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The cross section for the transition 6 Pp 6 P& in mercury, induced in collisions with N2
molecules, has been determined by the method of delayed coincidences. The Hg3P& state was

0 0excited by pulses of 2537-A Hg resonance radiation and the decay of the long-lived 2537-A
afterglow was studied in relation to N2 pressure. The resulting cross section Ql2(Pp ~P~)
=4.18& 10 A was found to be in good agreement with the prediction of the principle of de-
tailed balancing when compared with the cross section Q2(( Pf Pp) It was also found that,
within the sensitivity of the method, collisions with N2 molecules do not quench P& or Pp Hg
atoms to the ground state.

I. INTRODUCTION

The quenching of the 6 P, state of mercury by
collisions with nitrogen and other molecules has
been studied extensively, but it is only recently
that agreement was reached between values of
quenching cross sections obtained in different
laboratories. ~' The available cross sections tend
to encompass the total collisional deexcitation of
the 6 P, state, which may proceed by way of two
channels: transition to the metastable state ('P~- Po) and to the ground state ( P&- So). Horiguchi
and Tsuchiya have recently reported separate
cross sections for these two processes but the
sum of the cross sections disagreed with the total
values determined elsewhere, ' in some cases
by a factor higher than two. Samson reported the
only attempt to obtain the cross section for the
process 'P, -'P, but, his experimental results had
to be subjected to large corrections for radiation
trapping. A comprehensive investigation of the
production of Pp Hg atoms by collisions between
the P~ atoms and N2 molecules, and the subsequent
depopulation of the metastable state by collisions
with Nz molecules, ground-state Hg atoms and
vessel walls, as well as by absorption of Hg radi-
ation, was carried out by Bigeon, who concluded
upon the relative magnitudes of the various effects
but obtained no corresponding cross sections.

In the present investigation, the 6 Pp 6 Pg
transition induced in collisions between 6 Pp mer-
cury atoms and N2 molecules was studied by the
method of delayed coincidences in the long-lived

afterglow from an Hg-Nz mixture irradiated with
0

pulses of 2537-A mercury resonance radiation.
The method has the advantage that complications
arising from pressure broadening and from absorp-
tion of other mercury radiation are effectively
absent. With N2 pressures appropriately chosen,
the migration to the walls of the Pp metastable
atoms could also be impeded. Finally, the Hg
vapor pressure employed (5&& 10 8 torr) was over
300 times lower than in previous experiments of
other investigators and was confined to a region
where the effects due to the imprisonment of
mercury resonance radiation and to collisional
deactivation of Pp atoms by ground-state atoms
were insignificant.

II. THEORETICAL

Figure 1 shows a scheme of the energy levels
in mercury that are involved in the various pro-
cesses of excitation and decay. The states 'Sp,

Pp, and P, are denoted as levels 0, 1, and 2,
respectively, and the transitions between them
are indicated by arrows. Solid arrows correspond
to collisional transitions and broken arrows to
spontaneous radiative transitions. It is assumed
that these are the only processes that cause the
depopulation of any tate. The transition rates are
denoted by the symbols I', singly subscribed for
radiative transitions and doubly for collisional
transitions. The transition rates I'z and 1 z are
the reciprocal lifetimes of the appropriate states
and, in the absence of radiation trapping, are
constant, but the collisional transition rates de-
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FIG. 1. Term diagram for Hg, showing levels and

processes involved in the radiative and collisional transi-
tions. The P~- Po energy separation ~=1767 cm

pend on the pressure of the buffer gas (nitrogen).
The rates of change of the populations n1 and n2

of the states P0 and P, may be represented as
follows:

n1 = —(I'1+ I 12+ I 10)111+F21'+2

n 2
= —(F2+ I'21+ F20)n2+ F» n1 (2)

where, for example, I'12 represents the frequency
of collisions'per Hg 6 P, atom, leading to the P0- P, transition. The differentiation of Eq. (1) and
substitution of n1 and n, into Eq. (2) 'result in a
single second-order diff erential equation containing
one variable:

Equation (3) has the form

n2+an 2+ bn2= 0

and has a general solution of the form

e-7 At +g e-~ Bt
2

where

r& 2=-,'a+ (-,'a —b)'

(4)

In particular, without making any assumptions as
to the magnitudes of the decay rates, we find

r, +r„+r„+(r„r„)r„=

r, + r„+r„-(r„r„)
B r2+ F21+ r20 r1 r12 r10

If the initial population of an excited state takes

n2+(I"1+ I'2+ I'12+ 1"21+I'10+ I'2 ) n2

+[(r,+r„+r„)(r,+r,, r„)-r„r„]@=0. (3)

place by the absorption of a pulse of 2537-A radi-
ation which raises 180 atoms to the 3P1 state, and

if one observes the emission of 2537-4 fluores-
cence from an Hg-N2 mixture after the termination
of the pulse, the fluorescence will decay in ac-
cordance with Eq. (5) and will exhibit two time-
dependent components.

Short-Lived Component 1A

Equation (7) may be simplified by eliminating
the fourth term on the right-hand side, as the re-
sult of the following considerations, which are
valid at the nitrogen densities and relative velo-
cities prevailing in this experiment: I"&« I'2„
since the lifetime of the 'P0 state is of the order
of 2s'; r&0, I"20«r21, as shown by Horiguchi and

Tsuchiya; I'12« I"2, as shown by Samson and

also because &F- = 8k '; I"2=» at reasonable N2

pressures. At 72 torr of N2, I'2= I'»+ F20. '

Equation (7) thus reduces to0

rA r2+ r21+ r20

I'A has been determined previously and was shown

to have a minimal value corresponding to the
"natural" lifetime of the P1 state (117ns) in pure
Hg vapor at low density and to increase linearly
with N2 pressure.

Long-Lived Component I B

Because F1« I'12 alld F10 I 12«F21 Eq. (8) may
be simplified to

FB F10+ F12 F12F21/(F2+ F21+ F20)

=r„+r„(r,+r„)/(r, +r„+r„) .
(lo)

I'2 has been determined previously as has the
sum r21+ r20, which may be obtained from the
total-quenching cross section @= 0. V2 A2 and from
the relation

I21+I"20=NV Q (12)

IH. EXPERIMENTAL

A schematic diagram of the apparatus is shown
in Fig. 2. Light emitted from a mercury electrode-

which defines the cross section in analogy with

the gas-kinetic cross section (N is the density of
the N2 molecules and v„ is the average relative
speed of the colliding partners). This information,
when substituted in Eq. (11), yields the following
expression for 1B:

I,= r«+ [72r»/(P+ 72)](1+1.17~10-'r») .
(13)

Equation (13) describes the curve obtained on

plotting the measured decay constant of the 2537-A
long-lived afterglow in relation to the pressure P
of N2 (in torr), the precise shape of the curve
depending on the magnitudes of r&0, I'20, and I'12.
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FIG. 2. Schematic diagram of the
apparatus used in the experiment. A,
lamp; 8, chopper; C, color filter; D,
fluorescence cell in oven; E, inter-
ference filters; PM~, 56 TUVP photo-
multiplier; PMt, auxiliary photomulti-
plier; F, amplifier; G, delay line; H, ~

Helmholtz coils; I, pulse shaper; TAC,
time-to-amplitude converter; PHA,
pulse-height analyzer; PUNCH, paper-
tape punch.

less discharge was chopped, passed through a fil-
ter to render it monochromatic, and brought to a
focus in the fluorescence cell containing a Hg-N2
mixture at a controlled temperature. The fluores-
cent light pulses emitted at right angles to the
direction of excitation were passed through two
Corion interference filters in tandem which had a
bandwidth of 150 A centered on 2537 A, and were
detected with a Philips 56 TUVP photomultiplier
cooled with liquid nitrogen. The delays between
the exciting and fluorescent light pulses were
measured by reflecting a small part of the excit-
ing light on to the photocathode of an auxiliary
photomultiplier whose output pulses were applied
to the "start" terminal of a time-to-amplitude
converter to whose "stop" terminal were directed
the pulses from the 56 TUVP photomultiplier. The
resulting decay spectrum was accumulated in a 200-
channel pulse-height analyzer and was finally
transferred to punched paper tape.

The mercury discharge lamp consisted of a
vertical quartz tube placed in a coil which formed
part of a tank circuit of a 150-MHz oscillator. The
lower end of the tube contained a drop of mercury
and was maintained at a constant temperature of
48 C by water circulating from a thermostatic
bath. In this way it was possible to obtain the
maximal intensity of the exciting light and to en-
sure excellent stability over many hours of opera-
tion. The light from the lamp passed through a
slit 15 mm long and 1 mm wide and was brought
to a focus at a similar slit immediately preceding
a P.A. R. model 222 variable speed chopper equip-
ped with a special wheel containirg four 2-cm-
wide tapered slits. The light pulses produced at
V5 repetitions per second were rectangular, with
rise and fall times of about 25- p,sec, 500- p.sec
length, and had a repetition rate of 300/sec. The
Corning CSV-54 filter was included in the light beam
to prevent the mercury 6'Pp metastable atoms
from being excited to higher states and to ensure the
production of the highest possible density of
metastable atoms at the end of each exciting light

pulse.
The exciting light was brought to a focus in the

rectangular corner between the entrance and ob-
servation windows of the fluorescence cell so that
the paths of the incident and fluorescent light were
restricted to about 2 mm, thus reducing the possi-
bility of radiation trapping. The earth's magnetic
field at the cell was canceled by means of a set of
Helmholtz coils in order to eliminate modulation
of the decay, which would otherwise take place
during the experiments with pure Hg vapor. The
cell was fitted with a side arm which contained
a drop of liquid mercury and which was maintained
at a temperature of —32 'C. In this way a con-
stant mercury vapor pressure of 5& 10 torr was
maintained in the cell which was kept at 23'C
(corresponding to v„= 505 m/sec) throughout the
experiments. The ceil and the vacuum and gas-
filling system to which it was connected were
carefully baked out under vacuum for prolonged
periods of time. The pressure of nitrogen (Math-
eson, research grade) that could be admitted in
controlled quantities was measured with a trapped
C.V. C. type GM-100A McLeod gauge or with a
trapped manometer.

Considerable attention was devoted to ensuring
that the delay-time measurements were accurate
and reliable. The voltage pulses from the refer-
ence photomultiplier were amplified and delayed
until the end of each exciting pulse, and were
appropriately shaped before reaching the Ortec
45VS time-to-amplitude converter, which had a
linearity better than i%%uII. The multichannel analy-
zer was calibrated with an Ad- Yu model 802K

delay line with an accuracy better than 2%%uo. Be-
cause of some attenuation and decrease in rise
time of pulses in a passive delay line as longer
delays of up to 2 msec are reached, it was neces-
sary to amplify and shape pulses that had passed
through the delay line in order to achieve the

specified accuracy of the time-to-amplitude con-
verter. The linearity of the TAC-multichannel
analyzer system, as well as the accuracy of the
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Pulse-height spectra resulting from the decay
of the 2537-A long-lived af terglow were obtained
at various nitrogen pressures and the decay con-
stants I"~ extracted from these data were plotted
against Na pressure as shown in Fig. 3. Each
decay spectrum required about 1 h to accumulate
and each point in Fig. 3 represents the average of
two such spectra. The largest divergence between
any bvo values of 1 ~ obtained at the same pres-
sure did not exceed 4. 2%, but the average diver-
gence between such pairs of I"~ obtained at pres-
sures above 30 torr (which were used exclusively
in the final calculation) amounted to 1. 2/p.

At pressures above 30 torr, there are only small
effects arising from the diffusion of the I'0 meta-
stable atoms to the walls of the cell. The experi-
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FIG. 3. Variation of the decay constant I"& with N2

pressure. Low-pressure values have been corrected for
diffusion to the walls.

time delay, was verified by the fact that a plot of
channel number against delay time was linear
over the entire range of 200 channels to within one
channel and remained so for several days at a
time.

The experimental data accumulated in the multi-
channel analyzer were obtained on punched-paper
tape and were subjected to analysis for the ex-
potential decay on an IBM 360-50 computer,
using a modified FRANTIc program. ' One of the
modifications consisted of a small correction for
discrimination against the detection of longer-
lived excited atoms. This correction amounted
to only a few percent, with counting rates of about
30/sec, equivalent to about one photon detected
for every ten exciting pulses.

IV. RESULTS AND DISCUSSION
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FIG. 4. Variation of I"z with N2 pressure in the low-
pressure region. The points 0 and H represent different
experimental runs and have not been corrected for diffu-
sion to the walls. The dashed-dotted line represents a
plot of Eq. (13) the dashed line represents I" =k/P. and

the solid line represents the result of adding the two other
curves.

mental data in this range could only be fitted to
Eq. (13) by assuming Qgp=gpp=0, and yielded the
preliminary value Q&&=4. 2&&10 A .

It was thought worthwhile to consider in some
detail the influence of the diffusion of the Po meta-
stable atoms on the experimental results at low

pressures. Figure 4 shows the values of I'~ ob-
tained at low pressures, some of which were lost
in Fig. 3, as well as some additional results ob-
tained in another experiment. The figure also
includes a plot of Eq. (13) with Q,p=Qpp=0 and

Q,p=4. 2&&10 A, and a plot of the function 1'=k/P
representing the effects of the diffusion at a pres-
sure I' of N& on the decay constant. The constant
k was chosen to give the best fit of the result of
the addition of these two functions to the experi-
mental data. In plotting the diffusion curve, we
assumed the value 49 A for the diffusion cross
section, as well as a parallel-plate geometry,
even though the latter is only a very rough approxi-
mation to the conditions in the fluorescence cell.
The fitting procedure yielded a diffusion length of
about 7 mm, which is reasonable if it is considered
that, even though the exciting light beam is focused
2 mm from the observation window, I'o atoms
may move up to 2 cm away from the window (be-
fore striking the cell wall) and still remain in the
field of view. It was concluded on the basis of
these considerations that at pressures above 30
torr, corrections to the experimental data. for
diffusion effects should not exceed 5%.
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The effects on the experimental results of possi-
ble long-lived fluorescence of the quartz of mhich
the cell was constructed, were also investigated.
Such effects mould exert the largest influence at
low nitrogen pressures, mhere the true fluorescent
signal is weakest. Even though two 2537-A inter-
ference filters mere inserted in the fluorescent
light path to eliminate the well-known fluorescent
band of quartz that fallS in the vicinity of 4200 A,
at the lowest nitrogen pressures it was still possi-
ble to discern an effect of quartz fluorescence with
a decay time of 10V /sec. This made necessary
further corrections to the measured values of I'~,
typically amounting to 1% at 31 torr and becoming
insignificant at higher pressures. Additional
small corrections mere made for continuous stray
light and noise in the photomultiplier but the sig-
nal-to-noise ratio was usually 100:1 or better.

With the inclusion of these various corrections,
the experimental data, obtained at nitrogen pres-
sures above 30 torr, yielded the final value Q,p

=4. 18&&10 A2. The uncertainty in this result is
determined not only by the statistics of a single
experiment, but also by the reproducibility of the
curves shown in Figs. 3 and 4 with different sam-
ples of Nz, since quenching to the ground state by
impurities would drastically influence the shapes
of the curves. The Matheson research grade
nitrogen that was used in the experiments is speci-
fied to include less than one ppm of all potential
quenching contaminants whose effect would be to
increase the effective value of I'gp in Eq. (13).
For example, the presence of a fem parts in 10
of Hp, which has a quenching cross section Qgp
= 6. 6 A~, would be detectable in the analysis of the
results as a linear increase of I'~ with pressure.
In order to reduce similar quenching effects of
any impurities remaining on the mails of the cell,
all experimental runs were begun at high N2 pres-
sure which was then gradually reduced in the
course of the run. In addition to the data shown
in Figs. 3 and 4, we carried out 20 additional
determinations at various Nz pressures to test for
possible accumulation of impurities in the cell
with time, of which there was no evidence. The
consideration of all these possible sources of
error, as meQ as of error inherent in the pressure
and time calibration, leads to a total limit of er-
ror of +3% in the cross section Q~p.

Upper limits may also be placed on the quench-
ing cross sections Q~p and Qpp. Assuming that a

TABLE I. Cross sections for collisions of P&

atoms with N2 molecules.
0

collision cross sections (A2)

Source @&2( I'P Pi) $21( Pi +0) QIP ( +0 +P)

18x 10- 0.72 ~ 2x 10-'
investigation

and 3PO Hg

q2p(3P, = 'Sp)

&4 x 10"

Ref. 4 Sx 10 4h 0.97 ~ 6.3x 10"'

~9.4 x10 2~ 2. 5x 10 'Re&. 3 4 0 1.1

~galue taken from Ref. 1.
"Represents Samson's (Ref. 4) quoted value 0.21 A2

multiplied by the factor (1+~/kT)e

linear contribution to F~ of 3x10 sec at '700

torr might be detectable in the analysis of the
data leads to the maximal values Q,p~ 2X 10 ' A

and Qpp&4x 10 A, which are considerably lower
than values proposed by other authors that are
summarized in Table I. It thus appears that the

previously obtained cross section for the total
quenching of Hg 6 P~ atoms (0. V2 A ) corresponds
to Qp~. This conclusion agrees with the results
obtained by Callear and Hedges, ~~ mho found that
nitrogen quenches Hg 6 P& atoms to the P0 state
to the extent of at least 90%%uq. The ratio of the
measured cross sections Q~p/Qp~= 5. 6&&10 agrees
satisfactorily with the value 5. 8&& 10 predicted
from the principle of detailed balancing. These
results and especially the cross section Q+ are
in remarkably good agreement with the values
obtained by Samson many years ago. Samson's
value Q~p=0. 21 A must, however, be multiplied

by the factor (I +&E/kT)e " to permit a direct
comparison [see Eq. (2I) of Ref. 4].

It is likely that the P~ 3P0 excitation-transfer
processes take place according to the mechanism

Hg(PPi)+ Np(v = 0) —Hg(PPp) + Np(v = 1),

since the P,- P0 energy separation equals 1767
cm ~ and the energy of the vibrational transition
in nitrogen is 2330 cm ~. A mechanism involving

Nz in its ground vibrational state on both sides
of Eq. (14) seems considerably less likely.

The interaction between Hg Pz atoms and Nz

molecules exhibits the very specific property of

quenching exclusively to the 'P0 metastable state
(within the limits of the sensitivity of the experi-
ment). In contrast, CO quenches both the PP, and
'P0 states to the ground state'2 and an attempt to
observe long-lived-Hg 2537-A afterglow in its
presence mas not successful.
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Electron-impact excitation cross sections for Ox (3P-3s 3S ) are calculated in unitarized
Born, nonexchange, and close-coupling approximations. The close-coupling cross sections
have the same energy dependence as measurements by Stone and Zipf but are lower in magni-
tude by a factor of 4. Two autodetaching levels of 0 [2pe( ~ )3s3p '4P j are found at 9.67 and
9.94 eV. The doublet state is tentatively identified as a state found experimentally by Ed-
wards at 9.52 eV.

The electron-impact excitation cross section for
Oi(.P 3s 3SO) is-of interest in the atmospheric
physics of Earth and Mars. Fast photoelectrons,
produced in the upper atmosphere of the Earth by
the absorption of solar ultraviolet radiation by the
neutral constituents, lose energy in collision pro-
cesses. The excitation of the neutral particles
produces a substantial component of the dayglow
luminosity of the upper atmosphere and the res-
onance triplet of atomic oxygen

O(2p'3s 'S')- O(2P"P)+ ~
is one of the prominent features.

Recently, an experimental determination of this
excitation cross section has been made by Stone
and Zipf. 3 The only previous theoretical calcula-
tion for this process is based on an impact-
parameter method. Stauffer and McDowell's re-
sults probably give only an order-of-magnitude
estimate in the low-energy region. They predict
a broad maximum at 50 eV, which contrasts with
Stone and Zipf's measurements of a broad maxi-
mum at 20 eV. At high energies, this impact-
parameter method gives cross sections of about a
factor of 3 higher than experiment. Since these
measurements include cascade effects as well as
the direct excitation process, they represent an
upper limit to the cross section.

We calculate the excitation cross section in the
unitarized Born, the nonexchange, and two-state
close-coupling approximations. The general

theory of the close-coupling approximation for
complex atoms has been given by Smith and

Morgan. '
We expand the total wave function for the system

in a two-state close-coupling expansion in terms of
the ground 1s 2s22p PP) state and the excited
1s 2s 2p ( S)3s('S ) state of the oxygen atom. A

partial-wave expansion is made for the wave func-
tion for the incident electron. The resulting
close-coupling equations for the radial motion of
the incident electron are solved numerically by

using the procedures outlined by Smith, Henry,
and Burke.

Since we are considering an optically allowed
excitation process, many partial waves contribute
to the total inelastic cross section. For large
values of the orbital angular momentum of the
electron, we calculate the partial cross section in

the unitarized Born approximation. This is a
valid procedure since, in the important interaction
region, the centrifugal barrier term dominates
the direct- and exchange-interaction potentials, and

solutions of the radial equations are just spherical
Bessel functions.

In the collision problem, the wave functions of
the target system are assumed to be known.

.Kellya has presented self-consistent-field (SCF)
functions in analytical form for oxygen in the con-
figuration 1s~2s~2g3( S )ss 3SO. Kelly's 3s orbital
will be referred to by BsK. An alternative rep-
resentation of the Ss orbital has been generated


