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The quenching cross sections for the He 2$-9$, 3 'P, and n = 5-9 manifold states by N„and n = 6-9 manifold

states by He, Ar, and Kr have been measured at 600 K. The cross section for 2 'S by N, is 7.9(+1.2,—0.7) A', and

the values obtained for nS-N, (n & 3) are 40-80 A' and increase slowly with n up to n = 5 then show a plateau or

decrease slightly with n. The cross sections for the 'S are about 1.3 times those for the 'S for n = 3 and 5. The cross

sections for the n = 5, 8, and 9 manifold states by N, are nearly the same in magnitude as those for S states;

however, those for rare-gas coHisions are about one order smaller than those for N, collisions. The main

mechanism for the quenching of He Rydberg states (n ) 3) by N, is attributed to n-changing collisions due to

excitation of molecular vibrations in N, .

I. INTRODUCTION

Previously, we reported' deexcitation of Ryd-
berg S states of helium by collisions with rare
gases. The main quenching mechanism was at-
tributed to Penning ionization for lower n states,
and collisional angular-momentum transfer for
highly excited states. We have extended the work
to include N, as a collision partner and to collis-
ions which involve manifold states. Following
Humphrey et a/. ' we adopt the term manifold state
to describe the collisionally mixed states, since
at the helium pressures used in the present exper-
iment higher l states are mixed with each other
and we observe the decay of the mixture of these
states.

When the collision partners are rare gases, the
Rydberg states will be removed by angular-mo-
mentum transfer and the cross section wi11 depend
on l, mainly due to an energy spread hE between
nl and sl' (l a l') states. Qn the other hand, when

the collision partners include molecules, due to
energetically accessible internal degrees of free-
dom of molecular vibration and rotation, a differ-
ent quenching process, i.e., the n-changing pro-
cess, will take place. The cross section for the
n-changing process should not strongly depend on

l, unless strong resonance effects occur.
The quenching of Rydberg states by molecules

has been studied experimentally by Czajkowski
et al. , Humphrey et al. ,' and others for Na-N,
collisions. However, the results of Czajkowski
et al. and Humphrey et al. disagree with each
other. The results obtained by Czajkowski et al.
show resonance properties with respect to up-

ward vibrational transitions in N, while those re-
ported by Humphrey et al. do not. Bauer et al.~

have developed a theoretical quenching model
characterized by multiple potential energy curve
crossings from the initial to the final states through
an intermediate ionic state; the model explains
reasonably well the results for Na(nS)-N, colli-
sions obtained by Humphrey e] al. However, their
results obtained for the manifold (l &2) states show

a steady decrease in cross section with n, which
disagrees with both the curve-crossing model and

the results of Czajkowski et a/. They explained
the decrease as trapping in the manifold states.

When an atom is highly excited the valence elec-
tron is far from the ionic core and the atom ap-
pears hydrogenic. Then one can expect to be able
to compare results for He-N, collisions with those
for Na-N, collisions. Quenching cross sections
for He Rydberg states in collision with N, and rare
gases are presented here.

II. EXPERIMENTAL METHOD AND RESULT

The experimental method is the same as that
described in Ref. 1 and is only briefly described
here. The helium atoms were excited by electron
impact and emissions from nS 2P and ng) QP

transitions (n &3) were monitored to obtain the de-
cay rates for the nS states and the manifold states.
The emission is time resolved by single photon
counting techniques. The electron beam is pro-
duced by an electron gun producing a variable
duration and rapid time cut-off source. The en-
ergy of the electrons is controlled to be as close
as possible to the energy of the level concerned.
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The emissions from the gas cell pass through a
sapphire window and a quartz lens, enter a mono-
chromator and then photons are detected by a
photomultiplier. The time difference between the
pulse cut-off time and photon arrival at the photo-
multiplier is measured. Typical decay curves are
shown in Fig. 1.

The ultimate vacuum obtained was about 5 x 10
Torr and the outgassing rate was less than 2X10 '
Torr per hour. The pressure of the gas was mea-
sured with a Baratron pressure gauge. The tem-
perature of the experiment was 600 K with an es-
timated uncertainty of +200 to -100 K.

We obtained the quenching cross section by mea-
suring the decay rate as a function of perturbing-
gas pressure. The pressure dependences of some
of the decay rates are shown in Figs. 2, 3, and 4.

The decay rate 1/r for an excited state is

1/ =r1/ r+gv[X],
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where 1/r, is the total radiative decay rate of the
excited state for pure helium or the total decay
rate at the constant helium partial pressure used
in the gas mixture. [X] is the concentration
of the perturber X, v is the average collision
velocity, and o is the thermal-velocity-averaged

I I

05 10
helium pressure (Torr)

I

15

FIG. 2. Variation of decay rates for nD 2P emission
as a function of helium pressure for 6 D (&), 83D (o), and
93D (&), respectively. The decay rates correspond to
those for l ~ 2 manifold states as described in the text.
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cross section.
The radiative decay rates of emission from 6'D,

8'D, and 9'D are 2.94+ 0.11, 1.28+ 0.06, and 0.853
+0.042 in 10 sec ', respectively, and are much
lower than the theoretical radiative decay rates of
those states. ' The decay rates obtained here are
interpreted to represent the decays of l~2 mani-
fold states; at the helium pressure used in the
prepent experiment nD states are very rapidly

35
3IP

FIG. 1. Experimental decay curves for the 8 D ()
state of helium at the helium pressures of 0.5 Torr, for
the S~D state at a constant helium pressure of 0.5 Torr,
and nitrogen pressures of 0 (o), 41 (&), 83 (o), and 143
(v) mTorr.

FIG. 3. Variation of decay rates for helium excited
states as a function of nitrogen gas pressure at a con-
stant helium pressure of 1 Torr for 3 S g,), 3 S (0), and

3 P(o); open and closed symbols show results for dif-
ferent runs.
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for the quenching of the 2'S metastable state by
N, collisions by monitoring the nitrogen first neg-
ative system. Details of the quenching of the me-
tastable atoms will be published elsewhere.

The cross sections obtained for He(nS)-N, col-
lisions increase with n up to n =5 and then show a
plateau or decrease slightly with n as shown in
Table I and Fig. 5. The main contribution to the
errors given in Table I are systematic errors of
(+15, -8)% due to the uncertainty in the determin-
ation of the gas temperature; for 8'S-N, and 9'S-N2
the measurement error is larger. The systematic
errors are not included in the error bars shown in
Fig. 5. The cross sections obtained for the singlet
states are about 1.3 times those for the triplet
states for n=3 and 5.
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FIG. 4. Variation of decay rates for D 2P emission
as a function of perturbing-gas pressure at constant he-
lium pressure for 8 D-N2 (0), 9 D-N2 (&), and 9 D-Ar
(&), and helium pressures of 0.5, 0.545, and 0.5 Torr,
respectively.

mixed with the higher l states and then emissions
from the nD states show the decay of the mixed
states.

The decays of n'D- 2'P emission showed double
exponential forms. The slow decay component is
similar to the decay of n'D- 2'P emissionas shown
in Fig. 1, while the fast decay may possibly be
attributed to transfer from and decay of n 'P, or to
cascade from and decay of (n+1) 'P states.

Emission from the 3'P- 2'S transition was mon-
itored to obtain the decay rate for the 3'P state.
The decay rate for the n =5 manifold state was ob-
tained by monitoring 3'D- 2'P emission, the 5'+
state cascades to lower n'D states, and one can
observe the decay rate corresponding to the n =5
manifold state in emission from the 3'D state.

A cross section of 7.9(+1.2, -0.'1) A' is obtained

HI. DISCUSSION

The cross sections measured for N, quenching
of the n =5, 8, and 9 manifold states are almost
the same in magnitude as those for S states; this
result disagrees with that obtained by Humphrey
et al. for Na-N, collisions for which the cross sec-
tions for manifold states were less than half of
those for S states at the same n. The main mech-
anism for the quenching of helium Rydberg states
by N, is attributed to n-changing collisions due to
an energetically accessible internal degree of free-
dom of N, molecular vibrations; this does not apply
to the 2'S metastable state for which Penning ioni-
zation is responsible for the quenching.

We estimate the n-changing quenching cross sec-
tions by the curve-crossing model developed by
Bauer et al. and simplified by Humphrey et aI,. The
model is characterized by multiple energy curve
crossings from the initial to the final states through
an intermediate ionic state. The approximate ionic
He'-N, curve and the excited He-N, interaction
potentials are shown in Fig. 6 as a function of in-
ternuclear separation r. Although there are curves
corresponding to the excited vibrational states of
N, and N, above the curves of Fig. 6, we have
omitted these for clarity.

TABLE I. Cross sections for the quenching of He Rydberg states by He and N2 measured at 600(+200, -100) K.
S(calo) is the cross section for the s-changing process calculated by Eq. (2). All cross sections are in At.

ig
He-N2

's
He-N2

3$

He-N2
9(cale)
He-N2

Manifold state
He-N2 He-He

88.3(+13.3,-7.2) 62.0(+9.6, -5.5)
71.5(+11.3,-6.6)
76.4(+12.1,-7.2)

7.9(+1.2, -0.7)
49.9(+7.6, -4.2)

58.3(+9.4, -5.7)

42(+16, -9)
48(+14,-9)

45
79

102
121
145
153

66.8(+12.2, -8.6)

40.3(+6.6, -4.1)
41.1(+6.5, -3.9)

5.7(+1.3,-1.1)
4.3(+0.8, -0.6)
3.1(+0.5, -0.3)
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FIG. 5. Quenching cross sections measured for helium
Rydberg states by collisions with He and N~, 3~P-N& (4),
s S-Q (o), s3S-Nm (&), manifold state N~ (4, and mani-
fold state He (&). The error bars do not include system-
atic errors of P 15,—8)% due to the uncertainty in the
determination of the atom temperature.

A specified initial state He(sl)+N, (X'Z~, v=0},
after passing through many curve crossings, goes
to He(n'I'}+N, (X'Z~, v'} states which are energet-
ically accessib1e. Then, the quenching cross sec-
tion is approximately given by

g =m+c y (2)

where r, is the radius of the outermost curve
crossing. The ionic potential curves are given by
a Coulomb-plus -polarizability interaction

V(r) =E -(e'/r) -(e'~/2y ),
where e is the electronic charge, e is the sum of
the polarizability of the He' and N, pair, and E„
is the difference between the ionization potential
of He and the electron affinity of N, . For the
electron affinity of N, we use the value of -1.89
eV (Ref. 6). No value is available for the polari-
zability, but, since the polarizability interaction
term becomes very small for large r, me can
omit the polarizability term for large n. If one
chooses a very large polarizability, for example,
a =100A', one will obtain for n=s twice the cross
section value compared with the choice of zero
polarizability correction and 1.2 times for n =10.
We have assumed also that the excited interaction
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FIG. 6. Patential-energy curves for He+ N& system
which show the covalent HeM&, v= 0 curve, and the
ionic He'- N2-, v=0 curve.

potentials are equal to those at r = for r greater
than r, . The values obtained in this way for n 'S
are shown in Table I together with experimental
values.

As shomn in the table, the model gives cross
sections of the same order of magnitude as the
present experimental results and which also in-
crease slomly with n. Present experimental re-
sults give the same trend up to n =5 but do not
show an increase in the cross section for higher
n. The reason why the cross sections do not in-
crease with n for higher n probably results be-
cause, for higher n states, the electron density
of the atom decreases mith n and then the probabil-
ity of finding the Rydberg electron mhen the N,
molecule comes near to the He nucleus decreases.
The curve-crossing model also predicts nearly the
same value for the S and manifold states and this
agrees with present results.

The angular-momentum transfer cross sections
calculated by a semiclassical model' proposed by
Gersten, ' in which the interaction between the high-
ly excited atom and the perturber is approximated
by a Breit-Fermi pseudopotential, are 9 and 14 L'
for 8'S-N, and 9 'S-N„respectively, and are much
smaller than the values obtained here. The elec-
tron scattering length used in these calculations
was 0.7 a, .

The cross sections obtained for the quenching of
the manifold states by rare gases are very small.
Those for He collisions decrease with n as shown
in Table I and Figs. 2 and 5. The cross section
for the 6'D manifold state by Kr is 5.7(+1.5, -1.3)
A'; that for the 9'D manifold state by Ar is
1.4(~.6, -0.7) A', and those for 7 'D and 6 'D mani-
fold states by Ar are less than 2 L'. The quench-
ing mechanism for the manifold states by rare
gases is expected to be due to n-changing collis-
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ions and Penning ionization, and both cross sec-
tions will be small for the values n of concern
here.

Devos et a/. ' have measured the collisional de-
population rates for He Rydberg states by He using
time-resolved laser induced spectroscopy and re-
ported that the rates are nearly independent of n
for 8&m&17. The cross sections for n=8 and 9
are about 15 and 14 A', respectively, assuming
Maxwellian average velocity at T= 300 K. Present
results are less than those obtained by Devos et al.
which were much larger than the values predicted
by Flannery's" semiclassical binary-encounter
theory.

Quite recently, Janev and Mihajlov" have pro-
posed the quasiresonant energy transfer model.
The main idea of the mechanism lies in consider-
ing the transitions of the Rydberg electron as
being resonantly coupled with the transitions in
the quasimolecular subsystem of the perturbing
atom and the ionic core of the Rydberg atom. They
calculated the velocity dependence of the n-chang-
ing process of H(n)-H collisions for n =10 to 14.
The magnitude of the cross sections for v&10'
cm/sec is of the order of 1 to 10 A' and decreases
with an n increase.

If one estimates the cross section for He-He
collisions from the values obtained for H-H col-
lisions and only taking into account the velocity
change, one obtains cross sections somewhat
larger than the present results. However, this
may overestimate the cross section; Janev and
Mihajlov suggested that a large binding energy

g = 13.9(p'p~2 /kv)"', (4)

where p, and p~ are the transition dipole moment
associated with the transition A A* and X-X'+e,
respectively. We calculate for the thermal vel-
ocity-averaged cross section for He(3'P)-N, col-
lisions a value of 33 A'. We used p.

' =0.0433 a.u.
(Ref. 13) and the value of ps was deduced from
experimental photoionization cross section. ' Then
the contribution from the n-changing process will
be about 55 A' which agrees well with the cal-
culated values of 55 A' from Eq. (2).
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gives a small cross section. The collision energy
may not be high enough, compared with the intern-
al energy changes, to apply the model to the therm-
al collisions of the n values of concern here. The
reason why the singlet states are more strongly
quenched by nitrogen than the triplet states is not
understood at present.

The relatively large value obtained for the 3'P
resonance state may be due to a contribution from
Penning ionization. The cross section for the ioni-
zation process due to the optically allowed transi-
tion A*+X A -+X'+e has been studied by Watana-
be and Katsuura" and is given by
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