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nuclei should be minimal in this case. The shake-
off of the vacuum polarization cloud, which is a
collective type of e*e” creation, is a new process
of quantum electrodynamics. It is—so to speak
—the real setting-free of vacuum polarization
charges due to the Fourier frequencies in the col-
lision.

We acknowledge fruitful discussions with Pro-
fessor J. Greenberg (Gesellschaft fiir Schwerion-
enforschung) on the experimental observability of
positron production in heavy-ion collisions and
are grateful to Professor Werner Scheid, Gies-
sen, for critical reading of the manuscript.
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Positronium Spin Conversion by Phosphorescent Impurities in Gases*
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(Received 22 October 1976)

Ultraviolet illumination of Ar, N,, or air containing trace amounts of SO, or benzalde-
hyde quenches positronium through interactions with photoexcited impurity triplet states.
The measured interaction cross sections are large, ~ 1047ra02, and appear to increase as
T1/2 in the range 300 to 400°K. Triplet concentrations as low as 10~8 can be detected at

atmospheric pressures.

We report first measurements of photomagnet-
ic positronium quenching in argon, nitrogen, and
air at atmospheric pressures containing small
concentrations of benzaldehyde or SO,, which
have metastable triplet states. The large cross
sections are similar to those observed in solids®
and pose intriguing new questions with regard to
the quantum theory of excited molecular spin-
state interactions with leptonic atoms. This work
may have implications for research on gas pollu-
tion and, in particular, on H,SO, formation via
the photodynamic oxidation of SO, to SO, in air.?

Suppose a gas contains a small concentration,
c, of molecules or atoms in electronic singlet
ground states (S=0) that can be excited by light
to populate metastable paramagnetic triplet states
T* (S=1) at a steady-state concentration cr «<c.
When 0-Ps (orthopositronium; spin quantum num-
ber S=1) interacts with 7*, it can be quenched

by spin conversion into p-Ps (parapositronium;
S$=0) with efficiency o, , and p-Ps quenched into
o-Ps with efficiency a,, by spin flip correlated
with the quenching of T*,' or possibly by chemi-
cal binding of 0-Ps to the excited molecule. In
solids, the o0-Ps lifetime is only 2 times longer
than that of positrons in other states (1 nsec ver-
sus 0.5 nsec). In gases, it is ~ 100 times longer
(100 nsec versus 1 nsec). Therefore the “posi-
tron method” ought to be more sensitive for the
detection of photomagnetic impurities through o-
Ps quenching in gases than in solids. The results
reported here bear this out.

. The experiments were performed as follows.

A cylindrical copper chamber with length L of 25
cm and diameter of 10 cm was closed at one end
by a copper plate which held the positron source,
consisting of 5 uCi #*Na deposited on an Al back-
ing. The other end consisted of a quartz window
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to admit the uv light from a high-pressure mer-
cury lamp. Color and gray filters could be in-
serted between the lamp and the quartz window.
The chamber was connected to a pumping and
gas-mixing station to permit emptying, flushing,
and filling with a carrier gas containing known
amounts of “impurities.” The chamber was
charged at 295°K with 760 Torr of Ar, N,, or
air; fillings with 380 and 1520 Torr of Ar were
also studied. The admixtures were SO, or benz-
aldehyde, C;H,-CHO, henceforth abbreviated as
®CHO. An electric heating mantle enwrapped
the chamber and kept the gas temperature con-
stant at variable levels between 300 and 400°K
through a feedback loop with a thermocouple in
the chamber. One of two NaI(Tl) scintillators
mounted on RCA 4524 photomultipliers was placed
behind the ?*Na source, and the other next to the
wall of the chamber. They recorded through a
standard coincidence apparatus the time spectra
of the delayed coincidences between the 1.28-MeV
y ray from the **Na source accompanying the
emission of a positron, and one of the 0.511-MeV
v rays from the y annihilations with electrons.
The coincidences for times larger than a preset
time delay, ¢., typically 30 nsec, were summed
and stored. The experiment was repeated at in-
tervals of several minutes with the light alter-
nately on and off, until the total number of counts
in each mode approached 10%. This choice of ¢,
eliminated positron annihilations from states oth-
er than 0-Ps. The quenching results were inde-
pendent of ¢, in the range of 20 to 100 nsec. The
extinction coefficient, €’, for the light in the ab-
sorption range of the impurities was such that

. €'L«1, i.e., the density of photomagnetic im-
purities could be taken as constant throughout the
gas. In the absence of these impurities, no pho-
toinduced 0-Ps quenching was observed.

The relative number of annihilations that occur

at delay times t>¢_ is given by

N¢,) =I,exp(-Tt.) +I,exp(-T,t,)
=T, exp(-Tyt,), 1)

where the short-lived component of intensity I,
subsumes all positron annihilations other than
from o-Ps, with a mean disappearance rate I',.
The experiment is designed such that I'; ¢ > 1.
The component of intensity I,=1 -1, encompasses
the disappearance of 0-Ps with rate I';~vy, +k,,
where y, is the 0-Ps annihilation rate in the gas,
and k, the 0-Ps spin conversion rate.

The counts in the dark, N°ff(¢,), stem from o-
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Ps annihilations via electron pickoff into two y
rays, each of energy 0.511 MeV at rate v, , and
by self-annihilation into three ¥ rays with a con-
tinuous energy distribution peaking at the cutoff
0.511 MeV, at rate y,= (140 nsec)"* so that I',°f
=Y0=Y¥p,0+¥s The counts under illumination,
N%(,), reflect the increased two-y annihilation
rate I',"=y, +k, due to 0-Ps interactions with T*.
If 7 denotes the ratio of counts in the 0.511-MeV
detector from two-y decays and from three-y de-
cays, the count rates are related to k, as

Non(tc) - <1 + Kan )ri?LOff
NOff(tc) Y3TV5,0M r,™

exp(-k,t,). (2)

In our experiments where n=1, the forefactor in
Eq. (2) was close to unity and insensitive to chang-
es inn and k,. This was confirmed by shifting

the detector energy-acceptance window. There-
fore, we extract from the data the photoinduced
0-Ps quenching rate according to

1 Nt )
= on _ Off_—__. —_C
K,=T,M =T, i 1 N (3)

Experimental and theoretical elastic Ps-Ar
scattering cross sections® suggest that spin con-
version in our systems is not Ps-diffusion-limit-
ed, but dominated by direct processes with quench-
ing rate*

Ko =VpNp =NgpUpsQ, O, 4)

in terms of the volume rate v; and cross section
or for Ps spin conversion by T* present at den-
sity ny, vps being the Ps group velocity; o, o0y is
the respective 0-Ps quenching cross section. In-
deed, the experiments prove that Eq. (3) is inde-
pendent of the carrier gas. Its function is to slow
down positrons to form significant amounts of Ps
in the chamber. In the presence of a density n p
of phosphor molecules, the T* density is given
by

np=@pTrAnp, (5)

where ¢ is the triplet yield, 7, is the phospho-
rescence lifetime, and A is the absorbed light in-
tensity

A:fg(w)e(w)dw (6)

from a lamp emitting photons with spectral in-
tensity distribution g(w), by phosphor molecules
with photoabsorption cross section €(w) at fre-
quency w.

Figure 1 demonstrates that the change (N°"
- Noff)/Noff~ _k ¢ in Ar increases linearly with
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FIG. 1. Light-induced relative changes of counting
rates, to first order equal to k¢, with {,=30 nsec, as
a function of the relative light absorption 4/4;, Eq. (6).
The maximum absorption 4,=4x 1072 photons/sec per
benzaldehyde, $CHO, and 4,=7x 103 photons/sec per
SO, inside the chamber is known to +25%. Data given
as solid symbols pertain to the full lamp spectrum with
and without gray filters, right-hand half-open symbols
to filters (Corning CS 3-74 for ®CHO and CS 0-54 for
S0,) transmitting the light at lower frequency than the
phosphor absorption edge, and the left-hand half-open
symbol to a filter (Corning CS 7-54) transmitting at
higher frequencies. The lower scales are nomograms
for the relations between A and ¢, in Ar at 1 atm and
T =300°K. Relative errors are comparable to the size
of the symbols.

the absorption. We changed A relative to its
maximum value A, by reducing the light intensity
with gray filters (full symbols), or by changing
the spectral distribution through interference fil-
ters with transmission at frequencies lower than
the impurity absorption edge (right-hand open
symbols) or higher than the absorption edge (left-
hand open symbol). The effect is specific. It is
linked to the action spectrum of the system in
that only light absorbed by the phosphor leads to
0-Ps quenching. The method can detect changes
of a few T* molecules in 10® gas molecules. Var-
iations in the light intensity at the Ps Lyman ab-
sorption line had no measurable effect on «,.

Figure 2 displays the experimental volume
rates vy =k, /ny, where k, is given by the right-
hand side of Eq. (3), and n, is calculated from
Eq. (5) with the phosphor parameters 7,, ¢,

cm3
sec
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0.2r e

1 1 1
300 350 400 °K
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FIG. 2, Volume rates v, =k,/n, for spin conversion
of 0-Ps by benzaldehyde (#CHO) and SO, in photoexcited
triplet states as a function of temperature in Ar, N,,
and air at 48% relative humidity, with constant density
equal to that at 760 Torr and 295°K. The scatter of the
points at a given temperature is indicative of their rela-
tive uncertainties. The absolute values carry the un-
certainties of A, through n;, which can be inferred
from the nomograms in Fig. 1. The solid lines are cal-
culated from Eq. (8) with interaction radii R, =40° for
$CHO* and R;=30 A for SO,

and € (w) taken from literature,’ and g(w) calibrat-
ed as in the earlier work.' Evidently, v; is inde-
pendent of the carrier gas and the partial pres-
sure of the impurity; it rises with temperature,
T, approximately as T*', Table I summarizes
the range of our experimental conditions. It lists
the mean values of v;. The resulting Ps-T*
quenching cross sections are ~ 10™*% cm? = 10%*1q,?,
where a, is the Bohr radius. They signify inter-
action ranges of 50 A. Table II compares known
0-Ps quenching efficiencies and cross sections
of gas molecules® by electron pickoff [N, (S=0);
Ar (S=0)] and by ground-state spin conversion
[0, (S=1); NO (S=3)] with our results for the
quenching by excited triplets [®#CHO* (S=1);
SO,* (5=1)].

To gain perspective on the trends in Fig. 2,
we adapt the cross section given earlier? for an
extended center of effective size 2R, exerting a
short-range attraction on neutral Ps, of de Brog-
lie wavelength kp,™ ' =7/mp,v ps With mps=2m,. The
attraction expressed as a Ps-T* affinity A is re-
lated to the Ps wave vector, K, in close T* prox-
imity as A = (7K)?/2mp,. In this stylized model,
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TABLE I. Summary of experimental conditions.

T Carrier Parameters cp vp 9 op d
Phosphor ¢p? (1073 sec) gas? varied © (ppm) (1078 cm®/sec) (1012 cm?)
&CHO 0.95 2.1 Ar T, Asngst, 0.05-20 1.2+0.3 1.5£0.4
N, T,A 0.05-0.1
Air® T 0.1
SO, 0.015 1.7 Ar T,A 0.02-0.04 0.6+£0.2 09+0.3

3Calculated from optical rate constants given in Ref. 5,

bAt constant density ng=2.45X 10! molecules /em?® corresponding to 760 Torr at 295°K, Measurements at $n, and

2n; in Ar showed no change in vy,

¢Quenching depends only on the density of triplets n,, related to the phosphor density n, =cng as given by Eq. (5)

and to cp as np=cqn.

dMean value in the range 300 to 400°K (cf. Fig. 2). In Ar, v, remained independent of the gas pressure between
380 and 1520 Torr, i.e., T, can be taken to be a constant under our conditions.

€At 48% relative humidity.

the volume rate becomes

Anh (1+RTsz 2 (7)
mpsK 1+K-1kps :

With vp = (325 T/mps)?, A~0.3 eV and a,=0.1,}
Eq. (7) takes the form

1+bR VT \?
“(T}}lﬁ—) ®)

Vr=Q,Ups 07 =0,

(where T is given in degrees Kelvin) in terms of
the constant a =1.8x 10”% cm®/sec, b=8.2X 10°
cm”™! deg™Y2, and ¢ =2% 1072 deg” %, Equation
(8) yields the solid lines in Fig. 2 with R;=40 A
for ®CHO* and R, =30 A for SO,*.

In summary, the interaction of Ps with photo-
excited triplet states of molecules leads to Ps
quenching. One may attribute this effect to spin
flip, an exothermic process in which a phospho-
rescent triplet state is converted concomitantly
into the singlet ground state. The quenching
rates of 0-Ps can be measured selectively in gas-
es with high sensitivity because of the long 0-Ps
lifetimes. Compared to Ps spin-conversion

cross sections of molecules in triplet ground
states, such as O,, the cross sections we ob-
serve here are large and permit detection of pho-
tomagnetic trace impurities even in air. Their
magnitude and T2 dependence appear to be linked
to the fact that Ps is a neutral quantum mechani-
cal probe. One concludes that photoinduced Ps
quenching is a new general phenomenon that oc-
curs in gases and solids. The detailed analysis
must await fresh theoretical developments and
measurements of continuous-action spectra on
possibly simpler systems than those chosen to
uncover the effect.

We are grateful to A. Schwarzschild for discus-
sions.
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TABLE II. Comparison of o-Ps quenching rates and cross sections of
ground-state molecules (Ref. 6) with those of molecules in photoexcited

triplet states (*) at 300°K.

o0-Ps quenching rate Quenching cross section

Molecule S (108 atm™! sec™ 1) (107%' cm?)

N, 0 2.1x10"! 1.1

Ar 0 2.5x107! 1.4

0, 1 1.8x 10! 1.0 102

NO 1 2.5%10° 1.4x 10

S0,* 1 1.1x 107 6.0x 107

®CHO* 1 1.8x107 9.7x 107
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We show that a poorly electrically conducting fluid, in the presence of both static ther-
mal and potential gradients, displays instabilities that are very different from those en-
countered in the Rayleigh-Bénard problem. For certain parameter values, we predict
a direct transition to oscillatory behavior which should be observable by simple means.

A set of interesting flow patterns unfolds as a
viscous fluid undergoes the transition from the
laminar to the turbulent state. Although the
threshold sequence of instabilities is not univer-
sal, the Rayleigh-Bénard problem provides a
good illustration. In this case a fluid layer in the
presence of a thermal gradient undergoes a tran-
sition to time-independent convective flow under
sufficiently large thermal stresses as measured
by the Rayleigh number. With increasing values
of this parameter the flow becomes oscillatory in
character and then eventually attains a fully tur-
bulent state, Recently some of these instabilities
have been analyzed in detail both theoretically and
experimentally in fluids that span a large spec-
trum of Prandtl numbers.'™® _

The above scheme is greatly modified when one
considers a fluid containing mobile charges in the
presence of an externally applied potential. In
particular, the case of low-mobility systems,
such as weak ionic solutions or electrophoretic
cells,” provides a new set of interesting phenom-
ena, In such Coulomb fluids® the persistence of
charge-density fluctuations and their associated
fields for times that are comparable to those of
fluid motion leads to additional dissipative proc-
esses and restoring forces which change the na-
ture of the instabilities.

In this Letter we analyze the stability of a Cou-
lomb fluid in the presence of both thermal and
electric potential gradients. As we show, the
new degree of freedom provided by the charges
leads not only to renormalized convective thresh-
olds but also to a novel type of instability. Spec-
ifically, for certain parameter values an oscilla-

tory regime develops in which the Coulomb forc-
es acting on the double layer of the fluid subtly
compensate the buoyancy term. Besides their
intrinsic interest, the fact that the oscillations
can be easily detected by electrical means pro-
vides a new experimental tool for studying flow
instabilities.

We consider a typical Bénard geometry with
free boundaries of infinite lateral extent and sep-
arated by a distance # along the vertical z* axis,
and which are good conductors of both electric
charges and heat. The cell is filled with a fluid
of dielectric constant €, viscosity v, and ther-
mal diffusivity k. The fluid density is p,* and it
contains a number density n,* of equal positive
and negative charges of magnitude Ze. The mo-
bility of the charged carriers is in turn given by
w=(Ze)?D/kyT, with D their diffusion coefficient
in the fluid and 7, its mean temperature, Be-
sides the customary temperature difference AT
there exists an electric field E throughout the
fluid which is produced by an applied potential
difference V, between the two plates. We further
assume the fluid-plate interface to be nonohmic.

In the absence of any convective currents and
for the geometry outlined above, the potential
through the fluid is given within the Debye-Hiickel
approximation by

sinh[V2(z* -1 /2)/&]
sinh[v2r/2¢&] ’

with 0 Ssz* <k and £ the screening length, which
is given by £ 2=n*(Ze)?/ekyT,. Similarly the
static charge density n*(z*) is given through
Poisson’s equation by n *(z*) = =2(Ze)2n* @ (2 *)

g0 =22 (1)
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