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Oscillator Strengths of Ca II, Sr II, and Ba II
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The lifetimes of the 5P'P3i2 and 5P'PIi2 states of Sr+ and the 6P'Pg p and 6P'PIg2 states of Ba+ have been
measured by the Hanle-e8ect technique with optical excitation from the ion ground state. (The lifetimes of
the Mg+ 3p'P~i& and Ca+ 4P'Peti& states were obtained by the same technique and reported previously. )
These Ca+, Sr+, and Ba+ states each decay to a F312,512 doublet as well as to the ground ~S&i2 state, and the
branching ratios for these transitions have been measured. The ions were produced by introducing traces of
the atomic vapor into an argon discharge. Consequently, the cross sections for collisional depolarization of
these 'Pg states due to collisions with argon were also obtained from the measurements. The experimental
results are given in Tables I and II. A discussion of the ion-atom collisional depolarization cross sections
is included.

I5'TROD UCTION'

HE Hanle-effect measurements reported here
utilize techniques that were developed by Smith'

and the author while Smith was at this laboratory. We
have already reported these techniques in considerable
detail, along with our results for the Mg+3psP3/s state
and Ca+4p'Pets-state lifetimes. ' Consequently, only a
brief description of our methods appears here, along
with discussions of a few special features that enter
into the Sr+ and Ba+ Hanle-effect measurements.

Some of the transition probabilities reported here
have been measured by the hook method, ' by arc meth-
ods, 4 and recently by the Hanle-effect method. ' Uncer-
tainties in arc results are much larger than those of the
present experiments. The hook measurements are as-
signed an uncertainty of about +30%, while the present
experiments have (4—10%) uncertainties for the same
transitions. Since the major part of this hook method
uncertainty is due to the uncertainty in the ion density,
the hook ratios of tts'Stis-Np'Pits, sts transition proba-
bilities from a common ground state provide a check on
the present results. The Hanle-effect measurement of
the Ba+ 6p'Psts-state lifetime is assigned an accuracy of
+9%.s The lifetime measurements reported here are
assigned uncertainties of &3% to +5%, while the
branching ratio accuracies are &10% to &20%. These
accuracies are suflicient to afford a useful test of present
theoretical results, and comparisons with the other ex-
perimental results and with theories are included with
the conclusions.
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The group-IIX ions studied here have a primarily
single-electron structure with a es'Sii2 ground state.
The metastable (I—1)d state and the Np state form the
first two excited doublets in all but the Mg+ case where
e—1=2 and the d state does not occur. The lifetimes
reported here are those of the Np doublet states, while
the branching ratios are those for the Np-ns versus
ttp-(I —1)d decay transitions.

The Cai and Mg+ rts-Np doublet lines could not be
separated in these experiments without considerable
loss of intensity, but the rtp'Psts-state lifetime can be
obtained without separating the lines since linearly
polarized light produces a Hanle effect in the J= ~ state
but not in the J= 2 state. The small doublet separations
would lead one to expect at most a few percent differ-
ence between the rtp'Pets and Np'-Pris-state lifetimes,
and this expectation is partially veriied by hook ratio
measurements for Ca+.' ' Consequently, no meas-
urements of the Mg+ and Ca+ stp'Pits-state lifetimes
were attempted. Equivalent arguments for the Ca+
stp-(rt —1)d transitions have been used to relate the
branching ratios from the Ca+ np'Psts and rtp'Pits
states, so that only one ratio measurement of the unre-
solved Ca+ doublet lines was made. In Sr+ and Ba+ the
Np doublet separation is large enough to produce con-
siderable difference between the rtp'Pets- and stp'Ptts-
state lifetimes and branching ratios, and at the same
time it is large enough to allow the use of a wide angle
interference filter to separate the pumping lines. Conse-
quently the lifetimes and branching ratios of the np'Pets
and Np'Pits states were measured separately for Sr+
and Ba+.

Since the scattering ions were produced in an argon
discharge in these experiments, the ion excited states
were partially depolarized (during the excited-state life-
time) by collisions with argon. This caused a decrease in
the magnitude of the Hanle-effect signal and a decrease
in the measured lifetime, so that it was essential to
operate at argon pressures where this depolarization (of
magnitude rtt7o r) was a fairly small effect. Since o was
found to be on the order of 10 '4 cm', and since the life-

'E. I. Nikonova and V. K. Prokofiev, Opt. i. Spektrosko-
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times were ~10 ' sec, this condition was satisfied at
argon pressures in the 0.05-1.0 Torr range. In this pres-
sure range cold-cathode discharges are very effective
ionizers, so that ion densities large enough to give multi-
ple scattering of the ion resonance radiation were easily
produced. The applicability of the present methods of
ion production to the measurement of other ion-excited-
state lifetimes thus depends on the excited-state life-
time and on the collisiona1 depolarization cross section
in each case. For this reason, as well as for the desira-
bility of understanding the principal depolarization
mechanism, an extension of the theories of atom-atom
depolarizing collisions' ' to the present ion-atom case is
presented in Appendix III. The conclusion reached is
that about 10 ' cm' depolarizing cross sections can be
expected for most ion excited states, with certain excep-
tions that also cause different cross sections in atom-
atom collisions.

THE HANLE-EFFECT EXPERIMENTS

The methods used to measure the ion Hanle eGects
are described in detail in Ref. 2, but will be brieQy re-
iterated here. The scattering ions are produced by spray-
ing traces of the atomic vapor into a pulsed argon dis-
charge. The scattered-ion resonance radiation is
detected after the discharge is oft and collisional depo-
larization of the ion excited state by discharge products
has become negligible. The radiation is scattered 90 in
the plane perpendicular to the magnetic Geld. The inci-
dent and detected radiation are linearly polarized (in
the scattering plane) for the np'Ps~s-state measure-
ments, and circularly polarized for the Np'Pr~s-state
Ineasurements. In both cases the Geld dependence of the
number of ions produced by the discharge is detected
by scattering x polarized radiation.

Using this information, the measured Hanle-effect
signal shapes are corrected for the changing number of
ions. The Isp'Ps~s-state Hanle-effect signal shape is
(1+x') ' where x= 4rrg3/sp pPr/JI, and the NP'Pr7s-state
signal shape is y(1+y') ' where y= 2rrgr~sII pHr/h. Once
the magnetic Geld dependence was found to be Lorent-
zian, the linewidth data were obtained with Geld modu-
lation and lock-in detection. The linewidths were taken
from the zeros of the second harmonic for the Np'Ps7s-
state measurements and of the first harmonic for the
IIPsPq7s states (with a few percent modulation correction
in each case).

Since multiple photon scattering narrows the meas-
ured Hanle-eGect linewidths, the limiting width at zero
ion density is found at each argon pressure. These limit-
ing linewidths are plotted against argon pressure to
obtain the natural width and. the argon collisional de-
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Fro. 1. Hanie-effect iinewidths from (a) np'PUr states (b)
ep'I'g/g states. Open circles are Ba+ data; dots are Sr+ data. The
2—5% modulation broadening correction has already been applied
to the actual data. The limit of zero ion optical depth has been
used at each argon pressure.

polarization cross sections (Fig. 1). The results are
given in Table I. The percentage uncertainties in the
'P~t2-state lifetimes are larger than those for the 'P3/2
states because the gradual Geld dependence of the dis-
charge generally produced a greater distortion of the
larger 'P~~2-state linewidths.

Other experimental details such as signal synnnetriza-
tion and lamp-proGle checks were carried out as dis-
cussed in Ref. 2. One additional complication which
enters the Ba+ measurements is the eGect of the I= ~3

isotope scattering signal (natural abundance 18%).The
Ba+ 6s'Sr~s-state hyperfine structure (hfs) of 0.25 cm '
will probably separate the odd-isotope resonance lines
from those of the even isotopes by slightly more than the
Doppler width of the lamp, so that one would expect
somewhat less than 18% odd-isotope excitation by a
lamp that is free from self-reversal. However, the per-
centage of odd-isotope scattering was indirectly meas-
ured in the branching ratio experiment and found to be
near 20%.It is shown in Appendix I that this percentage
of odd isotope scattering would cause about 1.5%
broadening of the modulation detected (I=0) 6p'Ps~s-
state linewidth and a negligible broadening to the
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TABLE I. Experimental results. '

State Lifetime (10 ' sec)

A ('P—'5&") Argon collision depolarization
Branching ratio cross sections at 140'C

Qg A ('P —'Dg) (10 "cm')
Mg+ 3'P3(g
Ca+ 4 P3i2
Sr+ 5'P3) 2

Sr+ 5 PI(2
Ba+ 6'P3) g

Ba+ O'PI~2

3 67&0 18b
6.72~0.2b

6.53+0.2
7.35&0.3
6.27&0.25
7.74&0.4

Does not branch
17.6 &2'
14.8 +2.5
13.4 ~2
2.85&0.3
2.77+0.3

1.3 +0.25b
1.4 ~0.2b

1.2 +0.25
0.47~0.25
1.25+0.25
0.0 &0.25

' The quoted errors represent an attempt to safely allow for systematic error; standard deviations of the mean were negligible in comparison.
b These results were previously reported in Ref. 2.
~ A combination of 4sP1~2 and 42Ps/'s branching was measured for Ca+ (see text for analysis).

(I=O) 6p'Pr/z-state linewidth. This 1.5%%uo correction
was used to obtain the 6p'Pz/z-state lifetime, and an
additional 1%%uo was included in the uncertainty. The 7%
of I= 2 isotope in natural strontium has an insigni6cant
effect on the Sr+ linewidths.
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FIG. 2. Ba+ 6p'Pa&2-state branching-ratio measurements.

THE BRANCHING-RATIO EXPERIMENTS

The branching ratios for the np ns ve-rsus np-(n —1)d
decay modes were obtained by measuring the ratio of
intensities fluoresced into each mode by the optically
pumped ions. The limiting ratios at zero ion density were
obtained, since radiation trapping of the np ns photons-
will cause the proportion of np-(n —1)d photons reach-
ing the detector to exceed the natural ratio (see Fig. 2
for an example of the data). The same lamp and pulsed
discharge scattering chamber were used, with unpolar-
ized radiation scattered 90' in the plane perpendicular
to a dc magnetic field. An interference filter between the
lamp and scattering chamber isolated the es'S~~2-

np Pt/, or ns'St/2 np'P3/Q resonance -line from the re-
mainder of the lamp spectrum. Glass absorption filters
were used between the scattering chamber and photo-
multiplier to alternately block the radiation of the np-ns
or np (n 1)d decay mod-es. —In all cases the (n —1)d
doublet separation is quite small, and we see no reason
to suspect that the o' for the np'Pz/z-(n —1)d'D3/Q and
np'P3/Q (n—1)d'D5/z transitions sho-uld differ signifi-

cantly. Consequently both np'Pa/z-(n —1)d'D~ lines
were simultaneously detected, and it was assumed that
the intensity ratio of the doublet lines corresponded
to equal o' values. (It follows that A('P3/Q Dg/z)/"
A(Pa/Q 'D~/z)=9, so it was primarily A('Pz/~ 'Ds/z)-
that was measured in these experiments. )

The relative spectral sensitivity of an 5-1 photomul-
tipler was calibrated by comparing its sensitivity to that
of a lampblack-coated Eppley thermopile, which has
a flat response across the 0.39- to 1.1-p range investi-
gated. This was done by filtering light from xenon arc
and tungsten ribbon sources with two monochromators
in series, and imaging the 6nal monochromator slit onto
the thermopile (mirror lenses were used in the second
monochromator and 6nal imaging so that the imaging
was independent of wavelength). The photomultiplier
was interposed in the converging hearn to intercept all
of the radiation incident on the thermopile but at a posi-
tion where it was spread out over the photocathode (in
the ion Quorescence measurements the radiation was
also detected with almost the entire cathode area).
Generally, the accuracy of this relative sensitivity cali-
bration should be near 5%, but the np-(n —1)d lines of
Sr+ are between 1.0 and 1.1 p where the photocathode
sensitivity is dropping rapidly and some loss of accuracy
is expected for these wavelengths.

The decay radiation from the optically pumped 'P~~~

states is isotropic and unpolarized, so that the measured
np-(n —1)d versus np ns intensity rati-o multiplied by
the photon wavelength ratio will be the desired ratio of
transition probabilities. The decay radiation from the
optically p™ped'Pz/z states will not be isotropic (for
any magnetic field), and the relative anisotropy will be
diferent for the np ns versus np-(n —1)d de-cay modes.
Consequently, the ratio measurements for the 'P'3/2

decays were made with 0 and 50 G magnetic fields
(47I gjpQH'/h))1 at 50 G), and these ratios were related
to the np-ns and np-(n —1)d transition probabilities
with the Breit resonance fluorescence formula" " (de-
tails of the calculation are given in Appendix II). The
conclusion reached in Appendix lI is that when II= 00, a
5% greater proportion of the np-ns decay radiation

ro G. Breit, Rev. Mod. Phys. 5, 91 (1933)."P.Franl&en, Phys. Rev. 121, 508 (1961).
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compared to the Np-(e —1)d radiation is scattered into
the detector. At H=O a 13% larger proportion of the
rtp (r/, -1—)d radiation compared to the np r/-s radiation is
received by the detector. Thus the intensity ratios with
H= 0 and H= ~ should differ by 18%%uo. The Sr+ ratios
at H=O and H=50 G differed by about (16&1)%,
indicating that about 10% of the scattering was iso-
tropic from the I= 2 isotope (9% abundant). The Ba+
ratios at H=0 and H=50 G differ by (15+1)%%uo, indi-
cating that about one-sixth of the scattering was
virtually isotropic from the odd isotopes (natural abun-
dance 18%). This information was therefore used to
make a small correction for the actual anisotropy. In
the Ca+ case the interference filter did not isolate the
4p'P„, and 4p—'P„,-state resonance lines, so that the
combined 4p-3d decay intensities from both 4p states
were compared to the combined 4p-4s intensities. In
Ca+, however, the 4p doublet separation is so small that
it can be reasonably assumed that the 0-' values for the
4p-3d and 4p-4s transitions are the same for both 4p
states (this is partially verified by hook-method meas-
urements of the 4p'Pi/2-4s'Si/~ versus 4p'P~/~-4s'Si/9
oscillator-strength ratio' '). With this assumption the
intensity ratio of the 4p-3d versus 4p-4s lines is almost
independent of which p state is radiating. In addition
the photocathode sensitivity varies only a few percent
between the two 4p-4s lines as well as between the three
4p-3d lines. Thus the only factor that will produce dif-
ferent detected intensity ratios from the different 4p'Pg
states is the anisotropy of the 4p'P3/2 fluorescence. Since
the Ca+ H = 0 and H =50 G ratios differed by (14+1)%,
this indicated that about one-fifth of the radiation was
isotropic from the 'P~f2 state, with the remainder from
the Paf~ state. Thus very little ambiguity is present in
the analysis of the Ca+ ratios, while the experimental
result in Table I is essentially four-fifths of the 'Psg2-
state branching ratio plus one-fifth of the 'Pyf2-state
ratio.

The ratio measurements were taken with argon pres-
sures of 0.1 to 0.4 Torr in the scattering chamber. This
is insufhcient density to cause transi. tions that could
alter the branching ratios, but depolarizing collisions
couM decrease the anisotropy of the 'Paf2-state decay
radiation. These collisional depolarization cross sections
were measured in the Hanle-effect experiments, so the
size of this effect can be readily calculated and shown to
produce a negligible effect on the relative anisotropy of
the np ns versus rip-(e —1)d -decays.

The ratio uncertainties in Table I are obtained by
addition of the following uncertainties: photomultiplier
spectral sensitivity (5—10%), glass-filter absorption co-
efficients (1—2%), scatter in the data (2—3%), wave-

length dependence in the detection optics (2%). One
additional uncertainty arose in the Sr+ Sp'P„,-state
case in which the combination of branching ratio, wave-
length ratio, filter absorption, and photomultiplier-
sensitivity ratio produced a 5p-Ss signal 240 times as

large as the 5p-4d signal. As a result a leakage of as little
as 4&(10-' of the stronger line would cause a 10% error
in the ratio. Thus filter fluorescence or incomplete block-
ing of the stronger line could cause significant errors,
as could photomultiplier nonlinearities (these and other
possibilities were investigated, but they could not be
entirely ruled out). It is quite likely that some such error
accounts for the 20% difference between the 0' values
reported for Sr Sp'Pi/2 4d'D8-/2 and Sp'Pa/2 4d'D-g
transitions. The photomultiplier signal ratio was only
60:1 in the Sr+ Sp'P3/2 case, and the ratios for Ca+ and
Ba+ were between 12:1 and 3:1.Thus if the reported
Sr+ A('Pi/~ D3/g)/A('P&/2-'S&/p) is 25% too large due
to an error associated with the large intensity ratio, then
the Sr+ 'Pa/2-state ratio might be suspected of being 6%
too large from the same cause; but the Ca+ and Ba+
values would be erroneous by no more than 1%.

RESULTS

The directly measured results are presented in Table
I; the transition probabilities deduced from these re-
sults are given in Table II. The errors in Table II are
found by directly adding the percentage errors from the
lifetime- and branching-ratio measurements. Thus, with
the exception of the 5p'Pi/~ 4d'Da/2 tra-nsition of Sr~,
these represent high-confidence limits and are consider-
ably greater than standard deviations or scatter in the
measurements.

No particular effort was Inade to obtain accurate
collisional depolarization cross sections, especially in
the 'P~f2-state cases where the field dependence of the
ion density produced by the discharge was a more serious
problem. The general behavior of the 'P3~2-state cross
sections is found to be in order-of-magnitude agreement
with theoretical expectations (Appendix III). A J= ~i

state is a unique case, since the interactions considered
in the present theories lead to zero cross section in that
case. Since the Sr+ 'P~f~-state data appear to fit a cross
section of about 0.5&(10 '4 cm', the plausibility of such
a cross section should be justified or the accuracy of the
data must be questioned. Consequently, the collisional
depolarization cross sections of the rubidium and cesium
'P'~f~ states in inert-gas collision have been measured.
The results appear to support the validity of the Sr+
and Ba+ 'P~f2-state cross sections reported here, but
this cannot be definitely asserted until the theory is
better understood. "

Our transition probability results can be compared to
those of several other experiments. The Hanle-e5ect
measurements by Bucka, Eichler, and von Oppen re-
sulted in a linewidth 6% smaller than reported here.
They measured the percentage of odd-isotope Auores-
cence and found nearly the 18%%uq natural abundance. For
that percentage of odd-isotope scattering and their re-
ported linewidth, the odd-isotope correction which is

"Alan Gallagher (to be published).
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TmLE IL Transition probabilities.

Transition

Mg+ 3 E'8/2-3'SI/2
Ca+ 4288/2-42S1/2

42P8/2-32D5/2
4 P8/2-3 D8/2

Sr+ 5288/2-52SI/2
5 ~1/2 5 Sl/2
522'8/2-42D8/2
52P8/2-42D8/2
5 I 1/2 4 D8/2

Ba+ 6 E8/2-62SI/2
62PI/ -62SI/2
62P8/2-5'D5/2
6'&8/2-5'D8/2
6 Pl/2 5 D8/2

A, ~ (10%ec)

272&13
141&5
7.2&0.8"

0.81&0.09~
143+6
127+5
8.7+1.5~
1.0+0.2~
9.5+2
118+8
95&7
37+4d
4.8+0.6d
33+4

f.~
0.64+0.03
0.66+0.02

0.053~0.006'
0.0088+0.001~

0.71+0.03
0.34%0.015

0.096+0.02d
0.016+0.03d
0.084+0.015
0.74+0.05
0.35&0.025
0.14&0.015d

0.025%0.003d
0.105+0.010

&exp (coo)

2.95~0.15
4.3~0.15

0.25~0.03d
0.25&0.03"
4.8+0.2
4.7~0.2

0.51&0.09"
0.51~0.09~
0.61~0.12
5.5~0.3
5.6+0.4

0.47+0.06~
0.47+0.06~
0.45+0.06

O'STF

2.89
4.62
0.288
0.288
5.34
5.36
0.464
0.458
0.466
6.45
6.53
0.454
0.436
0.466

0HFDL & HFDV

4.74, 4.45
0.35, 0.095
0.35, 0.095

8.0, 4.7
8.1, 4.7
0.55, 0.34
0.53, 0.34
0.55, 0.34

2.73
4.30
0.24
0.24
4.93
4.93
0.35
0.35
0.35
5.92
5.97
0.26
0.26
0.27

' Reference 17.
Hartree-Fock dipole length and dipole velocity. Reference 18 and R. H. Garstang and Stephen J. Hill, Publ. Astron. Soc. Pacific, 78, 70 (1966).' Reference 16. An extrapolation of the BRD tables to vs+ —2.4 is required for the p-d transitions.

~ These results were obtained from the data by assuming o2(~Ps/2-~D8/Q) =0'2(~PQ/2 —2D$/2),

given in our Appendix I would lead to a lifetime 7 to
9%%uo longer than the value reported here. Their approxi-
mate correction for the odd-isotope contribution gave
them a lifetime (7.0+0.6)X10 ' sec as opposed to
(6.2'+0.25) )& 10 sec reported here. The intensity ratio
fIuoresced into the three decay channels from the Ba~
6p'P812 state was also reported in Ref. 5, apparently
with 90' scattered unpolarized radiation at zero magnetic
field. Using the H=O relative anisotropy values given
here, we conclude A(6p Pai2-6s'Sii, )/p; A(6p'P3/2
5d'Dg) =2.2 from their intensity ratios, as opposed to
2.85&0.3 reported here. Bucka believes that this small
discrepency is welt. within the uncertainties in their
measurements (private correspondence).

In the hook-method measurements of the Ca+, Sr+,
and Ba+ oscillator strengths, the ion densities were
established by reference to the hooks of the atom reso-
nance lines. ' Consequently, the result depends on the
oscillator strength of the atom resonance line. Ostrovskii
and Penkin use the best hook-method atomic f values
to obtain f(Ca+ 3933 A) =0.83, f(Sr+ 4078 A) =0.76,
f(Ba+ 4554 A) =0.66. If one uses the Hanle-effect re-
sults for the atomic f values, "'4 then the Ostrovskii
and Penkin data give f(Ca+ 3933)=0.92, f(Sr+ 4078)
=0.85, and f(Ba+ 4554) =0.69. In view of the approxi-
mately 30%%u& uncertainty in the hook-method results,
the agreement with the values in Table II appears to be
satisfactory. The ratios of oscillator strengths from the
ns'S1ii2 states can be measured more accurately by the
hook method, since the vapor density of the common
ground state does not cause any uncertainty. The
f(np'P312 ns'Sri2)/f(np'Pr„ns'Sr, e) ratios from -Ref. 3
are 1.94 for Ca+, 1.98 for Sr+; from Ref. 6 they are 1.96
for Ca+, 1.92 for Sr+, and 1.98 for Ba+; and from Ref.
j.5 the Ba+ ratio is 1.98. We did not obtain the Ca+
ratio, but the Table II ratios for Sr+ and Ba+ are, re-

"A. Lurio, R. L. de Zafra, and R. J. Goshen, Phys. Rev. 134,
A1198 (1964)."A. I.urio, Phys. Rev. 136, A376 (1964)."¹P. Penkin, Izv. Akad. Nauk SSSR, Ser. Fiz. 11, 217
(1947).

spectively, 2.08+0.18 and 2.12&0.30. The predictions
of the Bates and Damgaard" and Stewart and Roten-
berg'7 semiempirical theories are 2.01 for Ca+, 2.04 for
Sr+, and 2.12 for Ba+ (the result of almost identical o'
values for both transitions).

In Table II a comparison with transition probabilities
from three theories has been made (additional theoreti-
cal results for Ca+ can be found in Ref. 18, and for Mg+
in Ref. 2). The scaled-Thomas-Fermi (STF) method of
Stewart and Rotenberg'7 gives results that are within

20%%uo of the experimental values for all but the Sr+
Sp'P&, & 4d'Ds, 2 transi-tion, and as already noted the
experimental value is probably at fault in that case. The
STF np'Ps-ns'Sti2-transition probabilities become pro-
gressively too large, going from Mg+ to Ba+, but other-
wise no clear trends are apparent. The Bates and
Damgaard (BAD) predictions for the ns-np transitions
are within 8% for all four ions. This is consistent with
the accuracy of the BAD method when applied to the
np ns resonance lines of-the group I and II atoms. The
n* values for the (n —1)d states of Ca+, Sr+, and Ba+
are in the neighborhood of 2.4, so the validity of extend-
ing the BAD tables to these transitions is highly
questionable. Certainly, the poor cr' values that result
(Table II) would indicate that such an extrapolation is
not a good idea. The Hartree-Pock dipole length results
are generally found to be more accurate than the dipole
velocity values, as is the case here. They appear to give
the best results here in the cases in which they are in
reasonable agreement.
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APPENDIX I: THE HANLE-EFFECT SIGNAL
FROM NATURAL BARIUM

Since 18% of natural barium is I= s isotopes, a sig-
nificant percentage of the natural Ba+ resonance
Quorescence will come from these odd isotopes. The
6psPsts-state scattering by these odd isotopes will pro-
duce a Hanle effect of about twice the width of the I=0
Hanle effect, since gs/gg=-', . For the experimental
geometry of 90 scattering of 0 radiation in the plane
perpendicular to B, the Breit formula predicts a scat-
tered jntensity~o »

Ip(H) ec 1—0.6(1+x')-'

from the zero-spin isotopes, where x=4grgzppHr/h If.
the nonlinear Zeeman effect is neglected, as it can be for
these considerations, the Breit formula gives

Ists(H) ec 1—0.19(1+x/4)

from the I= ~3 isotopes. If the lamp had a Bat spectrum,
then the combined Quorescence signal would be

Igggni(H) =0.82Ip(H)+0. 18Ists(H) .

If the linewidth of this signal were obtained by detecting
(d'/dH')I(H) =0, as in the present experiments, then
the zeros would occur at x= + (1/K3) (1.014).If, as in the
Bucka experiment, a Gt were made to this I(H) signal
shape, one would obtain half-amplitude points between
x=&1.02 and &1.04 depending on how heavily the
wings were weighted ([I(co)—I(x)7/[I(po) —I(0)7)=-',
occurs at x= +1.04). Thus the difference between the
I=0 linewidth and the natural barium linewidth would
be 1.4% with modulation detection and 2—4% for dc
detection if 18% of the scattering were from the I= ss

isotopes. These differences will scale almost linearly with
the actual amount of I=-,' scattering as long as it does
not exceed the amount of I=0 scattering.

In the case of the Ba+ 6p'Pits state, ~gt jgJ~ s fol
the I= ~3 isotopes, and an equivalent analysis for this
case shows that the odd-isotope scattering will produce
ss as much broadening of the I=0 width as in, the 6PsPsts
case.

factors, which differ for the different decay channels,
must be kept outside of the usual proportionality fac-
tors. " Speci6cally, we use for the intensity radiated
into a solid angle dQ

m, n, n', m' 1+2mjrA'E&& /h

Thus the reduced matrix elements in the g„g .„can
be combined with k ' to give

&d&kaAa 2Ja+1 fnmfmn'g n'm'g m'n

R.=
g(J,J ) 2J+1 1+2~iraE/h

(2)

where g'„.„=g„ /(nsPg, r; ot) contains only the angu-
lar parts of the decay matrix elements. For unpolarized
incident and detected radiation the sums in Kq. 2 must
be separately evaluated for each pair of incident and
radiated polarization modes, and the results added. For
the present case of 90 scattering in the plane perpen-
dicular to H, e'S~~2 ground state, n'E'aj2 excited state,
and I'Sits, (I—1)'Dsts, or (I—1)'Dsts final states
(labeled n= 1, 2, 3, respectively), we obtain

Rs+Rs

Rg

ksA s[162—6/(1+ x')7+k sA s[152+24/(1+ x')7
(3)

k,.4 i[170—30/(1+ x') 7

With the assumption that &r'(ep'Psts ~ 2) =o'(Np'Psts
-+ 3), the following indentifications can be made:

As+As As+As
A3= A2=

1+(ks/ks)'/9 1+9(ks/ks)s

APPENDIX III: ION'-ATOM COLLISIONAL
DEPOLARIZATION

where R (f,g) is the intensity of radiation with wave
number k (i.e., the radiation from the decay transitions
to the Zeeman levels its' of the final state cr).

The coeKcient C, which is common to all the R (f,g),
contains all factors such as the vapor density that are
common to the rate of excitation. The remaining sym-
bols are de6ned as in Ref. 11.Since these are single elec-
tron spectra, the transition probability A is given by

64m-4 2J+1
A.=A(NpgP, ~ ~) = k.s f(J,J.)

3h 2J +1
)& (rtp'P g r: ot) '.

APPENDIX II: SCATTERED INTE5'SITY
RATIO VERSUS BRANCHING RATIO The collisional depolarization cross sections for ion

excited states in collisions with atoms can be calculated
To calculate the ratio of the intensities fluoresced

into different decay channels from a common oPtically rg F U Co don and G H Sbortiey +he Tfgeary af Ataygt'c
excited state, we can use the Breit formula, but the k Spectra (Cambridge University Press, London, 1959), p. 90.
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using the methods of Byron and Foley, ~ Omont, ' or
D'Yakonov and Perel. ' To outline the necessary exten-
sion of these theories of atom-atom collisions, we follow
the method of Qmont. The impact approximation and
perturbation theory (to second order) relate the colli-
sional depolarization cross section to Ap, the change in
the density matrix of one pair of colliding atom and ion
due to a single collision. This Ap is found from Eqs.
(6), (17), and (26) of Ref. 8, which we repeat here:

the right V~ to V5, respectively, in the following
discussion.

In the case of m'So ground-state atoms, Eq. 6 requires
that q=q'=e'So and that p and p' must be sublevels
of the initial ion excited state. In this case, which in-
cludes the present experiments, (pq ~

V~ p'q') =0 in Eq.
5. It is worth noting, however, that if the atom does not
have a 'So ground state, then (pq~ V,

~

p'q'&NO is pos-
sible, but since V2 involves only the atom electronic
coordinates, (qp~ U,

~

p'q') is diagonal in pp' and inde-
pendent of p. Thus this interaction does not produce any
change in the density matrix of the ion and it does not
contribute to the depolarization cross section. Consider-
ing now the (V&(V)/hE contribution to Eq. 5, the
largest term will be (Vi&(Vi)/AE, which represents the
polarization of the atom by the excess charge of the ion.
Since V~ does not involve the ion electronic coordinates,
this interaction will also produce no change in the ion
density matrix. The next-largest nonzero terms are
(V3&(U3)/AE and (U, )(V4&/dE. These are both R '
interactions involving comparable magnitudes of energy
denominators and valence-electron matrix elements.
The (V8)(V3&/hE term is the dipole-dipole interaction
responsible for nonresonant atom-atom depolarization,
so it can be seen that the cross sections for ion-atom
collisions should be found quite generally to be the same
magnitudes as those nonresonant atom-atom collisions.
This was found to be the case in the present experiments.
Other long-range contributions to the cross sections may
be significant but should not alter the magnitudes (e.g.,
the (Ui)(VS)(VB)(Vi) which appears in fourth-order
perturbation theory and represents the interaction of
the ion with an atom polarized by the Coulomb field of
the ion).

The present theories for atom-atom collisions cannot
be used directly for highly-excited states, and the same
restrictions apply to the present arguments. Also, a
J=

~ state has unique properties in atom-atom collisions
as well as ion-atom collisions, so for the present experi-
ments this discussion applies only to the n p'P3~2 states. "

~~=~~( ")~—+ I ( —~),—

""=exp i—d& &pq~ V~ p'q')

(pq I
U

I
p''q"&(p''q"

I
U

l
p'q'&

, (5)

and

~Ey q, y' g'«1/rcoilision«~Eyq, y"q" .

Here V(b, w, t) is the collisional interaction; and in the
present case p, p', p" represent ion electronic states
while q, q', q" are atom electronic states. The expansion
of the ion-atom electrostatic interaction gives for V:

6Pg Dr R—15Pg RR Di R

6Pr Dg R 15Pr RR. Dg 8—
+ (7)

Here q is the excess ion charge, Pr, Dr, P~, D~ are the
ion and atom dipole and quadrupole operators, R is the
internuclear vector, and we will label the five terms on

qPg R 3qÃ Dg R 3Pr RPg R Pr.P~-
U= —— + +

R2 I'3 R'


