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ABSTRACT.

Experimental datafor electronimpact excitation of neutral heliuminitsground state are reviewed
critically. A preferred data set is established and combined with theoretical close coupling
approximation data below the ionisation threshold and Born approximation data at high energy.
Resultsare presented in tablesand graphs. Maxwell averaged collision strengths are al so tol erated



1. Introduction

A new assessment of electron impact cross-section data for excitation of helium
from the 1 1S state is presented. This study was initiated with the expectation of
the use of 3He" and 4He" neutral heating beams on the JET tokamak. It is now
motivated and sustained by the actuality of their use in the 1991 experimental
campaign. The resulting new observations of charge exchange spectra, beam
emission spectra, thermal and recycling helium emission are of sufficient
diagnostic quality to justify detailed atomic modelling of the effective emission
and beam stopping processes. The studies are very relevant to the behaviour of
slowing down alpha particles and helium ash in planned D/T fusion machines
such as ITER and to beam based diagnostics of such plasmas.

Practically, the principal new contribution in this paper is the linkage of recent
29-state R-matrix calculations at low energies to reappraised experimental data at
medium energies and on to the merging with asymptotic high energy
behaviours.

The assessment of data presented here must be seen as a continuation and
revision of previous compilations of experimental and theoretical datal-4). The
previous work also contains theoretical cross-sections for excitation from helium
2 1S and 2 3S metastable states. Compilation and analysis for the JET data base for
the metastables is still in progress and will be reported in a later work.

The data is presented as figures and tables of collision strengths, Q, and Maxwell
averaged rate parameters, 7.

For a transition from an initial state i to a final higher excited state j,

— w.| Ei |Sioj
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with wj, the statistical weight of the initial state i of the atom, Oij, the excitation
cross-section and E;, the energy of the free projectile electron with the atom in
the initial state i.
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with E;j the energy of the free electron with the atom in the final state j and Te the
electron temperature. All other notation is conventional.

2. The theoretical data

Over the last ten years, the Queen's University group has conducted a series of R-
matrix calculations of increasing complexity on neutral helium, culminating in
the present 29 state study>). It is an LS coupled calculation including all 29 terms
of the n=1 to 5 principal quantum shells. The successive calculations, for
example 19 state and 29 state, show excellent convergence of the detailed
resonance structure associated with the various n-shell series. This is illustrated
in figure 1 for the 1 1S - 2 1S transition. However, since the calculations do not
include a complete representation of the omitted higher states and continuum
states, the results are in error near and above the ionisation threshold. This is
analogous to that examined in detail for the H + e systems. Cross-sections above
ionisation threshold (particularly for excitation to higher n-shells 23) may be
overestimated by factors <2. The 29 state calculations have been executed at
energies below ionisation threshold and are suitable for providing the low
energy extension of the substantial body of experimental data which exists above
ionisation threshold. In the present objectives, the R-matrix data is to be merged
with experimental measurements of energy resolution less than that of the
resonance structure and then quadratures performed over appropriate
Maxwellian (or in some cases non-Maxwellian) distribution functions. It is
therefore appropriate to form interval averages and it is these which are
presented in the following tabulations and figures of collision strengths. Note
also that adjustment is required for the differences between the theoretical bound
state energies as used in the R-matrix codes and the exact observed energies.
Conservatively, we have used R-matrix data up to the n=4 shell only, since the
n=5 shell may be more strongly influenced by truncation.

At high energies, for non-spin changing transitions, the exact excitation cross-
sections are expected to converge on those calculated in the first Born
approximation. The accurate non-relativistic Born calculations of Bell et al. 6 are
used to define the high energy limiting behaviour. Spin changing transitions are
assumed to follow the 1/E3 behaviour suggested by Ochkur?). No precise high
energy spin change calculations have been used in this work but simply
extension of experimental data with the Ochkur slope.



3. The experimental data

The excitation cross sections of the JET data-base are based on experiment in the
region of about 30 - 2000 eV electron impact energy for singlet excitation, merging
into the theoretical first Born cross sections 6), and up to less high impact
energies for triplet excitation, because the cross section becomes very small and,
according to the the Ochkur approximation 7), decreases with the incident
electron energy, E as E-3. Below 30 eV an extrapolation is made towards the close
coupling (29-states R-matrix) calculations 8) from threshold up to the ionization
energy of He. Except for the metastable 21 S and 2 3S states, most experimental
data are from photon emission cross section measurements reviewed by Heddle
and Gallagher?). For metastables the (integrated) cross sections have been
obtained by several groups by making use of their angular differential scattering
cross sections for inelastic (energy loss selected) scattering of electrons (many of
these data are reviewed by de Heer and Jansen 10)). Excitation of and cascade
from 1.3 F levels has not been considered.

Typical for the experimental data is:

a) Similarity in the ¢ or Q dependence on E in a term series where not too
close to threshold. The cross section ratios at some sufficiently large E are
equal to those in first order (Born) theory. (For high principal quantum
number n, ¢ (n*) ~ n*3 with n* the effective principal quantum number)

b) At high energy, Q becomes constant for non-spin changing optical
forbidden transitionsi.e. 115-n1Sand 11S-n1D.

c) At high energies, Q =§ S nIn cp E for optically allowed transitions,

where ¢, is a constant following from first Born theory and Sy, is the optical
line strength for the relevant 1 1S - n 1P transition.

d) At high energies cross sections for spin forbidden transitions, 1 1S-n 3L,
become very small, and should according to the Ochkur approximation
decrease as E-3.

e) The main maximum in the cross section is around 100 eV for n 1P states,
between 42 and 46 eV for n! D states, between 32 and 37 eV for nlS states
and between 26 and 30 eV for triplet states (see ref. 11).

The errors are generally smallest for singlet states (optical measurements) above

about 40 eV, i.e. ~ 10%, and merge well into the theoretical Born cross sections

between 500 and 2000 eV (dependent on the azimuthal quantum number ¢)
claimed within 5%. Only in the nl D states, is it necessary to choose a set of data



different from Heddle and Gallagher 9 above 1000e V in order to have a better fit
with Born and therefore the error might not be 10%, but <30% there. At low
energies, below 40eV the error may increase up to about 30%. For the 2 1S data
(not optical) there is a problem. The cross section ratio, which is usually almost
constant in a term series above about 50eV and equal to the Born ratio, increases
for 0(2 15)/o(3 1S) from 4.44 (Born at 1000 eV) to 5.98 (experiment at 100 eV).
Therefore the 2 1S data towards 100 eV may be considered as an upper limit with
an increased error up to ~30%. This accuracy may also persist to lower energies.

Errors in the triplet state cross sections are generally relatively large, because, in
particular at high energies, secondary effects, like collisional transfers, are
difficult to eliminate in experiment. The effect is largest for n3 D states. The
various theories (distorted waves, Born Oppenheimer, Ochkur etc.) sometimes
give no unique results. Some experimental data were missing (i.e. for 33 S) or
showed severe scatter (i.e. for 33 D) and were estimated via cross section ratios in
the term series. Generally below 100 eV the error is ~30% for all triplet levels,
although for 33 D it may be somewhat worse. Above 100eV there is an increasing
uncertainty and our choice which often follows experiment, (deviating from
0~E-3), may be considered somewhat arbitrary. More experimental and
theoretical study and analysis is needed in this region. Because these cross
sections become very small at high energies, the impact on the beam stopping
and the beam diagnostics will be small.

4. Results and discussion

Table 1 summarises the primary choices of experimental data together with
assessments of the accuracy of the cross-sections over the various energy
intervals. Table 2 contains the interval averaged collision strengths from the
29-state R-matrix calculations. The averaging is over approximately 0.02
Rydbergs. Table 3 gives the assessed experimental data and table 4 presents the
familiar Born results at high energy for completeness.

Figures 2a and 2b show the non-spin changing collision strengths from the 1 1S
state. Figure 2a is of the low energy region up to 30eV giving the matching of
experimental and R-matrix data. Figure 2b shows the region above 30eV,
marking the experimental points, the preferred curves (solid lines) and the Born



approximation (dotted). Figures 3a and 3b show the equivalent results for the
spin changing collision strengths from 1 1S.

Table 5a and 5b give the Maxwell averaged collision strengths over an extended
range of temperature. Since the detailed behaviour of the collision strength at
threshold is not available, it has been assumed linear in the threshold energy to
the first tabulated point. The uncertainty associated with this is estimated

< 20% at 1eV and < 1% at 10eV. A correction is introduced for the integral from
the last tabulated point to infinity according to the transition type.
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Table 1a

e+ He(11S) — e + He(nlS)

Excited State Energy Range = Method Reference Accuracy
21S <2458 eV R-matrix Berrington®) < 10%
29-state close
coupling.
30<E< 100 eV differential Trajmar12) ~ 30%
scattering Hall13)
integrated. Crooks14)
23 eV experiment  BrongersmalS) ~ 30%
retarding
potential
difference.
200 < E< 700 eV differential Dillon16) 30-10%
scattering
integrated.
nlS (n=3,4,5,6) < 24.58 eV R-matrix Berrington8) < 10%
29-state close
coupling up to
n=4.
< 50 eV optical exp. van Raan!?) 30-10 %
Zapesochnyil8)
normalized
50-2000 eV optical exp. van Zyl19) < 10%
benchmark. (Moustata
Moussa)20)
> 1000 eV Born. Bell6) < 5%



Table 1b

e + He(11S) — e + He (n1P)

Excited State Energy Range =~ Method Reference Accuracy
nlP(n<4) <2458 eV R-matrix Berrington8) < 10%
29-state close
coupling
30-2000 eV optical exp. Westerveld2l) < 10%
> 500 eV Born. Bell6) < 5%
41p <24.58 eV R-matrix Berrington8) < 10%
29 state close
coupling
40-3000 eV optical exp. de Jongh22) < 10%
series III
> 500 eV Born. Bell6) < 5%
nlP, see also  all energies optical exp. Shemansky23)
empirical
analytical.
30-2000 eV optical exp. Donaldson24)

10



Table 1c

e + He(11S) — e + He (n1 D)

Excited State Energy Range =~ Method “Reference Accuracy
41D < 24.58 eV R-matrix Berrington8) < 10%
29 state close
coupling
50-100 eV opt. exp. Moustafa < 20%
Moussa20)
< 50 eV opt. exp. Zapesochnyil®  ~30%
normalized
van Raanl?)
100-2000 eV opt. exp. van Raanl?) < 30%
normalized
> 2000 eV Born. Bell6) < 10%
51D 50-100 eV opt. exp. Moustafa <20%
Moussa20)
<50 eV opt. exp. Zapesochnyil®  ~30%
normalized
van Raanl?)
100-2000 eV opt. exp. van Raanl?) < 30%
normalized
> 2000 eV Born. Bell6) < 10%
31D < 24.58 eV R-matrix Berrington8) < 10%
29 state close
coupling
80-100 eV opt. exp. Moustafa < 20%
MoussaZ20)
adjusted (/1.15)
50-80 eV c(41D)/19 < 20%
< 50 eV opt. exp Zaposochnyils) ~ 30%
normalised
100-2000 eV c(41D)/1.82 ~ 30%
> 2000 eV Born. Bell6) < 10%
61D < 2000 eV c(51D)/1.72 ~ 30%
> 2000 eV Born Bell6) < 10%

11



Table 1d

e + He(11S) — e + He (n3S)

Excited State __Energy Range  Method Reference Accuracy
43S <24.50 eV R Matrix Berrington®) < 10%
29-state close
coupling
25-100 eV opt. exp. van Raan1?) ~30%
100-500 eV opt. exp. van Raan25) >30 %
adjusted (x1.15)
235 < 24.58 eV R-matrix Kingston® < 10%
29-state close
coupling.
20-100 eV differential Trajmar12) ~ 30%
scattering Halll3)
integrated, Crooks14)
retarding BrongersmalS)
potential
difference.
> 100 eV c(435)/0.14 uncertain
335 < 24.58 eV R-matrix Berringtons) < 10%
29-state close
coupling.
all energies interpolated
between
6 (23S) and
G (435).
30 - 100 eV ~30%
> 100 eV uncertain

Note: Johnston and Burrow26) in their electron trap experiment find the peak
for 235 at 20.35 eV to be 6.2 x 10-18 cm2.

12



Table 1le

e + He(11S) — e + He (n3P)

Excited State Energy Range = Method ~Reference Accuracy
23p < 2450 eV R-matrix Berrington$8) < 10%
29-state close
coupling.
30-100 eV opt. exp. Jobe??), cascade  ~ 30%
differential corrected by
scattering de Heer 10’
integrated. TrajmarlZ)
Halll3)
Crooks14)
> 100 eV extrapolation > 30%
o (23P) = 3.5x
¢ (3°P)
33p < 24.58 eV R-matrix Berrington8) < 10%
29-state close
coupling
<40eV opt. exp. Zapesochnyil®  ~30%
normalized
40-100 eV opt. exp. van Raanl?) ~ 30%
100-1500 eV opt. exp. van Raan25) > 30%

adjusted (x1.58)

Note: not analysed data of Bogdanova and Yurgenson28), and of Chutjian and

Thomas29).

13



Table 1f
4

e + He(11S) — e + He (n3D)

Excited State _Energy Range  Method Reference Accuracy
43D <2450 eV R-matrix Berrington8) < 10%
29-state close
- coupling
25-35 eV opt. exp. Zapesochnyil®  ~30%
normalized
35-100 eV opt. exp. Mc Conkey30) ~ 30%
100-1000 eV opt. exp. van Raan25) > 30%
normalized
33D <2458 eV R-matrix Berrington®) < 10%
29-state close
coupling
<100 eV o (33D) = ~ factor 2
20 (43D)
100-1000 eV o (33D) = > factor 2
26 (43D)

Note: For 33 D see also the theoretical work of Tully3D.

14



Table 2a

29-state R-matrix 1 'S - n 'S interval averaged collision strengths

E(eV) 2'S  E(eV) 3'S E(eVv) 4's
208" 2232 231" 9293 21380 3223
2110 4227 2340 801% 2400 2023
213" 4062 2377 85437 2431 1767
2160 4092 240" 8.197

2191 4242 241" 7767

222 43027 244" 741°

225" 4277

2281 4.532

2311 42472

2341 42472

2370 43272

2391 4.3572

242" 45172

245" 45172

Table 2b

29-state R-matrix

1S - n 'P interval averaged collision strengths

EE€V) 2'P E(V) 3'P E@V) 4'P
2131 4643 2320 1.00% 2390 403¢
2170 1107 2360 2423 241 671%
219" 1542 238" 3483 243" 1073
222" 2037 240" 4373

2251 263% 2431 48773

2280 2357

2317 25672

2341 25072

2377 29172

240" 3.05%

2420 3317

245" 3.567

15



Table 2¢

29-state R-matrix 1 'S - n 'D interval averaged collision strengths

E(eV) 3'D E(V) 4'D
232 512 2390 1883
236! 5773 241" 1.50°
2380 4313 2430 1333
240" 41473
2431 36973

Table 2d

29-state R-matrix

1!S - n 3S interval averaged collision strengths

E(eV) 23S E(¢V) 33§ E(eV) 43S
2000 62727 2300 1727 2377 6.237
203" 9672 2320 1677 240" 5067
206 7807 236" 1537 243" 4.007
209" 7402 238" 1437

2128 7217 241 1477

215 6117 2431 1342

218" 6.027

221" 6.062

2241 6047

226" 6.682

229" 5.882

2321 58772

2350 57672

238" 5847

241" 5752

2431 509872

246! 57872
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Table 2e

29-state R-matrix 1 !S - n 3P interval averaged collision strengths

EeV) 23P  E@EV) 3°P  E(eV) 4°P
2111 9077 231' 5733 2380 22573
214" 1877 2350 6597 2400 2147
2170 2297 2370 7587 243 2417
2190 2692 240" 81273

222" 3182 243" 8483

226" 3.8472

2280 3707

2311 3932

2341 3792

2380 42172

240" 42172

242) 4467

245! 4662

Table 2f

29-state R-matrix 1 'S - n 3D interval averaged collision strengths

E(eV) 3°D E@EV) 4°D
232! 1453 239" 985%
2360 4.10% 2411 6.79°
2380 2123 243" 6.33%
240" 2017

243! 1.807

17



Table 3a

Experimental 1 'S - n 'S collision strengths and collision strength ratios of (n)/(n+ 1)

E€V) 2'S (/3 3's (i@ 4's @IS s's  (5e) 6'S
2300 3.36°

2.50! 6.063 267 2283 266 8.56% 216 3974
3.000 6.0272% 613  9.807 24l 40673 231 17673 195 9.02°
3.50! 12072 248 4833 218 2217 191 1163
400" 7052 534 1.3272 250 5083 212 24073 1.89 1.27°3
4.50! 5383 210 25673

500" 8102 575 1412 253 5563 207 26873 189 14273
6.00" 8.87" 5663 214 2653 188 1.42°3
8.00' 1.00°' 574 1.742 274 63673 222 2863 188 1.55°3
1.00°  1.097 579 1952 257 7573 246 35073+ 188 1.86 3
1.502 1297 598 21627 246 8767 212 4147 198 20873
2002 140" 575 24472 246 98977 211 4703 201 23473
2.50? 27472 251 1092 209 5223 190 27473
3.002  1.59°7 531 2982 263 1.13°2 196 5793 198 29373
3.502 3.01°2 256 1.182 197 5993 195 3.07°3
4002 16471 534 3062 253 12172 197 6153 193 31873
5000 1.777' 500 3532 259 1362 206 6607 186  3.55°3
6.00° 1627 479 3392 2.57 13272 194 68273 182 37473
8.002 1797 468 3822 253 1512 215 7.02% 188 3747
1.00° 18177 468 3877 263 1472 204 7202 180  4.00°
1.50° 3942 266 1482 196 7567 182 41673
2.00° 4092 270 1512 202 7472 186 40373

* benchmark adjusted

18



Table 3b

Experimental 1 !S - n 'P collision strengths and collision strength ratios of (n)/(n+ 1)

EecV) 2P (23) 3'P  (3)/4) 4'P

3.000 94072 507 1852 239 7773
3200 L18°! 466 25472

3500 139 4.89 3.2572

400" 2151 466  4617% 236 1.96 2
450" 290! 4.64 6.24 2

5000 343! 446 7692 221 3.48 2
6.00' 4777 4.40 10877 230 47372
7.000  571°Y 4.8 1377

8.00' 678! 4.8 16271 211 7.69 2
9.00! 766 4.6 1.84°!

1002 8441 414 20477 228 8.94 2
1.20° 9661 3.99 2427

1.50  1.15° 406 2831 222 1.28
1.80  1.32° 400 3317

2000 1399 399 3481 233 149!
2502 1.599 406 39377

3.000  1.74% 393 4441 245 1.81°!
3.5 1.87° 393 477!

4.002  199° 3.93 5051 246 20571
5002 2.37% + 4.40 5391 244 2217
6002 2320+ 417 556"+ 233 239!+
8.002 251%9+ 410  6.127'+ 242 2537+
1.00° 262° 396 6637 248 2677
1.50°  293° 398 73770 253 291"
2.00°  3.09° 395 7821 246  3.18°!

& Donaldson et al. 1972
* de Jongh & van Eck, VII ICPEAC 1971 Amsterdam
+ too high

19



Table 3¢

Experimental 1 'S- n 'D collision strengths and collision strength ratios of (n)/(n+ 1)

EV) 3'D  @y@ 4'D @5 S'D (56 6'D

2500 4013 183 21973 171 1283 172 7.44 4
3.000 5723 187 3.063  1.69 1.8073 1.72 1.05°3
3500 7.2573 185 39273 164 2393 172 1.39 3
4000 86673 1.86 4653 168 27673 1.72 1.60 3

450" 9933 190 5232 173 3.02° 172 1.76 -3
500" 1.09% 1.90 5773 1.86 3103 172 1.80 3
600" 1142 190 6027 1.8 3233 172 1.87°3
8000 12472 189 6583 18] 35473 1.72 20673
1.002 12027 182 6613 187 3533 172 20573
1.5 1177 18 6453 187 3467 172 20177
200° 1182 182 6487 1.87 34873 172 20273
2502 1217 182 66473 187

3000 1.127% 182 61737 182 3383 L1712 1.97 3
400> 1077 1.82 5887 1.77 3333 172 1.94 3
5002 1012 18 5573 1.77

6.00° 1.007% 182 5513 1.74 3173 172 1.80 3
8.002 1.0472 1.82 57273 184 3107 1.72 1.80 3
1.00° 10472 182 5733 1.83 31273 172 1.81°3
1.50° 9783 182 53873 1.83 2933 172 1.70 3
2000 9733 182 5353 183 2913 172 1.69 3




Table 3d

Experimental 1'S - n 3S collision strengths and collision strength ratios of (n)/(n+ 1)

EeV) 27§ (2)/(3) 33 (2)/(4) 47S

200" 51872

250" 4802 329 1462 730 6607
3.000 47677 2.82 1.657° 625 76773
350" 4247 241 17572 588 74373
400" 3942 241 1642 588 6657
450" 35072 2.82 1242 625 57573
500"  3.092% 282 1.092 625 49373
6.00' 2462 3.0l 8.023 666 37273
7.000 2052 329 6437 714 29273
8.000 1.74% 329 5283 7.4 24373
9.00' 1352 329 4143 714 1.88 3
1.002 1172 329 3513 7.69 1.573

1.50> 5893+ 329 1753 714 8217
2002 4.0173* 329 1207 7.14 5654
2502 29273+ 329  877% 714 4077
3.0020 22873+ 329  677% 7.4 3184
4002 15473+ 329  468° 7.14 2174
5002 1.0473+ 329  313* 714 1.45%

For 23S, Johnston & Burrow 27) have a peak in the
cross-section at 20.35eV
* 7.14Q(4 3S)
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Table 3e

Experimental 1 'S - n 3P collision strengths and collision strength ratios of (n)/(n+ 1)

EeV) 2°P  (2/3) 3°P

2.50! 1.31 2
3000 65272 3.52 1.85 2
3.50! 1.84 2
400" 6357 358 1.77 2
5000 5852 365 1.60 2
6.00' 5162% 3.86 1.34 2
7.00' 40972 3.62 1.13 2
8.00' 3282 345 9497
9.00' 2632 330 7.97 3
1002 23472 346 68173
1.50° 9653 35 2.76 3
2002 6023 35 1.70 3
2.50° 41873 35 1.19°3
3.002 2763 3.5 8.02°4
400 14773 35 4184

5002 794% 35 2217
6.00° 1253 35 3514
8.00° 4687 3.5 13474
1.00°  9.19% 35 2514
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Table 3f

Experimental 1S - n 3D collision strengths and collision strength ratios of (n)/(n+ 1)

E(eV) 3°D (3@ 4°D

280" 2763 2.0 1.38 3
3.000 4263 20 2.13 73
3500 3987 20 1.99 -3
400" 3283 20 1.64 73
5000 2133 20 1.06
6.00' 1.553 2.0 7774
7.000 1293 20 6.43%
8g.00'  1.027% 20 5084
9.00' 9.32% 20 4667
1.00° 8362 20 41874
1.50° 42672 20 2134
2000 267% 20 1.30 4
2502 186% 20 9.19 >
400° 1.67% 20 9.02°3
6.00° 200% 20 9.53°3
1.00°  200% 20 1.00 3
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Table 4a

Born approx. 1 'S - n 'S collision strengths and collision strength ratios of (n)/(n+ 1)

E(eV) 2'S (2/(3) 3's (3)/(4) 4'S

1.00° 180" 444 4052 26l 1.552
1.50° 180" 444 4062 26l 1.56 2
2000 18177 444 4077 261 1.56
3000 18177 444 4082 261 1.56 2
400° 18177 444 4082 2.6l 1.56 2
5000 18177 444 4082 26l 1.56 2

Table 4b

Bom approx. 1'S - n 'P collision strengths and collision strength ratios of (n)/(n+ 1)

EeV) 2'P (2/3) 3'P (3)/(4) 4'P

7.002  245° 405 6.0571 249 2437
1.00°  270° 4.05 6.67°1 249 2671
1.50° 299° 405 7377 249 2.95°
2000 319° 406 787" 249 3157
3.000  348° 406 857! 249 3.43°
500° 384% 406 9451 250 3.79 1

Table 4¢

Bom approx. 1 'S - n 'D collision strengths and collision strength ratios of (n)/(n + 1)

EcV) 3'D (@34 4'D

1.00° 9423 18 5017
1.50° 9493 188 50573
2000 9533 188 50873
3.00° 9567 18 50973
4.00° 9583 188 51173
5000 9593 18 5107




Table 5a

Maxwell averaged 1 'S - n 'L collision strengths

TeV) 2'S 31§ 4's 3'D 4D 2'p 3P 4P

1.00° 3302 66973 2022 4113 1617 1642 3793 1487
2000 3862 70173 2423 4323 2007 2617 6473 2707
3.00° 4192 70373 2733 4583 2267 3627 9097 39073
400° 4452 7213 2993 4863 2483 4682 1177 s1°d
5000 467 73273 32173 51337 2673 5782 14472 63377
7.00° 5042 7643 3553 5673 30073 8077 1992 88473
1.00" 5052 8307 3923 6383 3417 1167 2842 12772
1500 6112 9433 4353 7303 3923 1747 4242 19172
2000 66172 1042 4673 7993 4293 2307 5607 2532
3000 74077 1217 5187 8917 4807 3327 8122 3677
400" 8042 1342 5607 9497 5127 42270 10477 4667
500" 8592 1452 5973 9883 5333 5037 12477 55472
7.000 9482 1622 6603 1042 5617 6437 1607 70472
1.002 1057 1832 7353 107% 583 816 203" 88372
1.502  1.17°' 2082 8313 1092 5953 1049 2591 117!
2002 12570 2282 9053 1.102 5982 1220 3021 1287
3002 13770 2572 101? 1.092% 5973 148° 365! 1.537]
4002 1447 2772 1082 1082 5933 167° 41277 1727
5000 14977 2922 1142 1072 5883 181° 448! 186!
7.002 156" 3132 1222 10627 580 204° 5057 208!
1.00° 1627 3332 1292 1042 5713 2280 5667 2317
2000 17177 3652 1402 1012% 5513 2759 6831 277!
3.00° 17477 3772 1442 9983 54173 303° 7507 3037
400° 1761 3842 1472 9893 5353 3220 7961 321!
5000 17771 38972 1482 9843 5313 3360 830! 334!
7.000 17877 3942 1502 9773 5253 356° 880! 35471
1.00° 1797 3982 1522 9723 5213 3770 9307 374!
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Table Sb

Maxwell averaged 1 'S - n 3L collision strengths

Tev) 23S 33 43 3D 4°D 2, 3%

1.00° 6272 1202 5093 2123 7134 2317 78773
2000 6252 1342 5853 23173 939% 3182 1.047?
300 60677 14177 6253 2527 111t 3757 12077
400° 5877 1452 64773 2683 1233 4152 1307
5000 5702 1482 6587 28073 13273 4457 1387
7.000 5422 1502 6657 2937 1402 48427 14772
1.00'  507% 1482 65473 2953 1433 5152 15272
1.50" 46272 1402 61973 2843 1382% 5307 1.5372
200" 4252 1322 5793 2673 1317 5257 15072
3000 36927 1162 50973 2363 1167 4952 13972
400" 3277 10327 4533 21173 1037 4592 1282
5000 2952 9273 4087 1907 933* 4252 1197
7.000 2477 7763 34273 1603 785% 3682 1.02°2
1.002 2012 6293 2777 1303 638% 3052 84773
1507 1.547% 4863 2133 9.98% 490* 2382 66073
2002 1262 40373 1743 814% 400* 1952 54273
3.002 9353 3117% 12973 5994 2944 1452 40173
4000 7473 26273 1033 476% 2347 1152% 31973
5000 6233 2307 857% 395% 194% 9573 26673
7.002 47073 1923 646 296% 1454 7183 1997
1.00° 3453 1603 474% 2167 106™ 52473 14673
2000 18473 1117 254* 114% se1d 2773 1t
3.000 1267 884* 1.74* 780> 3837 1893 5264
4000 9627 7417* 1327 592°% 2917 1433 4007
5000 7.77% 6417 1077 477% 23473 1167 3227
7.00° 5627 508% 7.727° 3447 16977 833* 232
1.00° 39794 390%* 5467 2437 1197 588% 1647
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