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ABSTRACT

A graphical compilation is presented of atomic and molecular
cross sections of interest to controlled thermonuclear research.
The cross sections are shown, as a function of energy, for col-
lision processes involving molecular ion dissociation, charge ex-
change, excitation, ionization, photoionization, scattering, energy
loss, and recombination. Pertinent nuclear cross sections are also
included. A bibliography is given covering the literature since

1950.
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INTRODUCT ION

This report is a compilation of cross sections available in the literature
since 1950. The work was undertaken some three years ago as a guide fbr in-
vestigators in the thermonuclear field at Oszk Ridge National laboratory. The
comprehensive surveys of Massey and Burhopl and Allison and Warshaw2 summearize
the data prior to 1950. This compilation is principally limited to atomic
collision processes that may be encountered in the attempts to develop a high
density, high temperature plasma. In addition to presenting the cross
sections in graphical form, we have compiled a bibliography in each sectionm.
References appearing during 1960 are included in Appendix A. The bibliography

reference numbers follow the title and the author's name on each graph.

In the ofiginal papers, the cross sections are stated in a variety of
units O(aoz, collision probability, etc.). In this summary all cross sections
are reduced to the common unit of cmz/(gas atom) to prqvide a convenient means
of comparing the results of various investigators. In addition, the cross

sections are plotted as a function of both particle velocity and particle

energy.
The notation used is that in current use. The cross section Gif re-
presents the cross section of an energetic particle of initial charge state i

3

and final charge state f. More recently Hasted” has used the notation . .o

if 'mn
where i,f represents the initial and final charge state of the incoming
particle and m,n represents the initial and final charge state of the target

atom.

In many measurements (notable in charge exchange) the data of many in-
vestigators are consistent within a few per cent; however, for convenience

and to avoid duplication, only a representative sample is reproduced.

1 H. S. W. Massey and E. H. S. Burhop, Electronic and Ionic Impact Phenomena,
Oxford, Clarendon Press, (1952).

S. K. Allison and S. D. Warshaw, Passage of Heavy Particles through Matter,
Revs. Modern Phys. 25: 779 (1953).

J. B. Hasted, T. J. Scott, and A, Y. J. Chong, Charge Transfer of Multiply
Charged Ions. Proc. 4th Int. Conf. on Ionization Phenomena Vol. I, p. 3G
3193%5.
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Table 1. Energy, Velocity, and Momentum for H+ Tons

Energy Velocity Hp Energy Velocity Hp
(kev) (cm/sec) (Gauss-cm) (kev) (cm/sec) (Gauss-cm)
0 0 0 540 10.17 x 108 10.55 x 10%
10 1.384% x 108 1.435 x 10* 560 10.37 10.75
20 1.955 2.027 580 10.53 10.92
30 2.399 2.488 600 10.71 11.11
4o 2.765 2.867 620 10.89 11.29
50 3.095 3.209 640 11.08 11.k9
60 3.39 3.52 660 11.23 11.65
70 3.66 3.79 680 11.k40 11.82
80 3.92 4.06 700 11.58 ©12.01
90 4.15 4.30 720 11.74 12.17
100 4,38 4.5k 740 11.90 12.34
120 L.79 L.97 760 12.06 12.51
140 5.18 5.37 780 12.21 12.66
150 5.36 5.56 800 12.37 12.83
160 5.54 5.74 820 12.52 12.98
180 5.87 6.09 8Lo 12.69 13.16
200 6.19 6.42 860 12.82 13.29
220 6.50 6.74 880 12.98 13.46
2ko 6.76 7.01 900 13.12 13.61
260 7.05 7.31 920 13.27 13.76
280 7.32 7.59 9ko 13.40 13.90
300 7.58 7.86 960 13.5k 14.04
320 7.84 8.13 980 13.69 1Lk.20
340 8.07 8.37 1000 13.84 14.35
360 8.30 8.61 2000 19.55 20.27
380 8.53 8.85 3000 23.90 2k.78
Loo 8.75 9.07 Looo 27.65 28.67
k20 8.97 9.30 5000 30.9 32.04
Lho 9.19 9.53 6000 33.9 35.15
Léo 9.39 9.7k 7000 36.6 37.95
480 9.59 9.94 8000 39.1 40 .54
500 9.78 10.14 9000 b1.5 43,04
520 9.98 10.35 10000 43.7 45.32
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+
Table 2. Energy, Velocity, and Momentum.for H Tons

2
Energy Velocity " He . Energy ~~ Velocity Hp
(kev) (cm/sec) . (Gauss-cm) (kev) (cm/sec) (Gauss-cm)
0 0 0 _ 550  7.18 x 108 14.89 x 104
10 0.980 x 108 2.032 x 10" 560 7.32 15.18
20 1.380 - 2.862 580 7.h4 15.43
30 1.693 3.511 600 7.57 15.70
Lo 1.953 4.051 620 7.69 15.95
50 2.183 - L4.528 640 7.82 16.22
6  2.39% 4.969 660 7.9k 6.7
70 2.590 5.372 - 680 8.05 16.70
80 2.776 5.745 700 8.18 16.97
90 2.935 6.087 720 8.29 ‘ 17.19
100 3.09 6.41 Tho 8.ko 17.42
120 3.38 7.01 ' 760 8.52 17.67
140 3.66 7.59 780 8.62 17.88
160 3.91 8.11 800 8.74 . 18.13
180 h.1k 8.59 | 820 8.8k ©18.33
200 4. 37 9.06 8ho 8.96 - 18.58
220 k.59 9.52 860 9.05 18.77
2ko 4.78 9.91 ' - 8% 9.17 19.02
260 .98 10.33 900 9.26 19.20
280 5.17 10.72 920 9.36 19.41
300 5.36 1.1 9ko 9.46 19.62
320 5.5k4 11.k9 960 9.56 19.83
3L0 5.70 11.82 980 9.66 20.03
360 -5.86 12.15 1000 9.78 20.28
380 6£.03 12.51 2000 13.83 28.68
koo 6.18 12.82 3000 16.92 35.09
420 6.34 13.15 kooo 19.57 40.59
440 6.49 13.46 5000 21.85 45.32
LGo 6.64 13.77 6000 2%.00 49.78
480 6.77 140k 7000  25.90 53.72
500 6.9z 14,35 8000 27.70 57.45
520 7.05 14,62 9000 29.35 60.87

10000 30.90 6k4.09
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Table 3. Energy, Velocity, and Momentum for H3+ Ions
Energy Velocity Hp Energy Velocity Ho
(kev) (cm/sec) (Gauss-cn) (kev) (cm/sec) (Gauss-cm)
0 0 0 280 b.23 x 108 13.12 x 10"
10 0.79 x 108 2.45 x 10* 300 4.38 13.58
20 1.13 3.50 Loo 5.05 15.66
Lo 1.6 L .96 500 5.65 17.52
60 1.96 6.08 600 6.19 19.19
80 2.26 7.01 700 6.68 20.71
100 2.52 7.81 800 7.15 22.17
110 2.65 8.22 900 7.58 23.51
120 2.77 8.59 1000 7.99 2k.78
130 2.88 8.93 1200 8.75 27.13
1ko0 2.98 9.24 1400 9.45 29.30
150 3.1 9.61 1600 10.1 31.32
160 3.2 9.92 1800 10.7 33.18
170 3.3 10.23 2000 11.3 35.04
180 3.4 10.54 2200 11.8 36.59
200 3.57 11.07 2300 12.1 37.52
2ho 3.91 12.12 2hoo 12.4 38.45



Table 4. Energy, Velocity, and Momentum for He' Ions
Energy Velocity Hp Energy Velocity Hp
(kev) (em/sec) (Gauss-cm) (kev) (cxu/éec) (Gauss-cm)
0 0 0 460 4.69 x 108 19.45 x 10*
10 0.692 x 108 2.870 x 10" 480 k.80 19.91
20 0.978 4.057 500 4.89 20.28
30 1.200 L.o77 520 k.99 20.70
Lo 1.383 5.737 540 5.09 21.11
50 1.548 6.h21 560 5.18 21.49
60 1.70 7.05 580 5.27 21.86
70 1.83 7.59 600 5.36 22.23
8o 1.96 8.13 620 5.45 22.60
o) 2.08 8.63 640 5.54 22.98
100 2.19 9.08 660 5.62 23.31
120 2.k0 9.95 680 5.70 23.6h
140 2.59 10.7h T00 5.79 2k.02
160 2.77 11.49 720 5.87 24.35
180 2.94 12.20 W0 - 5.95 2k .68
200 3.10 12.86 760 6.03 25.01
220 3.25 13.48 780 6.11 25.34
240 3.38 14.02 800 6.19 25.68
260 3.53 1.6k 820 6.26 25.97
280 3.66 15.18 840 6.35 26.34
300 3.79 15.72 860 6.41 26.59
320 3.92 16.26 880  6.49 26.92
3Lo L.ok 16.76 200 6.56 27.21
360 4,15 17.21 920 6.64 27.54
380 L 27 17.71 940 6.70 27.79
koo .38 18.17 960 6.77 28.08
420 L. 49 18.62 980 6.85 28.41
4o 4,60 19.08 1000 6.92 28.70
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Table 5. Energy, Velocity, and Momentum for Electrons

Energy Velocity Hop Energy Velocity Hp
(ev) (cm/sec) (Gauss-cm) (ev) (cm/sec) (Gauss-cm)
0 0 0 300 10.29 x 108 57.88
10 1.879 x 108 10.51 310 10.47 58.89
20 2.655 14.93 320 10.61 59.68
30 3.255 18.31 330 10.79 60.69
Lo 3.760 21.15 3ko 10.93 61.48
50 k.19 23.57 350 11.10 62.44
60 k.61 25.93 360 11.27 63.39
70 4,97 27.96 370 11.41 6h.18
80 5.32 29.93 380 11.59 65.19
90 5.63 31.67 390 11.71 65.87
100 5.94 33.4 koo 11.89 66.88
110 6.23 35.04 410 12.01 67.56
120 6.50 36.56 420 12.17 68.46
130 6.77 38.08 430 12.31 69.2k4
1%0 7.02 39.k49 Lho 12.45 70.03
150 7.27 40.89 450 12.60 70.87
160 7.53 h2.36 460 12.73 71.60
170 7.7h 43,54 470 12.87 72.39
180 7.97 4k 83 480 13.02 73.24
190 8.17 45,96 490 13.16 74.02
200 8.39 k7.19 500 13.28 .70
210 8.60 L8.37 520 13.52 76.05
220 8.80 49.50 540 13.80 77.63
230 9.00 50.63 560 1k.05 79.03
240 9.19 51.69 580 14.30 80.L4
250 9.39 52.82 600 1k.54 81.79
260 9.56 53.77 620 14.79 83.19
270 9.75 54.84 640 15.02 8L.k49
280 9.92 55.80 660 15.25 85.78

290 10.10 56.81 680 15.48 87.07



Table 5. Energy, Velocity, and Momentum for Electrons
Energy Velocity Hop Energy Velocity Hp
(ev) (cm/sec) (Gauss~cm) (ev) (em/sec) (Gauss-cm)
700 15.71 x 108 88.37 1300 21.50 x 108 120.%
720 15.94 89.66 1320 21.58 121.k
740 16.14 90.79 1340 21.77 122.5
760 16.38 92.1k4 1360 21.90 123.2
780 16.59 93.32 1380 22.05 12k.0
800 16.80 9k.50 1hoo 22.23 125.0
820 17.00 95.63 1420 22.39 125.9
8Lo 17.21 96.81 14ko 22.56 126.9
860 17.41 97.93 1460 22.70 127.7
880 17.62 99.11 1480 22.85 128.5
900 17.82 100.2 1500 22.99 129.3
920 18.02 101.4 1520 23.17 130.3
9ko 18.22 102.5 1540 23.33 131.2
960 18.40 103.5 1560 23.45 131.9
980 18.59 104.6 1580 23.60 132.7
1000 18.79 105.7 1600 23.76 133.6
1020 18.90 106.3 1620 23.90 134.4
1040 19.17 107.8 1640 24,05 135.3
1060 19.3k 108.8 1660 2k.20 136.1
1080 19.53 109.9 1680 2k.35 137.0
1100 19.70 110.8 1700 2k4.50 137.8
1120 19.89 111.9 1720 2k.60 138.4
1140 20.08 112.9 17k0 24.75 139.2
1160 20.22 113.7 1760 2h.90 140.1
1180 20.40 11h.7 1780 25.05 140.9
1200 20.59 115.8 1800 25.20 1.7
1220 20.78 116.9 1820 25.35 1k2.6
12k0 20.94 117.8 1840 25.50 143.4
1260 21.08 118.6 1860 25.60 14k.0
1280 21.24 119.5 1880 25.75 144.8
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Table 5. Energy, Velocity, and Momentum for Electrons

Energy Velocity Hp Energy Velocity Hop
(ev) (em/sec) (Gauss-cm) ' (ev) (cm/sec)  (Gauss-cm)
1900 25.90 x 108 145.7 2650 30.55 x 108 171.8
1920 26.05 1k6.5 2700 30.80 173.3
1940 26.20 1h7.4 2750 31.10 174.9
1960 26.33 148.1 2800 31.ko 176.6
1980 26.40 148.5 2850 31.70 178.3
2000 26.55 149.3 2900 31.95 179.7
2020 26.70 150.2 2950 32.20 181.1
20ko 26.80 150.7 3000 32.55 183.1
2060 26.95 151.6 3050 32.77 184.3
2080 27.10 152.4 3100 33.05 185.9
2100 27.25 153.3 3150 33.30 187.3
2120 27.35 153.8 3200 33.55 188.7
2140 27.50 1547 3250 33.80 190.1
2160 27.60 155.3 3300 34,10 191.8
2180 27.75 156.1 3350 34.35 193.2
2200 27.85 156.6 : 3400 3k.60 194.6
2220 27.95 157.2 3450 34.85 196.0
2240 28.10 158.1 3500 35.10 197.4
2260 28.25 158.9 3550 35.35 198.8
2280 28.35 159.5 3600 35.60 200.3
2300 28.50 160.3 3650 35.85 201.7
2320 28.60 160.9 3700 36.10 203.1
2340 28.70 161.4 3750 36.35 20k4.5
2360 28.85 162.3 3800 36.60 205.9
2380 28.95 162.8 3850 36.80 207.0
2400 29.05 163.4 3900 37.03 208.3
2450 29.37 165.2 3950 37.25 209.5
2500 29.70 167.1 4000 37.50 210.9
2550 29.95 168.5 4050 37.75 212.3
2600 30.20 169.9 4100 38.00 213.7

k1so 38.20 21hk.9
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Table 5. Energy, Velocity, and Momentum for Electrons

Energy Velocity Hp Energy Velocity Hp
(ev) (cm/sec) (Gauss-cm) (ev) (em/sec) (Gauss-cm)
4200 38.43 x 108 216.2 5800 45,20 x 108 254.2
4250 - 38.65 217.4 5850 45 4o 255.4
4300 - 38.92 218.9 5900 L5.60 256.5
4350 39.13 220.1 5950 45,78 257.5
4hoo -39.35 221.3 6000 45.95 258.5
4450 39.60 222.7 6050 46.18 259.8
4500 39.80 223.8 6100 46.35 260.7
4550 4o.00 225.0 6150 46.50 261.6
4600 ko .25 226.h4 6200 46,70 262.7
4650 4o .45 227.5 6250 46.90 263.8
L4700 Lo.70 228.9 6300 47.10 26k4.9
4750 4o.90 230.1 6350 k7.30 266.1
4800 43,10 231.2 6400 L7.50 267.2
4850 k1.30 232.3 6450 47.65 268.0
4900 h1.51 233.5 6500 h7.90 269.h
4950 k1,70 234.6 6550 -48.00 270.0
5000 hy.95 236.0 6600 48.20 271.1
3050 bz, 20 ' 237.4 6650 48.40 272.2
5100 h2.k4o 238.5 6700 48 .55 273.1
5150 L2 .60 © 239.6 6750 48.75 27h.2

200 42.80 2ho.r 6800 48.90 275.1
5250 43.00 2k1.9 6850 49.10 276.2
5300  U3.20 243.0 6900 49.30 2773
5350 43,40 24k .1 6950 Lg. L5 278.2
5400 43,60 2h5.2 7000 49,65 279.3
5450 43.80 2464 7050 49.80 280.1
5500 kL. 00 2h7.5 7100 50.00 281.2
5550 bk 20 248.6 7150 50.20 282.h4
5600 bl b0 2k9.7 7200 50.40 283.5
5650 4k .60 250.9 7250 50.50 284.1

5700 4k, 80 252.0 7300 50.65 28k.9
5750 45,00 253.1 7350 50.85 286.0
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Table 5. Energy, Velocity, and Momentum for Electrons

Energy Velocity Hp Energy Velocity Hp
(ev) (cm/sec) (Gauss-cm) (ev) (em/sec) (Gauss-cm)
7400 51.05 x 108 287.2 8700 55.40 x 108 311.6
7450 51.20 288.0 8750 55.55 312.5
7500 51.k40 289.1 8800 55.70 313.3
7550 51.55 290.0 8850 55.85 31k.2
7600 51.70 29.8 8900 56.00 315.0
7650 51.90 291.9 8950 56.20 316.1
7700 52.05 292.8 9000 56.35 317.0
7750 52.25 293.9 9050 56.45 317.5
7800 52.40 294.8 9100 56.60 318.4
7850 52.60 295.9 9150 56.75 319.2
7900 52.75 296.7 9200 56.90 320.1
7950 52.90 297.6 9250 57.10 321.2
8000 ~  53.05 298.4 9300 57.20 321.7
8050 53.25 299.5 9350 57.40 322.9
8100 53.45 300.7 gLkoo 57.50 323.k4
8150 53.55 301.2 9450 57.65 32k4.3
8200 53.75 302.3 9500 57.80 325.1
8250 53.90 303.2 9550 58.00 326.2
8300 54.10 304.3 9600 58.10 326.8
8350 5k.20 304.9 9650 58.30 327.9
8400 54,40 306.0 9700 58.40 328.5
8450 54.55 306.8 9750 58.60 329.6
8500 5L4.70 307.7 9800 58.75 330.5
8550 54.90 308.8 9850 58.90 331.3
8600 55.05 309.7 9900 59.05 "332.2
8650 55.20 310.5 9950 59.20 333.0

10000 59.40 33k.1
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APPENDIX D. SUPPLEMENTARY BIBLIOGRAPHY

Appendix D contains a bibliography of references that appeared in the latter
part of 1960 and in the first half of 1961L. The compilation of cross section data
has been brought up to date, and a new section on energy dlstrlbutlon of electrons
resulting from ionization has been added.
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