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Pressure broadening and shift of Hé2 3P , 5)-He(2 3S) lines
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The collisional broadening and shift of metastable helium fine-structure lines are calculated within the
impact approximationAb initio Born-Oppenheimer potential energy curves correlating to H&) and
He(2 3PJ-) atomic levels are obtained using the configuration interaction valence bond method and combined
with semiempirically calculated van der Waals interaction terms between these atoms to alsesg@cific
andj-changing collisions. A long-range van der Waals potential well exists ifFhepotential correlated to
the He(11Sy) +He(2 3Pj) limit, whose influence on the scattering phase shift is assessélt=A10 K, the
broadening and shift parameters are practicglipdependent and have average values of 12.60 and 1.87
MHz/Torr, respectively. Thg-changing collisions have cross sections roughly five times smaller than the
j-specific cross sections.
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[. INTRODUCTION the radiator-perturber system. The laser frequandy tuned
with respect to the unperturbed transition frequengy and
Radiation damping of an excited atom leads to a broadthe broadening width whalf width at half maximurm and
ening of spectral lines. Such broadening or natural broadershift d are given as averages over all collisions of the corre-
ing is often modified in the presence of collisions with back-sponding transition rates.
ground atoms in a gas or in a plasma. There is also a shift of Far from the line core, in the wings of the transition pro-
spectral lines associated with collisions. The collisionalfile, the impact approximation fails. The quasistatic approxi-
broadening and shift of lines are critical for precision spec-mation[6], based on the slow relative motion of the radiator-
troscopy and can be used as temperature diagnostics of elguerturber system, results in an intensity distribution that
tron or ion densities in a gd4]. depends on the difference of the interaction between the per-
Careful analysis of line profiles is a powerful techniqueturbing and radiating atoms in the ground and excited states.
for studying atomic and molecular interactions and is ofterFor a purely van der Waals interactioB{/R°®) between the
necessary for probing matter in extreme conditions, such asdiator and perturber, the intensity varieslé®)s 5 32,
in stellar atmospheres, ultracold traps, liquid helium, andvhere 6= w— w, is the detuning. This behavior was first
Bose-Einstein condensates. Broadening of spectral lines afbserved by Kuhi8] for the red wing of a mercury line at
implanted atoms in superfluid helium or clusters has bee253.7 nm, perturbed by argon.
used to probe cavity structure and bubble evolution in liquids The quasimolecular model of optical collisions deals with
[2]. The radiative scattering process can also be employed tne profiles within the framework of the adiabatic two-
investigate the nature of interatomic interacti¢84]. channel approximation for the interaction of a perturber with
There is a considerable literatu.g.,[5,6]) on the study a radiating atom in its initial and excited states. Such a treat-
of line broadening processes. The impact approximationment has been coined the unified Franck-ConddiC)
originally due to Barangd(7], has been widely and success- theory for the absorption profilé] and has been extended to
fully used for treating the pressure broadening and shift othe study of broadening where nonadiabatic effects, such as
lines. This approximation assumes tifat the spectral lines the Coriolis coupling o -IT symmetries, occUr]. Julienne
are well separatedp) only binary collisions are important and Mies showed that the UFC approximation is obtained by
for the broadening and shift of lines, arid the collision  simply making the linewidth w in Eq(1) dependent on the
time is much less than the time between collisions. The imdetunings; the impact approximation is obtained in the limit
pact approximation is particularly suited to the line core and5—0.

gives a Lorentzian profile for the line intensity, The present work deals with on-resonance Doppler-free
saturation laser spectroscopy of helium transitions
(Bler|a)? He(3811—3P0,1,2) under the influence of collisions with
[(w)~ 5 5 (1) He(1"S,) atoms[9]. The fine-structure splitting of the
(0= wo—d)*+(I'/2+w) He(2®P;) levels in helium have been exploited in various

experimentd10-13 to measure the fine-structure constant
where I" is the natural width of the spectral line and the « and for quantitative tests of QED. Because the experimen-
numerator is the square of the dipole amplitude for a freetal number ratio of metastable to normal helium atoms is
free transition between initial ¢)) and final (B)) states of very small[13], only the pressure broadening and shift of
levels resulting from collisions between the ground
He(1'S,) atoms with He(2°S;) and He(2°P;) metastable
*Present address: National Institute of Standards and Technologgtoms need to be considered. To this end, we calcualbte
Gaithersburg, MD 20899, USA. initio molecular potentials for the ground and excited dimer
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states, correlating tdS+ 3S and S+ 3P limits.

Elastic scattering phase shifts in all optically coupled mo-
lecular potentials are calculated and then transformed from
the rotating molecular frame, or body-fixéBF) frame, to
the atomic-fixed frame, or space-fix€dF) frame, where the
individual atomic total angular momenia andj, are good
guantum numbers. This transformation is in spirit similar to
the frame transformation ideas put forth by Fdnid] and
Arthurs and Dalgarn$15]. The frame transformation tech-
niques for diatomic molecules and the angular momentum
dependence of cross sections have been studied by Singer nuclear separation
et al. [16], Pack and Hirschfeldef17], Reid and Rankin
[18], Leo et al. [19], and more recently by Krems and Dal-  FIG. 1. (Color onling Schematic diagram of the scattering pro-
garno[20]. Line shift and broadening parameters and elasticesses involved in the interaction of radiating and perturber atoms.
and j-changing cross sections are calculated for differenthe V; and V; are interaction potentials as a function of nuclear
fine-structure transitions and compared with measuremenggparatiorR for the initial and final states, respectively. Also shown
[21]. In this approach, rotational coupling is implicitly in- arzezthe scattering _solutions fof and Vs at a collisional energy of _
cluded:; the Hamiltonian is solved in the uncoupled represen? K/2u, at large internuclear separations. The spectral line shift
tation in the BF frame. The transformation to the SF frame®d broadening are expressed in terms of these solutions.
brings in the necessary coupling. For room temperature such ~
an approximation is sufficient. states via a photon of polarizatiog,. The primes refer to

states immediately after the collision and ailvalues are
defined with respect to the SF frame. An average over the
Il. THEORETICAL FRAMEWORK relative perturber-radiator Maxwell-Boltzmann velocity dis-

A. Impact approximation tribution,
u |32 L
i 2mkaT) &M 7 2keT)"
many-body problem, the quantum mechanical treatment of ™8 B

the collision begins with a single binary collision between .
g 9 y ata temperaturg, is taken[19,23. If the Zeeman levels are

the perturber and perturbed atom. The interaction betwee ved. th ion for the width and shift b
perturbing atoms is ignored and each perturber intetts ondtf]reso ved, the expression for the width and shift becomes

with one perturbed atom at a time. In the impact approxima
tion [7,22], the shift and broadening parameters lamearly

Energy

Although the radiating or absorbing atom is generally em-
bedded in a perturber bath and the collision process is a large f(v)=4mv?

proportional to the perturber density and depend on the . hPmn (=f(v)
perturber-radiator interaction only through the scattering wid= w2 fo Tdv”%e, (2Ja+1)(2Jp+1)
phase shift or matrix elements for binary collisions before ’
and after absorption or emission. These parameters can also L1 Jpdal) | Jpdal
be related to the spectral profile of free-free transitions for X(—1) iadial | iaist’
the perturber-radiator diatom, as illustrated in Fig. 1. «p «p
The spectral line profile for transitions from the initial ><[6M,—S(J;L. (V) ?*(;i)_ L), 3)
states|j,m,) to the final statesjzmy) in collision with a a7 a 1t =1p

perturber atom is .
whereJ=¢€+] is the total angular momentum of the system

=f(v) 1 in the SF frame anc{g?gc} are the usual p symbols. The
v 2i.71) scattering matrix elements in the initiak and final (8)
Ja radiative states are denoted By« and SUs), respectively,

) h2an
A=w—id=— f
pe Jo v

. and the reduced mass js

jgm Jpm . . . .
X 2 2 C}imjlch'gm’f 1q[5mam;5mam;5”’ The shift and broadening expressions can be rewritten as
a a’

all m’s ¢¢'
(a) * (B) filv
_Sjama({m—qam;('m’SijB{/m—q'ﬁmL’;f’m’]’ ) W—idEABa=ﬁn<v0'Ba>= p¥<0ﬁa>; 4
B

wheren is the perturber densityjm) and|jm’) refer to the  where the average velocity 8 )= \/8kg T/ 7w and the pres-
atomic total angular momentum and their projections on th&ure of the perturber gas [ The energy averaged cross
SF axis of the radiating atoni,m and¢’,m’ are the relative section is

perturbed-perturber orbital angular momentum quantum

numbers, and:}ﬁmﬂ 1q are the Clebsch-Gordan coefficients * € ket €
im Y . . L . <Uﬁa>:f _k TU'B"‘(E)e B'd ﬁ ,
(lemljzmz—g1m1,12m2|1m)) coupling the initial and final o K B
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while energye=7k?/2u= uv?/2 is the same for both initial  (j€|wA u),=((j1j)] CIM|W(S;S;)Si(L1Lo)LAIQOM)
and final states. Finally, the broadening-shift cross section is

defined by _ Hwwwy(-D)° 5 [lal2k St
2 T J
- J,3,1) (3,3,1 L
Cpm— S [0 TP
P, Poliaipt] liad gt c
“p o fO]QCLAS,U, S § Sy 8
(Jo Jﬁ *
X[6ee =S (H] f'(v)sjﬁeﬂjﬁf'(v)]’ (5 L L L
_ _ The desired SF scattering matrix elements can now be
with notation:[ XY - -]=(2X+1)(2Y+1)---. related to the calculated BF matrix elements by

B. Frame transformation Sﬁ)@w:“g' |S]i€)
The scattering matrix elements S(jl.,e, . e g
=((j1i2)j"€",IM|S|(j1j2)j€,IM) are defined in a] ba]sis of B V%L GEIWA w )W A 0 [SWA )
properly symmetrized SF wave functions WA !
X(WA uj€). 9
R 1 2 C \'% R (J1i2)
(1112)”( r= \/5 enimY en(R)Ljm (1) Within the range of energies considered here Simeatrix in
o o the BF frame is diagonal. This is justified in the Born-
+pag(— 1)'1*12*'*€¢§:\$’1)(r)], (6)  Oppenheimer picture as long as the spin-orbit couplings are
small compared with the electrostatic interaction. At laRye
however, the couplings cannot be ignored; the spin-orbit in-
%eraction becomes comparable to or dominates over the elec-
rostatic interaction between the atoms and the problem is
best solved in the atomic basis. The transformation from the
BF to the SF frames accomplishes this task and it permits us
to properly apply the boundary conditions and construct the
scattering wave functions. We assume a constant asymptotic
spin-orbit interaction energy—i.e., the atomic spin-orbit
interaction—so that the energy levels are shifted according to
the strength of this coupling. Th&matrix elements in the
BF frame are

whereR is along the internuclear axis amdstands for the
full set electronic coordinates. The electronic wave function
atR—x, ¢;n, are symmetrized with respect to electron ex-
change. The quantum numbpykg is the eigenvalue of the
nuclear permutation operator and+sl for bosonic nuclei
and — 1 for fermionic nuclei. The appendix gives the proce-
dure for constructing the symmetrized wave functions in
both SF and BF frames.

In the limit of large nuclear separation, the symmetrized
BF electronic wave functions afsee the Appendjx

/2\]4—1 PAT T _ 2in’
WA,u(R r)_ o Dg\}]]})* ¢ 0 0)[90(/\1/\2)“./) <W A M |S|WA,LL>J—e WW‘A‘5WW’5AA’6,U,M’1
An) where 77W|A| is the Jth partial-wave elastic phase shift in the
+WwW W, <PA MR, () molecular channel labeled by|A|. The present approach

differs from other calculations that solve a system of coupled
wherew=*1 is the gerade-ungerade symmetry quantumSchralinger equations in terms of the SF wave functions
number of the homonuclear molecule; and w, are the employing the interaction potentials in the BF frame.
atomic paritiesA is the projection of the total orbital angular
momentum on the internuclear axis, ands the projection lll. GROUND-STATE —~METASTABLE-STATE
of the total spin. A succinct description of the electronic HELIUM COLLISION
states i§w(S;S,) Su(L1Lo)LA)Y=|cwA ), wherecis a la-
bel for all quantum numbers not explicitly listed. For ex-
ample, the molecular state 12-(631'19) is described by six
degenerated statesh;w=+1A=*1u=-1,0,1). The
Wigner matrix D{}},(¢,6,0) is defined with respect to the

Our calculation is motivated by a recent experiment in
Gabrielse’s group at Harvaifd 3,21 in which the aim is to
measure the fine-structure constant through saturated absorp-
tion spectroscopy of the spin-orbit levels in the transitions
S - . He(23S,—2 %Py, ,) in a variable-pressure helium vapor
projection quantum numbei® = A+ along the internu cell. The metastable He atoms are produced in an electrical

clear axis andvl along the SF axis. discharge and Doppler-free spectroscopy is achieved by ab-
The R-independent transformation between the wave
functions (6) and (7) is obtained from the scalar product sorbing from two counterpropagating 1083-nm diode laser

] beams. The lines are affected by the background gas of nor-
(W (JlJZ)Je|‘I’chﬂ> (1€|WA)38;55 8ymr . From the four  mal helium atoms at a temperature of about 310 K and are
basic terms into which this scalar product decomposes, onlinearly broadened and shifted from their vacuum positions.
two are nonzero due to orthogonality of the atomic waveBy extrapolating to zero pressure, the collision-free line in-
functions, such that tervals can be extracted from the measurements.
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20000 T
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FIG. 2. (Color online Atomic states of metastable helium in- |
volved in the broadening and shift.and S are the total electronic
orbital and spin angular momenfais the total angular momentum
andw is the parity.
1 L 1 s 1 L 1 L
1 2 3 4 5
In this work, we treat the collision between the Hé(3,) R[A]

and He(23S;, 2 3P, atoms in the Born-Oppenheimer . .

; . 3
transformation. This method also allows us to obtain bottfrves for the pressure broadening and shift of ¥8He(°P)
lines. The potential energy curves dissociating to H&J) and

J-speCIflc ar?q-changlng collision Cross s.e_ctlons,. whose Scat-He(2 3PJ-) levels have been calculated in this work.
tering amplitudes are employed in obtaining shift and broad-
ening parameters. In what follows, the perturber is a
He(11S,) atom and the perturbed or absorber atoms are

He(23S)) in the initial state and He(8P ) in the final

lw=1,A=0, u)=0°3, ,

states. A summary of atomic energy levels and the quantum lw=—1,A=0, u)=d33,
numbers for the perturber and perturbed atoms is presented
in Fig. 2. lw=1, |A|=1, u)=b,,
The lower metastable state Het3;) is long lived
(~8000 s), while the uppd? states have much shorter life- w=—1, |A|=1, w)=FTT
times~100 ns, so that the natural linewidth of the transition ' H Y
is determined by the excited-state lifetimésy 1.6 MHz. The BO potential energy curves correlating to the

He(1'Sp)-He(2°S,) (a®%; andc %;) have been con-
) structed using rovibrational and differential scattering data
A. Molecular potentials and have been shown to be highly accurate in determining a
The interaction in the initial channe[He(1!S)+ number of scattering properties at low temperat(iss27).
He(23S,)] is described by two triply degenerate molecular Yarkony [28] calculated theb °IT, symmetry correlating to
potentials a: |w=1, A=0, u)=c®3¢ and |w=-1,A He(1'S;) and He(2%P;) atomic levels. The only otheab
=0, u)=a%s, . The indexu=—1,0,1 refers to the projec- initi'o calculation of the BO potential energies is due to Ap-
tion of the total spin on the molecular axis. The BO potentialkarian and Elorantg25], who used an internally contracted
curves are known to spectroscopic accurf2g,27. mul'urejerence 9onf|gurat|on interaction method to optam the
The final channelg refers to the He(£S)+He(2 3P) pote_nt|al energies for other symmetrles. The potent_lals were
interaction. The situation is more uncertain here and the poPtained for nuclear separations up to 4 A. The difference
tential energy curves are not known with sufficient accurac;betwee” the rovibrational transition frequencies calculated
[25]. The Hilbert space of the separated atoms has dimensid#sing these potentials and the experimefi28] values was

2X(2S+1)x(2L+1)=18 and the total electronic angular usually 200 cm?® or more. To calculate the collisional
momentum has valugs;=0,1,2. The number of basic vec- broadening and shift in helium discharge, we need accurate

tors is the same in the molecular frame. Indeed, there ar@olecular potentials over a sufficiently broad range of inter-
four molecular curves, two with threefold spin degeneracynuclear distances. To our knowledge, no attempt in calculat-
and another two with sixfold (spinA) degeneracy—they ing the long-range dispersion coefficients exists in the litera-
are ture.
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We calculated the excited Blgootentials over a range of f+1
nuclear separations. To this end, we applied a configuration (1€|wu) =g (w,€) 2J+1Ceo1ﬂa (10
interaction valence bon(CIVB) method, proven to be a re-
liable tool for finding ground and excited potentials of vari- where the symmetry factay is defined by
ous dimerg32]. A complete description of the method used
to calculate the Heexcited-state potentials and the disper- @ B 1+w(—-1)¢ (1 forevent,
sion coefficients will be presented elsewhgB€]. The cal- g (W’e):T— 0 forodde.
culated potential energies are shown in Fig. 3.

The ab initio points are interpolated by cubic splines and The corresponding factor in the final channel is
extrapolated in a smooth fashion onto the long-range region
using the van der Waals valugSg=22.35 a.u. andCgqg ) _1—w(—1)‘_ 0 forevent,
=1137 a.u. for all molecular states in the final channel. We 9w, ):T_ 1 forodd¢,
used a semiempirical technique—i.e., a mix of calculated
and measured oscillator strengths—to computeGgeoef-  and the transformation matrix elemer® are given by
ficient for the He(1'Sy) +He(2 *P;) interaction[30,31] and
the value ofCg was obtained from a best fit to Yarkony’s _ _® {+ 0
data for theb 3I1, potential. The dynamic polarizability for (i€l wApy=gP(w,€) \|5377C00CH .- (1D
the He(1!'Sy) is calculated by diagonalizing the two-
electron Hamiltonian in a box and for the He?E ) is ob-  Equations(10) and (11) can be used to transform between
tained from published oscillator strengths and photmomzaihe SF and BF frames, as in E).
tion cross section. In order to obtain a good asymptotic BY combining Egs.(9) and (10), the scattering matrix
match of our numerical 3T1,, potential energy to the disper- elements in the initial channel have the simple forms
sion potential, we needed to raise the energies througRout
by about 5 cm*. This procedure helped in improving agree- SEJKLM, =802 9w, €)e? 7w
ment with the observedi °I1,—c 33 frequencies; see be- w
low. We chose the matching point between long and interme-

e
eZnc’  for event,

diate ranges at 6.0 A for thie °I1, potential, at 10.5 A for =S (12)
the f 311, potential, and at 5.0 A for thel 33, andg 33 - | e?7a  forodd€.
potentials.

The f °I1, molecular state in Ref25] suffers from two ~ The expression for the scattering matrix elements in the final
deficiencies: the rovibrational transition frequencies in thechannel is more complicated:
f *II,—c 3  bands are different from the measured values
by more than 200 cimt, and_the asymptotic we_II is too dgep sd ,:E gB(w,6)g B (w,¢")
for a van der Waals potential. THe®II,, potential curve is Je=iret 9%
critical in the evaluation of the pressure broadened and shift o
parameters because of the fact that it contains a long-range 2i 750n
van der Waals well that dramatically influences the colli- e IE CmJQClAl’LCWOJ’QClAl“ 13
sional phase shift. The quality of oab initio curve is as-
sessed by calculating the rovibrational energy levels andhe complex broadening and shift cross section in &g,
comparing the rovibrational transitions in thé3[1, labeled only by the total atomic angular momentum the
—c 3 bands with available experimental d42®] and by ~ final state, is then
ensuring that the long-range form of the potential asymptoti- 5
cally converges to the correct dispersion form. The differ- S S (23,41)(2] +1){J/33a1}
ences in the rovibrational frequencies are, in general, less k2 334 « B 1j4€
than 1%, but for the ends of th@ bands the error can be as
high as 1.5%.

V(2€+1)(2¢'+1)
2J+1

o (e
1- 3 &0 g w,0)

ww' A

B. Broadening and shift of metastable helium spectral lines Xg(ﬁ)(w’ ,g)AJXJB) : (14)

For the collision between ground and metastable helium
atomsj,=1 andjz=0, 1, 2 will be simply referred asAll
the matrix elements are diagonal in the total angular momen?
tum J and its SF frame projectiokl.

The frame-transformed reduced matrix eleme@®sfor j€J:2€+1 2 (CIM y2(Ci@ 2
the initial channekr are A2+ 0j0)*(Cl1)*

where the quantityA is shorthand notation for
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TABLE |. The kinematic mixing coefficientBi\vaV‘fA in Eq. (17).

PHYSICAL REVIEW A69, 022714 (2004

7;53 o _ ”\E:ﬁ)AI c-d c-f a-g a-b
j=0, evenJ
(J,9-1) 0 0 i 2
(3,9) 3 £ 0 0
(3,3+1) 0 0 L 2
j=0, oddJ
(3,9-1) 5 2 0 0
(J,9) 0 0 i 2
(3,3+1) 5 2 0 0
j=1, evend
(3,9-1) (J-1)(3+1) (J+1)(33-1) (J-1) (J-1)
12J(23+1) 12J(2J+1) 12] 12J
3,9) 1 1 J2+J+1 3J2+3J+1
112(J+1) 112J(J+1) 12J(J+1) 12J(J+1)
(3,3+1) J(3+2) J(3J+4) J+2 J+2
12(0+1)(23+1) 12(0+1)(23+1) 12(J+1) 12(0+1)
j=1, oddJ
(3,-1) 3-1) (J-1) I-1)(3+1) (J+1)(33-1)
12) 12] 12J(2J+1) 121(23+1)
(3,9) J2+J+1 3J2+3J+1 1 1
12J(J+1) 12)(J+1) 112)(J+1) 112(J+1)
(3,J+1) J+2 J+2 J(I+2) J(3J+4)
12(0+1) 12(0+1) 12(0+1)(23+1) 12(0+1)(23+1)
j=2, evenl
(J3,9-1) (J-1)(J+1) 3(3—1)? 38J2-5J-9 46)°—61J+27
200(2J+1) 200(2J+1) 180(2J+1) 1801(2J+1)
(3,9) 4J°+4J3+9 200%+200— 27 J2+J+1 3(J%+J3-1)
1801(J+1) 1803(J+1) 200(J+1) 200(J+1)
(3,3+1) J(I+2) 3(J+2)2 38J2+81)+34 46)°+ 1531+ 134
20(0+1)(23+1) 20(0+1)(23+1) 180(0+1)(2J+1)  180(J+1)(2J+1)
j=2, oddJ
(3,9-1) 3812-5J-9 46)2—61J+27 J-1)J+1) 3(J-1)?
180)(2J+1) 1801(2J+1) 200(2J+1) 200(2J+1)
3,9) J2+J+1 3(J%+J-1) 4J2+4J+9 2002+ 20027
200(J+1) 200(J+1) 18Q0(J+1) 1803(J+1)
(3,3+1) 3812+ 81J+ 34 46)%+ 1531+ 134 J(J+2) 3(J+2)?
180Q0+1)(2J+1) 180(Q+1)(2J+1)  20Q0+1)(23+1) 20(0+1)(23+1)
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5 T T T T TABLE Il. Pressure broadening and shift ratés MHz/Torr)
for metastable helium transition lines He{g,)-He(2 3PJ-/3) per-
turbed by collisions with the ground-state helium atoms, in the
) 200-400 K temperature range.
<z 0 == =
e ip=0 jp=1 i5=2
b N 7 T (K) wip d/p w/p d/p wip d/p
z P — T -dx; 200 1558 -2.03 1561 -200 1560 -1.93
5 S —- Y- 210 1511 -2.02 1514 -200 1513 -1.93
g S N 220 1468 —2.01 1471 -199 1469 -1.93
5 e — ar,mgl, 230 1427 -2.00 1430 -1.98 1429 —1.92
-10 pead —- @T-bT 240 1390 -199 1392 -197 1391 -1.92
== 250 1354 -1.98 1357 -1.96 13.56 —1.91
0 10 20 30 40 50 260 1321 —-196 1323 —-195 1323 -—-1091
partial waves 270 1289 -1.95 1292 -1.94 1291 -1.90
FIG. 4. (Color onling Differences relevant to the pressure 280 1260 —-193 1262 -192 1261 -1.89
broadening and shift of metastable helium lines, between phasé90 1232 -192 1234 -191 1233 -1.87
shifts for the collisional energy of 211 ¢ in both the initial and 300 1205 -191 1207 -190 1207 -1.86
final channels. 310 11.79 —-1.89 11.82 -1.88 11.81 -—1.85
320 1155 -—-1.88 1157 —-1.87 1157 —1.84
It is not difficult to show thatEAAJ“ 1, which allows 330 11.32 -1.86 11.34 —-185 11.34 -—1.82
for writing the broadening-shift cross section in a more com-340 11.10 -1.84 1112 -184 1111 -1.81
pact form 350 1088 —1.83 1090 —-1.82 1090 -—1.80
360 1068 —1.81 10.70 -—1.81 10.70 -—1.78
T 33 335 370 1048 —-1.80 1050 -1.79 10.50 -—1.77
972 EJ: (20+1) ) V%v N Zwa By (19 5 1029 -1.78 1031 -177 1031 -1.75
’ 390 10.10 —-1.76 10.12 -1.76 10.12 -—-1.74
that disentangles the energy-dependent part 400 992 -175 994 -174 994 -172
(p
2% (v)=1-e2tn =7 (16 32
B/ (@) ) 163g
from the kinematic part of the cross section: B s E g HgEW 6)[ 1j fJ RN
250 ' ' ' ' ' ! CoefficientsB have nonzero values only whemaw' =—1
2 Re(o,) | and, therefore, the only poss_ibWw’A compinations are
= 200 — Re(o) A c-d, c-f, a-g, anda-b; see Fig. 3 for notation. The total
% — Re(o) | angular momentum in the final channel can only have three
2 valuesJ;=J—1J,J+1. The mixing coefficients do not de-
é 150 pend on the details of the interaction and embody both the
© frame transformation and the kinematics of the photon-
100 . L ! | diatom angular momentum coupling. These coefficients,
0 100 200 ; 300 listed in Table | for all possible combinations, reduce to
Energy (cm ') simple expressions and could be use for independent calcu-
50 . : . : _ : lations of the shift-broadening cross section.
The relevant elastic phase shift differences for several par-
L i tial waves populated at a collision energy of 211 ¢nare
g 0 shown in Fig. 4. The largest differences are for &b and
g sy c-f d|pole-aIIOW(_ed transitions. _ _
2 50 Im(GO) The real and imaginary parts of the broadening-shift cross
g — " ) section in Eq(5) for different He(23P ) levels are shown in
= midy) Fig. 5. For energies larger than 200 ¢h the broadening
490, BT R T a— and shift cross section becomiemdependent. This is to be

Energy (cmfl)

expected, as at high collision energies the fine-structure split-
ting, which is less than 1 cnt, will not appreciably affect

FIG. 5. (Color onling The real and imaginary parts of the the scattering in the molecular potential wells.
broadening-shift cross section of metastable helium lines as a func- Table Il lists the main results of this work: namely, the

tion of energy.

pressure broadening and shift parameters from (&y.in
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tions are 4-5 times larger than thehanging cross sections,
with the j=2—]’=1 cross section twice as large as the
=2—]'=0 cross section. The cross section ferl—|’

=0 is zero because one of the Clebsch-Gordan coefficients
(C19,9 in Eq. (13) vanishes. The three elastic cross sections
in the final channel are 50%—-60% larger than the initial
channel cross section.

(%]
(=]
S

200 H

. 2
Cross section (A”)

100 1 1 1

0 100 200 300 400 IV. CONCLUSIONS

Using an improvedab initio set of helium ground-
metastable interaction potentials, line broadening and shift
parameters have been obtained in the impulse approximation
for the three He(2S;)-He(2°%P;)(j=0,1,2) fine-structure
transitions perturbed by collisions with Hel$,) atoms.
Short-range Born-Oppenheimer potentials are found by us-
ing the multiconfigurational valence bond method. The van
der Waals coefficients for the excited-state interaction have
been semiempirically calculated. The pressure coefficients
show a weak dependence on the total angular momentum
guantum number of the final states over the range of tem-
peratures considerd@00—400 K, as can be expected from
{he fact that the collision energies are much greater than the
fine-structure splitting between the H&) energy levels.

units of MHz/Torr. At the temperatures of the experiment, Thej-changing and elastic scattering cross sections of the
roughly 310 K, there is little difference between the resuIts‘élrm“"d's'tgIte atom He(1S;) and the metastable He(s,) .

for different] levels. It should be noted that the natural line- 2nd H&(2°P;) atoms are also calculated. The cross sections
width T'/2=0.8 MHz should be added to the collisional for collisions which change the fine structure in HE)
broadening paramete for comparison with the experimen- atoms are 4-5 times smaller than the cross sections for elas-
tal results. Collisional interactions thus produce significantic collisions.

broadening and shift of the spectral lines in collisions of

He(1'S;) and He(2%S,;) and He(2%P;) atoms. Our predic- ACKNOWLEDGMENTS

tions are in good agreement with the preliminary analysis of
the experimeni21].

. 02
Cross section (A”)

0 100 200 300 400

Energy (cm )

FIG. 6. (Color online Cross sections forj-specific and
j-changing collisions between normal and metastable helium atom

This work is supported by NSF through a grant for the

Institute of Theoretical Atomic, Molecular and Optical Phys-

ics (ITAMP) at Harvard University and Smithsonian Astro-

physical Observatory. We thank T. Roach for discussions in
The cross sections for elasti¢’ & j) andj-changing col- the early phase of this work. We are also indebted to T.

lisions between ground-state Het$,) and metastable Zelevinsky and G. Gabrielse for access to measurements and

He(23%S;) and He(2%P;) atoms are readily available once numerous discussions.

the S'matrix elements in the initia|12) and final(13) chan-

nels are obtained. In the elastic approximation, these cross APPENDIX

sections are, in general, given by

C. Scattering cross sections

The scattering matrix elements are defined in a basis of
- 2J+1 separated atoms in the SF frame,

L= 5,8, —S9) 2
T =, 2j+1|5115” Sierel™

IM B IM S
. . T Wi RD= 2 CitlinY en(RICI T,
There are ng-changing collisions in the initial channel and mn

mq,m
the elastic cross section follows from E@.2) and has the L
simple expression X@p,m, (Nia) @j,m,(Fis),
Am hereR is the direction along the internuclear ax=r
f=— 23+1)(2 sit ) +sirf (M) |, W g . oA
R EJ: ( A p 7q") —rg, r stands for the full set electronic coordinates

(ri,r2,r3,ry), ande;j, are the wave functions for electrons
where the subscriptep(q) refer to the molecular potentials 1 and 2 bound to the nucledsand electrons 3 and 4 bound
(a,c) for evend values and to the molecular potentiatsd) to the nucleusB, with relative coordinates;pa=r;—r, for i
for odd J values, respectively. =1,2 andrjg=r;—rg for j=3,4. These wave functions are

Figures 6 illustrate thgspecific and-changing cross sec- eigenstates of the total angular momentum operator and its
tions as a function of collision energy. The elastic cross secprojection on the SE axis with eigenvalued andM. Inver-
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sion of the coordinate system and nuclear and electronic ex- The SF wave function

change together with angular momentum form the complete

set of commuting observables. ™ R 1 .  lidin)
The properly normalized electronic wave functionfat V(i (R = E(lJF peZe) > ConjmY en(R) @072 (1)

—o0, symmetric with respect to the electron exchange, is mn

is an eigenfunction ofZ, 7., and P, and pe=ppas

¢fi§12)(r)=AmZm C}Tmlj2m2¢jlm1(fiA)svjzmz(rjs), =w;W,(— 1) pag. Finally, the symmetrized SF wave func-
12 tion
where A is electronic antisymmetrization operator. L
The coordinate inversion operator is described b IM 2 IM A (idio)
P Y ‘P(jljz)j((R,r):_Z e C(nij(’n(R)[@j:nllz(r)

I=(rin— —ria,fip—~rg,R—>—R),

_1yigtia—i+e, (i2i1)
whose action on SF wave functions is T Pas(—1) Pim (N (A)

79N =wyw,(— 1) M describes the system of two separated atoms with total
hal2) a2l parity p=w;w,(—1)¢ and electronic inversion paritp,
. : iy - ¢
wherew; , are the corresponding atomic parities. =WiWo(—1)"pas-

A more convenient basis for evaluating the scattering ma-
trix is the BF basis, composed of Born-Oppenheimer eigen-
Ppe=(ria—rig,rig—rja,R——R), functions evaluated at a fixdRlin the BF frame. The nuclear
wave function is that of a symmetric top, while the electronic
but it is convenient to use instead the electronic inversiorygordinates denoted a$ have components with respect to
operatorZ,=7P g, defined by the moving reference frame. The definition of molecular ba-
sis is

The operatofP,g exchanges the two nuclei,

Ze=(rip——Trig.lig——rja,R—R),

as it acts only on the electronic coordinates. Becdds®mm- wIM (Rir)= /2J+1D(,\j)g*(¢ 0,0) im @eun(R:F)
) 477_ 1Y CWA u ] il

mutes with A, then CWA 1 R0

wherec stands for the spectroscopic notation of a level and
the rest are defined just after E,). In the limit of large
nuclear separation, the BF electronic wave functions are ob-
tained by symmetrizing in the coupled-spin representation,
with a given projection of the total orbital angular momen-
tum on thez axis of the BF frame, as

(i102) /oy — im ) . . _
Ie‘pjm (r)_Am%z Cjlmlj2m2W1<lem1(r|B)W2<PJZm2(r]A)

— jm
—W1W2Am2n Cflmljzmﬁjlml(rja)<Pj2m2(riA)
1772

:W1W2(_1)N+j1+12_j€0%11)(r),
whereN=2 is the number of electrons in a He atom. This <prAle2)(r’)=A2 CtlAAleAzleAl(r{A)@LlAl(rj’B)xi.
factor comes from the fact that it takes exactly two permu- Lalz

tations to transform indiceisto j. . .
The operatof, can also be interpreted as the inversion of he gerade-ungerade character of the molecular function, ei-

electronic coordinates through the geometric center of th@envalues of the electronic inversion operafgy, is pre-
nuclei. Ifre=(r o+ rg)/2, thenr,=rc+r,c , wherer,c is the served wherlR— co—the action of this operator—is the same

position vector of electroi relative to centelC. On inver- N Poth SF and BF frames. _
sion through the center,c— —r ¢, and therefore, — 2r¢ The properly symmetrized molecular wave functions are

—r,=fa+rg—r;. The relative coordinate of electrorwith  therefore

respect to nucleué transforms agjp,—rg—r;=—r;g and,

similarly, rjg— —r;5 . Since nuclear coordinates are not af- TIM (Rir)= A /2‘]+1D(J) (.0 0)[<P(A1A2)(r')
fected by this transformatior, is indeed the inversion op- WAuLT 8 MO ALY AL

erator for the electronic coordinates through the midpoint on (AyAy),
the nuclear axis. FWwiWoe, S ()], (A2)
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