pansions and intrafacial tension gradi-
ents. In one analytical study of the
effect of volume expansions on heat
transfer in an ideal gas under zero-
gravity conditions Larkin concluded
that the heat transfer was greatly in-
creaced over what would be predicted
if such thermally induced motion were
neglected (7). The term “intrafacial ten-
sion” is used to describe a developed
tension arising in heated portions of a
gas or liquid. Possibly the differences
in physical properties between the hot
and colder portions of a fluid can be
large enough to result in an intrafacial
tension. Evidence for this kind of ten-
sion has been discussed (8).

The demonstration of convection
driven by surface tension in low-gravity
environments suggests that in feasibility
studies for a number of proposed space
manufacturing processes in which sizable
free liquid surfaces are in direct contact
with a gas or vapor phase this sort of
convection should be taken into ac-
count. The evidence obtained in the
radial heating and zone heating experi-
ments for still another form of low-
gravity convection requires confirma-
tion.

Further details of these experiments
and the data analyses are given else-
where (9).
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Pollution Monitor for Nitric Oxide: A Laser Device
Based on the Zeeman Modulation of Absorption

Abstract. The concentration oj nitric oxide can be monitored by a new device
in which the Zeeman effect is used to shift an absorption line of nitric oxide into
coincidence with a laser line of carbon monoxide. The absorption is modulated by
a small, oscillating magnetic field. This device is specific for nitric oxide and is not

subject to interference from other gases.

A new device, using the Zeeman
effect, has been devised for the mea-
surement of NO (and possibly NO,)
concentrations in gaseous samples. This
device employs a CO laser source at a
fixed infrared frequency and employs
the Zeeman effect both to tune and to
modulate the absorption. It is specific
for a strongly paramagnetic substance
such as NO and is not subject to inter-
ference from other contaminants in the
sample, since other contaminants either
have magnetic moments too small to
modulate significantly (for example SO,
and H,O) or do not absorb infrared
radiation (O,). Because of the wide
separation of the NO and NO; absorp-
tion bands, an excess of NO, does not
interfere with the measurement of NO
concentrations.

Kreuzer and Patel (1) have explained
the need for an improved NO detector
and have also outlined the problems
involved in using infrared absorption
to measure the concentrations of pol-
lutants. They have shown how a tun-
able spin-flip Raman laser can be cou-
pled with an optoacoustic detector to
measure low concentrations of NO in
the presence of other contaminants.
Such continuously tunable laser de-
vices are expensive and require skilled
operators. Consequently, it is desirable
to explore the possibility of developing
simpler and cheaper measurement de-
vices. Past attempts to utilize fixed-
frzquency lasers have not been notably
successful because pressure broadening
is usually required to achieve sufficient
overlap of the absorption line of the
pollutant and the laser line. This has
two consequences: (i) measurements
with a single laser line are no longer
adequat- to identify the pollutant, and
(i) moderate concentrations or long
path lengths are required to obtain suf-
ficient absorption. For NO we have
overcome these difficulties by using the
Zeeman effect to shift the absorption
in‘o near coincidence with a CO laser
lire and to modulate the molecular
absorption line rather than the in-
cident laser light.

Our device consisted of a continuous-
wave CO laser ‘oscillating only on the

1884.37-cm—1 line, an absorption cell
placed between the pole pieces of an
electromagnet, and an infrared de-
tector to monitor the intensity of the
laser radiation after it passed through
th: absorption cell. A d-c magnetic
field was used to shift the Zeeman
components of the NO absorption line
into near coincidence with the CO laser
line. The modulated magnetic field
which was used to modulate the Zee-
man components of the molecular ab-
sorption line in and out of resonance
with the CO laser line was generated
by using an audio amplifier to drive a
set of small coils attached to the pole
pieces of the electromagnet. The re-
sulting modulated signal from the in-
frared detector was measured with a
lock-in amplifier. In our experiments
the field was modulated with the fre-
quency 1 khz, and the amplitude of
modulation was varied from 10 to 100
rauss. Measurements were made in the
pressure range 1 to 30 torr. In the
configuration described above the ab-
sorption cell is outside the laser cavity.
With an intracavity configuration the
device would be more sensitive to the
presence of NO at very low concentra-
tions but would probably be less able
to quantitatively measure NO over a
range of concentrations.

We now examine briefly conditions
governing optimum values for the static
and alternating magnetic fields. Quali-
tatively, one expects the intensity of
the first-derivative spectrum to be great-
est if (i) the sharp laser line lies on
the steepest part of the much broader
absorption line, and (ii) the modulating
magnetic field shifts the line by half the
line width in each direction. Quantita-
tively, the intensity of the first-derivative
spectrum for low absorption (no satura-
tion) and low pressure (Doppler line
shape) is proportional to the Fourier
coefficient of the coswt term in the ex-
pression '

2
o' exp I:- 1/2 (ﬂ +4 cosm) ] (¢))
o g

where ¢ is the full width of the absorp-
tion line at half intensity in wave num-
bers (cm—1!) divided by the factor

SCIENCE, VOL. 176



(81n2)1/2 = 235, » is the frequency of
the oscillating magnetic field, and ¢ is
time. The parameter d is the separation
in wave numbers of the laser line from
the line center of the Zeeman com-
ponent and for optimum signal is ex-
pected to have the value o. The param-
eter a is the modulation amplitude of
the absorption line in wave numbers.
It can be seen, by expanding the ex-
pression above as a power series in
the parameter a/o, that the Fourier co-
efficient governing the intensity of the
first-derivative spectrum is given by

o' expl— 1/2(d/s)*l{—(d/s)(a/c) +
1/8[3(d/e) — (d/o)"Wa/o)* + O(a/c)“}(z)

From this expression we see that for
small a/o (that is, for easily obtainable
modulating magnetic fields) the inten-
sity of the derivative spectrum is pro-
portional to the modulation amplitude
a and reaches a maximum value for
d = 0. Numerical calculations based on
Eq. 1 show that the maximum intensity
of the first-derivative spectrum is
achieved for a/ o near 1.9. In our experi-
ments we have varied a/¢ from 0.1 to
1.5 and have observed the expected
improvement in sensitivity.

In order to optimize the sensitivity
of this device for a small fixed ampli-
tude of modulation, we chose to ex-
amine the NO transition having the
largest product of intensity (I) times
the Zeeman shift coefficient (Av/H).
Only the low J transitions of the 2II;,
state of NO show large Zeeman shifts.
Of these only the J =5/2<3/2, v=
1 < O transition at about 1884.32 cm—1
(2) lies close to a CO laser line, that
is, the (v=9-—8) P(13) line at
1884.37 cm—1 (3). (Our measurements
show that the actual separation of these
lines is about 0.028 cm—1.) In a mag-
netic field the J = 5/2 « 3/2 transition
splits into 12 electric-dipole allowed
transitions symmetrically displaced (to
first order) from the zero-field transi-
tion. Four of these are AM = 0 transi-
tions in which light polarized parallel
to the magnetic field is absorbed (as
in our experimental configuration) while
the remaining eight are AM = =*1
transitions in which perpendicularly
polarized light is absorbed.

The calculated relative intensities
(), Zeeman shift coefficients (Av/H),
field required to shift the Zeeman com-
ponent into coincidence with the laser
line (H.), and modulability [I - (Av/H)]
are given in Table 1 for those transi-
tions which can be shifted into coinci-
dence with the CO laser line. From
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Table 1. Relative intensities (I), Zeeman shift coefficients (Ay/H), field (H,) required for
coincidence with the laser line, and relative intensity [(I) - (Av/H)] of the (a/¢ € 1) derivative
spectrum for the Zeeman components of the yp = 1«0, J =75/2«-3/2 transition of the

[T, state of NO.

Zeeman component 1 Av/H H, I.(Av/H)
M’ <~ M” (cm~'/kgauss) (kgauss) (normalized)
+3/2«43/2 16 3.22 x 10°® 0.90 1.00
+1/2«41/2 24 1.07 x 10-2 2.70 0.50
+5/2«43/2 20 1.74 x 10-2 1.66 0.68
+3/2«41/2 12 041 X 10-2 7.14 0.09
—1/2«41/2 6 2.55 X 10-3 1.14 0.30
+1/2«43/2 2 4.70 X 10-3 0.62 0.18

this table it is obvious that the most
sensitive transition to use for small
modulating magnetic fields is the M =
+3/2 < +43/2 transition.

In Fig. 1, a and b, we show the deriva-
tive spectrum and absorption curve of
the AM = 0 transitions in NO, obtained
with the CO laser, as the magnetic field
is swept from O to 4000 gauss. In Fig.
1, c and d, we show predicted positions
and intensities for the absorption spec-
trum associated with AM = 0 and AM
= = 1 transitions, respectively. Figure
1a verifies the prediction in Table 1 that
the maximum intensity of the deriva-
tive spectrum for the M = + 3/2 «
+3/2 transition is greater than that for
the M = +1/2 < +1/2 transition; in
the limit of infinitesimal modulating

(a)

(b)

>
£
v
=
3
=
} | } +
0 1 2 3 4  H(kgauss)
3.3 m= %";

M=3«3 {¢) calculated
AM=0
transitions

_5_ 3
\ ﬁlﬁ*‘;‘"i (d) carcutated
M= -3~ AM=4#1
M="i"% | transitions

Fig. 1. (a) Observed derivative spectrum
of NO at 0.5-torr pressure and 20-cm
path length, (b) observed absorption spec-
trum at 2-torr pressure and 20-cm path
length, (c) calculated position and inten-
sity of the absorption spectrum for AM=
0, and (d) calculated position and inten-

sity of the absorption spectrum for AM=
+ 1.

field the ratio would be 2/1. Since the
Zeeman shift coefficient for the M =
3/2<«3/2 transition is three times
larger than for the M =1/2<1/2
transition, the ratio of the apparent in-
tegrated intensities of the two peaks in
Fig. 1b is three times larger than the
ratio of the intensities shown in Fig.
Ic (and given in Table 1).

In order to determine the sensitivity
of our device we made measurements
on laboratory samples with known con-
centrations of NO (prepared by suc-
cessive dilution with nitrogen gas to
avoid the reaction with O, in air at
high NO concentrations). We were able
to measure 60 parts per million of NO
with a signal-to-noise ratio of 70, and
from the results we extrapolated to a
sensitivity of 3 ppm. Measurements on
automobile exhaust were also performed
with a good signal-to-noise ratio.

Since the infrared absorption of Hy,O
appears to overlap that of NO in low-
resolution spectra, we have considered
several ways in which H,O might inter-
fere with the NO measurements, but
none of them can significantly reduce
the sensitivity of this device until one
approaches the range of parts per bil-
lion. For example, the attenuation of
the laser beam by H,O is not a prob-
lem for the laser transition used here.
Modulation of the H,O absorption by
means of the Zeeman effect in H,O is
not large enough to interfere with the
measurement of NO since the Zeeman
shift coefficient for H,O transitions is
10—* times as large as that for the NO
transition and the nearest HyO line is
0.20 cm—1! (more than ten line widths)
from the laser line. Our calculations
indicate that HyO will not cause any
trouble at concentrations greater than
1 ppb of NO.

The prototype instrument described
in this report can be further refined to
improve its sensitivity. The absorption
path can be increased by at least an
order of magnitude if a multiple-re-
flection absorption cell is used. With
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this improvement and improvements in
the detector and the laser stability, the
device should be able to quantitatively
measure NO concentrations to better
than 0.1 ppm. With an intracavity con-
figuration the sensitivity of the device
can be extended to the range of parts
per billion.
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Lead Isotopes in North American Coals

Abstract. Lead isotopes in North American coals are equally or much more
radiogenic than those in the present continental crust (a mean composition for the
continental crust is used). It is practicable to distinguish coal and gasoline lead
pollutants by examining their isotopic compositions.

Atmospheric lead pollution is well
documented (1), and the ambient lead
concentrations are far above those
naturally occurring (2). In 1968 an es-
timated 184,316 tons of lead aerosols
were emitted in the United States. Of
this, some 181,000 tons of lead were
attributed to the combustion of leaded

gasoline, and 920 tons were attributed
to coal burning, the second largest emis-
sion source. In regions where coal burn-
ing prevails, studies have indicated lead
concentrations as high as 150 ppm
in fly ash and 358 ppm in soot near
coal-burning electric- power plants (3).

Each natural lead deposit has a char-
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Fig. 1. Comparison of isotope ratios of coal and gasoline leads. The rectangular

dimensions indicate the measurement errors.
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acteristic isotopic composition, and this
unique property has been used to trace
lead pollutants in the environment (4).
The isotopic compositions of coal leads
may make it possible to differentiate
the sources of emission.

Coal samples were obtained from
various North American coal provinces.
Coals of the Eastern and the Interior
provinces were deposited during the
Pennsylvanian age, those of the Rocky
Mountain province during the Meso-
zoic age, and those of the Great Plains
and the Pacific Coast provinces during
the Tertiary age.

The washed coal samples were pul-
verized to 100 to 200 mesh size,
weighed, and ashed at 400°C to con- -
stant weight. The lead was extracted by
treating the ash with concentrated nitric
and perchloric acids, isolated by stan-
dard ion-exchange technique, purified
by several dithizone extractions, and
then converted to the sulfide form for
isotopic analysis. Mass spectrometry
was performed with a solid-source in-
strument (radius 30 cm) with an elec-
tron multiplier. Corrections proportion-
al to the square root of the mass ratio
are incorporated in the data to com-
pensate for velocity discriminations in
the electron multiplier. The following
limits (90 percent confidence interval)
were assigned to the lead isotope ratios:
=+ 0.3 percent of the 206Pb/204Pb ratio,
=+ 0.1 percent of the 206Pb/207Pb ratio,
and = 0.2 percent of the 206Pb/208Ph
ratio.

We have determined the lead con-
tents of 143 coal samples, which con-
tain an average of 11 ppm of lead (96
ppm on an ashed basis). The details of
the lead concentration data will be dis-
cussed elsewhere. Some 21 samples
were selected and analyzed for their
lead isotopic composition (Table 1).
The isotope ratios show that coal leads
are equally or much more radiogenic
than the average lead in the present
continental crust. Lead isotope ratios
in the continental crust, based on analy-
sis of marine sediments, are 18.45 for
206pPh/204Ph and 1.182 for 206Pb/207Pb
(5). The isotopic composition of the
lead in the coal samples showed no cor-
relation with the age of plant accumu-
lation or coalification. However, the
radiogeneity of the lead in the coal is
inversely proportional to the lead con-
centration. This is evidenced by coal
samples 62, 81, 83 and USBM-1 (Table
1), which contain high lead concentra-
tions (between 33 and 170 ppm) and
the least radiogenic lead.. This can be
explained by the gradual accumulation

SCIENCE, VOL. 176



