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The following energy-transfer reactions have been observed in a Sr vapor following pulsed excita-

tion of the 5!'P,

state: Sr*(5'P,)+Sr*(5'P,)—Sr(51S,)+Sr**(n?>*'L)—AE, Sr*(4'D,)

+Sr*(4'D,)—Sr(5'Sy)+Sr**(n>ST!IL)—AE. The 4'D, state was populated by a nonlinear
stimulated process. By measuring the rate coefficients for these reactions for over 40 final states
n*S*!L, we look for insight into how these reactions depend on energy defect, spin, and angular
momentum. It is found that there is not a very strong dependence on the energy defect, and that
singlet and triplet final states are produced in comparable amounts. The final states tend to be pop-
ulated more effectively as their angular momentum increases. Total rate coefficients are of the order

of gas-kinetic rates.

I. INTRODUCTION

The electronic energy-transfer process' in which two
excited atoms (A4 *) collide to produce one highly excited
atom (A4 **) and one ground-state atom (A4) is generally
referred to as energy pooling (EP). EP was first reported
by Allegrini et al.®® for collisions between two Na 3P
atoms (Na*). Subsequent studies of this system have
measured excitation transfer rate coefficients from
Na*+Na* to all Na** states within ~1000 cm ™! of the
initial 3P +3P energy,* © as well as to Na,’ +e . In ad-
dition, dependences on collision energy and electronic-
state alignment have been measured.”® EP rate
coefficients involving other atoms have been reported for
collisions between pairs of Sr(5 3Po,1,2) atoms’ and for
heteronuclear systems Na*-K*, Na*+Rb,* and
K* “l"Rb*.lO’”

In this paper we greatly extend the number of mea-
sured EP rate coefficients by studying the following pro-
cesses:

kpp

Sr*(5'P)+Sr*(5'P;)—Sr(5'S)
+Sr**(n>STIL)—AE

kDD

St*(4'D,)+Sr*(4'D,) —Sr(5'S,)
+Sr**(n2STIL)—AE .

The relevant Sr and Sr-pair energy levels are shown in
Fig. 1. In contrast to earlier EP experiments where only
a very limited number of final states were observed, here
over 40 final states are observed from two different Sr*
initial-state pairs. )

Energy pooling, or 4*+ A*— 4**+ A, collisions ini-
tially appear different from the more traditional
A*+B— A’+B “excitation-transfer” collisions in

8

which B is typically an “inert” gas. However, when a
molecular-state picture is used, it becomes apparent that
both processes are equivalent, are described by the same
formalism, and should show the same general charac-
teristics. To demonstrate this, the general case of elec-
tronic energy transfer, A;+B;— A;+ B, is shown di-
agrammatically in Fig. 2. Here the atoms approach (ar-
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FIG. 1. Sr energy-level diagram, also showing the pair ener-
gies of the 5'P and 4 'D states.
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FIG. 2. Diagrammatic representation of electronic energy
transfer between atoms A4 and B initially in electronic states A,
and By, where V(R) are adiabatic potential energies of the 4B
molecules.

row labeled 1) in electronic states A4; and B,, which are
the separated-atom limit of three molecular adiabatic
states whose electronic energies V(R) are shown. They
branch, with statistical probability, into one of these ini-
tial molecular states. Due to the finite speed of internu-
clear motion, the transient molecule may undergo elec-
tronic state change during traversal of the small-R re-
gion; the avoided crossing identified by arrow 2 is often
the dominant cause of this. When this state change
transfers population to one of the lower three states in
Fig. 2, the pair separates as 4;+B,, the separated-atom
limit of these three adiabatic states (arrow 3). In the EP
case 4;=B,, and 4; is a ground-state atom, while in ex-
citation transfer B, =B;=B.

Due to this equivalence of EP and normal electronic
energy transfer, the present study of EP from two
different initial states to ~40 final states is a search for
propensities in all electronic energy transfer. From this
large array of states we have been able to investigate
dependences on energy defects, angular momentum, and
spin changes.

II. EXPERIMENT

As is typical for an energy-transfer experiment, we
measure the ratio of the final- to initial-state fluorescence
intensities. However, as both collision partners are excit-
ed in the EP case, one cannot measure the perturber den-
sity with a pressure gauge. Densities of the initial col-
lision partners are determined here by their absorption of
narrow lines from a Sr hollow-cathode lamp.>!2~ 1% For
the present study we carefully determined the absolute
rate coefficients kpp and kpp for one particular Sr** lev-
el, and then measured the other rate coefficients relative
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to those. The absolute rate coefficients are determined as
follows.

In the case of 5'P+5!P energy pooling, the evolution
of the density n** of a highly excited Sr** level, follow-
ing the ~ 10-ns laser pulse, is described by the following
rate equation (which ignores cascade effects—see later):

4,

dt
Here T'** is the radiative decay rate of n**, n,, is the den-
sity of the 5 P state, and the factor of + corrects for dou-
ble counting of identical particles. Assuming that the de-
cay of the 5 !P state is dominated by radiative decay rath-
er than collisional (EP) losses (as can be justified a pos-
teriori), it is easy to show that

**=—F**n**+%kppn1§ . (1)

— P
n* (1) =Lk ppnR(0) (¢ T T

ST H, @
€

where ' is the effective decay rate of the 5'P level,
which due to radiation trapping, is generally much small-
er than T'**. The detected EP signal is given by

SEP(t)=€e(Ago )T**B,n**(1) , (3)

where B, is the branching ratio for the detected transi-
tion and the sensitivity factor €(A) is determined by the
geometry and the spectral response (per photon) of the
detection system. The same sensitivity factor applies to
the signal for the 5 1P state resonance fluorescence,

SRS(1)=e(A )T anp(t) 4)

where SRS is the detected signal for the resonance fluores-
cence at A, From Egs. (3) and (4), the rate coefficient
kpp can be expressed as

Bk ___ZSEP/e()»det) T | T 1
A% PP SRS/E(}‘res) np ** e(zrgﬂ_*r**)t

In the present experiment the resonance fluorescence is
radiatively trapped, leading to [** >>T . ~10° s7!. At
times ¢ >>1/T**, SE? follows a simple exponential be-
havior (decay rate 2I'%;) and the last factor on the right-
hand side of Eq. (5) can be neglected.

In a similar manner we obtain the following expression
for the rate coefficient kp; with the EP signal again mea-
sured relative to S®S(z):

SP/e(Mge) _, np
B, kpp=2 5™ eh ) | Pl (6)
Here nj, is the density of Sr atoms in the 4 'D state. The
factor 1—2T"5./T** is negligible in this case, as a result
of the long effective lifetime (determined by wall col-
lisions) of the metastable 4 ! D state.

A. Apparatus

The Sr vapor is contained in a cross-shaped cell, which
proved to be a more reliable design from that described in
Refs. 9 and 13. As previously, sapphire windows are
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sealed to a heated stainless steel block by Ni helicoflex O
rings.!> However, small leaks through these seals can
now be tolerated, since a vacuum-tight seal to the outside
world is realized by cold windows on conflat flanges.
With this double-window setup, we have been able to
work under buffer-gas-free conditions at 400—700°C cell
temperatures for extended periods. In the present experi-
ment it is essential to work without buffer gas, since this
would cause collisional transfer between the highly excit-
ed Sr states before they could decay radiatively. The in-
teraction volume is well defined by inserting sapphire
rods (12.5-mm diam) inside the hot sapphire windows to
fill all but 6.5-mm gap (see Fig. 3 in Ref. 6). In this way
absorption of fluorescence light due to Sr vapor outside
the interaction volume is eliminated. The temperature of
the cell is typically 770 K in the present experiments, a
side arm containing the Sr metal being at ~50 K lower
temperature; this yields a Sr density on the order of 10'3
cm” ",

The 5 P level is excited by a ~6-ns, ~0.1-mJ pulse of
a Nd:YAG (where YAG denotes yttrium aluminum gar-
net) pumped dye laser, which is normally spatially ex-
panded to nearly fill (~5 mm wide and ~12 mm high)
the interaction volume. The dye laser output has a spec-
trally broad, low-intensity contribution due to amplified
spontaneous emission from the dye cell. Since this light
can produce additional population in highly excited
states via two-photon excitation, the spectral output of
the dye laser was ‘“‘cleaned up” by passing the beam
through two dispersing prisms and a spatial filter.

When the Sr density, laser power, and detuning are ad-
justed to produce a particular threshold Sr(5 'P,) density,
the metastable 4 'D, level becomes strongly populated
during the laser pulse by stimulated 5 !P—4 'D emission.
The resulting densities of Sr atoms in the 5'P and 4!D
levels are obtained from the absorption of narrow spec-
tral lines from a Sr hollow cathod lamp, connecting those
states to higher-lying states (Figs. 1 and 3 and Table I).
The lamp light is focused to a 3-mm-diam spot in the
center of the interaction volume, and after passage
through the cell is refocussed onto the entrance slit of a
monochromator. The emission lines of the lamp have a
~300-K Doppler profile,” whereas the Sr in the cell has
770-K Doppler-broadened absorption lines. Therefore
spectral integration of 770-K Doppler absorption of a
300-K Doppler line is used to transform measured frac-
tional absorption to excited-state density. In the experi-
ment, care is taken to insure that fractional absorption
normally does not exceed ~80%, as the exact form of
both line-wing shapes and the small fraction of other iso-
topes is then more critical. The 5 1P density immediately
after the laser pulse is typically (3—12)X10'! cm ™3, while
the 4 1D density is (0-9) X 10'' cm 3.

A 3-m double monochromator and a photomultiplier
are used to detect the lamp light and the fluorescence
light emitted by the Sr vapor in the cell. The amplified
photomultiplier output is processed by a fast transient di-
gitizer and the time-resolved signals, which are typically
averaged over 103-10* pulses, are stored in a computer
for later analysis. Measuring time-resolved signals for all
Sr** states with the transient digitizer would have been
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FIG. 3. Example of a time-dependent measurement of densi-
ties and fluorescence intensities. (a) Transmission through the
cell of the 7673-A light from a Sr hollow-cathode lamp, con-
necting the 5'P and 5'D levels. (b) 5'P density [in cm ™ units,
calculated from (a)] and measured 5'P and 7 'F fluorescence in-
tensities on a semilogarithmic scale. The solid lines correspond
to a decay rate of 2.0X 10° s™! (I'%) and the dashed line to a de-
cay rate of 4.0X 10%s7 . (c) 4 ' D density, in cm ™ units, and 4 'F
fluorescence on a semilogarithmic scale. The solid and dashed
lines correspond to decay rates of 0.86X 10° and 2.0X10° s},
respectively.
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TABLE I. Absorption lines used to measure the 5 'P and 4 ' D densities.

A Lower Upper 7 (upper state) A
(A) state state (ns) B, (107 s
7673 5P, 5'D, 115+5.8° 1.00 0.87
7309 4'D, 4d5p 'D, 21.9+1.5° 0.85¢ 3.9

Reference 21.
bReference 22.
‘Reference 16.

very time consuming, so a gated integrator was used to
average the photomultiplier signal during either of two
time intervals after the laser pulse, as will be discussed
below. By scanning the monochromator we obtained a
fluorescence spectrum during each time interval (Fig. 4).
From these spectra it is determined which Sr** levels are
populated by EP collisions.

B. Measurements

Since the lifetimes of the highly excited states are much
shorter than the effective lifetimes of the 5'P and 4'D
states, the fluorescence originating from the states pro-
duced by EP essentially follows the instantaneous pro-
duction rate. The effective lifetime of the 5'P level is
0.5-1 us due to strong radiation trapping (the natural
lifetime is ~5 ns), whereas the effective lifetime of the
41D level, from wall collisions, is ~ 10 us. Therefore,
from the temporal behavior of a fluorescence from a cer-
tain highly excited state, it can be seen immediately
which pair of collision partners, i.e., 5 lp+s5lp,
5'P+4'D, or 4'D+41D, is responsible for the popula-

i
4300
A (R)

FIG. 4. Partial fluorescence spectra obtained using a gated
integrator averaging the photomultiplier signal during a fixed
time interval after the laser pulse. (a) For 5!P+5!P energy
pooling (integrator gate open from 0.16 until 0.60 us, 4 ' D densi-
ty ~3% of the 5'P density). (b) The same for 4'D +4'D ener-
gy pooling (integrator gate open from 4.0 until 6.0 us, 5'P den-
sity ~ 1% of the 4 ' D density).

tion of that state (Fig. 3).

From Egs. (5) and (6) we see that the rate coefficients
can be derived from a ratio of fluorescence intensities, the
absolute densities of atoms in the 5 'P and 4 'D levels, and
the effective decay rate of the 5'P state. These densities
and decay rate are determined from the absorption mea-
surements using the hollow-cathode lamp. The spectral
sensitivity per photon €(A) in Egs. (3)-(6) is obtained
from a calibration using a calibrated tungsten iodide
lamp. Since the lamp has a continuous spectrum and
atomic lines are monochromatic, this includes dividing
the lamp intensity per wavelength interval I(A) (in
W/cm? A) by the monochromator dispersion D(A). Us-
ing the same geometrical arrangement as during the ener-
gy pooling measurements, we determine €(A) from

eM)=[CSYMD (M ]/[T¥MA] . )

Here S“(A) is the observed photomultiplier signal and C
is a wavelength-independent factor, which is arbitrary,
since only a ratio of spectral sensitives is used in our
analysis [Eqgs. (5) and (6)].

For the case of 5!P+5'P energy pooling we have
determined the absolute rate coefficient for the 7 'F level,
while the 4 'F level was chosen as the reference level for
4'D+4'D energy pooling. In each case the full time-
dependent signals were studied and analyzed. From Fig.
3(b) we see that the 7 'F—4 D fluorescence decays twice
as fast as the 5'P density and the 5'P—5'S resonance
fluorescence, indicating that the 7'F level is primarily
populated by 5P +5'P energy pooling. (From the data
we find that the contribution of 5 'P+4 D EP is less than
5%.) The resonance fluorescence has a nonexponential
behavior until ~1 us after the laser pulse, corresponding
to decay of the fundamental spatial mode (see later) and
consistent with the optical depth that accompanies the
significant fraction of excited Sr atoms. From Fig. 3(c)
we see that the decay of the 4 !F—4 D fluorescence has
a fast feature until ~2 us after the laser pulse, probably
due to cascade from higher levels which were populated
through 5'P+5!P and 5'P+4'D energy pooling. After
the initial ~2 ps the fluorescence decays slightly more
‘than two times faster than the measured 4 'D density.
This might be due to the fact that the 4 'F production
rate is dependent on the relative velocity of the colliding
4'D atom pairs. The 4 'D population dominantly decays
through wall collisions, and since fast atoms on the aver-
age reach the wall sooner than slow atoms, the velocity
distribution of the 4 'D atoms narrows in time. (This
effect has not been taken into account when determining
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the 4 ! D density using the two Doppler absorption formu-
las, but is estimated to be an insignificant correction.)
Furthermore, the spatial distribution of the 4 1D atoms
changes as well, which will also affect the 4 !F production
rate (see Sec. III). Since we determined the absolute rate
coefficient for the 4 'F level from signals ~2 us after the
laser pulse, these effects play a negligible role (~5%
correction).

All other rate coefficients were determined relative to
these reference values using the gated integrator, as men-
tioned above. By varying the detuning and the intensity
of the laser we could produce conditions where the initial
4'D density was negligible compared to the 5 !P density.
Under these conditions we opened the integrator gate
from 0.16 us until 0.60 us after the laser pulse, collecting
most of the Sr**signals resulting from 5'P+5!P energy
pooling. Under excitation conditions (varying laser de-
tuning and intensity) such that immediately after the
laser pulse the 4D and 5'P densities are of the same
magnitude (the ground-state density being unchanged),
we used an integrator gate which is open from 4.0 us un-
til 6.0 us after the laser pulse to detect only 4D +4!D
EP signals. During this time interval the 5P density is
negligible compared to the 4!D density, due to the
effective decay rates which differ by a order of magnitude.
(Under these conditions strong fluorescence at 4962 A
proportional to the 4 'D density was observed and attri-
buted to the 4 'D—5'S electric quadrupole transition.
This yields a radiative decay rate for this transition,
which will be given in Ref. 16.)

In the case of 5!'P+5!P energy pooling the unknown
rate coefficients are related to the reference-state rate
coefficient by

¢ SEP/e(A)

B, kpp=BT
ATPP L SER s M)

f(r**’rref’ Fgﬁ) , (8)

where F'efl is the radiative decay rate of the reference lev-
el, i.e., 7 F or 4'F. The decay-rate correction factor
£(r**, 1 TF) varies from ~1.0 to 1.6 for the final
states studied and can easily be derived by integrating Eq.
(5) from 0.16 until 0.6 us. In the case of 4 'D+4'D ener-
gy pooling a similar expression is obtained, with
f(F**,F“"f, F?ﬁ)z 1.

III. ANALYSIS

From the present experiment we obtain products
B, k(n?S*1L), where B, is the radiative branching, since
for each highly excited state only fluorescence from one
decay channel is normally detected. This is due to the
fact that other transitions from the given highly excited
state radiate outside the measured wavelength region of
330-800 nm. Furthermore, decay of more-highly-excited
states may feed the state of interest, and the resulting ad-
ditional fluorescence due to cascade will add to that due
to direct energy pooling into this state. To obtain the
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direct rate coefficients k(n? "1L) and to estimate the
contribution of cascading population to the observed
fluorescence intensities, knowledge of the radiative
branching ratios is required. Previous work on Sr life-
times and oscillator strengths was highly incomplete for
the transitions of interest. Therefore, we have calculated
most of the missing oscillator strengths using the
Coulomb approximation.!” The Coulomb approximation
cannot be used for transitions connecting to the 4 'D and
43D levels, so these were obtained from a multichannel
quantum defect theory calculation, the results of which
will be published separately.!®

When analyzing the data, attention should be paid to a
few complications which have not been mentioned so far.

(i) In deriving Egs. (5) and (6) we have assumed that the
densities of the 5 'P and 4 !D atoms are spatially uniform,
which is certainly not the case. The vapor-filled gap be-
tween the sapphire rods is half of the rod diameter, ap-
proximating a one-dimensional “slab” geometry. The
laser beam fills the full height of the rod diameter, so that
it initially excites a nearly uniform distribution in the
plane parallel to the sapphire-rod faces. Thus, we ap-
proximate the density distributions as one dimensional.
As far as the 5 !P state is concerned, Holstein’s theory of
radiation trapping'®!® indicates that in the early time
after excitation many (one-dimensional) spatial modes
with different time dependencies can be excited. The
higher-order modes decay faster than the fundamental
mode, which eventually will dominate the decay. In or-
der to minimize the time required for the 5'P density to
reach this fundamental-mode decay rate, a laser beam is
used which fills ~80% of the gap between the windows,
thereby maximizing the overlap of the beam with the
fundamental-mode distribution.*?® As we can see from
Fig. 3(b) nearly single-exponential decay for the 5 'P den-
sity is indeed observed in our experiments. The initial
spatial distribution of 4 1D atoms, which are produced by
a stimulated process during the laser pulse, is more
sharply peaked at the center, since it depends on the
geometry of the column of excited 5 'P atoms in the cell.

From the absorption of the hollow-cathode-lamp lines
we obtain average 5 'P and 4 'D densities along the path
of the lamp light across the gap between the sapphire
rods. The Sr** fluorescence, however, is proportional to
the average of these densities squared along this path.
When inserting these average density values into Egs. (5)
and (6), we should correct for the difference between the
average of the density squared and the square of the aver-
age density. For this correction for the 5'P density, we
assume a fundamental-mode spatial distribution, calculat-
ed by van Trigt? for an infinite-slab geometry. This
yields a correction factor of ~0.85 that multiplies the
right-hand side of Eq. (5). This correction for the
41D +4'D EP data has been estimated from a measure-
ment of the 4 !D density versus vertical position, under
conditions where the vertical dimension of the laser beam
was the same (~5 mm) as the horizontal dimension. This
41D distribution had a ~4-mm halfwidth, producing a
correction factor for Eq. (6) of ~0.8.

(ii) Due to the initial density of the 5 'P and 4 'D states,
radiation trapping of Sr** fluorescence light connecting
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to these levels might occur. If the fluorescence also
branches to other states (e.g., 4 IF radiates to 4'D and
51D), this radiation trapping will alter the branching ra-
tios and thus change the observed fluorescent intensity.
As an example, when determining the absolute
4'D+4'D >4'F+5'S rate coefficient, the detected
4'F—4'D fluorescence (515 A, see Table III) typically
had a measured (on resonance) optical depth across the
cell of ~0.5 (corresponding to an average 4 'D density of
~5.6X 10" ¢cm™3). By assuming Gaussian emission and
absorption profiles we estimate the average probability
that a fluorescent photon is absorbed by the 4D atoms
before it escapes out of the cell. Using this and the fact
that every time the fluorescent light is reabsorbed it is
again emitted as 4 !F —4 'D fluorescence with the natural
(unperturbed) branching ratio, B ~0.58,'® we estimate
that in this case the effective branching ratio is ~7%
smaller than the unperturbed value. Corrections due to
radiation trapping have also been applied to the branch-
ing ratios shown in column 7 of Tables II and III. These
corrections are smaller than 20% in all cases and negligi-
ble for most of them.

(iii) We have attempted to correct for cascade effects by
taking into account the observed population of all
higher-lying states and by using our estimate'® of the ra-
diative branching ratios of those states. However,
fluorescence from high angular momentum (L =4, 5, etc.)
states cannot be detected in our experiment, so that most
cascade from such states into the '3F states in included in
the apparent F-state rate coefficients. Since the 5G states
lie ~1200 cm™! (2.2 kT) above 2 X E(4'D), whereas the
6G states lie even higher (~ 1400 cm™!), we assume that
G —F cascade only plays a minor role in the case of
4'D+41D energy pooling. In the case of 5'P+5'P en-
ergy pooling, however, large effects are likely to occur.
Using Coulomb approximation oscillator strengths for
the F-G transitions and assuming that the EP population
of the G states is comparable to that of the near-lying F
states, we estimate that in this case on the order of 20%
of the population of the 6 1'3F states is the result of cas-
cade, whereas the 5 "'3F and 4 ''3F states might be dom-
inantly filled by cascade rather than direct energy pooling
from the 5 !P state. Due to the long lifetime of the high-
angular-momentum states (>0.3 us), cascading into
lower F states will also take place at relatively late times.
As a result, the F-state fluorescence shows a decay slower
than what would be the case if the F state were populated
by direct energy pooling only. A measurement of the
time dependence of the 4 'F decay fluorescence in the
case of 5'P+5 P energy pooling (with 4 'D density negli-
gible) indeed shows clear evidence of cascade feeding.
The observed fluorescence had a decay rate three times
smaller than would be expected if the 4 'F state were pop-
ulated only by direct energy pooling. Due to the ~0.5-
us effective limit to the 5'P+5'P data collection, only
thermal-radiation-induced Sr** transfer within that time
is relevant; estimates show this to be negligible.

IV. RESULTS

Measurements of the absolute rate coefficients for the
7F and 4 'F reference levels were repeated 15 and eight
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times, respectively. By varying laser intensity (within a
factor of 8 in the case 4'D+4'D—>4'F+5'!S) and de-
tuning, Sr density and the shape of the laser beam in the
cell, the initial 5P and 4 'D densities were both varied
within a factor of 3. The following rate coefficient for
51P+5'P collisions producing Sr in the 7 !F state was
found:

By kpp=(3.5+1.1)X10" " cm3/s .
Similarly for 4 'D +4 ! D collisions producing 4 'F atoms:

B, kpp=(3.911.6)X10" " cm3/s .

Here B, is the radiative branching ratio in the absence of
radiation trapping.'® The measured rate coefficients typi-
cally fluctuated by +20% but did not show any systemat-
ic behavior as a function of the varied parameters. The

" 30% and 40% uncertainties in the values given above are

a combination of these fluctuations plus uncertainty in
the correction factor due to the nonuniform density dis-
tributions (~ 10%) and uncertainties in the 5'P and 4 'D
densities. The latter errors are primarily caused by an
uncertainty of ~10% in the oscillator strengths used and
an uncertainty in the width of the emission lines of the
hollow-cathode lamp, also contributing ~ 10%.

The two reference values given above were used to cal-
culate the rate coefficients for other levels from the ob-
served fluorescence intensity ratios. The results are tabu-
lated in Tables II and III, where columns 1 and 3 give the
upper and lower levels of the detected fluorescence, re-
spectively. Column 2 contains the energy of the upper
level, column 4 the wavelength, column 5 the fluores-
cence intensity as a ratio of that of the reference line
(corrected for the spectral sensitivity of the apparatus),
and column 6 the resultant product of branching ratio B
and rate coefficient, without taking into account cascad-
ing and the factor f(I'**,I'™ I'f) of Eq. (8). Dividing
the data of column 6 by our best estimate of the branch-
ing ratio, given in column 7 (estimated uncertainty
~20%), yields the uncorrected rate coefficient of column
8. An estimate of the cascade contribution is given in
column 9. Generally this estimate is based upon the un-
corrected results of column 8 for all higher-lying states (if
available) and the branching ratios of those states.!® In
the case of 5'P+5!P energy pooling (see Table II) rate
coefficients for the 113P and 103P states could not be
determined due to small branching ratios into the observ-
able fluorescence. For the 9°P level the rate coefficient
could not be determined due to spectral overlap with
another transition. Therefore, cascade contributions to
the signals observed from 3S and 3D states could not be
assessed. However, even the uncorrected rate coeflicients
kY (direct energy pooling plus cascade) for the S states
are found to be quite small. Based upon these values and
the *P—3S and 3P —3D branching ratios,'® we can give
upper limits for the cascade contribution to ky» for the
7,8,9 3D states, which turn out to be relatively small as
well. Column 10 in Table II contains the factor
F£(r**, 1 E), taking into account the influence of the
lifetime of the upper level on the observed signal. Experi-
mental lifetimes were taken from Refs. 21-27. For those
levels for which no experimental values were available,
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the lifetime was based upon theoretical oscillator
strengths,16 as outlined in Sec. III. The final column of
Tables II and III contains the (corrected) direct energy
pooling rate coefficients. For some states the absolute un-
certainty given here is dominated by the uncertainty in
the reference rate coefficient; the uncertainty in the rela-
tive rate coefficient is then much smaller. Energy levels
above 42000 cm ™! are not shown in Table III, since the
4D +4'D energy pooling rates for these levels have been
measured to be smaller than 5X 10713 cm?/s.

V. DISCUSSION

From the data, shown diagrammatically in Fig. 5, it
can be seen that there is not a very strong dependence on
the exothermic energy defect AE. Energy pooling occurs
to many states spanning an energy range of several
thousand wave numbers. For positive AE (endothermic)
the rate coefficient decreases more rapidly with increasing
|AE| than for negative AE (Fig. 5). This, of course, is
due to the fact that for positive AE only a fraction of the
collisions have sufficient kinetic energy to exit as prod-
ucts with a higher electronic energy. The fraction of col-
lision pairs with a relative kinetic energy higher than AE
is indicated by the dashed line in Fig. 5.

Since the atomic collision partners are initially both
singlets, the incident (Sr*), molecule is a singlet as well.
However, the separating Sr-+Sr* molecule is a singlet or
triplet, depending on whether Sr** is a singlet or triplet.
Thus, if total spin were conserved, one would not expect
triplet Sr** states to be produced. However, there is no
indication that the total spin is conserved in the energy
transfer; both singlet and triplet states are observed in
comparable amounts. For alkaline-earth—noble-gas sys-
tems it has already been shown that spin-changing col-
lisions can have large rate coefficients.”® 3 In some
cases these rate coefficients are much larger than those
for a spin-conserving collision, even when the final singlet
state resulting from the latter collision is closer to the ini-
tial state.3""32 Spin-changing collisions are the result of
the breakdown of LS coupling, which allows spin-orbit
mixing between singlet and triplet states of an isolated
atom. The rate coefficients for spin-changing collisions
are then mainly determined by the coupling matrix ele-
ments at avoided crossings between the molecular poten-
tials connecting to the asymptotic atomic states. The re-
lation between rate coefficient and interaction strength
does not display a monotonic behavior, and without ac-
curate knowledge of the numerous potentials involved a
prediction of the individual rate coefficients is impossible.

In Figs. 6 and 7, relative EP rate coefficients are indi-
cated by bars for all levels from which fluorescence was
observed. The filled portion of a bar corresponds to the
direct EP rate coefficient, i.e., after subtraction of the cas-
cade contribution based upon observed population of
higher-lying states. The shaded portion indicates the
remaining possible estimated contribution to the mea-
sured rate from cascade from higher levels for which no
fluorescence could be observed. In order to take into ac-
count the fact that for positive AE only a fraction of the
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FIG. 5. Relative rate coefficients as a function of the energy
defect. Error bars correspond to relative values of the rate
coefficients only, absolute errors are significantly larger in some
cases. (a) For 5!P+5'P energy pooling. (b) For 4'D+4'D
energy pooling. Solid circles indicate singlet states, open circles
triplet states. The dashed curves indicate the fraction of col-
lisions with relative kinetic energy larger than AE.

collisions has sufficient relative kinetic energy, the mea-
sured rate coefficient has been divided by this fraction.
The resulting increase of the endothermic rate coefficient
is indicated by the open portion of a bar. A question
mark denotes that the rate coefficient could not be deter-
mined due to small branching into the observable transi-
tion, unknown branching or spectral overlap, or that the
population of the level involved was most likely dominat-
ed by cascade from higher levels. For uncertainties one
should check Tables II and III. From the results for
4'D+4'D energy pooling (Fig. 7) we see a clear tenden-
cy for the final states to be populated more strongly as
their angular momentum increases. This is most likely
due to their increasing statistical weight. Such a tenden-
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FIG. 6. Relative EP rate coefficients for 5'P+5!P energy
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rate coefficient. The shaded portion indicates the possible con-
tribution from cascade. The increase of the rate coefficient
above the 5'P+5'P threshold, which results from dividing the
rate coefficient by the fraction of collisions with sufficient rela-
tive kinetic energy, is indicated by the open portion of a bar. A
question mark denotes that the rate coefficient could not be
determined. Uncertainties are given in Tables II and III.

cy is not as obvious from the results for 5 'P+5 ! P energy
pooling, although there also the largest rate coefficient is
observed for an F state.

Total rate coefficients for EP to all states are given at
the bottom of Tables IT and III. When calculating this
sum of the observed rate coefficients for 5P +5'P ener-
gy pooling, we incorporate the values in column 8 of
Table II for the ""*F levels, since for these levels the cas-
cade contribution is mainly due to the population of
higher angular momentum states, which should be in-
cluded. In the case of 4'D+4'!D energy pooling only
data in the last column of Table III for energy levels
above 37000 cm ™! have been taken into account in the
summation, since the rate coefficients of the lower energy
levels are very likely to be heavily affected by cascade
from levels which already have been included. For in-
stance, a time-dependent measurement of the strong
51D 5P fluorescence at 7673 A shows too slow a build
in of the signal for direct energy pooling, and no quadra-
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FIG. 7. The same as Fig. 5 for 4 'D +4!D energy pooling.

tic dependence on the 4 D density. This confirms our be-
lief that the 5 'D level is predominately populated by cas-
cade, although the estimate of the cascade contribution in
column 9 of Table II is only ~50% of the uncorrected
rate coefficient in column 8. The total rate coefficients,
(3.5£1.3)X 107 1% cm?/s and (2.1£0.9)X 107! cm®/s in
the case of 5!P+5'P and 4 'D +4 D energy pooling, re-
spectively, are on the order of the gas-kinetic rates, i.e.,
the probability of energy transfer per collision is high.
(Since the fluorescence from certain levels is not detected
in our experiment, this result of summing all measured
rate coefficients is probably slightly smaller than the total
rate coefficient for emptying the initial state.) This is not
very surprising because of the high number of avoided
crossings expected in this energy region where many
molecular states occur, and the large statistical weight of
the many final states which are energetically available.
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