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Reverse energy-pooling collisions: K„5D…1Na„3S…˜K „4P…1Na„3P…

S. Guldberg-Kjær, G. De Filippo, S. Milosˇević,* S. Magnier,† and J.O.P. Pedersen
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~Received 23 August 1996; revised manuscript received 2 December 1996!

The observation of a heteronuclear reverse energy pooling process is reported. The cross section for the
collision processes K(5D)1Na(3S)→K(4P)1Na(3P) has been measured and compared to calculations
carried out using a multicrossing Landau-Zener model.@S1050-2947~97!50204-6#

PACS number~s!: 34.50.Rk, 34.10.1x, 34.90.1q
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Energy pooling~EP! is a process where two excited atom
collide and produce one highly excited atom and one grou
state atom@1#. Typically optical excitation is used to prepa
the colliding partners in the excited state, and the hig
excited atoms, populated by the EP collisions, are dete
through their fluorescence. The process has been extens
studied in alkali-metal vapors for both homonuclear@2# and
heteronuclear collisions@3–5#, whereas studies of the revers
process are almost nonexisting. In reverse energy poo
~REP! an atom prepared in a highly excited state collid
with an atom in the ground state, and the result of the co
sion is two excited atoms. The process was observed
Yabuzakiet al. @6# in Cs vapor, preparing the initial state a
a result of a stepwise laser excitation via t
Cs2 dimer. For experiments dealing only with atomic leve
the identification of the REP by fluorescence detection i
homonuclear system is complicated by radiative decay of
optically excited atom in the entrance channel. A hete
nuclear system, on the contrary, offers the advantage tha
can measure the fluorescence of the atomic species no
rectly prepared by the laser excitation.

In this Rapid Communication we present a combined
perimental and theoretical study of REP collisions

K~5DJ!1Na~3SJ! ——→
k3PJ

K~4PJ!1Na~3PJ!, ~1!

wherek3PJ indicates the REP rate coefficients.
This is a study of reverse EP processes in a heteronuc

system and of REP with the atomic initial state directly p
pared. The~forward! EP process, K(4P)1Na(3P), has al-
ready been observed@3# and the cross sections have be
measured@4# for the exothermic K(4S)1Na(3D) and the
endothermic K(5D)1Na(3S) and K(7S)1Na(3S) exit
channels.@Note that the values in@4# must be corrected by a
factor of 2, because they were measured relative to a ho
nuclear pooling process, which must be corrected@7# to
avoid double counting of atom pairs.# The REP cross sectio
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cannot be easily calculated from the direct EP cross sec
using the principle of detailed energy balance, because o
large number of open exit channels. For example, in addi
to the four investigated K(4PJ)1Na(3PJ) exit channels
@exothermic by~169–244! cm21], other exit channels, such
as K~4SJ)1 Na~4PJ) ~endothermic by 81 cm21) and K
(7S)1Na(3S) ~endothermic by 89 cm21), are possible.

In the present experiment we use two broadband cw
lasers to excite the K(5D) level in two steps, as sketched i
Fig. 1, in a mixture of Na and K~alloy of 95% Na and 5% K!
contained in a capillary cell of 1.8 mm diameter sealed un
vacuum. This composition gives approximately the sa
ground-state Na- and K-atom densities in the vapor mixt
at 470 K. The use of a capillary cell minimizes radiatio
trapping, and assures a good overlap of the two laser be
and a uniform filling of the cell body@8#. For the two-step
excitation of the K~5D! level, the first laser is tuned to th
769.9-nm K(4S1/2→4P1/2) transition and the second to th
583.2-nm K(4P3/2→5D5/2) transition because this is th
combination that gives the best signal-to-noise ratio in
experiment. The fluorescence is directed into a 0.67
monochromator equipped with a R943-02 Hamamatsu p

b,

00

FIG. 1. Sketch of the excitation and observation scheme. The energ
the exit channel is shown by the dotted line.
R2515 © 1997 The American Physical Society
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tomultiplier. The volume from which fluorescence is o
served is restricted by rectangular slits of size 0.831.5 mm
2 ~Fig. 2!. The two laser beams are merged at a small an
and chopped at two different and incommensurable frequ
cies, f 1 and f 2, and the fluorescence signals are recorded
the sum frequency (f 11 f 2) using a lock-in amplifier. Thus
in principle, only the contributions to the spectrum due to~
5D)1M collisions~cf. Ref.@5#! are recorded, whereM is an
atomic species present in the cell. Perpendicular to the di
tion of the laser beam, the fluorescence volume is crosse
the light from a hollow-cathode Na-K lamp. The absorpti
of the 589.0- and the 769.9-nm Na and K atomic lines
used to determine the ground-state densities. To calculat
absorption cross sections for the Doppler-broadened tra
tions, we have used the natural radiative ra
G3P3/2→3S1/2

56.103107 s21 @9# and G4P1/2→4S1/2
53.82

3107 s21 @10# for Na and K, respectively. The density me
surements have confirmed that the densities of the
atomic species in the vapor phase were approximately
same and in the range (0.8–2.0)31012 cm23 for our tem-
peratures. The relative sensitivity of the detection syst
was measured by passing the light from a calibrated halo
lamp through the cell. The detection system is sensitive fr
;400 to ;850 nm, but outside this range the sensitiv
decreases rapidly.

The temperature of the cell was varied between 446
471 K, and for each temperature the intensities of the line
581.2 nm@K(5D3/2→4P1/2)#, 580.2 nm@K(7S1/2→4P3/2)#,
589.0 nm @Na(3P3/2→3S1/2)#, and 589.6 nm
@Na(3P1/2→3S1/2)# were measured by scanning the mon
chromator over the region 579.5–581.5 nm and 588.0–59
nm. The measured line shapes were fitted by Gaussian cu
of fixed halfwidth. This allowed us to subtract a linear bac
ground that was found to be approximately 10% of the ma
mum measured intensities. The background may be du
the limited dynamic reserve of the lock-in amplifier and
signals at the sum frequency. These may be due to l
broadband emission~amplified stimulated emission! and to
scattering from the capillary cell.

Simplified steady-state rate equations for the popula
of Na(3PJ) levels are given as

2G3PJ23S@Na#3PJ1k3PJ@K#5D@Na#3S50. ~2!

We have assumed that the main depopulation mechanis
the Na~3PJ) state is radiation towards the ground state, a

FIG. 2. Schematic of the experimental setup.
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we have neglected other mechanisms populating Na~3PJ).
Fine-structure mixing of the Na~3P1/2,3/2) levels due to col-
lisions with Na and K can be safely neglected, even at
maximum ground-state atom densities of 1012 cm23, ac-
cording to measured cross sections@11,12#. In particular, we
have neglected cascade from higher-lying levels of Na@par-
ticularly Na(4P)#, which may also be populated by th
K(5D)1Na collisions or as a product of ionization and r
combination. Unfortunately, we were not able to observe
transitions Na~4P→ 3S! at 330 nm or Na~4P→4S) at 1.14
mm because of the very low spectral response of our opt
system at these wavelengths. The system is, however, s
tive at 818.3 nm~with a relative response of 0.1 compared
589 nm!, and we have not observed the cascade emis
Na~3D→3P). From the background level in our spectra a
the spectral response, we estimate that we would be ab
observe the Na~3D→3P) transition if the intensity were
larger than 10% of the Na~3P→3S) transition. Thus we
conclude that the cascade from Na~nl! states withn, l > 3
contributes less than 10% to our signal. We further note t
due to the large (120310216 cm2) cross section for
Na(4P)1Na(3S)→Na(3D)1Na(3S) process @13# the
missing Na~3D→3P! transition leads to the conclusion th
the Na(4P) level is not significantly populated in the prese
experiment. This conclusion is also supported by our th
retical prediction of the cross section for the proce
K(5D)1Na(3S)→K(4S)1Na(4P). As shown below, this
amounts to 37310216 cm2 at 470 K, or less than 20% of th
title reaction. Depending on the consideredJ level, the con-
tribution to the Na~3P! population is 20–40 % of the role fo
this process, and we thus estimate the total contribution
our signal to be less than 10%. A possible increase of
Na~3P! population due to the production of K~7S! in the
K~5D)1M collisions, which, followed by a REP proces
similar to ~1!, leads to Na(3P)1K(4P), is found to contrib-
ute less than 8% from analysis of the measured fluoresce
intensity@(I 7S24P)/(I 5D24P)# ratio. Another contribution to
the Na(3P) signal may be due to recombination of produc
ions ~NaK1, Na2

1 ,Na1) followed by cascade. However
the energy of the most favorable ionization channel, i
NaK11 e2, is endothermic by 23061 cm21 @14# and thus
expected to be small compared with the exothermic R
process~1!. If a significant number of NaK1 were produced,
we would also expect highly excited states of Na to be po

FIG. 3. The rate coefficientsk3P3/2 for the Na~3P3/2) ~filled circles! and
k3P1/2 for the Na~3P1/2) ~open circles! exit channels.
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TABLE I. Cross sections for energy-pooling and reverse energy-pooling collisions in NaK.

Process s (10216 cm2) T ~K! Reference

K(4P)1Na(3P)→K(4S)1Na(3D) 28614 513 @4#
K(4P)1Na(3P)→K(5D)1Na(3S) 38619 513 @4#
K(4P)1Na(3P)→K(7S)1Na(3S) 1869 513 @4#
K(5D)1Na(3S)→K(4PJ)1Na(3P1/2) 95645 465 This work, experiment
K(5D)1Na(3S)→K(4PJ)1Na(3P3/2) 125655 465 This work, experiment
K(5D)1Na(3S)→K(4P)1Na(3P) 2206100 465 This work, experiment
K(5D)1Na(3S)→K(4P)1Na(3P) 400 465 This work, calculation
K(5D)1Na(3S)→K(4S)1Na(4P) 37 465 This work, calculation
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lated from dissociative recombination of NaK1. Unfortu-
nately, our sealed cells cannot be easily modified to de
ions, and therefore a direct check of the presence of Na1

has not been possible in the present experiment. Howe
the missing Na~3D→3P! emission indicates that the popu
lation of higher excited levels in Na can be neglected wh
compared with process~1!. Moreover, typical associative
ionization cross sections in alkali metals are of the or
10217 cm2 @15#, indicating a process less effective than t
reverse energy pooling we have observed. Since the ce
fully illuminated by the laser, we expect the spatial distrib
tion of K~5D! to be isotropic. However, since the size of t
radiative lifetime, the average time between collisions, a
the diffusion time for the K~5D! atoms are all of the sam
magnitude, diffusion of the K~5D! has to be considered. Th
intensity of the K~5D→4P! line decreases because of t
losses from collisions with the cell walls. However, the sa
losses also reduce the production of Na(3P) by the same
fraction. Adding the various possible contributions to the
(3P) signal discussed above, we find them to be less t
25%.

In terms of the measured fluorescence intensitiesI , we
obtain

k3PJ5aS I 3PJ23S

I 5D3/224P1/2
D n5D3/224P1/2

G5D3/224P1/2

n3PJ23S

1

@Na#3S
, ~3!

where the intensity ratio is corrected for the spectral respo
of our apparatus, andG5D3/224P1/2

is the effective radiation
rate that we have calculated in the presence of radiation t
ping starting from the natural value@16#. The factora arises
from the fact that measured radiation at 581.2 nm does
account for the total K~5DJ) level population. Under the
assumption of thermal redistribution between K~5D3/2) and
K~5D5/2) levels we obtaina'2/5. Following the discussion
above we do not correct the ratio for diffusion effects. W
see that we have to measure the relevant intensity ratio
well as the sodium ground-state atom density.

The experimental results are shown in Fig. 3 and give
averaged value of k3P3/251.131029 cm3 s21 and

k3P1/250.831029 cm3 s21 at T5460 K. The uncertainties
on the fluorescence ratios~;25%! were determined by per
forming several independent measurements. The uncerta
in density measurements is;15% mainly due to the uncer
tainty of the temperature measurement. From a compar
of the available literature’s data onG5D3/2→4P1/2

we have
found that this rate has an uncertainty of;20%. In addition,
various other systematic effects and uncertainties should
considered, and as mentioned above, the rates could inc
ct
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a 25% contribution from other processes. Adding in quad
ture, we obtain an overall uncertainty of;45%.

We note that each of the rate coefficientsk3P3/2 and

k3P1/2 is a sum of the two exit channels related to K~4P 3/2)

and K~4P1/2), which are not separated in the experiment. W
also note that both rate coefficients are decreasing with
creasing temperature, withk3P3/2 showing the fastest change
At the lowest temperature we find that the ratio betwe
k3P3/2 andk3P1/2 is approximately 2, but at the highest tem
perature both rate coefficients give the same value of
proximately 0.731029 cm3 s21.

Several effects can cause the decrease of the rate co
cients with increasing temperature, such as the radiation t
ping, aJ dependence on the entrance and exit channels,
strong 3PJ depopulation by some other collisional proces
We can exclude here the radiation trapping by the follow
consideration. First we note that the rate coefficient does
depend on theG3PJ23S1/2

, which could be affected by radia
tion trapping. As seen from Eq.~3! both components depen
only onG5D3/2→4P1/2

. The effect of the radiation trapping fo
this transition has been calculated by assuming the maxim
possible K~4P! density, namely under the conditions of
saturated transition in the first step of the excitation sche
@K~4P)' 2

3K(4S)], and using the theory of Molisch for an
infinite cylinder@17#. We have found that radiation trappin
is negligible under present experimental conditions for
K~5D3/2→4P1/2) transition. The relative change o
K~5D3/2) and K~5D5/2) populations versus temperature
unlikely since the energy difference between these two lev
is only 0.51 cm21. In Table I we show relevant velocity

FIG. 4. The calculated cross sections for different symmetries in
temperature range 350–600 K. The total cross section is shown by the
line.
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averaged cross sectionss given by the relations5k/v,
wherev5A8kBT/pM is the interatomic velocity.

The theoretical cross section for the process~1! has been
determined in the framework of a semiclassical multicro
ing Landau-Zener~LZ! model developed for Na2 @18#. In the
present work, we have considered all adiabatic poten
curves correlated from K(4F)1Na~3S) up to K(4S)1
Na(4P) computed by a pseudopotential method@19# over a
wide range of internuclear distances. We have extracted
relevant LZ parameters for the numerous avoided crossi
and at each pseudocrossing we have estimated the popu
transfer from one potential curve to another. Total cross s
tions have been determined by integrating numerically
final population of each possible exit channel over differ
impact parameters. Figure 4 shows results of the calculat
for process~1! in the temperature interval 300-600 K fo
different symmetries. The major contribution comes from
avoided crossings of the3P symmetry states.

In the experiment the atom densities were sufficiently l
for the fine-structure mixing collisions Na3P3/2↔3P1/2

and

K 4P3/2↔4P1/2
to be neglected, as shown in the work of Davi

sonet al. @20#. Therefore, the experimental cross sections
sensitive to the differentJ sublevels, whereas the theoretic
treatment does not include the fine-structure interaction
the calculation of the potential-energy curves. For this rea
we can only compare the theoretical results with the to
experimental cross section for the reverse energy poo
obtained as we described above by summing the cross
tions for the two exit channels.

We conclude that a reasonable agreement between th
and experiment exists within the combined uncertainties
the experiment and the semiclassical model. In the temp
ture interval 446–481 K, a total cross section
(2206100)310216 cm2 is obtained and can be compare
with the theoretical cross section of approximate
400310216 cm2. The large cross section is not surprisin
compared to the earlier REP work on Cs@6#, giving the value
150310216 cm2, and our measured REP cross section a
fits well into the set of measured cross-section values for
-
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~exothermic! processes~see Fig. 3 of Ref.@5#!. We also note
that, even though the model predicts some temperature
pendence, the strong temperature dependence of the ex
mental cross sections is not reproduced by the model. H
ever, the fact that the main contribution to the calcula
cross section comes from the avoided crossings of the3P
symmetry curve shows that the observed cross sections c
be sensitive to theJ selection of the entrance and exit cha
nels. Taking the fine-structure splitting into account in t
model will lead to more avoided crossings of the poten
curves and possibly a better agreement with the experim
If only one crossing were active, the strong temperature
pendence would indicate a strong repulsion of the poten
curves at the crossing point~cf. the discussion in@21#!, or the
decrease of the cross section with increasing tempera
could indicate the opening of a competing endothermic e
channel. However, several crossings are probably invol
and render a simple analysis impossible. We also stress
from the results of a similar comparison between the
model and experiment on energy pooling in the Na-Na s
tem@21# we might only expect to reproduce the cross sect
within a factor of 2. Thus the experiment also indicates t
the semiclassical approach is not sufficient and that very
teresting dynamics are probably occurring in the experime

In conclusion, we have observed heteronuclear reve
energy pooling and have demonstrated that studies of
energy-pooling processes in both the forward and the rev
path raise interesting new questions for experiment
theory, such as the inclusion fine-structure splitting in t
calculation for the cross sections, and an understandin
the J selectivity.
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