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Velocity dependence of energy pooling collisions in strontium

J. A. Neuman, J. Cooper, and A. Gallagher
JILA, National Institute of Standards and Technology and the University of Colorado, Boulder, Colorado 80309-0440

~Received 21 February 1997!

The threshold behavior of the cross section of an endothermic energy pooling reaction is investigated. In a
vapor cell experiment, pulsed excitation followed by delayed fluorescence detection narrows the transverse
velocity distribution of colliding pairs of laser-excited strontium atoms in the 5s5p 3P1 level, and laser
detuning establishes the collision velocity in the direction of counterpropagating laser beams. A probe laser
detects the excited-state collision product of the endothermic 5s5p 3P115s5p 3P1→5s6s 1S015s2 1S0 reac-
tion. The cross section rises steeply at threshold and is nearly flat for 1.2–2 times the threshold energy. This
behavior can be partly explained by the shape of the molecular potential curve of the collisionally produced
state. From the measured 1.1310212 cm3 s21 thermally averaged rate coefficient, the above-threshold cross
section is found to be approximately 6310217 cm2. The thermally averaged rate coefficient for the highly
exothermic energy pooling reaction 5s5p 3P115s5p 3P1→5s5p 1P115s2 1S0 is also reported and measured
to be 1.1310210 cm3 s21. The cross section for this exothermic reaction is found to be nearly independent of
collision velocity.@S1050-2947~97!04707-0#

PACS number~s!: 34.30.1h, 34.50.2s, 82.20.Pm
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I. INTRODUCTION

Atomic collisions that induce electronic excitation tran
fer have been studied for over three decades, and en
pooling ~EP! collisions between pairs of excited atoms ha
received considerable attention for about a decade. EP re
to the transfer of electronic energy when two excited ato
collide to produce one highly excited atom and one grou
state atom. These collisions are of current interest@1# be-
cause they may represent important loss mechanisms
trap diagnostics for optically trapped atoms@2#. Experimen-
tal investigations of EP reactions offer a powerful method
examining inelastic collision processes, since both collis
partners are optically excited. This offers the possibility
control collision parameters such as orbital alignment a
collision velocity. In atoms with two electrons in the out
shell, such as strontium used here, many energy levels
accessible to EP and angular momentum changes in an
reaction can be studied. In the past, we@3# and others@4#
have reported the dependence of EP upon spin and or
angular momentum changes and energy defect, yet c
trends that might lead to an explanation of these results h
been elusive. Since EP rate coefficients are often measur
be large but are mostly unexplained, more sensitive exp
ments are necessary to elucidate the physical processe
portant in these collisions. Energy pooling experiments t
control collision velocity are particularly attractive for the
ability to yield new insights into excitation transfer@5#.

This study investigates an EP process in strontium
also advances experimental capabilities. The measureme
the velocity dependence of a cross section tests the thres
behavior of an endothermic reaction and reveals the exp
mental velocity resolution. A technique, which is applicab
to experimentation in many different elements, accurat
defines the collision velocity in a vapor cell. Isotopical
enriched strontium is used, so that the severe complicat
from multiple velocity groups due to hyperfine and isotop
splittings are eliminated.
561050-2947/97/56~1!/432~11!/$10.00
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When translational kinetic energy is converted to elec-
tronic energy in the endothermic reaction

Sr~5s5p 3P1!1Sr~5s5p 3P1!

→Sr~5s6s 1S0!1Sr~5s2 1S0!21583 cm21, ~1!

the production of the 5s6s 1S0 level ~called the 61S level
below! must be zero for collision energies below the
1583 cm21 (;3kT) endothermicity~Fig. 1!. This feature of
the collision cross section assists in determining the velocity

FIG. 1. Strontium energy-level diagram, with pump, probe, and
detection transitions shown.
432 © 1997 The American Physical Society



a
io

en
y

o

th

-
ha
o
ite

pi
rv
e
a
rs
ine
t
ro
t

ty
r

te
-

ce
n
ci

li-
b

e-
ng

l-
th
m

y

f

ted
col-
the

ll
y
r
ly

tal

n-

n-

the
al
to
z
ve-
for

de-
the

ver

-

he
ol-
ri-

it is
act
e-
st
cur,
on-
la-
s of
at

56 433VELOCITY DEPENDENCE OF ENERGY POOLING . . .
resolution achieved by the experiment and serves as a v
able experimental check. The highly exothermic EP react

Sr~5s5p 3P1!1Sr~5s5p 3P1!

→Sr~5s5p 1P1!1Sr~5s2 1S0!17310 cm21,

~2!

which was previously assumed not to occur as a consequ
of the large energy defect@6#, has also been observed. B
using a probe laser to separately defect the 61S collision
products, we clear up confusion regarding the production
the 5s5p 1P1 level ~called 5

1P below! from the collision of
pairs of atoms in the 5s5p 3P1 level ~called 53P below!.
Thermal rate coefficients and the velocity dependence to
collision cross sections for reactions~1! and ~2! are deter-
mined.

A complete collisional model would include curve
hopping probabilities for the many molecular states t
could be involved in the collision. Such a calculation is n
yet possible, since all the potential energy curves for exc
pairs of strontium atoms have not been determined@7#. How-
ever, some reasonable predictions regarding curve-hop
probabilities and the shape of the molecular potential cu
of the exit channel for Eq.~1! can be made based upon th
measured energy dependence of the cross section. A m
ematical model that includes the effects of the transve
velocity distribution of excited atoms is used to determ
the energy dependence of the collision cross section from
data. Different theories for the energy dependence of a c
section for an endothermic reaction are then compared to
results.

II. VELOCITY SELECTION IN A CELL

The Doppler effect can be exploited to produce veloci
selected laser-excited atoms in the direction of the lase~z
direction!. This technique has been used for decades
atomic physics, and it is sometimes called velocity-selec
Doppler shift ~VSDS! @8#. A narrow linewidth laser selec
tively excites a narrow velocity group in thez direction from
the thermal~Maxwellian! distribution of atomic velocities in
the cell. According to the Doppler effect,d5kvz , wherek
52p/l, d is the laser detuning from the atomic resonan
andvz is the velocity component of the excited atom. Cou
terpropagating beams sent through the cell excite velo
groupsvz56d/k, so that the collision velocity in thez di-
rection isDvz52d/k.

But without further manipulation of the atoms, the col
sion velocity in the transverse direction is still determined
a thermal distribution of atoms, contributing;kT of energy
width to the collision. This contribution from transverse v
locities (v') to the EP collision energy is reduced by pulsi
the laser and waiting for the atoms with largev' to leave the
detection volume. Following the excitation of a small vo
ume of atoms by a short pulse of focused laser light,
density of excited atoms decreases more rapidly for ato
with large v' than for atoms with smallv' . After a suffi-
cient time (Dt) following the end of the laser pulse, onl
atoms with smallv' contribute to the EP collision. The
21-ms lifetime @9# of the 53P level allows measurement o
lu-
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EP signals at largeDt, when most 53P atoms with large
v' have left the detection volume. But as the laser-exci
atoms spread, the density of colliding atoms and the EP
lision rate decrease, and this reduces the signal and limits
useableDt.

If collisions occur between atoms with negligibly sma
v' , the total collision velocity will be determined mostly b
Dvz , which is established byd. In this experiment, the lase
frequency is intentionally chirped in order to effective
broaden the laser slightly~described below!. Velocity reso-
lution is defined here to mean the extent to which the to
collision velocity is determined byd, the laser detuning
without chirping. In the laser direction, the collision e
ergy Ez is determined byd according toEz5(m/2)(Dvz)

2

5(m/2)(2ld/k)2, wherem is the reduced mass of the stro
tium atoms. If atoms collide with negligiblev' , then the
threshold detuning for a collision energy that overcomes
1583-cm21 energy barrier is 671 MHz. The 8-kHz natur
linewidth of the 53P level contributes a negligible spread
the excitedvz velocity group, compared to the 970-MH
Doppler width and the 671-MHz threshold. Hence, good
locity resolution is evidenced by an EP rate that is zero
d,671 MHz.

We use a mathematical model to account for thev' con-
tribution to the measured EP signal, so that the energy
pendence of the cross section can be established from
data. The measured EP collision rateR(d,Dt), including the
time dependence of the laser excitation and integrals o
atomic velocities and spatial coordinates, has the form

R~d,Dt !}E
0

`

v1dv1e
2mv1

2/2kTE
0

`

v2dv2e
2mv2

2/2kT

3E
2`

`

dvz1e
2mvz1

2 /2kTE
2`

`

dvz2e
2mvz2

2 /2kT

3E
0

a

r dr s~vc!vc
n1*

n1
~v1 ,Dt,r ,vz1 ,d!

3
n2*

n2
~v2 ,Dt,r ,vz2 ,d!, ~3!

where vc is the total collision velocity defined byvc
5(Dvz

21uv12v2u2)1/2. The velocity of each atom perpen
dicular to the laser is labeled byv1 andv2 , and the velocity
in the z direction is denoted byvz1 andvz2 . The velocity-
dependent collision cross section for EP iss(vc), and
n8/n is the probability that an atom is laser-excited from t
ground state. The volume integral is over the detection v
ume of radiusa, rather than the entire cell, since this expe
ment measures EP with a probe laser of radiusa. The laser
beam actually has a nearly Gaussian shape, though
treated as a step here to simplify the calculations. An ex
solution of Eq.~3! requires consideration of correlations b
tween thev' of the two particles: Since both particles mu
be at the same place at the same time for a collision to oc
the position and velocity of one particle establishes c
straints upon the other particle. Here we ignore that corre
tion and assume the EP rate is the product of the densitie
the laser-excited atoms that are in the detection volume
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434 56J. A. NEUMAN, J. COOPER, AND A. GALLAGHER
Dt, and for simplicity we takeuv22v1u25v2
21v1

2. The ex-
citation probabilityn* /n is in general a complicated functio
of time, position, and velocity. However, there are some s
plifications that make the problem tractable.

A correct representation ofn* /n must account for the
probability that an atom is excited as a function of the time
interacts with the laser field (t int). Since the 53P level’s
21-ms radiative lifetime is much longer than the;1-ms ex-
citation pulse width, it is appropriate to ignore radiative d
cay and solve the Schro¨dinger equation to find thet int de-
pendence of the probability amplitude for exciting an atom
the 53P level. The treatment of the excitation of a two-lev
atom by coherent radiation appears in many quantum op
texts@10#, but must be modified here to include a frequenc
modulated laser and the velocity-dependent Doppler shift
each atom. Due to the very narrow natural linewidth of t
5 3P excitation~8 kHz!, a small fraction of atoms are excite
by a single-frequency laser. Therefore, the pump laser is
quency modulated across a 20-MHz range by applyin
1-MHz sinusoidal modulation to the diode laser current. T
excites a 14-m/s-widevz velocity group that is still narrow
compared to the 670-m/s Doppler width and the 925-m
threshold velocity. A numerical solution is found for th
probability of exciting an atom as a function of laser detu
ing andt int .

A geometrical picture is constructed to use thist int depen-
dence of excitation to obtainn* /n used in Eq.~3! as a func-
tion of transverse velocityv' and timeDt after the laser
pulse is off. This analysis considers the constraints pla
upont int andv' if an excited atom resides in the detectio
volume atDt, and these constraints establishn* /n. t int can
be found with Fig. 2, which shows an excited atom that h
traveled a distanceL through the laser beam and is at po
tion r,a at timeDt. Using Fig. 2, the law of cosines, an
the quadratic formula, it is possible to find the time (t laser)
that an excited atom is in the detection volume defined by
laser beam:

FIG. 2. An excited atom at timeDt, radial positionr , and angle
u within the detection volume of radiusa. u is the angle that vecto
r makes with respect to the vectorL . The direction of the laser is
perpendicular to the plane of the page. Given the position of
excited atom, the distanceL is determined from the law of cosines
and thent laser is found with Eq.~4!.
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t laser~r ,u,v' ,Dt !5
r

v'

„2cos~u!1A~a/r !22sin2~u!…2Dt.

~4!

Sincet laser,0 for largev' or Dt, limits must be placed
on t laser in order to guarantee that it meaningfully represe
the true interaction timet int . Physically,t laser,0 represents
an excited atom that has left the interaction region and is
longer observable, and the excited-state density within
detection volume is set to zero in this case. While Fig. 2 a
the accompanying equations illustrate an atom that starts
side the interaction region at the beginning of the laser pu
atoms that start inside the detection volume at the beginn
of the laser pulse can also be treated with these equati
This is handled by settingt int equal to the pulse timetp
when the solution to Eq.~4! is greater thantp . Thus, the
equation fort int is

t int~r ,u,v' ,Dt !5H 0,t laser,
tp ,

t laser,0
0,t laser,tp
t laser.1tp .

~5!

An average overu givest int(r ,Dt,v'), and this is used with
the calculatedt int dependence of the probability of excitatio
to find n* /n. With this formulation for the density of
excited-state atoms, the EP rate can be found from Eq.~3! by
integrating over the detection volume and transverse vel
ties. The apparent rate coefficientka is the calculated EP rate
divided by the number of collision pairs at a given las
detuning.

The essence of pulsed excitation and delayed fluoresc
detection can be illuminated by explicitly examining the c
culated narrowing of the transverse velocity distributio
Time-dependent transverse velocity distributions of las
excited atoms are determined from the two-dimensio
n* (v' ,Dt)/n distribution of atoms remaining in the interac
tion region. Then* (v' ,Dt)/n are shown forv0Dt/a52.3
~thick line! and forv0Dt/a50.39~thin line! in Fig. 3, where
v05(2kT/m)1/2. The collisional energy spread is propo
tional to the spread inv'

2 , which has narrowed fromkT to
;0.14kT for the v0Dt/a52.3 case shown.

The excess kinetic energy~amount above threshold! in
this endothermic reaction of two 53P atoms determines the
velocity distribution of the 61S collision products. If a
narrow-linewidth laser were used to probe the 61S level,
atoms with large velocities in thez direction would be Dop-
pler shifted out of resonance with the probe laser and wo
go undetected. This would bias the data to under-repre
large collision velocities, for which the collisionally pro
duced 61S atoms have greater kinetic energy and veloci
For this reason, the probe laser frequency is phase modu
so that the laser frequency is effectively broadened and th
is a nearly constant probe excitation over the whole rang
final velocities of interest.

The loss rate of the collisionally produced 61S atoms
from the detection volume is also velocity dependent. If
oms populated by EP travel out of the laser interaction
gion before being detected, those created at large pump
detunings with greater excess kinetic energy have a hig
loss rate and are under-represented by the probe laser d
tion. However, since the 61S atoms radiatively decay muc

e
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56 435VELOCITY DEPENDENCE OF ENERGY POOLING . . .
faster (tnat554 ns) than they travel out of the interactio
region ~;300 ns forv'5v0!, it is possible to ignore the
effect of the transverse velocity of the EP collision produ
upon the measured EP signal. Similarly, atoms produced
EP outside the detection region that travel back into the
tection region do not significantly contribute to the observ
EP rate. Just as the radiative decay rate of 61S atoms ex-
ceeds the rate at which they leave the detection volum
also exceeds the rate of return to the interaction region.

III. EXPERIMENTAL DETAILS

This experiment utilizes many of the well-document
and successful designs for constructing narrow-linewi
tunable diode lasers@11# for spectroscopy experiments
Strontium atoms are excited from the ground state to
5 3P excited state by a grating-feedback controll
Al xGa12xInP diode laser~pump laser! tuned to the 689-nm
intercombination line. A second diode laser~probe laser! is
tuned to the 785-nm 61S→9 1P transition from the colli-
sionally produced excited state, as shown in Fig. 1.

The 689-nm light is generated by an antireflection~AR!
coated @12# visible diode laser placed in a temperatur
controlled, grating-terminated external cavity. The exter
cavity narrows the linewidth and increases the tunability
the laser, and the AR coating on the diodes prevents
diode cavity from acting as an etalon within the extern
cavity defined by the diffraction grating and the rear facet
the diode laser. After the front facets of the lasers were
coated with approximately 700 Å of Al2O3 and 600 Å of
Hf2O2, the diode lasers could be tuned continuously m
than 15 GHz by applying a voltage to a piezoelectric d
that moves the diffraction grating. The pump laser inject

FIG. 3. The transverse velocity distribution for a thermal vap
~dashed line! and for a pulsed excitation and delayed fluoresce
detection experiment with little narrowing of the transverse veloc
~thin line! and with considerable narrowing~thick line!. All distri-
butions have been normalized to 1 at their peak for ease of c
parison.
s
y
e-
d

it

h

e

-
l
f
e
l
f
R

e
k
n

current is modulated at a rate of 10 MHz and at an amplitu
that produces a 20-MHz full width at half maximum
~FWHM! spectral width. When the pump laser is tun
across the intercombination line, a stable reference ca
provides frequency markers~with 5-MHz width! separated
by 250-MHz intervals, and the saturated absorption dip p
vides an absolute frequency marker at zero detuning.

The pump laser is pulsed on for 1ms with an acousto-
optic modulator~AOM! at a repetition rate of 250 kHz. A
pulse generator with a rise time less than 5 ns triggers
AOM and simultaneously triggers a transient digitizer us
for data collection. After the AOM, a beam splitter divide
the pump laser~Fig. 4!, and counterpropagating beams a
focused to a 150mm3300mm spot within the 1.3-cm-long
0.4-cm-diam sapphire cell~Fig. 5!. The beams diverge by
;1° to prevent unwanted feedback into the diode laser.

Since the collisionally produced atoms that are probed
have a broad frequency distribution~;1-GHz FWHM for
the largest collision energy probed here!, a broadband, high-
power probe laser excites the most atoms and yields the
signal. The 785-nm probe laser is a GaxAl12xAs diode laser
run without an external cavity, and tuning is achieved
changing the diode temperature and injection current. T
output from a 50-MHz oscillator is added to the laser curre
with a modulation amplitude sufficient to yield multiple sid
bands across;1-GHz full width, as confirmed by a spec
trum analyzer. Current pulses from a photomultiplier tu
~PMT! with a rise time less than 10 ns were also added to
laser current, and the rate~light incident upon the PMT! and
amplitude~gain on the PMT! of the pulses were adjusted t
produce a smooth 1.2-GHz FWHM frequency spectru
While Newsomet al. @13# measure the wavelength in air o
the 6S→9P transition to be 785.00 nm~and this has been
reproduced in many wavelength tables!, we have determined
the wavelength in air to be 784.963 (60.006) nm, which is
consistent with the energy levels tabulated by Moore@14#.
Our wavelength measurements were made by compa
fringes produced by a traveling-wave interferometer from
helium-neon laser to that of the diode laser.

Energy pooling fluorescence at 432 or 461 nm and in
combination fluorescence at 689 nm are monitored simu
neously. The blue EP fluorescence is measured and
689-nm fluorescence is rejected with interference filters w
;10-nm bandwidths placed in front of a CsSb bialkali PM
~quantum efficiency'25%!. The 689-nm intercombination
line fluorescence is monitored through a fiber optic bun
connected to a 1/4-m monochromator with a PMT at the e
slit. The PMT’s are connected to a fast amplifie
discriminator that gives 8-ns pulses, and this output is fed
a transient digitizer. Photon counting is necessary to rec
the weak EP signals. The EP-detecting PMT has a ba
ground of 200 counts/s, and typical EP signals atDt
;0.4ms are on the order of 300 counts/s. Scattered la
light from the pump laser produces square pulses with
and fall times of;40 ns.

This experiment uses a high-temperature ultrahi
vacuum optical cell that operates without a buffer gas a
withstands high densities of extremely corrosive alkalin
earth metal vapors~Fig. 5!. Since these strontium vapor
rapidly attack hot Pyrex or quartz cell windows as well
copper gaskets and brazes, the cell is constructed from

r
e
y

-



h
e
n
w
g
a
t
o
m
e
n

e
ll
v

e
e
r
c

l

d
t

c

d

t

r-

i-
e

e

e

436 56J. A. NEUMAN, J. COOPER, AND A. GALLAGHER
phire and polycrystalline alumina, which do not react wit
strontium at the temperatures and densities employed h
By melting glass powder between adjoining parts, we co
struct a compact and robust cell with hot windows that allo
for a constant temperature and vapor density along the len
of the cell. Also, this design permits light collection over
large solid angle, improving detection of the low EP ligh
intensities emitted from the cell. The valve is the coldest sp
in the cell, and its temperature determines the equilibriu
vapor pressure. Low-power absorption of the pump las
tuned to the intercombination line is on the order of 50% a
indicates a density of 331013 cm23 at a temperature of 850
K, which is within 20% agreement of the Nesmayanov tabl
@15#. Further details regarding the assembly of sapphire ce
including the handling of the specific materials used, ha
been previously reported@16#.

In any VSDS experiment, different isotopes or hyperfin
components may be excited with different velocities, s
verely complicating the collisional velocity distribution. Fo
strontium, there are four naturally occurring isotopes, ea
with an isotope shift. For this reason, isotopically enriche
88Sr, which is readily available in carbonate form with
.99.5% purity, is used. SrCO3 can be reduced to Sr meta
under vacuum by alumino-thermic reduction@17#. The car-
bonate is mixed with high purity aluminum powder an
placed in a steel tube connected to high vacuum. Heating
carbonate to 800 °C releases CO2 in the reaction
SrCO3→CO21SrO, and at 950 °C, the reaction
3SrO12Al→Al2O313Sr occurs. Saturated absorption spe
troscopy shows that the isotopically enriched Sr vapor w
produce is greater than 99.5%88Sr.

IV. RESULTS

A. Velocity dependence of EP to the 51P level

Energy pooling fluorescence is observed from the 51P
level of strontium when the 53P level is excited. Since the

FIG. 4. Experimental apparatus, with laser diode~LD!, diffrac-
tion grating~DG!, acousto-optic modulator~AOM!, and beam split-
ters ~BS!.
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6 1S level radiatively decays entirely to the 51P level, EP
fluorescence from the 51P level represents the sum of EP
transfer to the 61S level and the 51P level. This rate coef-
ficient was measured@6#, and the EP fluorescence was as-
sumed to originate from a cascade from the 61S level due to
the large energy defect to the 51P level. This assumption
was made since previous EP experiments in strontium an
other elements@3,4# had not detected EP with large energy
defects as in Eq.~2!, and there was no prior evidence for
unusually repulsive or attractive potential curves that migh
lead to such a collision.

The apparent EP rate coefficient measured here is propo
tional to the ratio of the collision products to collision part-
ners, which is represented by the EP fluorescence signal d
vided by the square of the increase in 689-nm fluorescenc
from the 53P level during the laser pulse. When the EP
signal is 461-nm fluorescence from the 51P level, the rate
coefficient is nearly independent of collision velocity~less
than 10% variation for collision velocities from 30 to 1400
m/s!, whereas the rate coefficient is expected to peak at larg
collision velocities if this EP fluorescence is from the exo-
thermic excitation of the 61S level or any other higher-lying
energy level.~The next-nearest energy level to the 61S level
that could possibly cascade to the 51P level is the
4d5p 3F level, which has a14600-cm21 energy defect.!
Thus, the 51P fluorescence apparently is dominated by di-
rect EP from a pair of 53P atoms, and a different detection
scheme must be chosen to measure EP to the 61S level.
Because the 1.1-mm direct fluorescence from the 61S level
is difficult to detect for these weak signals, a 785-nm prob
laser is tuned to the 61S→9 1P transition, and the 432-nm
fluorescence from the 91P level is used to separately indi-

FIG. 5. Strontium vapor cell.
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56 437VELOCITY DEPENDENCE OF ENERGY POOLING . . .
cate population in the 61S level ~Fig. 1!. The intensity of the
461-nm EP fluorescence from the 51P level is unaffected~
,0.1% change! by the probe laser, even when the pro
laser strongly saturates the 61S→9 1P transition. We show
below that this occurs because the 461-nm resonance
rescence almost entirely (.99%) represents EP directly t
the 51P level. While it is possible to apply the pulsed exc
tation and delayed fluorescence detection technique
scribed above to the exothermic reaction that produces
5 1P level, the analysis of the time dependence is com
cated by a long radiative decay rate of;1ms since the fluo-
rescence is highly trapped.

B. Thermally averaged rate coefficients

The EP rate coefficients to the 51P and 61S levels can be
taken from Kellyet al. @6#, where the 51P fluorescence they
observed was thought to originate from the 61S level. The
1.1310210 cm3 s21 (640%) at 700 K thermally average
rate coefficient that they determined represents this s
since the branching ratio from the 61S level to the 51P level
is 1. Since the 53P atoms are initially velocity selected i
the direction of the laser, xenon is added to the cell to cre
a thermal velocity distribution of colliding 53P atoms. Then,
the rate coefficient measured by Kellyet al. can be used to
find the independent rate coefficient for Eqs.~1! and~2!. We
measure the ratio of 461-nm fluorescence from the 51P level
to 432-nm fluorescence from the 91P level excited by the
probe laser to obtain the rate coefficient for each EP proc
At higher xenon pressures (.2 Torr), quenching of the
9 1P level becomes significant, and these results are
used to determine a rate coefficient for the quenching of
9 1P level by xenon. At these xenon pressures, no evide
has been found for quenching of the more tightly bou
6 1S and 51P levels. Previous work demonstrated that fin
structure changing collisions are negligible for the xen
pressures we utilize@18#, so this experiment measures E
from collisions between a pair of 53P1 atoms.

Since EP to the 61S level is detected with a probe lase
the fraction excited to the 91P state by the probe laser an
the detection efficiency for the measured 91P→4 1D fluo-
rescence must be known to calculate the ratio of rate co
cients for EP to 51P and 61S levels. Calculations of stron
tium atomic transition probabilities yield 1.613106 s21 for
the 61S→9 1P probe transition and a radiative branchin
ratio (B) of 0.426 from the 91P level into the measured
432-nm transition@9#. The probe beam is attenuated so th
the 432-nm fluorescence from the 91P level is linear in
probe laser intensity, and the pump rateW is calculated from
W5sF, wheres is the photoabsorption cross section calc
lated from the transition probability and Doppler line shap
andF is the photon flux calculated from a laser power me
surement. The detector efficiency differs by less than 1
for the photons at 432 and 461 nm.

For steady-state excitation and a pump laser broadene
a width of 100 MHz and tuned near the center of the 53P
excitation line, the ratio of 461-nm EP fluorescence
432-nm EP fluorescence as a function of xenon pressu
shown in Fig. 6. For low xenon pressures, the 432-nm sig
increases with pressure compared to the 461-nm fluo
cence, since velocity changing collisions increase the n
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ber of 53P atoms with above-threshold collision velocities.
At xenon pressures above;10 Torr, the 91P level is par-
tially quenched before it radiates, and the ratio of the 432-nm
9 1P signal to the 461-nm 51P signal decreases. To obtain
the ratio of rate coefficients, these data are fit to the follow
ing calculation.

For this experiment, the ratio of rate coefficients is found
from the solution of three coupled rate equations that de
scribe the evolution of the 51P, 6 1S, and 91P levels when
the 53P atoms are thermalized,

05
d

dt
n6 1s51

1

2
k6 1s~n5 3P!22n6 1S@G6 1S1W#, ~6a!

05
d

dt
n5 1P51

1

2
k5 1P~n5 3P!22n5 1PGeff 5 1P , ~6b!

05
d

dt
n9 1P51Wn6 1S2n9 1P@G9 1P1kqnxenon1W#,

~6c!

wherekq is the quenching rate coefficient of the 91P level
by xenon, and the radiative decay rates areG9 1P52.3
3107 s21 andG6 1S51.93107 s21. The pump rate is calcu-
lated to beW'106 s21, and the effective radiative rate of
the highly trapped 51P fluorescence is calculated for a cy-
lindrical geometry@19# to beGeff 5 1P;106 s21. The fluores-
cence intensityI j is proportional tonjBjG j , so the ratio of
rate coefficients can be written as

k6 1S
k5 1P

5
I 9 1P
I 5 1P

@G9 1P1kqnxenon1W#

G9 1P

@G6 1S1W#

W

B5 1P

B9 1P

50.01630%, ~7!

and k6 1S51.1310212650% cm3 s21.
At large xenon pressures, whenkqnxenon@G9 1P , the rate

equations yield 1/n9 1P}kqnxenon, and the inverse of the

FIG. 6. The circles represent the ratio of 461-nm EP fluores
cence from the 51P level (S461) to 432-nm EP fluorescence from
the 91P level (S432) vs xenon pressure. This behavior results from
quenching of the 91P level by collisions with xenon. The solid line
is (11kqnxenon)/G91p , where the quenching coefficientkq is ad-
justed to provide a fit to the data for pressures between 10 and 1
Torr.
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432-nm 91P signal is linear in rare gas pressure with slop
kq . A linear fit to the ratio of fluorescence signals at xeno
pressures above 1 Torr indicates a quenching rate coeffici
of the 91P level by xenon of 5310210 cm3 s21, which is
consistent with measurements for states with similar bindi
energy@20#.

C. Velocity dependence of EP to the 61S level

The velocity dependence of the EP reaction described
Eq. ~1! is measured using the pulsed excitation and delay
fluorescence detection technique, where the EP signal
vided by the square of the increase during the laser pulse
the 53P fluorescence is measured versusd ~laser detuning!
and Dt ~time following laser pulse!. Experimental checks
have been performed to remove possible systematic err
introduced by the measurement method. When two 432-n
interference filters with 10-nm bandwidths are placed on t
PMT, a signal is observed only when the probe laser is tun
near the resonance of the 61S→9 1P transition and the
pump laser is tuned near the intercombination line in stro
tium that excites the 53P level. Although each 432-nm filter
transmits only 331025 of the 461-nm signal, two filters are
necessary to isolate the 432-nm signal since the signal at 4
nm from the exothermic EP reaction is much stronger. Sin
the 461-nm fluorescence is radiatively trapped andt9 1P
!teff 5 1P , the ratio of 461-nm fluorescence to 432-nm fluo
rescence increases withDt.

The time-dependent 432-nm fluorescence due to EP to
6 1S state is shown in Fig. 7 for the 689-nm pump laser tune
above (d5800 MHz) and below (d5100 MHz) the thresh-
old detuning, and the signals are normalized to 1 atDt50.
The rise and fall times of the laser pulse are determin
primarily by an amplifier with a 0.1-ms integration time con-

FIG. 7. 432-nm EP fluorescence from the 91P level vs Dt,
when the 53P level is laser excited with a 1.0-ms pulse. The exci-
tation pulse~circles!, which is measured from scattered 689-nm
light when the pump laser is tuned off resonance, ends atDt50.
The EP fluorescence is measured for below-threshold detunings
the pump laser~triangles! and above-threshold detunings~squares!.
All signals have been normalized to 1 atDt50. At Dt51.5ms, the
689-nm 53P level fluorescence~not shown! drops less than 5%
from its peak.
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stant on the input of the transient digitizer. The EP fluores
cence decays more rapidly~triangles in Fig. 7! when the
pump laser is tuned below threshold, due to the narrowing o
the v' distribution, and in either case the EP signal decay
effectively to zero inDt&1.5ms. Total fluorescence from
the 53P level is not shown but decays less than 10% in the
2 ms following the end of the pulse shown in Fig. 7. In most
EP experiments, the EP fluorescence is proportional to th
square of the fluorescence from the collision products
whereas the EP fluorescence here decays considerably mo
rapidly than the square of the total 53P fluorescence. This
occurs because the 53P atoms spread from a small volume
after they are excited by the laser pulse, and their densit
falls off rapidly in time. The total EP rate is roughly propor-
tional to the integral over the probe volume of the square o
the 53P density, so the EP fluorescence decays rapidly as
consequence of this rapidly decreasing density of 53P atoms
within that volume. Since fluorescence from the 53P level is
collected from the entire cell, the signal from this level is
independent of spatial distribution within the cell and its time
dependence is not relevant to the analysis of the EP signa
in this experiment.

The laser detuning dependence to the measured EP ra
is symmetric about zero detuning when measurements a
made in isotopically enriched strontium, so only positive de-
tunings are presented here. For each laser detuning, the E
signals are divided by the square of the increase during th
laser pulse of the 689-nm fluorescence from the 53P level.
As noted above, this fluorescence comes from the entire ce
but the increase during the laser pulse is proportional to th
number of 53P atoms excited within the detection volume
excited by the laser pulse. Dividing by the square of this
quantity yields an apparent EP rate coefficientka from the
EP signal. Figure 8 showska versus laser detuning, forDt
50.1ms ~squares!, 0.4 ms ~triangles!, and 0.6ms ~circles!.
While data are recorded at later times as well, the expecte
improvement in velocity resolution is obscured by the reduc

of

FIG. 8. The measured apparent EP rate coefficient,ka(d,t), vs
pump laser detuning for a steady state experiment~crosses! and for
Dt50.6ms ~circles!, 0.4 ms ~triangles!, and 0.1 ms ~squares!.
ka(d,t) is obtained by dividing the 432-nm EP signal from the
9 1P level with the square of the increase during the laser pulse o
the 689-nm fluorescence from the 53P level as described above.
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tion in S/N: Signals measured atDt.1.5ms are,1/100 of
their peak values~see Fig. 7!. The data sets shown in Fig.
have been normalized to 1 at a detuning of 900 MHz so
the shape of the EP signal versusd can be easily observed
The improvement in velocity resolution can be seen in Fig
by comparing the width of the rise in EP near 700 MHz f
the transient experiment to the steady-state experim
where the velocity resolution is determined by the full th
mal distribution of transverse collision energies. The ste
ness of the rise inka in the vicinity of the threshold will be
used below to assess the experimentally achieved velo
resolution.

V. DISCUSSION

Physical insights into the collision process studied h
can be obtained by comparing the measured cross sectio
a function of collision energy to simple models involvin
one pair of potential energy curves. Such models are
evant, despite the many molecular potential curves
branch from a pair of 53P excited states, because th
6 1S015 1S0 final state connects to only twoS molecular
potential curves~ 1Sg

1 and 1Su
1!, and these are expected

have similar shapes. In the analysis below, we will consi
them to be the same, and label the exit-channel molec
state1S1.

The principle of microscopic reversibility can be us
with the Langevin model, which is frequently used to an
lyze the energy dependence of collision cross section
exothermic ion-molecule scattering@21#, to describe the re-
lationship betweens(E) and 1S1(R). While this model is
useful in treating the conditions necessary to overcome
long-range angular-momentum energy barrier, it does not
plain subsequent events, such as the energy dependen
curve-hopping probabilities, which may be critical in dete
mining whether or not a reaction occurs. The interatom
velocity vc at the curve crossingRc is proportional to (E
2Ec)

1/2, whereEc is the energy atRc andE is the kinetic
energy of the colliding 53P atoms. If the crossing occur
well belowE0 , as shown in the hypothetical molecular p
tential curves in Fig. 9, thenvc varies slowly with the exces
kinetic energyE25E2E0 . This assumption is not unreaso
able, since the measured sharp rise at the threshold en
indicates thatEc,E0 .

The Langevin model determines the energy depende
of an exothermic collision by considering the centrifugal b
rier that is formed when atoms collide at impact parame
b. As two atoms approach with kinetic energyE2 on poten-
tial V2(R), as shown in Fig. 9, radial kinetic energy of th
atoms is transferred to centrifugal energy, and this create
additional centrifugal energy barrier to the reaction. Th
the potential energy can be represented by an effective
tential Veff(R,E2)5V(R)1E2(b/R)

2. The location of
Rmax(E2), the position whereVeff(R,E2) has a local maximum
equal toE2 , yields the largestb value @bmax(E2)# for which
the pair can reach the small-R region and induce the reaction
For b,bmax, the particles ‘‘spiral in’’ to smallR, and the
reaction occurs. Thus,s(E)5p@bmax(E2)#

2. For an exother-
mic reaction with an attractive initial stateV(R)5
2Cs /R

s, wheres.2, an analytic solution forbmax(E2) is
found that leads tos(E2)}E2

22/s . This result gives the fa-
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miliar E21/2 dependence to the cross section for exotherm
ion-molecule reactions, where the long-range interatomic
tential has aV(R)}21/R4 dependence.

The energy dependence to the cross section for an en
hermic reaction can be found using the above result and
principle of detailed balance@22#, which statesE1s122g1
5E2s221g2 , where thegi are the statistical weights of th
molecular states andE1 is the kinetic energyE of the colli-
sion partners. IfE2 does not exceed the angular-momentu
barrier, the atoms cannot separate to the upper state, s
samebmax(E2) applies to both endothermic and exotherm
reactions. For atoms that approach in state 1 with initial
netic energyE, as shown in Fig. 9, the cross section for
endothermic reaction iss1225s221(E2 /E)(g2 /g1). In this
experiment, the 61S015 1S0 upper state has a statistic
weight of 2, and the 53P115 3P1 lower state has a statisti
cal weight of 9. If we assume the upper-state interatom
potential has the formV(R)}2R2s, then the above exother
mic s221 in the detailed balance relation yields the end
hermic cross sections122}(E2E0)

122/s/E. This yields a
hard-sphere result whens5`, s}(E2E0)/E, which is
equivalent to the line-of-centers model@21,22#. Figure 10
shows cross sections for an endothermic reaction wit
threshold atE0 and an upper state potential curve of the fo
V2(R)}21/Rs with s54, 6, and`.

The experimentally determined energy dependence of
collision cross section can be compared to the theory ill

FIG. 9. Hypothetical potential energy curves plotted vs intern
clear distanceR for an EP reaction between two 53P atoms with
kinetic energyE that produce a 61S and 51S atom. The collision-
ally produced state exits with energyE25E2E0 , whereE0 is the
separated atom limit of the electronic energy difference between
collision pairs and the collisionally produced levels.Ec is the en-
ergy at the curve crossing.
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440 56J. A. NEUMAN, J. COOPER, AND A. GALLAGHER
trated in Fig. 10. Since the collision velocity is almost en
tirely determined by the collision velocity in the laser direc
tion for above-threshold collisions, the energy dependence
the apparent collision cross sectionsa can be written as
sa(E)}ka(E)/AE, whereE'Ez . Figure 11 shows that the
apparent cross section rises steeply at threshold and is ne
energy independent for collision energies from;E/E0
51.1 up to twice the threshold energy. Using the 1
310212 cm3 s21 thermal rate coefficient for EP from a pai
of 5 3P atoms to the 61S level and the energy dependence t
the cross section, the EP cross section above threshol
determined. For a collision cross section (s0) that is zero

FIG. 10. The energy dependence of several model cross sect
using the Langevin model and microscopic reversibility, assumi
interatomic potentials of the formV(R)}21/Rs.

FIG. 11. The experimentally measured energy-dependent cr
section for a steady-state experiment~thin line! and for an experi-
ment wherev' is narrowed by pulsed excitation followed by de
layed fluorescence detection~points!. The thick line is the model
with V(R)}21/R4 convoluted with the theoretically determined
velocity resolution. The energy threshold for this reaction isE0

51583 cm21.
-

of

rly

is

below a threshold energyE0 and constant above this thres
old, integration of the product of the cross section and
collision velocity over the thermal velocity distributio
yields the thermal rate coefficient,

kthermal5s0S 8kTpm D 1/2S 11
E0

kTDe2E0 /kT, ~8!

where the expression (8kT/pm)1/2 is the mean thermal ve
locity. For this reaction, the cross section is calculated w
Eq. ~8! to bes0'6310217 cm2.

The close fit between the experimental results and
calculated apparent cross section convoluted with the th
retically determined energy resolution forV2(R)}21/R4

~Fig. 11! suggests that the energy dependence to this c
sion can be roughly described by a21/R4 molecular poten-
tial for the upper1S state in the region of the centrifuga
barrier. Using microscopic reversibility and the Langev
model, a potential of the formV2(R)}21/Rs has a binding
at Rmax of V2(`)2V2(Rmax)52E2 /(s22), or a binding of
E2 for s54. Thus, the data essentially test the shape
V2(R), where it is bound byE2 . In the present experimen
where the energy resolution is;100 cm21 ~discussed below!
and the range of collisional kinetic energies is 3200 cm21,
this is V2(`)2V2(Rmax)5100–3000 cm21. In Fig. 11, the
difference between the theoretical model and the data is
surprising, as the molecular potential curve of the exit ch
nel is not likely to be described exactly by a simple pow
law.

The experimentally determined apparent cross section
a large below-threshold tail, which is not explained by t
theoretical model, regardless of the velocity dependence
the cross section above threshold. The below-threshold c
section at;0.7E0 in Fig. 11 is about 10% of the above
threshold value, whereas the theory predicts that it should
less than 1%. This is evidence that the measured velo
resolution is degraded in a way that has not been include
the theory, which considers the velocity resolution to
solely determined by the transverse velocity distributio
Velocity-changing collisions of 53P atoms are a possible
explanation for the observed low-velocity tail in Fig. 1
Resonance broadening is the dominant velocity-chang
mechanism. From the 431029 cm3 s21 self-broadening rate
coefficient@23#, these excitation exchange collisions that r
distribute velocity are calculated to contribute about 1%
the EP signal, whereas 10% below-threshold tails are
served. Gibble and Gallagher@24# studied velocity changing
collisions between rare-gas atoms and ground-state rubid
atoms, and the rate coefficients they measured for the la
velocity changes that would explain the below-threshold
in these data are smaller than the above self-broadening
coefficient. Radiative redistribution could also be discuss
as a possible mechanism for destroying velocity select
When a 53P atom emits a photon, there is a chance tha
ground-state strontium atom, with a thermal velocity that
not controlled by the laser, is excited by the emitted phot
Using Beer’s law and typical strontium densities, it is calc
lated that fewer than 0.8% of the emitted photons are
sorbed over a 100-mm radius detection volume.

The width of the step in the cross section near threshol
Fig. 11 is used to assess the energy resolution. Energy r
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lution is defined here to be the FWHM of the change in
EP cross section fromE/E050 to E/E051. The above
theory, which includes the effects of the transverse velo
distribution upon the collision rate, predicts an energy re
lution of ;50 cm21, whereas the experimentally measur
energy resolution is;100 cm21. At the cell, the laser beam
are measured to be 150mm3300mm FWHM, with roughly
Gaussian spatial distributions in each dimension, whereas
theory assumed~for ease of calculation! a laser beam with a
100-mm radius step-function profile. Hence, the differen
between theory and experiment in the laser beam spatial
tribution might explain the discrepancy in the energy reso
tion. This discrepancy, which is reduced when a larger la
beam radius is used in the theory, is consistent with the
oms staying in the beam longer than the model assum
Pulsed excitation with delayed fluorescence detection
shown in Fig. 11 to improve the energy resolution by a fac
of four from the;400-cm21 energy width measured in th
steady-state experiment.

Further insight into the collision is revealed by the me
sured cross section for reaction~1! of 0.6 Å2, which is
;pRc

2/50 for the expectedRc;3 Å. If a pair of colliding
3P1 atoms couples to all the molecular curves from the3P
multiplet, then the cross section for reaction~1! is weighted
by the 2/81 statistical branching of a pair of3P atoms to the
1S1 potentials. Thus, if nothing extraordinary occurs in t
fine-structure recoupling region, the hopping probability
an avoided1S1 crossing is near maximum. As a result, t
hopping probability atRc is expected to be nearly indepe
dent ofvc or E.

VI. CONCLUSIONS

This study of the velocity dependence of EP in strontiu
has produced several interesting results. The collisional
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duction of the 51P level from a pair of 53P atoms, which
was previously thought not to occur due to the large ene
defect (;1 eV), has a large thermally averaged rate coe
cient (1.1310210 cm3 s21). The rate coefficient for EP from
a pair of 53P atoms to the 61S state is small (1.1
310212 cm3 s21), and the above-threshold cross section
this process is approximately 6310217 cm2. The velocity
dependence to the cross section of this EP reaction r
steeply at threshold and is nearly flat for collision energ
slightly above threshold to twice the threshold energy. T
result is shown to be consistent with an avoided cross
well below threshold and an upper 61S15 1S molecular
state potential that varies approximately asV(R)}21/R4 in
the region whereV(R) is bound by the excess collisiona
kinetic energy.

We have devised and demonstrated a pulsed excita
and delayed fluorescence detection technique that achiev
major improvement in collisional energy resolution in a ce
which is normally limited tokT in velocity-selective colli-
sion experiments. This technique is applicable to studies
the velocity dependence of collisions in vapor cells. We ha
calculated the time-dependent transverse velocity distr
tion, and this is used with a collision model to explain t
data. In a vapor cell with high densities of strontium (;3
31013 cm23), we measure the velocity dependence of an
reaction with a 0.6-Å2 cross section, with a velocity resolu
tion four times better than what would be measured if
transverse velocity were not controlled.
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