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have radial asymmetry for e6ects such as these to be
observed. Beenakker' ' and Gorelik' have shown that
a variety of polyatomic gases exhibit the Senftleben
effect. More recently, Korving et al. 7 have reported a
transverse component in both the viscous Qow and the
heat Aow of gases in a magnetic field. . It has been
shown by a number of theorists' "that rotational-Qow

5 J. Korving, H. Holsman, H. F, P. Knaap, and J. J, M. Been-
akker, Phys. Letters 17, 33 (1965).'L. I. Gorelik, Yu. N. Redkoborody, and V. V. Sinitsyn,
Zh. Eksperim. i Teor. Fiz. 48, 761 (1965) I English transl. : Soviet
Phys. —JETP 21, 503L (1965).

7 J. Korving, H. Hulsman, H. F. P. Knaap, and ]. J. M.
Beenakker, Phys. Letters 21, 5 (1965).

J. S. Dahler, in Proceedings of the International Seminar on
the Transport Properties of Gases, Brown University, 1964
p, 85 (unpublished).' L. Kaldman, in Proceedings of the International Seminar on

terms would result with external fields if the participat-
ing particles have internal degrees of freedom. However,
detailed calculations have not yet been made to in-
dicate whether or not the correct magnitude for this
torque could be predicted.
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The emission in the afterglow of a pulsed discharge in krypton has been investigated. Measurements of
the decay times of the resonance radiation at ) 1236 A and a diffuse molecular radiation at X1250 A and
longer wavelengths have been made as functions of pressure at 295 and 196 K. The measurements have
been interpreted on the assumption of a simple two-time-constant model, leading to values of the collision
frequencies for collision-induced transitions between the metastable level (1ss) and the resonance level
(1s4) of 13X10 ' cm'/sec and 22&(10 "cm'/sec at 295 and 196'K, respectively, for de-exciting collisions
(1s4—1s&), and 7.6X1.0 " cm'/sec and 1.3X10 "cm'/sec, respectively, for exciting collisions (1s5—1s4).
The coefFicients for the conversion of metastable atoms to molecules in two- and three-body collisions with
normal atoms has also been determined. The two-body collision frequency for molecule formation was
found to be 15X10 "cm /sec and 26)&10 "cm'/sec at 295 and 196'K, respectively, and the three-body
collision frequency was found to be 4&10 "cm%ec and 6.9X10 "cm%ec at 295 and 196'K. The results
are compared with existing measurements in other rare gases. The two-body part of the molecule formation
is discussed in terms of an interatomic potential which has a hump similar to that proposed in the case
of helium.

XPERIMENTS on metastable lifetimes, ' referred
~ to as I, and. the decay of resonance radiation' in

krypton, referred to as II, have been reported earlier.
The present paper describes an extension of the work
to higher krypton pressures and, also to lower
temperatures.

The interpretation of the results of II was based on a
three-level model having a ground. state, metastable
state (M) and resonance state (R). The decay of the
excited atom populations was attributed to the effects
of (a) diffusion of excited atoms, (b) escape of resonance
radiation, and (c) collision-induced transitions between
E and 3II,

In the present work, measurements of the decay of
radiation emitted during the krypton afterglow have

' D. S. Smith and R. Turner, Can. j.Phys. 41, 1949 (1963).' R. Turner, Phys. Rev. 140, A426 (1965).

been made using a vacuum monochromater to isolate
certain regions of the spectrum. It has been established
that at higher pressures a considerable fraction of the
afterglow energy is dissipated as molecular radiation.
From the lifetime of radiation in isolated regions of the
spectrum it is now possible to give a more complete
picture of the decay of energy of the afterglow in terms
of resonance and metastable atomic levels E and M
and a molecular level. Coef6cients for the collision-
induced transitions have been determined, . The conclu-
sions reached in II regarding the diffusion of resonance
radiation are still relevent and the differential equations
for the decay of excited. states are unchanged if the coef-
ficient n~ in II is interpreted to include an extra term
to allow for the conversion of metastable atoms into
excited molecules.
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I. APPARATUS

The basic apparatus used in the present work is the
same as that described in II, with the exception that
additional measurements were made using a 4 metre
vacuum monochromator. The krypton afterglows were
excited in a spherical discharge tube of radius 9.5 cm
the radiation in the region of 1200 A being taken out
through a lithium fluoride window which was mounted,
on a 12-mm bore tube extending rad, ially from the side
of the sphere a distance of 10.5 cm. The discharge tube
was pulsed at frequencies from 1000 to 100 cps, the
excitation pulse lasting for approximately 60 @sec. In
order to avoid, the effects of collisional de-excitation of
excited krypton atoms by slow electrons, the electron
density in the afterglow was kept at a minimum by using
very low excitation currents (less than' 1 mA). Checks
were frequently made at diferent discharge-tube cur-
rents to ascertain whether collisions with electrons were

influencing the results. To achieve stability and re-
producibility the discharge-tube load, resistor was made
large, 15—30 3fO, and the power supply was capable of
provid, ing a stabilized, current at voltages of up to 60 kV.

The detector used with the monochromator was a
salicylated, IP21 photomultiplier, gated at the dynodes
with pulses variable from ~'~ to 5 @sec in length to
achieve time resolution.

Measurements were also made at solid, CO2 tempera-
ture (nominally —78.5'C) by surrounding the discharge
tube with crushed solid CO2 contained in a thermally
insulated box. Temperature stability was checked by
monitoring the krypton pressure which was found. to
be constant to better than 1%%uo during an experiment.

Fro. 1. Emission spectra of krypton afterglows at pressures of
2, 8, 12, and 18 Torr. Photomultiplier current i versus wavelength
X. Wavelength markers at 5 L intervals.

II. MEASUREMEHTS

A. Spectra

In I ig. 1 are shown recordings of the photomultiplier
output as the monochromator was scanned over the

FrG. 2. Time-resolved spectrum
of krypton afterglow. Photomulti-
plier current i versus wavelength X.
Pressure 9.24 Torr, ~@sec gate
pulse 4 @sec after termination of
excitation pulse. Monochromator
slits are too wide to resolve the self-
reversal effects in the resonance
line.

' J. R. Dixon and F. A. Grant, Phys. Rev. 107, 118 (1957).
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region of the resonance line X1236.The signals for kryp-
ton pressures between 2 and, 1$ Torr are shown. The
discharge tube was pulsed with 1-mA pulses approxi-
mately 60 @sec long and, the photomultiplier was oper-
ated dc with a long time constant at the output. Thus
the record, ings represent a time integral of the d,ischarge-
tube emission. On the photomultiplier signal are super-
imposed wavelength markers at 5 A intervals. The
wavelength scale of the spectrometer was not cali-
brated, absolutely; the resonance line at X1236 is indi-
cated on the wavelength axis. The two main features of
interest in Fig. 1 are the resonance line itself and, the
band, stretching from about P 1250 to longer wavelengths.
This band is attributed to molecular emission. Similar
bands have been observed, previously in emission from
pulsed. discharges in krypton and other rare gases at
somewhat higher pressures than those used here.~ As
will appear later, the molecular emission has a slow
decay in the afterglow compared with the resonance
radiation so that the recordings in Fig. 1, being time
integrals, do not represent instantaneous relative in-
tensities of the resonance and molecular radiation. The
resonance line has a width of a few angstroms as has been
observed in absorption by Wilkinson~ and has an ap-
pearance characteristic of self-reversal at higher pres-
sures. This self-reversal is probably exaggerated by the
passage of the radiation through the tube on which the
window is mounted, . In ord.er to ensure that no spurious
sects were present it was con6rmed experimentally
that both parts of the self-reversed resonance line have
the same decay time.
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B. Decay Times

In Fig. 2 a recording is shown of the photomultiplier
signal obtained, under time-resolved conditions. The
multiplier was gated. on for a —,'0-psec interval at a time
4 p,sec after the end, of the discharge pulse. The krypton
pressure was 9.24 Torr. The low intensity of all radiation
except the resonance emission shows that the molecular
band has a long decay time relative to the resonance
radiation. Similar results in the case of helium have
previously been reported. '

Time-resolved studies were made of both the reso-
nance radiation and the molecular emission using the
monochromator to study each feature separately and
also using the electron-multiplier d,etector and no
monochromator to examine the decay of the total
radiation output. Krypton pressures of up to 26 Torr
were used. Typical results for the decay of resonance
and molecular radiation are shown in Figs. 3(a) and

3(b), respectively, where the detector output is plotted
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FIG. 3. Typical decay of resonance radiation (a) and molecular
radiation (b) as functions of time. Photomultiplier current in
units of 10 ' A.

4 Y. Tanaka, Opt. Soc. Am. 45, 710 (1955).
5 Y. Tanaka, Opt. Soc. Am. 48, 304 (1958).
e R. E. HuGman, V. Tanaka, and J. C. Larrabee, Opt. Soc.

Am. 52, 851 (1962).
7 P. G. Wilkinson, J.Quant. Spectry. Radiative Transfer 5, 503

(1965).
8 R. E. Hu6'man, $. C. Larrabee, and Y. Tanaka, ',Opt. Soc.Am.

55, 101 (1965).

as a function of time on a log scale. The departure from
linearity of the resonance radiation decay at longer
times LFig. 3(a)j may be due to a small amount of
molecular radiation incident on the detector. It is
impractical from signal-to-noise considerations to close
the monochromator slits to a point where all molecular
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radiation is excluded, since a small correction for the
presence of a weak and slowly decaying component is
easily made. Even with very wide monochromator slits,
the results are inferior to those obtained with the non-
dispersed radiation on the electron multiplier (see II)
because of the lower signal-to-noise ratio of the mono-
chromator-IP21 combination. From measurements such
as those shown in Fig. 3 are obtained values for (a) the
decay constant for the resonance radiation at short
decay times and (b) the decay constant for the molecular
radiation at later times.

The measurements for the two regions of the spectrum
agree well with those made by taking the total radiation,
as was done when the electron multiplier detector was
used.
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FIG. 4. Proposed
model showing transi-
tions between levels.

III. INTERPRETATION OF THE RESULTS

A. Theoretical Model

We now consider the decay of energy in the afterglow
using a model involving the metastable state 3f,
resonance state E and, the ground state of the atom,
and also let us assume for simplicity only one excited
molecular state I":see Fig. 4. The various destruction
processes as discussed in II still apply. They are indi-
cated in Fig. 4.as follows: p is the decay constant for the
escape of trapped resonance radiation; p is the decay
constant for spontaneous radiation by the excited mole-
cules; n~g, ng~, n~p, o.~~ are coefIIicients for the
collision-induced transitions M to E, E to M, 3f to I',
and I' to 3f, respectively. The following symbols are
also used: d~ indicates the measured metastable
decay constant at late t; dM, ~ indicates the measured
molecular radiation decay constant at late t; dg indi-
cates the measured resonance radiation decay constant
at early t; dj indicates the larger decay constant for
two-time constant model; and d, indicates the smaller
decay constant for two-time constant model.

The differential equations governing the excited, -state
populations are

dR/dl = —(P+na~) R+amzM,

dM/dh=~a~R+~p~P (~~s+~~p)M, (2)—

and,

dP/dl= —(p+npm)P+nwpM ~ (3)

dM/dt= ng~R (n~—a+n~p)M.

Equations (1) and (4) can be solved exactly giving

R=Ae '&'+Be ""

(4)

where 3 and 8 are constants and. df, d, are given in
terms of na~, n~~, n~p and p (see Appendix).

Equation (5) represents the decay of resonance radia-
tion as an initial fast decay df followed by a slow decay
d, .The fast decay may logically be interpreted as result-
ing from the escape of resonance radiation so that
df =dg.

It also follows that the slow decay d, at late times is
determined by the decay constant for the metastable
atoms, as is the molecular radiation decay, thus
d.=du= dMoi

In order to obtain values for the collision coefficients
above from measurements of d„df one uses

(a) a, relation between na~, n~~ from detailed balanc-
ing considerations:

2J~+1E= ~d ElkT

2Jg+1

where J~, J~ are the J values of the metastable and
resonance levels, respectively, k is Boltzmann's constant,
and d,E is the energy difference between the resonance
and, metastable states;

(b) a value of p giving the best fit to the analysis of
present data and, agreeing within experimental error
with the value obtained in II using diferent discharge
tubes and lower pressure.

Thus, using (a) and (b) the number of unknowns is
reduced to two, so that measurements of the two
quantities df, d, are sufhcient to yield a solution.

In solving the Eqs. (1) to (3) we make the assumption
that the molecular excited, -state decays by radiation with
a lifetime of 10—' sec or less. A short lifetime would be
expected for a radiative transition of such a high
energy as that involved here. This assumption is sup-
ported by the findings of Colli and Facchini' in the case
of argon although the possibility of a metastable mole-
cule cannot be ruled out completely. "The assumption
also implies that the molecular radiation process is fast
compared. with the collision processes by which the
molecules are formed. Under these circumstances the
population of excited molecules must be small and we
can ignore the transitions P to M. Equation (2) then
becomes

'L. Colli and U. Facchini, Phys. Rev. 88, 987 ('1952); 96, i
(j.954).

' A. V. Phelps, Phys. Rev. 99, 1307 (1955).



D E CAY OF EXC I TE D SPEC I ES

A discussion of the reliability of the value of P is
given later. In the present measurements, the decay
constant dy of the isolated resonance line was measured
at any given pressure but the decay constant d, could
not be determined accurately from resonance-radiation
measurements because of the very small emission of
resonance-radiation at later times. A much more reliable
value for d, is obtained from the decay of the molecular
radiation dM, ~, since as noted above, for the two-time
constant model, dM, ~

——d, .
The pertinent measurements are then the fast-decay

constant of resonance-radiation and the decay constant
dM, ~ of the molecular radiation measured at long times
after the end of the discharge tube pulse.
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FIG. 6. The fast decay df of the resonance radiation versus
krypton pressure. Measurements made at 295'K.

values of P from II, the values of air~, ng~, n~i have
been obtained as functions of pressure. The results are
plotted in Figs. 7 and 8. In the case of ng~, n~g, the
results are plotted as (E+1)nirii. We observe that to a
good approximation the experimental points fit a
straight line which has a slope of 44.4X10'p. The line
should pass through the origin from theoretical con-
siderations since ng~, n~~ depend on collision processes
which do not exist at zero pressure. The value of P
used in calculating (E+1)~ii was taken as 6.9X10',
giving the best line fit for the present results and being
within experimental error of II. Using the value of
X=178 gives the values of

niiir=44. 1X10'P sec ', (P in Torr),

nirii ——24.8P sec '.
0

2 4 6 8 lo l2 l4 l6 l8 20 22 24 26 Torr

KRYPTON PRESSURE

FIG. 5. The slow decay dM, & of the molecular radiation versus
krypton pressure. The solid line represents the equation d, =75p
+44p'. Measurements made at 295'K.

The results for n~p are plotted on a log-log scale in
Fig. 8. At higher pressures n~& approaches asymp-
totically the value 44p' as shown by the straight line
drawn on the graph. At lower pressures the scatter in
the results is too large to determine the form of n~p

B. Analysis of Results of Room-Temperature
Measurements

The measured molecular decay constant dM, & is the
same, within experimental error, as the decay d,II of
the metastables as measured in I. Justification of this
statement is demonstrated in Fig. 5 where the measured
room-temperature values of the molecular decay con-
stant are plotted versus krypton pressure. The solid
line represents the equation d~ = 75p+44p' (pressure p)
as obtained in I. (The diffusion term proportional to 1/p
is omitted since it becomes insigni6cantly small at the
pressures of Fig. 5.) These results therefore fit the two-
time constant model.

Using the equations derived in the Appendix together
with the measured values of dM, ~, dr (Fig. 6) and the
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Fro. 7. Plot of (X+1)cog versus pressure at 295'K. The straight
line represents the equation {E+1)o,~z =44.4X10'p.
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processes, namely (i) to the resonance state and (ii)
to the molecular state. The coefficient for transfer to
the resonance state as obtained above is n~~ ——24.8p.
Therefore the two-body coefficient X is given by
subtraction as 50.2p. Thus we have

n~r 5——0 2p.+44p' sec '

ma~ ——44.1&(10'p sec ',
@~a=24.8p sec

Referring again to Fig. 8, the dotted line represents the
equation n~~=50.2p+44p', showing reasonable agree-
ment between the measured points and the line.

C. Analysis of Results of Measurements Made at 106'K

In the case of the low-temperature measurements it
was not experimentally convenient to measure both fast
and slow decays for the same gas filling. The analysis

KRYPTON PRESSURE

FIG. 8. Plot of N~p versus pressure at 295 K. The dotted
line represents the equation 0.~+=50.2p+44p'. The full line is
~~a =44P'.

X IO Sec

20

ie

16

versus pressure to good accuracy. However, one can as-
sume that n~~ is of the form n~p= Xp+ Fp' where X
and I" represent the coefficients for molecule formation
in 2- and 3-body collisions with normal atoms as
described by the reactions

Kr~+Kr ~ Krm,

Kr~+2Kr-+ Krm*+Kr+kinetic energy.

Thus the deviation of the experimental points from the
straight line 44p2 on the log-log plot gives a measure of
the two-body coeflicient X, while the value of the three-
body coeKcient is given by I'=44. The value of X is
best obtained from the results of I (i.e., d~= 75P+44P')
and using the fact that the metastables decay by two
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FIG. 10. Plot of df —p versus equivalent room-temperature
pressure. Measurements made at 196'K. The straight line repre-
sents the equation ng~ ——7.4&(10'p.

of the results was carried out for a value of the detailed
balancing factor K= 1.67X10'. With this large value of
E one can approximate
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FIG. 9.The fast decay df of the resonance radiation versus equiva-
lent room-temperature pressure. Measurements made at 196'K.

to better than 1%.Also,

A =&ssz+&v z ~

Thus using a value of P=6.9X10' and the measured
values of dy (Fig. 9) one obtains na~ as a function of
pressure (Fig. 10).Drawing a straight line through the
points gives na~ 7.4&&10'p; s——o that n~a ——4.4p. Since
the accuracy of the value of P is good, the main source
of uncertainty in the above values arises from the scatter
in the measured values of dy.

To obtain a value for n~~, using the approximation
+~I =d,—n~&, we note that since o.~J, e~z are poly-
nomial functions of pressure, so also d, is a polynomial
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FIG. 12. Plot of dM, ~
—75p~ versus equivalent room-temperature

pressure. The straight line represents the equation dMo& —75P'
=90p.

IO
through the points of Fig. 12 gives a value C=90, thus,

n,~r =86p+75p'
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FIG. 11.The slow decay dM, & of the molecular radiation versus
equivalent room-temperature pressure. Measurements made at.
196'K. The straight line is drawn at d M&~ =75p'.

function of pressure. We write

d, =Cp+Dp'.

(We have neglected, the small influence of diffusion of
metastables to the walls, which would involve a term
in 1/p. )

The coeKcient D can be obtained graphically by
plotting dM, ~= d, as a function of p on log-log scale, as
in Fig. 11.The measured points approach asymptotic-
ally the line 75p' giving D=75. The value of C is now
obtained by plotting d, —75p' as a function of pressure
(Fig. 12). In this figure the uncertainties on the points
are indicated by error bars. At low pressure the largest
uncertainty arises from the scatter of dM, & values caused
by low signal-to-noise ratio. At higher pressures the
uncertainty in the value D=75 is the most significant
cause of error. The result of drawing a straight line

IV. ACCURACY OF THE RESULTS

The accuracy of the results has been estimated from
the scatter of the measured points and the uncertainty
in 6tting the lines to the points on the graphs. The
collected. results are presented in Table I where p is the
equivalent room temperature pressure in Torr.

V. VALIDITY OF THE ASSUMPTION
OF A CONSTANT g

First, let us consider the validity of the assumption
that the decay constant p for the resonance radiation is a
constant over the range of pressures of this experiment, .
In the above theory we have assumed that the decrease
in the lifetime of the resonance radiation emission is
caused by collisional de-excitation of the resonance
atoms. However, it is possible that modi6cation of the
resonance-radiation-trapping mechanism takes place
at higher pressures. The factors in support of the assump-
tion of a constant value of p are as follows:

(i) Consistency of present measurements: Holstein's
theory of resonance radiation trapping"" shows that,
when conditions of impact pressure broadening of the
resonance line exist, the value of p is independent of
both pressure and temperature. The present experi-

TABLE I. Collected results of measurements at two temperatures, 295 and 196'K. At each temperature the various collision coef-
6cients n for two-body collisions are given in units of sec ' at pressure p in Torr, in units of cm'/sec for the collision frequency per atom
and in units of cm~ for the corresponding cross-section. For three-body collisions the coefficients are given in units of sec ' at pressure p
in Torr and also in units of cm%ec for the collision frequency per atom.

+MR
n~z (two-body)

295'K
Cross section

sec ' cm'/sec (cm')

(44%3)X10'P (13~2)X10 " (4.8~3)X10 "
{25~2)P (7.6&0.6)X10 '6 (2.8~0.3)X10 '0

(50&6)p (15HZ) X10-~II (5.6+0.8)X10 2'

196'K
Cross section

sec ' cm'/sec (cm')

(74W4) X10 P (22a1) X10-I (10W0.5) X10-1
{4.4~0 3)P (1.3~0.1)X10-16 (0 6+0.05)X.10»
{86&20)P {26+7)X10 " ~, (12+4)X10 2'

a~+ {three-body) (44~2)p'
cm%ec

{4.0~0.2) X10~ (75&4)p'
cm%ec

{6.9+0.4) X10 ~~

"T.Holstein, Phys. Rev. SB, 1159 (1951)."T.Holstein, Phys. Rev. ?2, 1212 (1947).



R. TURNER

ments are consistent with the assumption that the
measured decay constant dr has the form a+bp, where
a and b are constants and P is the pressure, in support
of the theory proposed earlier. Moreover, the low-
pressure measurements at the two temperatures indi-
cate that P is independent of temperature.

(ii) Theoretical consideratioms: The theory of Holstein
is based on the assumption of a Lorentzian shape for
the resonance line. Change of line shape from a simple
Lorentzian would be expected to produce a change in
the value of P. However, at the pressures of the present
experiment the resonance-line profile for krypton has
been measured by Kuhn and Vaughan (private com-
munication) and found to be Lorentzian. Their tech-
nique is the same as that used in their work on helium
and neon. "Furthermore, Kuhn and Vaughan have also
shown that the line broadening is linear with pressure,
from which it also follows by Holstein's theory that P
is independent of pressure over the range of the present
measurements.

A factor which is not in favor of the use of Holstein's
theory is asymmetry and shift of the resonance line as
shown in Figs. 1 and 2. This may be due to the particular
geometry of discharge tube employed in these experi-
ments. It is proposed to investigate these effects further
using discharge tubes specifically designed for this type
of experiment (e.g., the use of a "gas window" would
eliminate the long path which the resonance radiation
must take between the discharge and the lithium
fluoride window).

Vr. DrSCUSSrom

A. De-excitation of Resonance Atoms to
the Metastable Level

Prom the measured coefFicient o,g„~ the calculated
cross sections for the 1s4-1s5 collision induced transition,
at 295 and 196'K a,re 4.8X10 " and 10X10—"cm'
respectively. These values can be compared with those
for the corresponding transition in neon" which are
5.2X10 ' cm at 300'K, falling to about 2.5X10 ' cm'
at 200'K. Thus we observe that the krypton cross sec-
tion is larger by an order of magnitude than the neon
cross section and increases with decreasing gas tem-
perature by a factor 2 while the neon cross section
decreases by about the same factor. Theory uses the
parameters (AE/h)(d/c)»1 as a criterion that the
probability of excitation transfer be small" and also
for a measure of the applicability of the sudden approxi-
mation, " where v is the average atomic velocity of

"H. G. Kuhn and J. M. Vaughan, Proc. Roy. Soc, (London)
277A, 297 (1964).

"A. V. Phelps, Phys. Rev. 114, 1011 (1959)."H. W. S. Massey and E. H. S. Burhop, Electronk and Ionic
ImPact Phenomena (Oxford University Press, London, 1952),
Chap. VII, Sec. 10.

~ L, I. Schi8, Quantum Mechanics (McGraw-Hill Book Com-
pany, Inc. , New York, 1955), Chap. VIII, Sec. 31.

krypton, AE is the difference in energy of the atomic
states, h is Planck's constant, and d is the range of the
interaction. Using for d the collision radius obtained from
the measured cross section one finds (AE/h)(d/c) 2
i.e. not large compared with one. One would therefore
expect a relatively large transition probability for
krypton. However, the same theory predicts a smaller
transition probability at lower temperatures, which is
opposite to what is observed, . This is not surprising
since for the small values of (AE/h)(d/s) found for
krypton one would not expect the theory to yield
consistent results. There is an obvious need for theo-
retical calculations similar to those recently made for
alkali-metal —rare-gas collisions. ' The assumption which
was made in this latter calculation that the speed of
the colliding particles would not be altered by the
collision would hardly be expected to apply in the pre-
sent case, however.

3. Collisional Excitation of Metastabg
Atoms to the Resonance Level

The energy necessary to eRect this transition being
relatively large, one would expect from energy considera-
tions alone that the probability for excitation of meta-
stable atoms to the resonance level would be smaller
at lower temperatures.

The measured values of collision frequency per atom
for ncaa are 7.6X10 " cm'/sec and 1.3X10 "cm'/sec
at 295 and 196'K, respectively. At 196'K the number
of normal atoms having sufFicient energy to effect the
transition is less by a factor of about 10 than the cor-
responding number of 295'K. Since the collision fre-

quency falls by a factor of approximately 3 only one
must conclude that the excitation process is relatively
more efficient at lower temperatures, as was observed
for the corresponding de-excitation frequency discussed
in Sec. VI A above. Again, no theory is available which
would be applicable in the present case.

C. Molecule Formation

1. Two-Body Collisions

The physical processes occurring when a metastable
and a normal atom collide to cause the emission of a
molecular radiation have been discussed from two points
of view. In the case of helium Tanaka and Yoshino'
have proposed that the presence of a hump'9 in the
interatomic potential function makes possible the exist-
ence of molecular levels having energies equivalent to
the sum of kinetic-plus-potential energies of the col-
liding atoms: A temporary molecule may then be formed,

in the excited state by a process involving tunnelling
through the hump. Alternatively, and also for helium,

"J.Callaway and E. Bauer, Phys. Rev. 140, A1072 (1965).
' Y. Tanaka and K. Yoshino, J. Chem. Phys. 39, 3081 (1963)."R.A. Buckingham and A. Dalgarno, Proc. Roy. Soc. (London}

213A, 327, 506 (1952).
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two-body de-excitation has been ascribed to collision-
induced radiation. Earlier theoretical estimates by
Burhop and Marriott" were different from the measured
values of the two-body collision coeKcient made by
Phelps+ by two orders of magnitude. However, Allison,
Browne, and Dalgarno" have recently made a calcula-
tion using wave functions which are modified to allow
for the polarizing effects of one atom on the other. Their
results give a value for the height of the potential hump
of about 0.084 eV, which is lower than the previous
estimate by Scott et at.22 Moreover, the cross sec-
tion for collision-induced transitions was calculated to
be 2X10 ~ cm', which is in good agreement with the
experimental value of Phelps,

The two-body destruction of krypton metastables
observed in the present work can therefore be explained
on the assumption of a hump in the interatomic poten-
tial as in the case of helium. The good agreement be-
tween theory and experiment for the collision-induced,
radiation hypothesis in the case of helium appears to
favor this interpretation also for the case of krypton.
However, the calculations of Allison et al. show an
increase in cross section with increasing temperature
whereas the present results show the opposite effect.

Limited comparison only is possible between the
present work and that for other rare gases. The two-
body cross sections measured for helium and argon are
BX10-" cm' and 4X10-" cm' a««m temperature.
The value of 5.6X10 ' cm' found in this experiment is
thus of the same order of magnitude. No measurements
have been made in other rare gases to show the varia-
tion of the cross section with temperature.

To solve

APPENDIX

dt

nBM+ (n3IR+nMP)M p

write

n~z+nnsz=n, no~+A=V,
DM = nM+n g~—J',
DR = yR+—n~~M

The two simultaneous equations (1') and (2') give

R=Ae d~'+Be ds'—
where

(1')

(2')

(5)

1 4ma&mr
dk, d.= —— —(n+y)a(n —p) 1+ . (6)

2 (n—V)'

a coaxial discharge tube in the case of argon' and also
in krypton. '4
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Z. Th,ree-Body Collisions

The three-body coefficient for molecule formation in
krypton shows an increase with decreasing temperature.
This is in contrast to the case of neon where the three-
body coe@cient decreases with decreasing temperature. '
The krypton collision frequency of 40X 10 N cm'/sec
is larger than the collision frequencies for argon" and
neon'4 which are 9.8X10 " and 0.5)(10 " cm /sec,
respectively.

The mechanism of molecule formation by collisions
of metastables with ground-state atoms with the subse-
quent emission of molecular radiation has been proposed
to explain the production of delayed current pulses in

Simplification is achieved by using

dr+d. =8~=n+y,

dfds —~s—os Q~gof g~ &

and, from detailed balancing,

o'zm =E&~vz

Solving for 0.~~,

where

I"= tl+' P.(E:+—1)—(0+ fl)7— —
E

(&)

(8)

(9)

(10)

"E. H. S. Surhop and R. Marriott, Proc. Phys. Soc. (London)
69A, 271 (1956)."D. C. Allison, J. C. Browne, and A. Dalgarno, Proc. Phys.
Soc. (London) 89, 41 (1966).

~ D. R. Scott, E. M. Greenawalt, . C. Browne, and F. A.
Matsen, $. Chem. Phys. 44, 2981 (1966 .' A. V. Phelps and J. P. Molnar, Phys. Rev. 89, 1203 (1953).
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