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Elastic, diffusion, and viscosity cross sections for collisions involving excited atomic hydrogen
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Elastic, diffusion, and viscosity cross sections for collisions of two hydrogen atoms in excited electronic
states have been calculated by solving the Stihger equation with interaction potentials obtained by full
configuration-interaction calculations. Viscosity and thermal conductivity have been reported as a function of
the principal quantum numbeiS1050-294{®8)06009-7

PACS numbes): 34.50-s, 34.10+Xx, 52.20.Hv, 52.25.Fi

I. INTRODUCTION II. METHOD OF CALCULATION

. . . AND NUMERICAL DETAILS
The recent studies on fusion edge plasmas and divertor

plasmas, connected with the ITE@ternational Thermo- The Schrdinger equation for two hydrogen atoms, collid-
nuclear Experimental Reacjquroject, have placed new em- ing in the center-of-mass coordinate system, can be written
phasis on atomic and molecular processes involving H and BS (5]

species. Actually, the relatively low electron temperatures 42

achpved in these systems gllow for the fo.rmat|on.of high- <|:|M_ o VZR—E)‘If(ri S ,sn,li)zo, (1)
density neutral species, which play a crucial role in deter- 2u

mining the plasma propertig¢4]. ) .

In this frame a renewed interef2] has been recently wherer;, s;, ands, represent collectively the posmon. vec-
devoted to the calculation of elastic and transport cross sed0rs Of the electrons and the electron and nuclear spin coor-
tions of atomic hydrogen, due to their importance in thedinates, respectivelyR is the internuclear distance vector
cooling of plasmas before its impact with the reactor wall.and u is the nuclei reduced magd,, is the Hamiltonian for
This kind of interest, however, has been limited to hydrogerthe  molecular system defining the eigenfunctions
atoms in their ground state. On the other hand, constructio®r(r;,si;R) for theI" electronic state as
of accurate collisional-radiative models for atomic hydrogen, -
as well as accurate determinations of transport coefficients of Hu®r(ri,si;R)=Ep(R)®r(r;,s;;R). 2
plasmas, needs the knowledge of transport cross sections of ) ) .
atomic hydrogen in electronically excited states as well a&XPanding now the total scattering wave function in molecu-
accurate determinations of the transport coefficients of pla ar states ags]
mas. Surprisingly, still today the only knowledge of transport R R
cross sections of excited atomic hydrogen is that discussed W(ri,s,50,R)= >, Fr(R,sy)Pr(r;,s;R) 3
many years ago by some of the present auth®®. These r
papers in particular deal with the collision integrals of the
H(n)-H(1s) and H({n)-H™ interactions where H{) denotes
a hydrogen atom with principal quantum numbrerTrans-
port cross sections for the HY(-H(n) interaction was in con- 52 .
trast limited ton=2 due to the then poor knowledge of 5. V&—Er(R)—E|Fr(R,s,) =0, (4)
potential curves arising in the interaction of excited atomic ®
hydrogen. Since then, quantum chemistry provided us acCygnere the coupling terms have been neglectetiabatic ap-
rate sets of potential curves arising in this kind of interactionproximation[5]).
so that we can now use them for obtaining information about For slow collisions, we may assume for the total wave

and inserting this expression in Ed.), we obtain a set oF
equations of the form

the corresponding transport properties. function ¥ the simple form
In this paper, we report elastic and transpgiffusion
and viscosity cross sections for the scattering systemrmH( W(r;,si,Sn -ﬁ)’“Fr(ﬁ,Sn)fbr(ri s :R), (5)

+H(n), with n=1,2,3,4,5. The interaction potentials, which

have been obtained by performing full configuration-which establishes that the scattering process is governed by
interaction(Cl) calculations, are restricted only to some spe-the potential interaction energy corresponding to the molecu-

cific singlet states that, as discussed below, can be consithr state described by the wave functidg(r;,s;;R).

ered representative of the entire manifold, leaving to a future Imposing the appropriate asymptotic conditions, and tak-

work a complete characterization of the excited states of théng into account the nuclear symmef], the final expres-

H, molecule. sion for the elastic cross sections is written as
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FIG. 1. (a)—(d) Potential energies of some electronic states arising in the singlet interaction of two excit®) hydrogen atoms.
Circles, present results; triangles, Rif0].
8|, * o 5|r represents thith phase shift, while the statistical weights
o(B)=17 |3 > (21+1)sir?y) 1/3 and 3/4 refer to the nuclear spin states.
Similar expressions can be obtained for diffusion and vis-

* cosity cross sectiong]:
+3 > (21+1)siPs |, (6)
| (odd)
hereE is the collisi His given b 8|, (st st
whereE is the collision energy ani is given by UD:F 3 2 (I +1)S|n2( Sl =8
I(even
2uE
k2: hZ ’ (7) 3 - . I I
+23 > (I+1)sirX(8 - 8D |, 8
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FIG. 2. Potential-energy curves for the singlet electronic states FIG. 3. Elastic(solid line), diffusion (dashed ling and viscosity
relative to the HG)-H(n) interaction. Solid linesn=1,2,3,4,5; (dotted ling cross sections for the HE2)+H(n=2) 12;’ inter-
dashed line: electron-electron Coulomb potential. action.
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TABLE I. Interaction potential energig#iartreg as a function of the internuclear distarRea.u)for the system H{) +H(n) with n
=2,3,4,5.

R 135 (n=2) 4 (n=2) '35 (n=3) 135 (n=4) 34 (n=5)
1.50 0.051377 0.12958 0.43701 0.48673 0.52172
1.80 —0.040963 0.026247 0.32402 0.37611 0.41018
2.00 —0.091637 —0.021890 0.26878 0.32086 0.35371
2.25 —0.13505 —0.067173 0.21590 0.27111 0.29787
2.50 —0.16326 —0.10120 0.16778 0.23454 0.25424
2.75 —0.18400 —0.12739 0.12958 0.19644 0.21727
3.00 —0.19974 —0.14795 0.098545 0.16771 0.18523
3.50 —0.22317 —0.18195 0.041514 0.10947 0.14120
4.00 —0.23795 —0.20206 0.0072505 0.076499 0.10611
4.50 —0.24788 —0.21528 —0.014054 0.050667 0.082340
5.00 —0.25520 —0.22415 —0.031890 0.030635 0.062645
5.50 —0.26078 —0.23019 —0.041911 0.016105 0.046661
6.00 —0.26469 —0.23439 —0.052434 0.0049806 0.032829
6.50 —0.26721 —0.23742 —0.062325 —0.0043062 0.022207
7.00 —0.26968 —0.23979 —0.069978 —0.014119 0.012933
7.50 —0.27265 —0.24190 —0.076717 —0.022667 0.0046005
8.00 —0.27514 —0.24395 —0.081082 —0.028670 —0.0019799
8.50 —0.27624 —0.24576 —0.084112 —0.034768 —0.0079314
9.00 —0.27590 —0.24711 —0.087292 —0.040174 —0.012881
9.50 —0.27447 —0.24796 —0.091758 —0.044502 —0.015396
10.0 —0.27235 —0.24839 —0.096433 —0.046894 —0.020391
10.5 —0.26986 —0.24847 —0.099114 —0.048725 —0.023885
11.0 —0.26724 —0.24829 —0.10030 —0.050201 —0.026212
115 —0.26461 —0.24790 —0.10113 —0.052258 —0.028415
12.0 —0.26208 —0.24736 —0.10594 —0.054899 —0.031682
8w, 1+1)(1+2) - - ever, we hav_e selected only a few §inglet_electronic states,
o,=77 |1 ——————Si(8],,— ) correlating with the free H atoms with a givenvalue. In
K I(even  (2143) particular forn=2, the elastic and transport cross sections
have been calculated for thH&. ;" and 11, molecular inter-
. (I+11+2) . r ; . 9. U
+23 SIS, ,— ) | (9  actions, to which has been attributed in the global cross sec-
Ilody  (2143) tion, the statistical weights of 1/3 and 2/3, respectively, while

Th ttering of t lectronicall ed hvd tfor the other'X J states, corresponding to=3,4,5 the sta-
€ scattening of two electronically excited nydrogen ab e weight has been assumed to be unity.

oms can occur, in an adlab:?mc collision, through the poten- The phase shifts, for a giveB(R) potential, have been
tial interactions corresponding to a number of molecular

. - . . calculated by solving the Schiimger equation by the stan-
stated 7], which arise during the collision process, and COT-4ard Numerov method. The code has been checked by repro-

relating to a given quantum state of the free atoms. In.th'%iucing the Gersh and Bernstein singlet and triplet elastic
case, the global cross section is evaluated by performing a

weighted sum of the individual cross sections obtained by 10000

E T T T T T T T3
using in Eq.(4) the Er-(R) interaction potential associated to g ]
any distinct molecular sta{&,5]. In the present paper, how-

« 1000} H(n=2)+H(n=2), 12;'

TABLE Il. Fitting coefficients for the potential curvetsee 2 E

text): Cg (hartree bolh, Cq (hartree bohb, A, (hartree bohr, g - .
andB,, (bohr %). Numbers in square brackets denote the power of 3 1°¢° WH( 1), X+ E
10 factors. ; ; n= it E

2 i ]

Cs Cs Av B ° M 3
'S4 (n=2) —6.8571+4] 4.6209+6] 1.3801 0.73754 L ]
PR SN NSRS (SN DU SO U NN S ST RN T T S NN T '

ng (n=2) 1.0659 0.42117 10.0 20.0 40.0 60.0 80.0  100.0
34 (n=3) 1.1195 0.19757 energy (eV)
34 (n=4) 1.0673 0.16180
3, (n=5) 1.0656 0.16171 FIG. 4. Elastic cross section for HE1)+H(n=1) X '3

interaction, and H{=2)+H(n=2) lEg* interaction.
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FIG. 5. Same as Fig. 3 for H(=2)+H(n=2) II; interaction. FIG. 7. Same as Fig. 3 for WE3)+H(n=3) '3 interaction.

cross sectiong8] for the case H(8)+H(1s), by using the The potential values entering in the integration of the

Int?:rc?fginlpct)ringﬂztgxiecn t:))fceﬁ?ilglz ?grds\i/r\]lo:gies\'g%'s hav Schralinger equation have been obtained by linear interpo-
’ P 9 Sation of the computed data or, in the asymptotic regions, by

been obtained by performing full Cl calculations by using : : : :
three different basis sets of STO orbitals. 43 STO functionse xtrapolating the available data using somewhat standard ex

X fl : )
were used in the range &< 2 a.u., 49 STO functions in the pressions. For Fhe stat’ezg I(n—2) O(; ]!:'g'l z’gh']?r:l pre-
range ZR<3 a.u., and 55 STO functions f&>3 a.u. The _sents an att_rac.t|ve potential, we used for laRytne follow-
basis included, p, andd STO orbitals. In the full ClI calcu- INg expression:

lations all the single and double excitations were considered. 6 o )

The potential curves for théX ;* and 'I1,, states, corre- V(R)=—Cg/R°~Cg/R*~1/n%, (10)
lating with the free atoms H(=2)+H(n=2), are com-
pared in Figs. (8)-1(d) with those reported by Guberman whereRis the internuclear distance and the constéhtand
[10]. A good agreement is found between the two sets o4 have been evaluated by performing a fitting procedure of
results, except for théIl, states in Fig. (d), where some the data of Table | in the range #R<12 (a.u.). ForR
discrepancy is observed for internuclear distanegsa.u. <15 (a.u.), we assumed for the repulsive part of ’tﬁleg
No data are available, to our knowledge, for the potential(nzz) potential the usual exponential form:
energy curves correlating with atomic states defined by
n>2.

The cross sections have been calculated by utilizing some
of those potential curves converging at large internuclear dis-
tance to the asymptotic energy efl/n? (hartrees The se- Where theA, and B, coefficients were obtained once again
lected potentials fon=2,3,4,5 are shown in Fig. 2, while the by fitting the data of Table | in the range ¥R
numerical data are reported in Table I. In the same figure is<3.5 (a.u.).
shown also, as a comparison, the interaction potential for two Finally, the expression in Eq11) has been also adopted
1s hydrogen atoms corresponding to the molecular statéo fit all the other repulsive potential curves used in the

V(R)=A,exp(—B,R)/R—1/n?, (11

X 1E$ [9]. cross-section calculations. The fitting coefficieftg, Cg,
A,, andB,, for all the potential functions are reported in
1,000E — —T— — T T3 Table 1.
H(n=2)+H(n=2),1Hg : . 50. [ T T T T T )
100 ]

Lol H(n=1)+H(n=1), b’Z*

cross section (A%

cross section (10%A%

. v oy by L
0.0 20.0 40.0 60.0 80.0 100.0

energy (eV)

FIG. 6. Elastic cross section for HE1)+H(n=1) b 3 in-
teraction[8], and H=2)+H(n=2) Il interaction(present re-
sults. FIG. 8. Same as Fig. 3 for H&4)+H(n=4) lEg interaction.

energy (eV)
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FIG. 9. Same as Fig. 3 for HE5)+H(n=5) X/ interaction.

lll. RESULTS

In Fig. 3, the elastic and transpaftiscosity and diffu- for n=2 ('Ilg) andn>2 (*3).
sion) cross sections for the system i 2)+H(n=2) are The regular enhancement of the curves can be reproduced
shown as a function of the collision energy in the rangeby an approximated scaling law. The high-energy Born cross
between 0.001 and 100 eV. The correspondiff,  sectionoy(E), for a repulsive potentidlEq. (11)], is given
(n=2) interaction potentialsee Fig. 2 exhibits a minimum by [12]
placed atR~8.5 a.u.. The attractive well presents a zero-
point energy of=0.7 eV below the dissociation energy. A AA2
comparison of then=2 elastic cross sectiofsee Fig. 4, on(E)=~ 2
with those for the singlet potentid '3 of two 1s hydro-
gen atomg9], which presents a very deep well located at
smaller internuclear distances, shows that these last croggsumingA,~1 (see Table I, the scaling law for elastic
sections are significantly lower than those for the excitectross sections can be written as
state[11] (more than a factor of J0This is probably due to

(12

the fact that the elastic cross section, as it is well known, is 52

- i i =2
greatly_ affected by the_long range fo_rces, which, in the case o (E)~ n2 on_o(E). (13)
of excited atoms, vanish at larger internuclear separations n

with respect to theX '3 potential(Fig. 2.

The diffusion and viscosity cross sections, also plotted in 114 scaled cross sections obtained from @8) are also
Fig. 3, lie well below the elgst|c one. The two curves Showshown in Fig. 10(dashed lines For higher energies the
very close values and practically overlap for high energies. ;qreement with the exact results is particularly good, while

In Fig. 5 the cross septions are reported for the casg; |5 energies €102 eV), the scaled cross sections re-
H(n=2)+H(n=2) interacting through théHg state, char- produce the same structures of the 2 curve.

acterized by a completely repulsive potential curve. The elas- The coefficients8,, in Eq. (11) can be interpreted as the

tic and transport cross sections present a smooth dependengee se of the screening constant in the Coulomb interaction
on the collision energy and quite lower values with respect ¢ two hydrogen atomgL3]. This means that as the principal
the previous case. This last featurfa can b_e attributgd to th&uantum number increases, increase the dimensions of the
complgtely repulsive natur.e of the interaction potential. two atoms, so that the screening constant becomes infinitely
In Fig. 6, the cross sections for tHél, state are reported large and the expression in E@.1) reduces asymptotically
for comparnsorn a+long with those relative to the repulsive, 5 b rely Coulomb potential. This can be better appreciated
triplet stateb “% correlating to the free atoms H¢L iy Fig. 2, where the potential curves seem to converge, for
+H(1s) [9,11]. Again we observe an increase up to a factoryigh n, to the curve representing the electron-electron Cou-
of 10 in the elastic cross sections passing fromith& | to  |ompb interaction(dashed ling This is confirmed also by the
the 11'[g state, while both the cross sections show the samegcaling law in Eq.(13), which shows that the cross section
dependence on the collision energy. asymptotically diverges as a function of due to the fact
Elastic cross sections far=3,4,5 (X ;) are shown in thatB, decreases for high values(see Table I, reproduc-
Figs. 7, 8, and 9, respectivelgolid lines. Inspection of ing the expected cross-section behavior for a Coulomb inter-
these figures shows that tﬁég repulsive potentials deter- action.
mine a behavior very similar to the one observed in Fig. 5, In Figs. 7-9 the transport cross sections are also shown
although the values of the cross sections increase with inidashed and dotted linefor the casen>3. This cross sec-
creasing the principal quantum numiverThis last point can tions have been found in excellent agreement with the clas-
be better appreciated in Fig. 10, where we report the elastisical results reported by Hong-sup Haktal. [13], who
cross sectiongsolid lineg as a function of incident energy used in their calculations a screened Coulomb potential.
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TABLE lIl. Q}1%2,,1(Tr5 (A?)] for singlet X '3;) and I L S B B
triplet (b 33.5) H(1s)-H(1s) interactions, respectively, as a func- " " g
tion of the temperature. 40.0f
T (1C° K) singlet triplet total Ref[3] Q) ey |

A2
10 1.15 1.81 2.96 2.60 (4% 2008
12 1.03 1.63 2.66 2.42 Fo
14 0.919 1.49 2.41 2.25
16 0.823 1.37 2.19 2.09 [ -
18 0.739 1.27 2.01 1.96 DN S R T N S R BT R
20 0.665 1.18 1.85 1.84 1 2 3 4 5 6 7 8 9 10
25 0.521 1.00 1.52 1.59 TUPCK)

FIG. 11. 05322, 1 n—2(T)r as a function of the temperature
for H(n=2)+H(n=2) scattering system. Dashed lines, collision
integrals for 'S and 11, interactions; solid line, weighted sum
A. Collision integrals (see texx; full circles, Capitelli-Lamanna resul{8)].

IV. TRANSPORT PROPERTIES

In order to check the present calculations for the plasm

; . 6cliespite these limitations, the two sets of data seem to be in
transport properties, we have compared the quantity

good agreement, and this can be interpreted as a validation of
the present results.

2.2 a,(T)
QLS i (TIre= ypm (14)
B. Transport coefficients
with the results reported by Capitelli and Lamar{i3a for The viscosity coefficienty and thermal conductivity\

n=1 andn=2 casesQﬁ((,ff,L(n)(T) in the above equation is have been calculated by the usual definitiffirst Chapman-

the collision integral depending on the absolute temperatur&nskog approximation14] given as
T and relative to the H{)-H(n) interaction, whiler,, is the

collision diametef14]. o, (T) is the viscosity cross section _ —5 vMT
A\ 1) 1S (e Vi _ 7n(T)=2.6693<10"° 5 — 1 (16)
averaged over a Maxwellian distribution by using the expres- Fm 0 ohn (T)
sion[15]
and
1 9
o (T)= =3 f E3e F¥Tg (E)dE, (15) T
(kD)™ Jo xn(T)=7.4518—”“;\5| ), (17)

wherek represents the Boltzmann constant.
Forn=1, the collision integral)},(7:0, o (T)r%, evalu-  where 7, is expressed in poise and\, in

ated in this case by including in the,(E) also the triplet calseccm K™, providing that molecular weigh¥l and

contribution, has been successfully compared with thqﬁqﬂﬁ((ﬁ)'_z,ﬁ(n)(T) are given in atomic mass units and irf,A
Capitelli-Lamanna resultésee Table i) respectively. Fon=2,r2Q}22), |\, (T) is the weighted

A _good agreement has been found also forsum of the two contributions coming from th& and 11
Q2 in=2y(T)r5. This last case is shown in Fig. 11, states.
where Qﬁ((ﬁfz)_H(n=2)(T)rﬁ1, obtained by performing a In Tables IV and V, the values of viscosity coefficients
weighted sum of the two contributions coming from t’rﬁ; and thermal conductivities are reported as a function of the
and 1, interactions, is compared with the results takentemperature for £n<5. The values fom=1 have been
from Ref.[3], as a function of the absolute temperature. Thetaken from Ref[15]. These results show that initially the
dependence of the Capitelli-Lamanna cross sections on tHgansport coefficients rapidly decrease as the principal quan-
absolute temperature is well reproduced by the present réum number increases, converging to a limit for higimer
sults, even though a facter1.5 separates the two curves. values. This behavior is a direct consequence of the enhance-
This difference could be ascribed to the lack, in our calculainent of the transport cross sections with the principal quan-
tions, of the contribution coming from other singlet and trip- tum number, which, through Eqgl4) and (15), causes the
let states correlating with the free R 2) atoms, as it is increase of the collision integral. This effect can be clearly
Suggested by the cross sections relative tolm and ng seen in the Simple rigid-sphere mOdEI, which assumes the
interactions of Fig. 11, which individually display a less sat-collision integral Q3% ) to be unity. According to this
isfactory agreement with the Capitelli-Lamanna results. model, the large dimensions of the excited atoms determine

It is worth noting, however, that this comparison must behigh values of the rigid-sphere cross sectimrﬁ, with the
considered only under a qualitative point of view. An insight subsequent reduction of the transport coefficients.
into the Capitelli-Lamanna calculations for=2, in fact, The data of Tables IV and V can be used also for future
shows that their cross sections have been obtained by a veealculations of the transport coefficients for mixtures of
simple method of calculation and using, in particular, differ-H(n), H*, ande™ to better determine the role of the excited
ent interaction potentialg7]. On the other hand, however, states on the transport properties of plasma systems.
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TABLE IV. Viscosity coefficientsy (uP) as a function of the absolute temperaturerferl (Ref.[15]) andn=2,3,4,5(present resuljs

T (K) n=1 n=2 n=3 n=4 n=>5
20 7.692 0.7350 0.4052 0.2912 0.2609
30 10.10 1.019 0.5546 0.4000 0.3586
40 12.57 1.290 0.6966 0.5037 0.4520
50 14.90 1.551 0.8332 0.6039 0.5422
60 17.06 1.803 0.9661 0.7015 0.6303
70 19.07 2.049 1.096 0.7973 0.7166
80 20.99 2.289 1.224 0.8915 0.8017
90 22.85 2.524 1.350 0.9846 0.8857
100 24.67 2.754 1.474 1.077 0.9689
150 33.12 3.856 2.080 1.527 1.376
200 40.38 4.907 2.669 1.968 1.776
300 53.78 6.937 3.827 2.840 2.567
400 66.64 8.926 4973 3.709 3.358
500 78.95 10.90 6.118 4.583 4.153
550 84.94 11.88 6.692 5.022 4.554
600 90.82 12.85 7.267 5.464 4.956
650 96.60 13.83 7.844 5.907 5.361
700 102.3 14.80 8.423 6.353 5.769
750 107.8 15.77 9.004 6.802 6.178
800 113.3 16.73 9.588 7.253 6.591
850 118.7 17.70 10.17 7.707 7.006
900 123.9 18.65 10.76 8.163 7.423
950 129.1 19.61 11.35 8.622 7.843
1000 134.2 20.56 11.95 9.084 8.266
1500 182.0 30.05 18.03 13.85 12.64
2000 228.0 39.95 24.40 18.90 17.29
2500 274.0 50.71 31.05 24.22 22.20
3000 317.0 62.53 37.99 29.81 27.36
4000 400.0 89.45 52.68 41.75 38.44
5000 481.0 120.6 68.44 54.69 50.47
6000 562.0 155.5 85.22 68.59 63.42
7000 644.0 194.0 103.0 83.43 77.28
8000 727.0 235.6 121.8 99.19 92.02
9000 819.0 280.1 141.5 115.8 107.6
10000 913.0 327.3 162.1 1334 124.1
20000 2090 917.7 418.2 355.9 334.1
40000 5690 2596 1191 1051 996.5
50000 3652 1705 1523 1449
V. COMMENTS cross-section knowledge for these processes is very scanty,

The present calculations completely neglect the role 0Put some indirect information will be sufficient to get a gen-

inelastic channels in the scattering process, i.e., we assun%al estimate of t_helr Importance.

that the inelastic components do not strongly influence the L€t US start with the H{=2)+H(n=2) case. The rate

elastic and transport cross sections. To evaluate the impofPefficient for processa) ha38 bel%‘ reporte(l:i by Dalgarno

tance of these channels in the determination of the crogdsl6l. who gives(ov)~2x 10 °T"*® cm’sec *. This value

sections, let us consider the following inelastic processes: iS. for a temperature of 1000 K, about a factor of 20 smaller
than the corresponding rate coefficient calculated on the ba-

(a) H(n)+H(n)—H"+e+H, sis of elastic cross sections reported in Fig. 3 forihstate,
and a factor of 4 with respect to tié& state of Fig. 5.
(b) H(n)+H(n)—H, +e, Cross sections for procegb) have been experimentaly
determined by Brouillard D(2s)+D(2s)] in the energy
(¢) H(ns)+H(ns)—H(np)+H(np), range 102-1eV [17]. Absolute values decrease with in-

creasing energy from about 100 to £ Awnhile our elastic
the last one followed byrapid radiative cascadéguench-  cross sections reported in Fig. 3 decrease from 3000 to
ing). The present status of experimental and theoretical 000 A2 in the same energy range.
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TABLE V. Thermal conductivityA (mcal/K cm sec) as a function of the absolute temperaturenfedl (Ref. [15]) and n=2,3,4,5
(present resulis

T (K) n=1 n=2 n=3 n=4 n=>5
20 0.05690 0.005437 0.002998 0.002154 0.001930
30 0.07470 0.007540 0.004103 0.002959 0.002653
40 0.09290 0.009544 0.005153 0.003726 0.003343
50 0.1100 0.01147 0.006164 0.004467 0.004011
60 0.1260 0.01334 0.007147 0.005189 0.004662
70 0.1410 0.01516 0.008108 0.005898 0.005301
80 0.1550 0.01693 0.009053 0.006595 0.005930
90 0.1690 0.01867 0.009984 0.007283 0.006552
100 0.1820 0.02037 0.01090 0.007964 0.007167
150 0.2450 0.02853 0.01539 0.01130 0.01018
200 0.2990 0.03630 0.01975 0.01456 0.01314
300 0.3980 0.05132 0.02831 0.02101 0.01899
400 0.4930 0.06604 0.03679 0.02744 0.02484
500 0.5840 0.08062 0.04526 0.03390 0.03072
550 0.6280 0.08787 0.04950 0.03715 0.03369
600 0.6720 0.09510 0.05376 0.04042 0.03666
650 0.7140 0.1023 0.05803 0.04370 0.03966
700 0.7560 0.1095 0.06231 0.04700 0.04267
750 0.7970 0.1167 0.06661 0.05032 0.04570
800 0.8380 0.1238 0.07092 0.05365 0.04875
850 0.8780 0.1309 0.07526 0.05701 0.05182
900 0.9160 0.1380 0.07961 0.06038 0.05491
950 0.9550 0.1451 0.08398 0.06378 0.05802
1000 0.9330 0.1521 0.08837 0.06719 0.06115
1500 1.350 0.2223 0.1334 0.1025 0.09353
2000 1.700 0.2955 0.1805 0.1398 0.1279
2500 2.030 0.3752 0.2297 0.1792 0.1642
3000 2.350 0.4626 0.2810 0.2205 0.2024
4000 2.970 0.6617 0.3897 0.3088 0.2843
5000 3.570 0.8920 0.5063 0.4046 0.3733
6000 4.160 1.151 0.6304 0.5074 0.4692
7000 4.770 1.435 0.7619 0.6172 0.5717
8000 5.380 1.743 0.9007 0.7338 0.6807
9000 6.060 2.072 1.046 0.8570 0.7961
10000 6.750 2.421 1.199 0.9867 0.9178
20000 15.70 6.789 3.093 2.633 2.471
40000 43.30 19.21 8.807 7.775 7.371
50000 27.02 12.61 11.27 10.72

Quenching cross sections, i.e., the collisional transforma- Another inelastic channel could involve the singlet-triplet
tion of H(2s) to H(2p) followed by radiative decay, have spin exchange. Calculations reported by Dalgd2@ also
been determined by Brunett al. [18]. In particular, these show that these cross sections are small compared with the
authors have experimentally determined the total cross segresent elastic cross sections.
tion (elastictinelastic) of H(Z) colliding with different All these observations indicate that present elastic cross
partners. Their experimental results were rationalized with &ections are predominant as compared with inelastic contri-
quantum-mechanical calculation showing that the cross segutions, thus decreasing the importance of a multichannel
tion for the inelastic channel is about 1/6 of the elastic Oneégpproach for the calculation of transport cross sections.
This point should be taken as an indication of the fact that ' |, aqgition, the experimental quenching cross sections for
th_e hybridization of 32p prbltals (or _equwalently the COU-  oxcited atomic hydrogem(= 3,5) [21] show that these cross
pling -2 St"’.‘tesi' though_ Important, is, howeve.r,. negligible sections decrease with increasing the principal quantum
compared with the elastic channel. Other transitions betweeﬂumber thus reinforcing the idea of the predominance of

the mulﬂplet manifold could involve>-IT rotational cou- felastic cross sections in the interaction n#¢ H(n) (n
pling, which, however, can be neglected as shown in Re <2)

[19].
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VI. SUMMARY understand the role that these processes can play in plasma

hysics. The present calculations can be considered as a first
ep toward a better characterization of transport coefficients
of plasma systems with high concentrations of electronically
excited states.
Future improvements of the present calculations can be
ne by including nonadiabatic transitions through a multi-

In this paper we have investigated the dependence of th
transport coefficients on the principal quantum number
two colliding hydrogen atoms. Viscosity and thermal con-
ductivity relative to Hf) + H(n) interactions have been cal-
culated for 2<n=<5 and compared with the corresponding do

quantities relative to the ground state of the H atoms. channel approach even though the considerations of Sec. V

We have als_o calculated_the diffusion and elastic CTOS3eem to minimize the role of different inelastic channels in
sections and discussed their dependence on the exc'tat'%'?fecting the transport cross sections

state of the colliding atoms. For the elastic case, we estab-
lished a simple scaling law able to reproduce with good ac-
curacy the cross-section behavior as a function of the princi-
pal quantum number.

Finally, we want to stress that we have acquired useful This work has been partially supported by MURGiRhder
information on the collisions of two excited hydrogen atomsProject No. 97031090650R6The authors thank Professor
and, in particular, on the magnitude and behavior of the elasA. Riera and Dr. R. K. Janev for helpful suggestions on the
tic and transport cross sections. This achievement can help tole of inelastic channels in affecting the present results.
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