24.89 22.25 16.80 16.16 16.37 17.31 18.31 19.96 20.85 21.61 22.25
CS*(7h) 17.42 15.42 14.08 12.64 11.01 14.17 15.51 17.08 17.96 19.07 19.55 20.13 20.95
C5+(7i) 4.83 3.60 343 4.89 9.21 14.61 16.67 18.45 18.70 17.83 16.88 15.39 13.03
(X10™"%cm?)
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4.4.2 nl WAEE WIS

7¢4.4.2(c)

(CO*+HE@p)HZRA D nl AFER WAL (Co*(88)~C>*(9K)IR

A&, E = 0.062~0.558 keV/amu)

E(keV/amu) || 0.062 | 0.075 | 0.089 | 0.095 | 0.105 | 0.122 | 0.140 | 0.159 | 0.201 [ 0.248 | 0.357 | 0.486 | 0.558
C¥(8s) 3497 | 40.59 | 40.77 | 42.04 | 42.96 | 45.65 | 50.56 | 47.66 | 44.80 | 43.09 | 50.23 | 46.70 | 47.75
C™(8p) 149.51 | 139.58 | 104.63 [ 101.62 | 92.57 | 80.15 | 78.11 | 86.30 [ 88.23 | 81.36 | 75.53 | 68.52 | 67.82
C™(8d) 96.38 | 82.95 | 88.03 | 88.53 | 86.38 | 84.70 | 87.66 | 84.36 | 83.67 | 85.93 | 82.45 | 75.15 | 71.01
C¥(8f) 50.24 | 53.29 | 59.69 | 64.48 | 69.62 | 70.49 | 70.17 | 69.20 | 70.17 | 71.70 | 69.80 | 67.31 | 65.85
C¥(8g) 16.85 | 22.29 | 31.74 | 35.02 | 38.92 | 4222 | 42.17 | 41.62 | 40.13 | 40.73 | 41.94 | 37.72 | 38.40
C™(8h) 6.38 9.14 13.51 14.82 | 16.27 | 18.77 | 20.94 | 21.96 | 18.4] 14.11 1540 | 18.83 | 21.62
C™¥(8i) 2.73 3.54 4.65 4.91 5.28 5.93 6.55 7.39 6.50 4.69 7.07 13.19 | 1591
C*(8j) 1.63 1.80 1.64 1.65 1.68 1.63 1.83 1.88 1.84 2.07 3.59 8.74 11.86
C¥(9s) 1.93 3.00 4.55 5.41 6.11 6.91 6.79 5.81 4.76 4.24 3.38 3.40 4.12
C¥(9p) 6.73 5.90 6.00 5.50 4.92 4.79 4.85 4.61 4.14 3.59 3.50 3.78 4.32
C¥(9d) 5.20 6.86 7.32 7.39 7.59 7.96 8.15 8.12 5.71 5.03 6.19 5.33 4.45
C*9f) 5.96 7.55 8.16 8.14 8.35 7.99 7.60 6.78 5.93 5.62 5.69 6.67 6.61
C¥(9g) 3.46 4.04 5.12 5.50 6.07 6.56 6.72 6.37 4.87 4.57 6.34 5.86 5.21
C¥(%9h) 2.02 2.51 3.11 3.10 3.10 3.21 3.48 3.59 2.56 2.57 3.18 4.53 4.59
C¥(9i) 1.29 1.77 1.61 1.69 1.94 2.15 1.99 1.88 2.02 2.37 3.05 3.03 3.04
C*(9j) 0.94 1.14 1.16 1.11 1.08 1.48 1.54 1.29 1.33 1.49 2.37 2.13 2.16
C™(9k) 0.43 0.51 0.66 1.03 1.04 1.07 0.99 1.04 0.85 0.95 2.41 2.77 2.66
TOTAL 431.01 | 442.99 | 451.62 | 465.80 [ 476.16 | 486.83 | 504.19 | 507.23 | 495.41 |483.04 | 497.83 | 496.80 | 498.12

(X10"cm?)
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4.4.2 nl WAEE WIS

7¢4.4.2(d)

(CO*+H@p)EZER D nl AT WAL (CP*(85)~C5*(9K)IR

f&. E = 0.635~6.200 keV/amu )

E(keV/amu) || 0.635 | 0.717 | 0.804 | 0.992 | 1.550 | 2.232 | 2.540 | 3.038 | 3.395 [ 3.968 | 4.375 | 5.022 | 6.200
C¥(8s) 4999 | 53.84 | 56.89 [ 60.58 | 67.49 | 69.87 | 7091 | 72.08 | 72.45 | 72.96 | 73.44 | 74.19 | 76.49
C™(8p) 66.53 | 62.16 | 56.67 | 49.09 | 44.68 | 40.27 | 38.41 | 37.71 | 37.67 | 37.26 | 36.87 | 36.15 | 34.51
C™(8d) 68.11 | 66.15 | 64.96 | 60.36 | 42.44 | 3691 | 3597 | 35.09 | 3445 | 33.71 | 33.21 | 32.06 | 30.48
C¥(8f) 6440 | 63.23 | 62.20 | 58.29 | 51.19 | 49.67 | 48.75 | 47.28 | 46.04 | 44.05 | 4295 | 41.60 | 40.00
C¥(8g) 40.03 | 42.17 | 44.17 | 46.26 | 43.49 | 4249 | 41.92 | 40.88 | 39.83 | 37.78 | 36.40 | 3493 [ 32.89
C™(8h) 25.11 | 28.80 | 32.05 | 36.22 | 36.88 | 34.86 | 34.20 | 33.15 | 3245 | 31.93 | 31.52 | 31.08 | 29.80
C™¥(8i) 18.36 | 20.63 | 22.94 | 27.70 | 35.58 [ 36.73 | 36.10 | 35.52 | 3535 | 35.07 | 34.99 | 3493 | 34.98
C*(8j) 1473 | 1738 | 19.68 | 23.32 | 31.88 | 37.85 | 38.25 | 37.63 | 37.14 | 37.02 | 37.21 | 3737 | 37.51
C¥(9s) 4.67 5.08 5.08 4.38 5.81 6.05 5.93 543 5.15 4.91 4.91 5.08 5.55
C¥(9p) 4.36 4.20 4.16 5.46 9.98 10.51 10.14 | 10.17 | 10.31 10.55 | 10.63 | 10.60 | 10.53
C¥(9d) 3.91 3.85 4.13 6.15 8.69 9.85 10.67 | 11.43 | 11.47 | 1091 10.39 9.55 8.43
C*9f) 6.42 6.22 6.26 6.74 8.98 10.87 | 11.13 | 11.55 | 11.82 | 12.11 | 12.14 [ 12.06 | 11.94
C¥(9g) 4.70 433 4.22 4.96 7.33 10.01 10.64 | 10.52 | 10.03 9.34 9.05 8.85 9.25
C¥(%9h) 4.28 3.82 3.50 3.34 6.21 7.04 7.19 7.78 8.23 8.80 9.02 9.01 8.71
C¥(9i) 3.08 3.17 3.35 3.92 6.30 7.71 7.93 7.93 7.87 7.79 7.63 7.19 6.16
C*(9j) 2.27 2.27 2.22 2.08 2.66 3.50 3.65 3.82 3.91 4.09 4.13 4.07 4.11
C™(9k) 2.80 3.03 3.25 3.94 4.11 5.40 6.25 7.64 8.40 9.11 9.53 10.33 | 10.90
TOTAL 502.55 | 505.35 | 506.58 [ 505.25 | 511.83 | 524.80 | 531.96 [ 542.21 | 546.86 | 551.59 | 554.21 | 556.70 | 559.90

(X10"cm?)
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(1) (Bez+(1s2) + H*(21) ErZ%
(2) (Be3+(1s) + H*(21)) ER*%

(3) (Be** + H*(2]) BR*%

(4) (B3+ + H*(2]) #=R%

(5) (C+(1s2) + H*(2])) 3%
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(6) (B + H*(21)) &%%
(7) (Co*+ + H*(2]) B=R*%
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Cross section(10-'6cm?)
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5.3 ERKBRFLEERRBIZOGAIESE n=21C
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Charge exchange and 1onization in hydrogen atom-fully stripped ion

[

collisions in Debye plasmas

H. Zhangl, I. G. Wangl, B.He', YB. Qiul, and R. K. Janev’

! Institute of Applied Physics and Computational Mathematics, P. O. Box 8009,
Beijing 100088, P. R. China
* Macedonian Academy of Sciences and Arts, P. O. Box 428, 1000 Skopie, Macedonia

Abstract

The processes of charge exchange and ionization in collisions of ground state hydrogen atom with
fully stripped ions in a weakly coupled plasma are studied by the classical trajectory Monte Carlo
method in the collision energy range 10-900keV/amu. The inter-particle interactions are described by
the Debye-Hiickel model with inclusion of dynamical effects associated with the projectile velocity. The
microcanonical distribution of initial state electronic coordinates and momenta has been determined by
inclusion of plasma screening effects. The cross section dependences on plasma parameters and ion
charge and velocity are investigated. It is shown that plasma effects on charge exchange and ionization
cross sections are significant and particularly pronounced at low collision velocities. The results of
systematic cross section calculations for different values of Debye screening length (in the range 1 —
504,) and ion charges (in the range 1 — 14) are presented.

Classical Trajectory Monte Carlo /& (8 TX/ILF—BaBTHH, F—N\N—F—-TZXID
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yeérs (see, e.g., R-efs.5—7, and references therein). The major collective pl‘asma effect on the interaction

between charged particles in a plasma is manifested as screening, which in the case of an ideal,
Coulomb-uncoupled plasma 1s represented by the Debye-Huckel length

f, = KT, ’ (1)
‘ Are' n,

where €1s the unit electric charge, k 5 1s the Boltzmann constant, and /7,and Eare the plasma electron

In the present work we shall study the charge exchange and ionization processes of a fully stripped ion
A”" colliding with a hydrogen atom in its ground state

AT+ H(1S) — ATV LY (3)

N AZ++H++C_

)

in a background plasma that satisfies the conditions 7, 21, ['<1 and y <<1. Expressing /, in units of

the Bohr radius &, of ground state hydrogen atom ( 4, =0.529 x 10%cm), T, ,1n keV, and 7,
in10* ¢n7? | the above conditions take the form

%
rd=4.444( T(kel/) J a1

n,(10% onr) (2)
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The collective plasma effects on the Coulomb interaction between two charged particles, represented
by the Debye screening radius (1), describe only the static plasma screening of this interaction. If an

1on moves in a plasma with velocity Vcomparable or larger than the thermal velocity V;, of plasma

electrons, its interaction with another charged particle acquires on additional (“dynamical”)
screening (see, e.g., Ref. 13). The Debye length (1) is then modified and becomes [13]

( . J%
=L 1+—F (6)
Vfﬁ

or, in the energy units

(M

b
E(keV /| amu
r0=/;,(1+5.54><10‘4 ( )
T.(kel)
where £ is the ion kinetic energy (per nucleon), and 7, is the static Debye length. Dynamical plasma
interaction |/epbetween H" and e (since their relative velocity is always small). With these remarks, and

denoting by /,,. /,,and /,, the mutual distances in the (A%, H', ) system (p stands for H"), the plasma

Vel

screened interactions V), Vgp and szhave the form

'/gz=—£exp[— f—J ®)
24 ,(‘71
s

Vip=— L exp[— L’UJ ®)
ep ,(;

V.= £exp{—ij (10)
lor fo
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L | ! ' ) ) ) ;
10' |- Z=2 T =0.3keV ne=102“cma
10°
£
oo
=
b
10"
------- static only \
----- stat.+dyn. A
no plasma 'Q‘i\
107 ' — |
10' o
Energy(keV/amu)

Fig.2. Charge exchange (CX) and ionization (IONIZ) cross sections for the A" + H( 78) collision with
7=2 in a plasma with parameters 7,=0.3 keV and 77=10" cm™. Solid lines: no plasma case; dash-doted

lines: static screening only; dashed lines: both static and dynamic screenings included.
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L ’ ) i I
Z=6 T =0.3keV ne=1024cm
101 ;n«-.;_ " =T ATERERING B .
@g 10°
TO
Z
b
------------- static only .
N G stat.+dyn. NS E
——no plasma :
P |
i 10°
Energy(keV/amu)

Fig.3. Charge exchange (CX) and ionization (IONIZ) cross sections for the A”" + H(7$) collision with
7Z=6 in a plasma with parameters /,=0.3 keV and n=10*" cm™. Solid lines: no plasma case; dash-doted
lines: static screening only; dashed lines: both static and dynamic screenings included.
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o (107°cm’)

(@)

b
0E Z=2, n =10"cm®
e T =0.1keV
--------- T =0.5keV
—--—T =1keV
e T =5keV
TE e NN T =10keV
- no plasma
10" |
10* : L
10’ 10?
EnergywkeV/amu)

Z=2,n =10""cm*
e T =0.1keV

.............. T:=10keV
——noplasma
. . . R |

10'

- ®)]

10°
EnergwkeV/amu)

Fig.4. Charge exchange (panel (a)) and ionization (panel (b)) cross sections for A”" + H(7$) collision
with Z=2 in a plasma with density 7,=10"" ¢cm™ at several temperatures 7, The solid lines are for the no
plasma case.
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(4]

(10"cm?)

cX

R

Z=2, T=tkeV .

23 .
e n =107 cm

(@)’

________ n =1 0%cm?
E ne=1 024cm-3
I ne=5x1 OQACI'TT3
S n,=10%cm"
——no plasma
10' | | '102
Energy(keV/amu)

10'

_____

Z=2, T =1keV
ne=1 02em?®
------- n,=10"cm?
----------- n =1 0%em™
----------- n_=5x1 0‘em”

25 -3
R ne=1 0" cm

no plasma

(o)

102
10

2

10
EnergwkeV/amu)

Fig.5. Charge exchange (panel (a)) and ionization (panel (b)) cross sections for A" + H(7$) collision
with Z=2 in a plasma with temperature /,=1 keV at several densities /7,. The solid lines are for the no

plasma case.
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T =1keV,n =10 cm® ]
—— e 7=
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E §
© e
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0.1 - \\ X \_ \\\l ‘-\‘ -
r Ay K k \ \,
L N " N .
C | Ay - e \'\ -
10' 10°
EnergykeV/amu) Energy(keV/amu)

Fig.6. Charge exchange (panel (a)) and ionization (panel (b)) cross sections for the A"+ H( 78) collision
in a plasma with parameters 7,=1 keV and /,=10*! cm™ for different ion charges Z.
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(a)]

no plasma

no plasma

1 I T R T S S N | L I T S S S 1

10' 10°

Energy(keV/amu) Energy(keV/amu)

Fig.7. Charge exchange (panel (a)) and ionization (panel (b)) cross sections for the A*" + H( 78) collision
with Z=2 in plasmas with different Debye lengths. The solid lines are for the no plasma case.

50



Energy keV/amu) Energy(keV/amu)

Fig.8. Charge exchange (panel (a)) and ionization (panel (b)) cross sections for the A”" + H( 78) collision
with Z=6 in plasmas with different Debye lengths. The solid lines are for the no plasma case.
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Cross section (10-
16cmz2)

1000

e
(Be3+ + H* (2s)) @722 %
]
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1000 ¢ P = B
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E(keV/amu)
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10 <
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HkeV/amu)
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Cross section (10-
16cmz2)

1000

(Be3+ + H" (2p) ) =%

100

L .—0"."--.-{

1000 ¢

wross—section (10-16cm?)

-m- Be''(4)
—s— Be“'(5])
—— Be'(6))
—— TOTAL

100 x
10 |
—B— Be*(4))
—— Be(5D)
—*— Be(61])
Ll . L = TOTAL
0.06 0.1 1 7

HkeV/amu)
[X7.2 H(2p) ZIHIRAE & L7 D n RAFFR T Wi RS 45IREZMHH LG, R =" )

0.06 0.1 1

E(keV/amu)
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