
PHYSICAL REVIEW A VOLUME 35, NUMBER 1 JANUARY 1, 1987

Collision broadening of the Sr-ion resonance line from the line core to the near-wing region

H. Harima, K. Tachibana, and Y. Urano
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(Received 11 August 1986)

Profiles of the singly ionized strontium resonance line at 421.6 nm (4p I'l~2 —4s Sl~2) which are
collisionally broadened by argon have been measured from the line core to near-wing region (within

the distance of bv(50 cm ' from the line center). The observed broadening rate of the core is
(1.87+0.25) &&10 cm '/cm at 690 K. A clearly asymmetric profile has been observed in the
wing region. These results are discussed by considering semiclassical impact and quasistatic theories
combined with theoretical interaction potentials for the Sr+-Ar pair which were previously reported

by the present authors.

I. INTRODUCTION

In recent years profiles of atomic and molecular spec-
tral lines which are collisionally broadened by foreign
gases have been intensively studied to provide critical tests
of sophisticated calculations of collisional interactions. '

However, previous measurements were mostly done on
neutral species and data on ions are obviously insuffi-
cient. For example, singly ionized group-IIa metals have
received little attention although their lines often show
important features in solar and stellar spectra. In addi-
tion to such astrophysical applications, singly ionized IIa
metals are amenable to theoretical treatments of collision
problems, since they have isoelectronic structures as neu-
tral alkali metals, i.e., the so-called single-valence-electron
system.

From this viewpoint we have studied in a preceding pa-
per theoretical interaction potentials for singly ionized
alkaline-earth-metal and rare-gas atom pairs using a pseu-
dopotential model of Baylis, and explained previous
line-core data to a reasonable extent by a semiclassical im-
pact approximation. One of the outstanding differences
of potentials between neutral colliding pairs and
ion —neutral-atom pairs is that in the former case the
long-range interaction is dominated by a weak van der
Waals interaction, while in the latter case a strong polari-
zation force between a point charge and an induced dipole
appears.

We have shown in the preceding paper that this situa-
tion causes relatively deep potential wells at short internu-
clear distance. Thus it is an interesting topic to discuss
how these characteristic potential features will affect the
collisionally perturbed line profiles.

For the Sr+-Ar pair there is only one previous measure-
ment by Giles and Lewis for the line-core region at 608
K using a flow-lamp technique. We have found in the
preceding impact analysis that their value of the broaden-
ing rate can be reproduced accurately by our potentials,
and that relatively distant collisions with impact parame-
ter p=14 a.u. give dominant contributions to the rate. To
check the validity of shorter-range potentials rigorously,
we must make line-core experiments at higher tempera-

tures or proceed to profile measurement in the wing re-
gion. Such ambiguities of impact analyses in assessing
potentials of a particular range of internuclear distance
commonly occur, because, as is well known, impact ap-
proximations are based on an averaging over uncorrelated
and completed collisions for various collisional
geometries. . In contrast, wing data interpreted with quasi-
static theories have presented critical tests of potentials at
particular internuclear distance, even though the neglect
of time dependence of the radiative process often produces
unrealistic contours near potential extrema. ' From this
viewpoint, we have extended in this paper the profile mea-
surement to a wing region within the wave-number dis-
tance from the line center Av(50 cm '. To the authors'
knowledge, this is the first observation of the wing profile
of ionic IIa elements. In addition we have measured the
line-core profile to deduce the broadening rate at 690 K.
It will be interesting to compare our result with that of
Cxiles and Lewis at 608 K. Since we use a hollow-
cathode discharge lamp, there is a possibility that large
fringing electric fields may drive ions causing spurious
shifts of line core. Therefore in this experiment collision-
al shift was not measured.

The most important point of this paper that we would
like to emphasize from the theoretical viewpoint is that
the present observation from the line core to a wing region
can be explained to a reasonable extent by a unique
theoretical interaction potential. As described above, a
characteristic feature of potentials appears in rather
short-range interactions with deep potential wells. Al-
though the present wing measurement can not clarify
such short-range interactions as done by extreme far-wing
experiments of Gallagher and co-workers for alkali-
metal —rare-gas pairs, the increase of potential informa-
tion toward shorter-range internuclear distance than pre-
vious line-core experiment is clearly demonstrated.

II. EXPERIMENTS AND RESULTS

A. Line-core measurement

The experimental arrangement is shown in Fig. 1. The
light source is a hollow-cathode discharge tube which has
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Sr+ density would be roughly of the order of 10'0 cm
In our discharge condition ionization of Ar can be
neglected, thus we may assume that the electron density is
of the same order of magnitude as that of Sr+. Since
Stark broadening coefficient would be' of the order of
10 ' to 10 ' mK/cm, the Stark contribution by elec-
trons could be well neglected. Broadening due to col-
lisions with Sr+ itself could be neglected by a similar
reasoning. ' Natural broadening can be calculated" from
a known transition probability' as y~ ——0.7 mK.

Finally the distortion due to self-absorption is con-
sidered. Baur and Cooper' have shown that, when
Lorentzian component yI is large compared with a
Gaussian one, a finite optical depth ro ( (1) leads to an
additional Lorentzian width -yl. ro/4 to the observed
profile. In our case the Gaussian component (i.e.,
Doppler width) is large, thus their result can not be used
straightforwardly. But by a similar analysis' we can esti-
mate that the additional Lorentzian width would be less
than 10% in the present experiment, and the resultant er-
ror in the collisional-broadening rate would be less than
5%.

An example of the calculated best-fit profile to the ob-
served one is shown in Fig. 2 by the solid curve. In Fig. 3
deduced Lorentzian-broadening components are plotted
against the Ar pressure. The slope of a linear fit to the
points gives the collisional-broadening rate
yc/n =(1.87+0.25))& 10 cm '/cm . The error bar
is determined by the scatter of data points and possible er-
ror due to self-absorption. The intercept of the line with
the ordinate gives Lorentzian components due to other
than the collisional broadening, i.e., yl+y&. In fitting
for various Ar pressures shown in Fig. 3, the total Gauss-
ian component remained constant at 55.2+2.7 mK. Sub-

tracting the Doppler contribution (=48 mK), the
remainder might be attributed to the imperfections of
etalon plates described above.

B. Wing-region measurement

Structure of the discharge tube is the same as that used
in the line-core experiment except that the electrode dis-
tance has been changed. To operate at relatively high
pressures of Ar from 100 to 700 Torr with good stability
of discharge, the distance between electrodes was de-
creased to. about 20 mm. The emission intensity in the
wing region increased with the density of neutral Sr, thus
the cell temperature was raised to about 900 K. The
discharge current was kept at about 20 mA. Light emis-
sion from the discharge tube was mechanically chopped
and directly imaged on the entrance slit of about 30 pm
width of the Ebert-type monochromator described previ-
ously. The instruinental function of the monochromator
was measured with 632.8-nm laser line illuminating a
diffusing surface at the entrance slit. It was a Gaussian-
like shape with F%"HM of about 0.04 nm.

A typical observed profile at low-argon pressure (120
Torr) is shown in Fig. 4. We find that the profile has a
somewhat long tail to the red side, and in the central re-
gion, which is reduced to —„ in magnitude, we can recog-
nize the effect of self-absorption. With the increase of Ar
pressure, the growth of red-wing tail was observed and the
asymmetry became more pronounced. This is clearly seen
in Fig. 5 where a typical profile at high-Ar pressure (739
Torr) is plotted against the distance from the line center
in a logarithmic scale. At Av& 4 cm ' the spectral asym-
metry is apparent. Before proceeding to further analysis,
we must check profile distortion due to the instrumental
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by the polarization force —ae R "/2, where a is the di-
pole polarizability of Ar, e is the elementary, charge, and
R is the internuclear distance. However, at smaller inter-
nuclear distance (R (20 a.u.), the upper state A IIi&2
shows much more attractive character than the other, and
at R=6 a.u. it has a deep well with depth —1300 cm
In Fig. 6(a) the potential shapes are shown for R ~ 10 a.u.
As we will see later, this range of internuclear distance is
deeply related to the present analysis. If we take the
difference of the two molecular potentials, 6V
= V(A Ili~q) —V(X Xi~2), . the above polarization terms
cancel. This is graphically shown in Fig. 6(b), where the
leading term at large R is proportional to —R instead
of —R-4. .

B. Analysis of broadening rate

FIG. 5. Typical wing profile observed at relatively high-Ar
pressure {shown by the arrows). Dotted curve was obtained by
deconvoluting the profile by the instrumental function of the
monochromator. Bold dashed curves are UFC calculations.
The dependence of I (Av 3 ~ Av ' is shown for comparison.

function and self-absorption. Since the instrumental func-
tion of the monochromator is known, we can estimate the
true profile by an appropriate deconvolution treatment of
profiles. Estimated true profile is shown by the dotted
curve in Fig. 5, where an iterative deconvolution method'
was used. In this case the instrumental distortion be-
comes negligible at Av&4 cm '. Next we consider the
self-absorption. Prior to each emission measurement, to-
tal absorption" 8' was measured to deduce the optical
depth 70 at line center. In the example of Fig. 5, we ob-
served &=0.002 nm, then from a curve of growth"' we
can obtain ~0-2. In such optically thick lines, the central
region must be severely distorted, and numerical repro-
duction of true profile is very difficult, unless accurate ab-
sorption profile is known. "' However, fortunately in
our case we can estimate that such distortion appears
mainly in the central region of the profile at Av & 1 cm
and the outer-wing region is effectively free of such dis-
tortion (see Appendix). Thus this is the region we center
our discussion on later. In our experiment 8' changed
slightly with Ar pressure from about 0.001 to 0.002 nm,
but the above estimation for the distorted region holds
similarly.
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Here we consider the observed collision-broadening rate
by a semiclassical treatment of impact approximation.
If perturber density is low and collisions have short dura-
tions, the spectral line shape takes a Lorentzian form with
the width y (HWHM) and shift P given by

y+ iP=2~nv f [1—II(p)]pdp, (1)

where n is the perturber density, v is the average relative

III. DISCUSSION

A. Potential

The aim of this section is to discuss present results us-
ing theoretical interaction potentials of Sr -Ar pair calcu-
lated previously by the present authors. First we briefly
review some points on the relevant molecular states
A II~~2 and X X~~2 which tend, respectively, to 5p P»z
and 5s S&&2 states of Sr+ at infinit;e internuclear distance
(i.e., the upper and lower states of the 421.6-nm line).
They show the same attractive character at large internu-
clear distance; their collisional perturbation is represented

-10—

10 12 14 16
R(bohr)

FIG. 6. (a) Theoretical interaction potentials of relevant
molecular states for Sr+-Ar pair (Ref. 3) and (b) their difference.
The dependences of hV(R) ~ —R and —8 are shown for
comparison.
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velocity, and p is the impact parameter. II(p) is given
b 21

Jf
II(p) =

m;, mf, M

X (Jfmf ~

S
~ Jfmf )

where
~ jf,mf ) and

~ j;,m; ) denote the ground and excit-
ed states of strontium ion, respectively, and S is the
scattering matrix. Since the fine-structure splitting of 5P
states of Sr+ is large (801 cm '), we may assume that
there is no nonadiabatic coupling of 3 Il~/2 state with
nearby molecular states. Then, using a rotating frame, the
S matrix for the excited states takes the form '

exp i /f—i f ( V& + Vz )dt

0

0

exp —i /A' I ( Vn —V~ )dt

where Vtl denotes the interaction potential of A II&/2
state, and V~ gives the nondiagonal correction term due
to the frame rotation. We assume that perturbers follow
curved trajectories determined by the classical law of ener-

gy conservation

2R
1 P Vu(R)

TABLE I. Broadening and shift rates for the Sr+ 421.6 nm
perturbed by Ar (10 cm '/cm ). yc is given in FTHM.

where E is the initial kinetic energy. The term Vn/E
determines the trajectory deflection from a straight path.
In Table I calculated results are compared with experi-
mental results. The theoretical value of broadening rate at
690 K is in agreement with the experimental result at the
lower end of the range of experimental uncertainty. The
real part of the integrand in (1), Rep[1 —II(p)], is plotted
in Fig. 7. We can see that collisions with relatively large
impact parameters p) 12 a.u. give dominant contribution
(=70%) to the rate. For such impact parameters trajec-
tory deflection is small, since the contribution of the term
Vn/E in (4) is quite small. Therefore we may conclude
that the broadening rate is rather sensitive to relatively
long-range interactions at 12 & R & 15 a.u. , where the
difference potential is predominated by —R or —R
term [see Fig. 6(b)].

If we compare our result with that of Giles and Lewis
at 608 K (Table I), the broadening rate observed in this
experiment is larger than their value by a factor of
1.3+0.3. Although within the experimental uncertainty
this factor agrees with our theoretical prediction
(1.60/1.51=1.06), it seems slightly too large if we consid-
er the small-temperature difference between 608 and 690

yC/n O(:U
—(p —3)/(p —& ) T(p —3)l(2p —2)tx: T (5)

As written above, the difference potential for the present
colliding pair has —R or —R dependence in the im-
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K. At present we cannot make a good explanation for
this discrepancy. One possibility from our experimental
side is that the cell temperature in the discharge region
may have been somewhat underestimated. We could not
directly measure the temperature by inserting a thermo-
couple into the region when the discharge was on, since it
would greatly perturb the discharge condition. Thus we
have estimated it from a temperature-distribution mea-
surement made prior to the discharge experiment. Actu-
ally, when the discharge was on, the observed region
might be somewhat ( (50 K) heated by electron collisions.
As for the experiments by Giles and Lewis, there is no
definite description of temperature uncertainty. However,
if we refer to the experiment on Ca+-Ar pair by Bowman
and Lewis who used the same equipment as that of Giles
and Lewis it would be within —+80 K.

It is worth noting here that close values to the above
prediction can be obtained from a simple classical con-
sideration; when the difference potential is written by an
attractive inverse-power potential, b, V(R) = —CzR ~, the
collision-broadening rate should have a velocity and tem-
perature dependence as'

Calculation
ycln P/n

Experiment
P/n

1.60 —0.44
1.51 —0.35

'Present experiment.
Reference 2.

1.87+0.25'
1.44+0. 12" —0.20+0.05

690
608

5 ]0 ]5
IMPACT PARAMETER (bohr)

FIG. 7. Real part of p[1 —II(p)] (at 690 K).

20
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portant range of internuclear distance, thus putting p =6
and 8 in (5) we may predict a ratio of broadening rates of
690 K to that of 608 K as 1.04—1.05. These values are
close to our prediction (= 1.06).

C. Analysis of wing profile

As discussed in Sec. IIB the central region at Xv&1
cm ' is probably severely self-absorbed, therefore we can-
not discuss the line intensity in the normalized unit
I(v)/n f l(v)dv. Instead, here we discuss only the rela-
tive intensity at hv) 3 cm ', where the profiles are ex-
pected to be effectively free of distortions by self-
absorption and instrumental function. If we look at the
typical profile in Fig. 5, we first notice that the red wing
at 4 & Av & 15 cm ' has b v " dependence with
1.4&n &1.5. If we recall a well-known result of quasi-
static theory' that the red wing has I(b.v)

ccrc,

v '& +'3~~

dependence for an inverse-power attractive potential
b, V(R)= —CzR ~, the present feature indicates that the
difference potential for the Sr+-Ar pair has a similar
dependence with 6 &p & 8. To discuss this point more ex-
plicitly, we will calculate a theoretical wing profile by the
unified Franck-Condon (UFC) theory of Szudy and
Baylis using the calculated potential shown in Fig. 6.
Since the observed profile is given in relative intensity, the
UFC profile was shifted arbitrarily to the vertical direc-
tion until the optimum agreement was obtained. The re-
sult is compared in Fig. 5 with the observed profile. The
UFC calculation seems to well reproduce some charac-
teristics of the observed profile, e.g., the intensity of blue
wing falls more rapidly than red wing as b,v increases at
hv& 4 cm '. However, there are some serious discrepan-
cies; e.g., the UFC red wing has a satellite feature at
bv=13 cm ' corresponding to a minimum of b, V(R) at
R=l1 a.u. [see Fig. 6(b)], but the observed profile does
not show such a drastic change. Red-wing profiles ob-
served at different Ar pressures showed similar charac-
teristics. In addition, at large hv the UFC blue-wing in-
tensity seems to fall somewhat more rapidly as Av in-
creases than the observation. This sharp decrease was de-
rived as follows. For an inverse-power attractive potential
the UFC theory predicts a sharply decreasing (antistatic)
blue-wing profile; e.g., for 5V(R) = —C6R and
—C8R, the blue wing is written, respectively, as
Av ~ exp( ICb, v ) and Av—" ' exp( —K'b, v ),
where K and K' ( &0) are constants determined by C6,
C8, and average collision velocity. As is seen in Fig. 6(b),
the calculated potential at R &11 a.u. is asymptotically
described by these potentials. Thus it is quite reasonable
that exact calculation of the blue-wing intensity gives a
sharp decrease similar to the above dependences.

Anyway the above discrepancies of profiles indicate
direction to future improvement of potentials. For exam-
ple, the discrepancy in the red wing may be improved if
the difference potential b, V(R) is somewhat more attrac-
tive than the present one at small R. If so, real Condon
points exist and UFC (static) red wing has large intensi-
ty at large Av. From the viewpoint of Baylis' model cal-
culation, the potentials in the relevant R region [Fig.
6(a)) are mainly determined by long-range attractive force
due to electrostatic interaction. Then the potential shape

is.strongly dependent on the selection of valence-electron's
wave function, and weakly dependent on other adjustable
parameters such as ro (the rare-gas radius). Thus any
better agreement of profiles might be obtained by careful
selection of these parameters.

IV. CONCLUSIONS

We have measured the profile of strontium-ion reso-
nance line collisionally perturbed by argon from the line
center to near-wing region. Observed broadening rate of
line core shows reasonable agreement with a semiclassical
calculation combined with a theoretical interaction poten-
tial previously reported. Clearly an asymmetric profile
was observed in the wing region. The strong red-wing tail
can be explained to some extent by a quasistatic theory,
yet there is still some serious discrepancy at large distance
from the line center. Better agreement would probably be
obtained if we improve short-range potentials at R & 11
a.u. To discuss this point further, more precise experi-
ment in the far-wing region is expected.
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APPENDIX

Here we estimate the spectral region which is severely
distorted by self-absorption. ' ' ' The effect of a finite
optical depth ~(bv) in a homogeneous gas is to modify a
true emission profile P(b,v) to an emergent one C&(hv),

(~ 1 —exp[ —v(hv)] ~ )
~(b,v)

(Al)

where r(b, v) is the optical depth at a distance b,v from the
line center. We assume r(b,v) is related to ro, the optical
depth at line center, and the true line profile P(b.v) as

r(av) =ro[y(av)/yo] (A2)

where Po is the maximum value of P(hv) at line center.
Suppose P(hv) is described by a Voigt function whose
Gaussian and Lorentzian components are, respectively,
given by 53 and 200 mK, and put ~o ——2. This condition
corresponds to the case when the distortion is most severe
(Ar 700 Torr, 690 K). As hv increases the factor in (Al),

t 1 —exp[ —r( b,v) ]] /r( hv),
which describes the distortion, rapidly approaches unity.
For example, at Av=1 cm ', which is about five times
greater than the line-core width, we get P(bv)/Po —0.01
and from (A2) r(bv)=0. 02. So that the above distortion
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factor is very close to unity,

1 —exp[ —~(b v)] ~(b v)
~(4v)

(A3)

i.e., the spectral distortion is on the order of 1%. Strictly
for such large values of hv the profile may deviate from a
Voigt profile, but it would not significantly influence the
above estimation.
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