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Theoretical investigation of barium-helium collisions. 1. The excitation transfer cross sections
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We develop a theoretical description of collisions between an excited barium atom inséime®B;,
6s5d 'D,, or 6s5d D state and a helium atom in the ground state. Using the adiabatic potential curves
presented in the preceding paper, state-to-state cross sections are obtained from a fully quantum-mechanical
close-coupling calculation using the generalized log-derivative approach. Our theoretical results are compared
to recent experimental datg51050-294{@7)09709-9

PACS numbgs): 34.20—b, 34.50.Pi

[. INTRODUCTION measured excitation tranfer processes among #6@ 6P,
6s5d 'D,, and &5d 3D, states. The preceding paf@0]
Collisions between excited alkaline-earth metals andpresents adiabatic potential curves of the Ba-He system that
ground-state noble-gas atoridéG) have generated extensive were calculated, with the Ba-e spin-orbit interaction in-
experimental and theoretical interest, since they constitutéluded through a model potential. Here we report a fully
relatively simple test cases for atomic collision processegluantum-mechanical close-coupling calculation of the cross
that include electronic excitations. Theoretical investigationssections, based on the Born-Oppenheimer potential curves
have largely been restricted to the lighter alkaline-earth metand coupling terms derived from R¢R0].
als Mg[1-3] and Cd[1,4-6], although many interesting ex-
perimental results have been obtained for Sr-NG and Ba-NG 1I. DESCRIPTION OF THE COLLISION DYNAMICS
collisions[7-15]. ) . .
The first calculation of Ba-NG potential curves was per- In this section we develop thg expressions used to ca!cu-
formed by Czuchagt al.[16,17] in order to explain the qua- late the cross sections. The derivation follows one of Mies

sistatic line profile[18] and collisional redistribution of the [21] adapted to the present case of an excited two-electron

Ba resonance line in the presence of noble-gas perturben@tom that interacts with a noble-gas atom in its ground state.

The authors focused on the interaction of Ba atoms excitea—he collisional system is described by the Sctinger equa-

to the &6p 1P, state; for this reason they omitted the spin- 100

orbit interaction of an electron in the field of the Bacore 1 22 1 g [2

from their calculation. Inclusion of the spin-orbit interaction — s — P'Bo(ﬁf) V(R,F)

is crucial, however, to explain the prominent excitation 2u R pwRIR 2uR

transfer processes between singlet and triplet sf4te§]. In 5

the second paper Czuchetj al. [17] included the spin-orbit =EV(R,), @)

interaction for the 86p %P, states and found the avoided hereR is the | ic d & is the relati |
crossing responsible for theP,-3P, transfer measured by WNere IS the interatomic distance, is the relative angular-

Breckenridge and Merro]. To date, however, these re- momentum operator of the atomsjs the reduced mass, and
sults have not been able to explain the singlet-triplet exE iS the total energy of the collision complebig, is the the
change collisions and the fine-structure transfer betweefl€ctronic Hamiltonian operator which depends on the inter-
low-lying states of the Ba atom, which have been studied irftomic distanceR parametrically. Equation1) must be
recent experimen{d 2—15. These reactions are of particular solved subject to scattering boundary conditions in the labo-
interest, since many experiments use diode laser pumping @tory frame,
the 3P, state; in a buffer gas atmosphere this always leads to

radiative and collisional quenching into th@D.J states. V(R —expiky-R)(Fly,d,m)+ >, M
These processes can result in a very strong buildup of meta- ¥ 3 my R

stable populatiorfup to 80% and in a corresponding deple- A A

tion of the ground state. These effects have been used to X(Ply", 3"y f 0 my, y,0.my(Kar 1K) 2
produce a strongly excited Ba vapor for studies of energy-

pooling collisions[19]. Herek; is the atomic wave vectod, is the total electronic

Despite the need for theoretical elucidation of these proangular momentum of the Ba atom, ang, is the corre-
cesses and confirmation of the experimental results, little efsponding magnetic quantum numberdenotes the remain-
fort has been made to calculate collisional cross sections u$ag electronic quantum numbers of the asymptotic electronic
ing the existing potential curves. In the present paper wetate. Primed variables denote the quantum state of the sys-
report a calculation of the cross sections for the recentlfem after the collision. In practice, configuration space is
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divided into an interaction volume witiR<R, and an  with QN% (#,6) the normalized wave function of a symmet-
asymptotic region wittR>R,. For the purposes of the dis- ric top
cussion below, the wave functions in the asymptotic region
will be denoted by barred symbols.
The electronic wave functions, which asymptotically cor- 12
relate with two-electron eigenfunctions for the barium atom, QON% (p,0)= (_) DN* (,6,0). (5)
have been calculated in a body-fixed coordinate system with am
the z axis oriented along the interatomic axis. It is thus ad-
vantageous to express the space-fixed wave functions )
(F|y,d,m;) in terms of these body-fixed wave functions AN analogous expansion can be used for the molecular wave

o L : N,M,E i : :
(r|yJQ). Furthermore, it is convenient to make use of thefunction W 5= within the interaction volume where the

conservation of the total angular momenttirn= L +J and atomic basis states are mixed by the interatomic interaction.

. . . _In this case the atomic wave functidii| yJQ) has to be
:Eiéoé?henﬁrgaﬁnd? expanding¥ in terms of eigenfunc replaced by th&k-dependent Born-Oppenheimer wave func-

tion (F|R;yJQ). Within the interaction volume the radial

. : N,M,E
wave function is de;not(;d bgf'y,’,_,‘J,;%u(R). et .
INME B - _ N ~NME — An expression for the state-to-state inelastic scattering
oL (RO % Tyl s (AR, (@) cross section can be obtained expandl’?{:de,EJ,;zyLJ in terms
B of spherical Bessel and Hankel functiopsh{? using the
whereW, ; is the coupled wave function T-matrix representation
\I’YLJ(R’F):(_1)L+J(2L+1)1/2§ (_1)Q f’;/“ﬁI/EJ/;,yLJ(R):jL(k\]R)B,y,ylgLng‘]‘]/
N (2)
L J N Nk N _T'y/,L/,J';y,L,JhL’ (kyR). (6)
X 0o QO -0 QMQ(¢R10R)<r|7JQ>a
(4)  One finds for the collision amplitude1,22]
|
k. K 2mi * L L L'=3"+M L—J+M
fy,,J,,mJ,;%J,rnj(|<J,|<J,):k_J > YLM_mJ(kJ)YL,M_mJ,(kJ,)% (-1 (-1 (2N+1)
LL'M
L’ J’ N L J N N
>< T ! ! ’- i) 7
M—my; my M/{M=m, m, M/ ¥ L3 )
|
where TS',L',J';«/,L,J is the transition matrix in the coupled close-coupling equations; these are derived by inserting Eq.

representation. (3) into the Schrdinger equatior(1)

Integration over all scattering angles and averaging over
all directions of the incident wave vectors yields the cross

section for the procesgl— y'J’" as[21] LEJ <R;7’L’J’|7;l—E|R;7LJ)]—":;'LA/’5,WLJ(R)=O,
(10)
a
O'yJ,y'J’:F 2 P?Jyyl\]'v 8
J N .
with
where the partial weighted opaci@%’y,y is given by
» 2N+1 " , <R;y’L’J’|ﬁ—E|R;yLJ>=f a3, d3F,dQYE | (RF)
yJ,y’J’: 2J+1 LEL’ |Iyr|_ry,7|_3| . (9)

X(H=E)W ./ 1/ 3(R,).

T UyipLy IS determined by  matching 11
FoNe (R) to the asymptotic radial wave functions Here? is the Hamiltonian from Eq(1). Expansion of these

Ly L,d
;é,M,_E, Iyl J(R) atR=Ry,. ]-"T,MLE, Iyl 5(R) is determined matrix elements leads to the following set of equations for
numerically inside the interaction volume by solving thethe}‘;';f\f',%J,;y’L’J:
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(92 J 16
% (W+2PV,YL,YJ,;YLYJﬁ+Q‘}/,YL,YJ,;‘)/LY‘] :
_ Gyl onme » e 14l
R2 YL aryLa(R) o |
3
N,M,E =
F2u(E=Ey 1 3y L) F L Uy (R)=0. &
(12) e er
The coupling matrice®, Q, ¢, and ¢ have the following
matrix elements: 10l L ‘ e 1
2 4 6 8 10 12
D J Interatomic Distance (a.u.)
Pyinaya= | Ry LI = IRiyLI ),
FIG. 1. Adiabatic potential curves 8®;) and 0{D,) corre-
5 lated to the®P; and D, states. Also given is the radial coupling
Qi LryripLa= < Riy/L'J’ = R: yLJ> ' matrix elementy’J' Q'|d/dR|yIQ) () in arbitrary units.
(13
[2 / 1/2 L J° N
Cyrir iy a=(Riy' L' |LRIR; yLI), [(2L"+1)(2L+1)] % 0 O -0
(c;,)//’LI’J/;,y’L’J:<R;‘y’L,\],|HBO|R;7LJ>- L J N 9
A ) X ) >< 0 Q _Q 2 C,}/IJ/Q;,}/HJHQ(R)ﬁcy!IJ/IQ;,}/JQ(R),
In most of the earlier applications of the close-coupling Yy

approach with diabatic basis sets to calculate atomic colli- (16)

sion cross sections, the matricBsand @ could be assumed

to be negligible[21,4]. The coupling between the diabatic \\here the derivative operator acts on the expansion coeffi-
basis states was introduced through the addition of an intelsients The second derivative coupling matrix elements
action operator, e.g., the spin-orbit operator, to the HamiI—Q ,Lr 31, are given by an analogous expression.

tonian of the systenafter the diabatic potential curves and ylfigUréys' 1 and 2 show avoided crossings between the
eigenstates had been calculated. Since in our approach tb?3Pl) and 0fD,) and 1¢D,) and 1€D,) potential

jensta  Deen ce . ; approa
spin-orbit coupling is directly included in the™-Ba®" o oq along with the radial coupling matrix element

model potential the basis set becomes inherently adiabatch.y,J,Ql 9/dR|R;yJQ) which were calculated by nu-

. S T fherical differentiation of the expansion coefficients. The
glected. This causes a significant complication of the NUMETIz6upling matrix elements exhibit the expected Lorentzian be-
cal treatment of the close-coupling equations that will beyiqr at avoided crossings; this would be consistent with the

discussed below. First, however, we develop explicit expresyse of o |andau-zener approximation, though we do not use
sions for some of the matrix elements in E3). that approximation here.

To calculate the coriolis coupling matrix element
IIl. CALCULATION OF THE COUPLING MATRICES C,1134L.3, it is advantageous to express the molecular

Insertion of expressiofd) into Eq.(11) and evaluation of anguJar—momentum opierathrin terms of the conserved to-
the angular integral gives the following form for the matrix tal (N) and electronic J) angular-momentum operators,
elementspyr‘Lr‘Jl;%L'J .

14 ' '
L’ J N \/L J N -
a\0 Q -Q9/\0 QO -Q !
J § 12~
A 1) . . [=) F
X{R;y'J'Q R R; yJQ (19 ,8-
> L
The electronic Born-Oppenheimer stajBsyJ(Q) were cal- e j0l
culated by using the basis set expansion described in the & |
preceding paper:
I 1 8> el I T L L
IR 7JQ)= D Cpyr0:400(R)Y' Q). (15 2 4 6 8 10 12
' Interatomic Distance (a.u.}

This formula, in conjunction with the orthogonality of the  FIG. 2. Adiabatic potential curves i,) and 1€D;) corre-
atomic basis stately’ 3’ 1), yields the final expression for lated to the!D, and 3D states. Also given is radial coupling ma-
the radial coupling matrix element: trix element(y’J' Q'|d9/dR| yIQ) () in arbitrary units.
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C=N-]. (17) Since, as described above, the spin-orbit interaction was in-
cluded in the B&™-e interaction explicitly, the close-
Using the appropriate operator identities one finds L£8r coupling equatlo'ns .contaln rjon-negll'glble first-ordend
[21,23 second-orderderivative couplings, which makes them un-
’ suitable for integration using standafte.g., log-derivative
So 2. Y R+ =Y 8 s [24,4)) algorithms. Therefore, we used the generalized log-
LE=N"+J,J_—N"J_—N7J, —J,(J+1). (1§ derivative method 24,25, which is able to treat both the

The determination of these matrix elements proceeds annﬂrSt' and second-derivative coupling terms while retaining

lines similar to our derivation of the radial couplings. As anﬁl]e numerical St"?‘b"”y characteristk_: of the I_og-derivative ap-
example we gve the explicit expressioﬁ for proach. The major drawback of this technique, however, is

T A ) its numerical complexity which requires a significant number
(Riy'L"J[NTI_[RiyLI): of matrix inversions during propagation. Depending on the
N number of equations solved, the method required up to 3

)<QN* /|N+|QN* cpu-min. per angular-momentum valle Depending on the
Q MQ Ma collision energy chosen the close-coupling equations had to
i be solved up to a maximum value Nf=120. Owing to the
X(R;y' 3" QIR y3Q). (19 Jimited cpu time available, we restricted the calculations to

special cases without calculating the full temperature depen-

Using again the expansion of the electronic wave functiongence of all possible cross sections. The results of our calcu-
in terms of the Ba states one finds for the product of matristions are presented in the next section.

elements

>

09’

L J N L J
0o Q -Q'Jio Q

_ _ PR Figures 3 and 4 display the calculated opacity functions
=%07a-1[N(N+1)=(Q~1)] for the processes 8P,-5 1D, and 5'D,-5 3D, plotted
versus the total angular momentum. The data points are con-
X Z,, Cyrararyarar (R)Cya;500(R) nected by lines, merely to guide the eye. The opacity func-
v tion (or equivalently the partial cross sectjdor the process
X[JJ+1)—Q(Q—-1)]*? (200 6 3P;-5 D, peaks at an angular momentum value of 33

A a.u., which in the classical picture corresponds to an impact
The superscript notation implies thidtacts in the molecule- parameter ofR=4.6a,. At smaller values of the angular
fixed space, where the commutation relations are reversg@omentum the partial cross section oscillates and decreases
[21]: according to the\ dependence oP" in Eq. (9). At angular
momenta larger than 33 the opacity function decreases as the
N*ON,=[(N*Q)(NTQ+1)]*QNg-,. (21) corresponding collision parameter goes beyond the location
of the avoided crossing and &8 The behavior of the
5 1D,-5 3D5 is similar with the exception that at angular
momenta smaller than the peak value aa2B80 oscillations
Cross sections were calculated for all transfer processed€ observed.
involving the 6°P;, 5'D,, 53D;, and 6'S, states. At least From the opacity functions, the relevant cross sections
one closed channel was included also, leading to systenigere calculated from Eq@8) by performing a sum of the
with up to 31 coupled equations that had to be solved. Due t@artial weigthed opacities over all total angular mometa
parity conservation in the collision process, this set of equa-
tions could be separated into two sets of half the size. 201 ‘
The propagation of the solution started R& 3a, with
the starting condition7/=0. It was propagated out to
Ro=16a,. The coupling matrices were calculated on a linear
radial mesh with 400 points in this region after the values for
the expansion coefficients were determined by eight-point
Bessel interpolation from its values on the 139-point square-
root mesh used in the calculation of the potential cuf2€s.
During the propagation, an additional interpolation was per-
formed in order to increase the resolution of the propagation.
A match of the resulting numerical solution R&= R, to i
energy-normalized spherical Bessel functions determines the 0.0~ o
react_ionNmatrixP__( which in turn determines the _transition 0 10 Total Azngular MomsgntumN 40 50
matrix T", and finally the state-to-state cross section through
Egs.(8) and(9). The relation between the reaction and tran- FIG. 3. Partial weighted opacity is shown versus the total-
sition matrices is given by angular-momentum quantum numbéy for the processP,-1D,,
at a collision energy of 610 cml. The modulations are sometimes
T=iK(1+iK) ™ (22 referred to as Stueckelberg oscillations.

IV. NUMERICAL DETAILS

1.5~

Partial Weighted Opacity (a.u.)
5
T
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FIG. 4. Same as Fig. 3, except for the procéBs-3D5. Stu- P1-"D; (top ©), 5°D,-5 *Dj (top, L), 5 °D3-5 *D, (bottom,

3 3 A1
eckelberg oscillations appear at energies higher than the 61 cm £)» @nd 5°D5-5°D; (bottom, ©). An energy of 610 cm” corre-
collision energy at which these results were obtained. sponds to an experimental temperaturelef690 K.

Figure 5 shows the collision energy dependence of cross seBrust and Gallaghdrl3]. The Ref[13] cross section for the
tions for the processes ¥, and 53D,-5 °D,. Differing  process®P;-1D, is about 40% smaller and their result for
behavior is observed for the different cross sections. While'D,-3D5 is about 1.5 times bigger than our calculated cross
the cross sections for singlet-triplet transfer show a relatively\section. While there are clear discrepancies between theory
weak dependence on the collision energy, the fine-structurand experiment, the agreement is reasonably good ovétall.
transfer cross sections grow strongly with increasing energyshould be remembered that it is not necessarily adequate to
The latter behavior is typical for fine structure transfer in thecompare the cross section at a definite endegyith an
adiabatic limit{8] when the collision energy is comparable to experiment at a definite temperatufe Ideally, it would be

the fine-structure splitting and the potential curves involvedbetter to compare the thermally averaged cross sections or
exhibit no avoided crossing. A closer inspection of therate constants directly.

singlet-triplet cross sections shows that between collision en- The agreement is worse for the fine-structure transfer
ergies of 500 and 1500 cm, the cross section for the pro- cross sections, which are presented in Table II. In particular,
cess 6°P;-5 1D, shows almost no energy dependencethe theoretical value for the process’B;-5°D, is about
while the cross section for 8D,-5 3D transfer increases two orders of magnitude smaller than the datum reported by
with energy. This behavior can be expected since the cros®rust and Gallagher and 20 times smaller than the result of
ing between the D, and 0€D) potential curves is more Kallenbach and Kock26] at a temperature of =1100 K.
strongly avoided than the one governing thér§-5 D, Good agreement exists between our value of the cross
transfer process. The splittings at the crossing points are 3&ction for3D,-3D; transfer and the cross section reported
and 200 cm?, respectively. Table | compares the calculatedby Kallenbach and Kock. These values, however, differ by a
cross sections of the singlet-triplet transfer processes witfactor of 10 from the cross section measured by Brust and
experimental results from the literature. Good agreement i§allagher. As discussed elsewhé¢fe,13, the data reduc-
found between our results and the measured cross sectiotisn method of Kallenbach and Kock, who populated the
for the singlet-triplet transfer processe®P;-!'D, and 6 P, state by pulsed laser excitation and measured the time-
1D,-3D; reported by Vadleet al. [14,15. The theoretical dependent state populations of up to 13 atomic and ionic
results fall within the experimental error bars. In view of the states of the Ba atom, employed a complicated rate equation
expected monotonic increase of the cross sections with inrmodel including Ba-noble gas, Ba-Ba, and Ba-electron col-
creasing temperature, and in view of the fact that the experilisions, as well as radiation trapping. Judging from their re-
mental values were measured at a temperatuiie=of60 K,  sults for Ba-Ar collisions as compared to the results of
the agreement should be even better. Slightly worse agre&hrlacher and Huenneke[is2] and Brust and Gallagh¢t 3]
ment exists between our values and the data reported kip the case of’D; fine-structure transfer and the measured

TABLE I. Comparison of experimental and theoretical cross sections for singlet-triplet transfer in collisions between a helium atom and
an excited barium atom. The numbers cited below are collision cross sections in units?4h.0

E=691cm? kT=612cm? E=610cm*? kT=528 cm! kT=765cm !
Process Present theory Experiment Present theory Experimentt Experiment
’p,-D, 6.9 3.5-0.7 6.3 5515
'D,-°Dy 2.5 5.3-0.7 2.0 1.50.7 0.1+0.06
'D,-°D, 0.013 <11 0.01

3Referencd13], T=880 K.
bReferencd 14,15, T=760 K.
‘Referencd26], T=1100 K.
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TABLE II. Comparison of experimental and theoretical fine-structure transfer cross sections in Ba-He
collisions. The numbers cited below are collision cross sections in units ofrt8.

E=610cm* E=691cm? kT=612cm?! kT=765cm?!
Process Present theory Present theory Experiment Experiment
3p,—3P,; 0.0046 0.0011 <0.4 0.00t0.0006
3p,—3%P, 6x10°7 0.00 015 <0.2 <0.005
3D;—°D, 0.022 0.065 2.£0.4 0.40:0.24
’D,—°D; 0.20 0.52 2.80.5 0.27:0.16
’D;—°D; 0.0002 0.00 062 <0.6

8Referencd13], T=880 K.
bReferencd26], T=1100 K.

cross sections for singlet-triplet transfer of Vaddhal. data. In all cases we find theoretical cross sections consitent
[14,15, which agree with each other fairly well, we expect with those measurements.
the values of Brust and Gallagher for®B; fine-structure
transfer in Ba-He collisions to be more reliable. In this case,
however, the theoretical result for both fine-structure transfer VI. CONCLUSION
processes strongly deviates from the experimental data. A .
i . ) S We have performed a fully quantum-mechanical close-
possible explanation for the observed discrepancies in the ; . . ; )
3 . . coupling calculation of singlet-triplet and fine-structure

case of the°D; fine-structure transfer is that these transfer f . f lisi b ited bari

rocesses are dominated by couplings at interatomic dis:[-rans er cross sections for colliisions between excited barium
P .9 : .~ ~and ground-state helium atoms. With the exception of the
tances aroundd,, where there are significant discrepancies

. cross section foPD fine-structure transfer we find generally
between our potential curvg®0] and curves calculated by d b h ol | d th
Czuchajet al. Therefore, it would be desirable to perform good agreement between our theoretical results and the ex-

. . : . Perimental cross sections reported in the literature. A pos-
close-coupling calculations using the potential curves of.

Czuchajet al. and to test othee™ -He pseudopotentials in ?'ble explanation f?r dlscrepanc]es n .thﬁ Easi of g .
our approach. ine-structure transfer cross sections might be the systematic

Fairly good agreement, within a factor of 5, is found be_disagreement between our potential curves and those of other
tween our theoretical result for the proceséR,-63P, and calculations at small interatomic distances. Further experi-

the value measured by Kallenbach and Kock at a temperatu r(r?er_\tal and theqretical inves_tigatiops of these processes are
of T=1100 K. We expect this experimental value to be bet- esirable to clarify the remaining discrepancies.
ter than the ones forfD; fine-structure transfer since the
6 3P,-6 3P, transfer directly follows the 6P;-6°P,
guenching process of the pumped resonance state while the
population of the®D states proceeds through different col-  J.B. is indebted to the JILA theory group members for
lisional and radiative channels which might have compli-their warm hospitality and their continuous support. J.B.
cated the data reduction in a fit. thanks the German Academic Exchange Service for provid-
Also given in Tables | and Il are the upper limits of the ing financial support from the program HSPII/AUFE. This
cross sections for the reactions'B,-5 3D,, 6 3P;-6 3P,,  work was supported in part by the National Science Founda-

and 5%D;-5 °D,, which are suggested by experimental tion.
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