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The radiative deexcitation cross section for He*(2 'S) in collisions with He has been measured in
the collision energy range from 40 to 110 meV. The experimental results agree well with quantal
distorted-wave calculations of Zygelman and Dalgarno [Phys. Rev. A 38, 1877 (1988)]. The mea-
sured radiative quenching cross sections for the systems He*(2'S)+ Ar,Kr,Xe manifest a scaling
law for fixed collision energy with a” as the scaling parameter, where a is the static dipole polariza-

bility of the heavier rare gas.

I. INTRODUCTION

The strictly forbidden electric-dipole transition from
an electronically excited state to each of the lower states
is the cause of the long radiative lifetime of a large class
of optically metastable atoms A*. These metastable
atoms play an important role in collision processes since
they act as energy carriers enabling efficient reactions
even at very low collision energies. During the transition
state of the collision, however, these metastable atoms
may lose their intrinsic radiative metastability, because
the perturbing collision partner B breaks the atomic sym-
metry (O,) of A* and reduces it to that of the molecule
AB*. Under this reduced symmetry an electric-dipole
transition to a lower state 4’ may be fully allowed lead-
ing to molecular emission 4 v from the collisional transi-
tion state

A*+B—>AB*—> A'+B+hv. (1)

This process is called the collision-induced radiative
deexcitation (CRD) of A* with B acting as a catalyst.
The emission spectrum of CRD is either broader (“pres-
sure broadening”) or narrower than that from the spon-
taneous decay A4 * — A’ depending on the decay mode be-
ing either a single-photon process [magnetic- or (higher)
electric-multipole emission line] or a two-photon process
(continuous electric-dipole emission).

The radiative lifetimes of states with electric-dipole de-
cay are orders of magnitude longer than the time of a
thermal collision. The chance of radiative decay of AB*
occurring during a single collision is thus very small
(1073 or less), and the values of the CRD cross section
generally range below several 1073 A2 Only in orbiting
collisions or when more complex (polyatomic) collision
partners are involved, the CRD cross section can exceed
these values due to the prolonged duration of the col-
lision.

For many thermal collision systems A*+B [e.g.,
He*(2"3S)+He or O*,S*,Se*(!S)+rare gases], CRD is
the only loss process for 4* in binary collisions. At
sufficiently high densities of B this decay process can be
very efficient although the cross sections are small. Also
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in collision systems where the cross sections for other re-
actions of A4* with B (Penning ionization, excitation
transfer, etc.) are considerably larger than the CRD cross
section, CRD nevertheless may play an important role;
for instance, in electrical discharges of gas mixtures
A + B with a small partial pressure of B, the loss of 4*
from CRD through collisions with A4 can fully compete
with the other reactions of 4* with B.

So far, only some rate constants have been measured
for CRD. The first measurement has been performed by
Phelps' for the system He*(2'S)+He(1'S)
[4'=He(1'S)] using an absorption technique in the sta-
tionary afterglow. Phelps obtained a CRD rate constant
of 6X10 ' cm’/s at 300 K which_ corresponds to an
average cross section 3 =3X10"* A2 Later emission
studies? yielded CRD rate constants
r(300 K)=4.6X10"" and 6.8X107" cm’/s giving
7=2.6X10"* and 3.8x107* A2, respectively. CRD
values for He*(2 'S)+Ne, Ar,Kr,Xe(1'S) have not been
determined to date; the dominant reactions of these sys-
tems are excitation transfer and Penning ionization. The
CRD rate for He*(23S)+He(1'S) is extremely small as
can be expected from the metastability of the a *°S; He?
bound states; the upper limit of the CRD cross section
was estimated to be ~107'© A23 For the heavier rare
gases CRD always competes with level mixing (LM)
through collision-induced fine-structure and multiplet
transitions; some CRD-to-LM branching ratios have
been determined.* New interest in CRD arose from its
direct involvement in high energy storage laser amplifier
devices using the auroral and transauroral transitions of
the chalcogens.’ The related average CRD cross sections
for A*=0%*8*('S), A'’=0*5S*('D,), and B=rare gases
('S), Hy,Ny('2.) have been measured at 300 K and range
from 7X 107 ° to 3X 10~ * A%°

There are some theoretical CRD calculations for meta-
stable rare gases,7 chalcogens,8 and Zn, Cd, and Hg
atoms’ interacting with ground-state rare gases.

We report here the first measurements of CRD cross
sections in an atomic beam experiment. The collision
systems studied are He* (2'S)+He, Ar,Kr,Xe(!S). The
cross sections are derived from the detection of the
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collision-induced emission in the extreme-ultraviolet
(EUV) region. Absolute cross-section values are obtained
by a simultaneous measurement of the spontaneous two-
photon emission of He*(2'S).

II. APPARATUS

The cross sections to be measured are very small.
Therefore a powerful He*(2 'S) primary beam is needed.
Figure 1 shows a schematic view of the apparatus.
High-purity (>99.9996%) helium gas (He 5.6, Messer
Griesheim), containing less than 5 parts in 10 of neon,
expands through a 30-um-diam nozzle from stagnation
pressures between 40 and 65 bars, at nozzle temperatures
T, between 120 and 930 K, into the first chamber which
is pumped by a 10000 liter/s oil diffusion pump (HS16,
Varian, 12 500 liter/s for helium) backed by 4 500 m®/h
roots pump (RUVAC WS 501, Leybold) and a 100 m*/h
fore pump (2100, Alcatel). A conical nickel skimmer,
formed by galvanoplastics, (0.35-mm-diam opening, edge
sharpness 0.5 um, overall length 25 mm, outer and inner
full opening angles 22° and 18°) is situated 12 mm down-
stream from the nozzle sampling the central part of the
supersonic beam. The kinetic energy of the He beam
(5kTy/2, k is the Boltzmann constant) varies from 26 to
200 meV giving beam velocities v, from 1120 to 3110
m/s; the velocity resolution Av, /v, ranges around 2%
according to Mach numbers around 100. The He atoms
of the beam are excited in the second chamber by parallel
electron bombardment from an electron gun which is
essentially the same as that of Brutschy and Haberland'®
where the electron beam is optimized by positive ion trap-
ping!' and magnetic confinement.'? The cathode used
here is an indirectly heated tungsten dispenser cathode
with a spherically shaped electron-emitting surface and a
central hole (3-mm-diam) for the beam. The cathode ma-
terial is a porous tungsten matrix of 80% density impreg-
nated by a 3:1:1 mixture of Ba:Ca:Al oxide and coated by
an Os-Ru addition (31180 “M”, Spectra-Mat, Inc.).
Standard operating conditions of the gun are as follows:
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FIG. 1. Schematic view of the apparatus. 1, nozzle source
(nozzle 30 um ¢, z~ —12 mm); 2, skimmer 0.35 mm ¢, z=0
mm; 3, electron gun; 4, condenser; 5, He quench lamp; 6, TOF
chopper z=680 mm, 7, collimator 4 mm ¢, z =794 mm; 8, con-
denser; 9, collision cell (z=1288 mm) with Al filter and photon
channeltron; 10, collimator 0.4 mm ¢, z =1954 mm; 11, meta-
stable multiplier.
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heating voltage 7.5 V, heating current 9 A, emission 220
mA, and electron energy 300 V. This results ina 1-4 %
gain in beam velocity for He* depending on v,. Typical
He* fluxes at v, =1800 m/s are several 10" s~ !sr— L
After the excitation region the beam passes a 300 V/cm
condenser, which removes charged particles by deflection
and Rydberg states by field effect. The condenser also
protects the following quench lamp from the contamina-
tion. This lamp consists of a spirally shaped helium gas
discharge tube wound around the beam on a length of 70
mm; the discharge current is about 20 mA at 3 kV and 3
Torr helium pressure. The 2-um line of the discharge en-
ables the separation of the metastable 2 'S and 2 S states
by quenching the singlet component. Our metastable
beam contains 92% singlet and only 8% triplet metasta-
bles. All measurements for the He* (2'S) state are per-
formed by subtraction of the signals with lamp off and
on. Leaving the quench lamp, the beam consists of state
selected metastables, ground-state atoms and photons. In
order to separate the thermal particles with a well-defined
velocity v, from the beam photons, a very simple time-
of-flight (TOF) chopper of high transparency is sufficient.
To avoid overlapping the chopper disk has ten slits with
an opening angle of 14.4° and ten teeth with a closing an-
gle of 21.6°, and for a given v, the chopper frequency f is
put to

f=0.05v,/s , (2)

with s being the distance from the chopper to the col-
lision cell where the signals caused by the beam photons
and the metastables are registered during the open and
closed periods of the chopper, respectively. The tran-
sparency of the chopper is 40%.

After passing a final 1000 V/cm condenser at the en-
trance to the third chamber, the beam enters the collision
cell where the target gas can be admitted. The cell is of
small compact size with 3-mm-diam entrance and exit
holes, the length L of the collision region is 13 mm. A
150-nm-thick Al-1 at. % Si alloy foil (TF-101-a, Luxel
Corporation'?®) is mounted to one side of the cell acting as
a filter for EUV photons. Metal foils start to transmit
electromagnetic waves for frequencies greater than the
plasma frequency v, which is approximately'*

v, ~9X10°n /% ; (3)

n is the number of electrons per cm? that take part in the
collective oscillations. Transmission in Al begins at
hv=14.6 eV (Ref. 15) corresponding to a wavelength of
85 nm. On the short side, the transmittance increases un-
til the L, ; x-ray edge at 17 nm is reached.'® At 60 nm,
the Al filters of Luxel have a nominal transmittance of
0.14. Behind the Al filter a channeltron (Mullard model
B419BL-01, Valvo'”) is mounted which counts the EUV
photons P. The channeltron is hermetically surrounded
by a box which is pumped through a long tube from the
vacuum in the third chamber; the dark count rate of the
channeltron is about 0.01 s~ !. Collision cell and channel-
tron box are integrated in one copper block and attached
to a cryostat which can be cooled down to 1.5 K. In the
present experiments, however, the block is kept at 300 K,



42 MEASUREMENT OF COLLISION-INDUCED RADIATIVE. .. 5391

since the extremely small count rates for process (1)
(down to less than 1 s~!) cannot be measured with a
channeltron at such low temperatures due to the rapid in-
crease of the electrical resistance of the channeltron wall.

The beam leaves the third chamber through a small
hole of 0.4-mm-diam in order to reduce the high metasta-
ble intensity which is permanently monitored in the
fourth chamber by a Cu-Be electron multiplier (type
9642/3A, EMI) giving the scattering rate S

S=I,~D/I, , )

with I, and I being the metastable intensity (particles per
second) for the cell without and with target gas, respec-
tively.

The signals from the photons P and the metastables /
are counted. The pulses from the photon channeltron
and the metastable multiplier are fed without
preamplification directly to timing amplifiers (model
7041, Schlumberger and model 574, Ortec) which are fol-
lowed by 100-MHz discriminators (model 436, Ortec).
The nuclear instument module (NIM) pulses at the out-
put of the discriminators are differently handled for pho-
tons and metastables. Since the contribution from the
beam photons to I, and I are negligible, the NIM pulses
in this case are directly counted by a preset counter
(model 1008, Borer). In the collision cell, however, the
beam photons give significant contributions to the photon
signal; especially, when He is admitted as target gas,
strong He fluorescence occurs. Therefore the NIM pulses
from the collision-cell photons are sent to a computer-
aided measurement and control (CAMAC) TOF
module'® consisting of a home-built TOF unit and a 1-
MHz histogramming memory module (model 3588,
LeCroy). The signal of interest, of course, is that during
the closed period of the TOF chopper when the metasta-
ble atoms pass the collision cell.

III. DETERMINATION OF ABSOLUTE CRD
CROSS SECTIONS

Due to the smallness of the cross sections high scatter-
ing rates of 0.5-0.6 are necessary. Under these condi-
tions, more than 30% of all collisions of the metastable
atoms in the scattering cell are multiple elastic col-
lisions.!® For the considered collision systems, the meta-
stables can no longer cause inelastic events after their
first inelastic collision (CRD or Penning ionization), since
they are deexcited to their ground state, i.e., the single
collision condition is fulfilled for the inelastic collisions.
Therefore the general formula for the CRD cross section
o reads'’

—o— PP oos<r, 5)
T = =5y’ (

P are the collision-induced photons per second in the cell,
Q is the total collision cross section, and

pP=q/Q (6)

is the inelasticity with ¢ being the sum of all inelastic
cross sections of the collision system. Since p <<1 for the
systems under study, formula (5) simplifies to'?

P

7= in(1=9)|

(7)
The values of Q are taken from the literature.’® In order
to determine absolute values for o the detection
efficiencies for P and I, must be measured, which is rath-
er difficult. There is, however, an easier way.

Without target gas in the cell, one observes a photon
signal which is quenched by the He lamp. It results from
the natural two-photon decay of He*(2 'S).?! During the
passage through the cell, the number of decays per
second is

N.=1I,|1— — 8
T 0 €xXp v, T (8)
with 7=19.7 ms.?? Since L /(v,7)<6X10"* for
v, > 1100 m/s, the exponential can be linearized giving
I,L
NT: 0_ X 9)
v T

The spontaneously emitted photon rate is therefore
P,=2N_. (10)
The channeltron registers
Py=xN. (11)
photons per second. With (9) and

I,=bl, , (12)

where b is the detection efficiency of the multiplier, Eq.
(11) gives the relation for the measured rates Py and I

L1

13
bt Uy (13

Po=x
Figure 2 shows measured values of P{ and I at several
values of v; the proportionality (13) is obvious.

The photon rates P, and P are practically unchanged
for the cell filled with the target gas since elastic forward
scattering is dominant. Accordingly, the measured
collision-induced photon rate

P'=E(vy)P , (14)

with E(v,) being the efficiency of the photon detecting
system at hv,=20.6 eV (where the CRD emission is cen-
tered), is obtained as the difference between the photon
signals for filled and empty collision cell.

Equation (7) reads for the measured rates

P'/E(vy)

=Q— . (15)
7= =5 /b
Combining (15) and (13) yields
P’ Lk
=0 =% 16
7 (=S, 7’ (1o
with
k=x/E(vy) . (17)
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FIG. 2. Plot of the measured natural decay photons P; of ( 3
He* (2'S) vs I, /v, at several He* (2'S) velocities v, with I be- vi(m/s)

ing the measured He*(2 'S) intensity. O, measurements; s
eye fit.

Kk is determined in the Appendix. The result is
k=0.127+15% . (18)

Formula (16) contains only known and measurable quan-
tities and is used for the determination of the absolute
CRD cross sections ¢ (or o4 in the notation of Sec. IV).

IV. RESULTS

The circles in Fig. 3 show the measured CRD cross
sections for the collision system He*(2 'S)+ He as a func-
tion of the He* beam velocity v, with the collision cell at
T =300 K. The relative mean collision energies E on the
upper scale are calculated according to

E=pwi+3vi,)/2, (19)
where p is the reduced mass and
Uy =V2kT /m 20
|
b —g |2
T (@) =(Vwy,0}) 7! [ “olelg? |exp | = —
2w

As Fig. 3 shows, the agreement is fairly good except for
the low velocities. In this region, mean cross sections &
from rate constants r(T')

c=r(T)/V'8kT /mu (22)

are plotted at the mean energy
E=3kT/2 (23)

for T=300 K. The values of & from the three measured

—exp

FIG. 3. Energy dependence of the effective CRD cross sec-
tion o.q for He*(2'S)+He. O, measurements. Error bars only
represent statistical errors; ——, quantal calculation of Zygel-
man and Dalgarno [Ref. 7(d)] averaged for our experimental
condition; V, mean cross section & from Phelps (Ref. 1); A and
0, @ from Ref. 2; X, & calculated from o(g) of Ref. 7(d).

is the most probable velocity of the Maxwellian distribu-
tion of the He velocities in the cell (k is the Boltzmann
constant and m the He mass). The solid curve is based
on quantal distorted wave calculations of Zygelman and
Dalgarno”?’ for the 4 '3 potential of Jordan and Sis-
ka?’ and the X 12; potential of Sando and Dalgarno.”®’
These quantal CRD cross sections o(g) (g is the relative
velocity) account only for the CRD emission near 60 nm.
They can therefore be compared with our measurements
since both, our Al filter transmission and the CRD emis-
sion, sharply decline for longer wavelengths. The com-
parison is made by averaging the o(g) curve for our ex-
perimental conditions via?

v, t+g ?

dg . (21)

Uy

w

rate constants lie close to our CRD cross section. This,
however, has to be considered in more detail. The cross
in Fig. 3 represents the & value derived via (22) from the
value 7 (300 K)=7.2X 107" cm®/s which is the result of
an r calculation for the o(g) values of Zygelman and Dal-
garno.”’ Therefore the three measured & values should
be shifted upwards. On the other hand, the three mea-
sured T values are based on total quenching rates which
exceed the quenching emission near 60 nm considered
here by about 20%.7') This implies a downward shift of
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the three & values. The net shift is 7% upwards, and the
agreement with our measurements is not bad. Neverthe-
less, it should be mentioned that our low-energy values
are difficult to measure since in this regime Py ~70 s~ !
and P'~2 57!, i.e., P’ is the result of a difference of near-
ly equal quantities. Furthermore, there is always a slight
systematic drift of the channeltron sensitivity due to a
saturation effect from the strong He fluorescence in the
open period of the TOF chopper. This drift becomes
critical when two nearly equal photon rates for the filled
and the empty cell have to be subtracted to get P’. Final-
ly, there are also remaining uncertainties in the theoreti-
cal cross sections which arise from the transition dipole
moment adopted for the calculations.”'?

On the whole, however, the agreement between the ab-
solute CRD cross sections from theory and experiment is
convincing.

The CRD cross sections for He* (2 18)+Ar,Kr,Xe re-
veal a pronounced decline with decreasing collision ener-
gy. Therefore measurements were only performed at a
collision energy of 169 meV in the upper energy region.
The results for the three collision systems are plotted in
Fig. 4 as a function of @ where a is the static dipole po-
larizability of the corresponding rare-gas target (R); the
values of a are taken from Ref. 26. The plot suggests the
relation

ola)=ca’ . (24)

The same relation was found for the collision systems
0*,8*('S)+R.® From Fig. 4, one obtains, for the
He*(2'S)+R systems, c=2.8X 1074 A ™%,

The CRD cross section of He*(2 1S)+ He is drastically
underestimated by (24); this is caused by the special shape
of the A 'S He?} potential: the dominant contribution
to the CRD emission comes from distances near the
broad A4 '3} barrier maximum where the excited- and
the ground-state potential are parallel, and such details
are not contained in (24).

}.
6_
L Xe
S+ {)/
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o
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b; Kr
2
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FIG. 4. CRD cross sections at 169-meV collision energy for
He*(2'S)+Ar,Kr,Xe as a function of a® with a being the static
dipole polarizability of the heavier rare gases. O, measure-
ments; , eye fit (avoiding negative cross sections).

The CRD cross section for He*(2'S)+ Ne cannot be
measured with our method since in this case the CRD
emission is totally masked by the huge Ne*3s, emission?’
which is caused by excitation transfer. Relation (24),
however, is applicable  to He*(2'S)+Ne giving
Ts=4.5X107° A® at 169-meV collision energy.
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APPENDIX

The formula for « is obvious,
v /2

fo" AW[E (W) +E (vy—w)dv

(A1)
E (Vo) "0/2
fo A(VE(vy)dv
A (v) is the probability for the simultaneous electric-
dipole emission of two photons with one photon in the
frequency range from v to v+dv, and E(v) is the
efficiency of the photon-detecting system at the frequency
v. The integration limits result from A4 (v) being sym-
metric around v,/2. A(v) is taken from Ref. 21(d).

SinceZl(d)
VO/Z
fo A(v)dv=50.85s"1, (A2)
(A1) reduces to
vy/2 E(W)+E(vy—wv)
=1.97x1072 " 4 .
K fo (v) Eivg dv (A3)

Figure 5 shows the geometrical configuration of the
photon-detecting system. For the sake of clarity the Al
filter in front of the channeltron is omitted. Most of the
quantities used in the following formulas are evident from
this figure. With e(v) being the channeltron sensitivity
and T'(v;/,¢,0) the transmission of the filter, E (v) reads

0,(Le)

_€lv) pL pom . .
Ew)= > ["[7[ " T(l,4,6)sin0

Xdodedl . (A4)

The integration is only performed for the center line of
the metastable beam; this practically gives the average

value which one obtains when taking into account the
finite lateral dimension of the beam. The upper integra-
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FIG. 5 Geometrical configuration of the photon-detecting
system (the Al filter in front of the channeltron cone is not
shown); a=5 mm, d =5.5 mm, and L =13 mm. The average
solid angle spanned by the channeltron cone for the He* beam
in the collision cell amounts to 1.3 sr; this results form Eq. (A4)
fore=T=1.

tion limit 8, is given by

sing’sin’a /sing

tanf, = , A5
anTe d /a +sing’sina cosa (A3
where
¢’ =arctan(tang /sina)+nm , (A6)
with arctan representing the principal value and
0 for0<¢=7w/2
n=131 for m/2<¢p=<31w/2 (A7)
2 for 3m/2<¢ 2w
and
__ d
tana T2—1 (A8)

The filter transmission T'(v;/,$,6) in (A4) is made up of
three factors: (i) the transmissivity of the Al foil, (i) the
transmittance M of the mesh which supports the foil, and
(iii) the penetrating part N of the photons which are not

reflected
T(v;1,¢,0)=exp[ —B(v)t /cosi ]MN . (A9)

B(v) is the absorption coefficient of the foil, ¢ its thick-
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ness, and

cosi =sina cosf — cosa sinf sing (A10)

accounts for the increased path length through the foil
for oblique incidence with i being the angle of incidence
of the photon. Furthermore,

M =(1—w —vcoti )(1—w —v coti,) , (A11)

where w and v are the ratios of the width and thickness of
the nearly rectangular wires of the mesh to the distance
of the wires. i and i, are the two angles of the direction
of incidence of the photon with respect to the wires of the
mesh

cosi; =cosa cosd@ —sina sindsing ,
(A12)
cosi, =sinf cos¢ .

For the Luxel filters used, w and v are 0.091 and 0.049,
respectively, giving M =0.826 for i =0 and i, =i,=w/2.
The third factor in (A9) is

N =1—R Ryexp(pi) (A13)
with
0 fori<i,
Ri=11 fori 2, (Al4)
and'*
cosi.=v, /v, (A15)

where v, is the plasma frequency of Al. The expression
Rexp(pi) for the reflectance of Al is fitted to the data of
Ref. 28 giving R;=0.1126 and p =1.424 rad .

From the various transmission data of Al filters in the
literature,'> 131629 the quantities needed for T in (A9) are
determined. For €(v), the two extreme curves of Ref. 17
are used. For each data set, the integrals (A4) and (A3)
are calculated. The average result is

k=0.127+15% . (A16)
The uncertainty of 15% is small compared, for instance,
with the variation of the transmission data used whose
values range from 0.1 to 0.23 at 60 nm and i =0. This
stability of « has two reasons: (i) only relative efficiencies
enter into (A3), and (ii) the spectral dependence of E (v)
for EUV photons is mainly governed by volume effects.
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