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ABSTRACT

B

A new type of atomic absorption spectrometer — one that de-.

tects trace mercury in host material, based on hyperfine-structure

"lines in a magnetic field — was developed and tested on various sub-

st&nces. This_devi'ce can detect trace mercury to about 0.04 ppm -
(40 ppb) in about 1 minute. No chemical separation from the host

" material is necessary.-
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A problem of great importance today is the detection of mercury
in food, especially in fish such as tuna and swordfish. Unfortunately,

so far as we know, no device available can make a rapid analysis of

" mercury to about 0.1 ppm in about 1 minute without first separating

the mercury from the host material. Beﬁause of the urg'ent need for
the detection of mercury, we have ‘converted to this purpose-a mercury
optical -pumping nz:iuvclear _mgnetic feson;nce magnetometer (1) which
we had conétnicted _t.aarlie'r to measure magnetic ﬁe_l&s. We were ..
motivated t.o utilize this technique because \%-e are able to observe '
routinely in our magnetometer a magnetié resonance signal whose

10

equivalent density is about 10™ " to 10“ atoms per cm3. This corre-

sponds to about 10'12 g of mercury per cm3. Because of the intrinsic

sensitivity of this apparatus and because considerable work had been

‘done to construct a stable, intense, sharp'mercury lamp and associated

electronics, we felt that conirerting the magnetométer to a mercury

detector would be of iﬁterést.

Our objective was to develop an instrument that-can be operated

' by completely inexperienced -personnel {such as fishermen), which has:

high accuracy in mercury detection to at least 0.04 ppm (40 ppb),

‘'which is very rapid in analysis without any chemical separation from-

the host material, and which ia inexgensiv'e;' 'We believe that the pro-
totjvpe instrument we developed satisﬁes the above aims,’ la.lthodgh
the unit in its‘present form is not quite portable because we used
readily available materials rather than engineering a cdmme.rcial-_
type unit. |

For the :sake of s-implicity in il}ustratihg the principle of opération
of this device, wé describe first an ideal case and then an alternative

way to approach this ideal condition, which is more difficult to



achieve in practice. Let us consider an even-isotope mercury lamp
placed in a high magnetic field (about 20 to 30 kG). The resonance
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radiation of A\ = 2537 A&, corresponding to the P1 - 1SO transitions,

is split into three components: o+, m, and ¢ . The light emitted in
the direction normal to the magnetic field consists of three Zeeman

components whose frequencies are given by

- v(a+)=v + &v, .

o]
v(n) = vo,
viog) = Vo - Sv, : (1)

where 6v is the shift in the frequency due to the Zeeman effect,

given by

h

The absorption profile of mercury in air is pressure-broadened (2)

ng i
v = {—r— ~H, in the usual notation.

so that the absorption width is much wider than the Doppler width.
However, 6v in Eq. (1) is linear in a magnetic field H, so that, at
least in principle, if the magnetic field is increased, two of the Zeeman
components, o+ and ¢ ~, will lie outside tixe absorption profile and the
T component will lie inside the absorption profile. At atmospheric
pressure the Doppler effect is negligible, and the absorption broadening
is enti.rely due t.o the pressure effect. On the other hand, theé line pro-
file of the resonance radiation is that of the Doppler width of the low-
pressure electrodéless mercury lamp. We made this lamp with an
effective iamp temperature of about 300°K. The shape of the 2537-.&
-light profile was checked with a Fabry-Perot .interferometer as well as
by Bitter's magneto-optical scanning method (3).

In order to determine the trace mercury from the host material
with no initial chemical separation, the host material is i1eated in the

absorption furnace to decompose its mercury compounds to mercury

whereas the intensity of the light Is impinging on the photodetector .
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metal. In addition to mercury, complex chemical byproducts also

fill the furnace, whether we heat the host material simply in air or

in an oxygen-rich atmosphere. These nonmercury components either

scatter or absorb the 2537- A radiation. ‘This phenomenon has hither-

to made the determination of trace mercury to even 10 ppm impossible
without prior extraction of metallic mercury .fro.m the host material.
However, the absorption or scattering by nonmercury vabors in gen-~ -

eral varies very slowly in the vicinity of 2537 A, so we can assutne

. that the amount of absorption or scattering by nonmercury vapor is

the same for the 01, n, and 0~ lines. Thus, if we construct a device
that detects the difference of absorption between the total monitoring
light I =1(*) + (¢ ") + I(v) and the reference light I = I(o*)+1(0 "),
we get the effect of absorption by mercury only, provided the ab-
sorption by nonmercury vapor is not close to. 1.0'0% . .Figure 1isa
block diagram of such a deﬁce. Because of the -mercury cell (Hg in

1 atmosphere of Ar or Nz) in front of the photodetector #2, the in-
tensity of the light In impinging on this detector is entirely due to the

oY ando- components, which we denote as

=eH+107) = I .o

Ir
#1 contains all these components, given by

=1ch + 1o~ - '
Ig=lc")+ o) +1m) =1 +]1 .

* e,

Here S stands for the intensity of the light containing the signal due

to mercury aﬁd R stands for the nonmercury reference; Iout for thg

intensity of the Zeeman components lying ontside‘ the absorption pro-
file and Iin for those lying within. The photoelectric current, Aand

hence the output voltages of photomultipliers #1 and #2; is pro-

portional to Ig and In. Thus, the output voltages can be represented as



Vo= =
Vs k IS and VR kZIR’

where ki and k2 account for the quantum efficiency of the photodetec-

tors, the gain, the geometrical factor, etc. In the absence of a sample

vcontaining mercury in the abAsorption .'cell, we can set V =v? ¢
_ . out ou
.‘w, = VS - Vg =0, either by adjusting the light intensity of I and IR’ or
by means of the amplifier gams A, and A2 (see Fig. 2). ‘Thus we have
s> . . ='
_ vout out kyIs - Kplg = 0, @)
so that _ '
(- R K o
1 S Io +I

If we now introduce a sample containing mercury in the host
‘ . material into the a.bsorption cell (furnace), the transmitted light in-
tensities for IS and IR -a.re" given by o

"o t(i - an)’

I = out“-")-. (4)

rwhere aHg is absorption b_y mercury and_a is absorption or scat-

- _tering by nonmercury elements (n stands for nonmercury materials, -or

_srrxoke) Therefore we get

. . ) V. ’k I I = -k ( in > 1.
‘ out 1's ~ @
T : ’ u" ZR 1 Ii.n.'-:[out in"Hg

'

I, .
-k -—L) 1 a . (5)
Z(Ii +1 t out Hg

Thus, V ou is Erogortlona to the mercury absorption, and the effect

of nonrnercury is completely eliminated.
In the actual practice of detecting mercury in the hi.cmaterial, it

is not convenient to use the normal Zeeman effect &escribed above:

' source, since the hyperfine structures of

‘in the hyperfme lmes
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the width of the absorpﬁon profile is so large, because of pressure
broadening, that we would need an unreasonably large magnetic field
to get Iout sufficiently far away from the absorption profile(more than

20 kG). This would add the cost and weight of a relatively large magnet

‘to the instrument. To overcome this difficulty, we used a 199Hg

199Hg in the 3P1 state lie at

——

- “the two extreme ends of the isotope distribution of ﬁat;ural mercury.

Figure 2 shows the Zeeman effect of 1'99Hg- along with the ene"rgy
levels of the natural mercury isotopes. From Fig. 2 it is evident that
we gain about 12 GHz in Zeeman separation over the normal Zeeman

effect. we discussed previously [199Av(3P1) = 22,128.650 MHz] (4).

. However, the pressure-broadened profile of natural Hg (about 10%

198Hg, 28% ZOOHg' 139, 201

hyperfine levels in a zero magnetic field. So we need a further shift

Hg, 'ai:d 20% Zozﬂg) overlaps these two

This can be accomplished by the Zeeman effect.
About a 10-kG magnehc field can shift the hyperfine Zeeman levels
IF = 3/2, mp

lr—s/z mp =3/2> =1/2),a.nd IF =1/2,

m_=-1/2 ) of 199Hg su:ff1c1ently far away that the optical Zeeman

F
_coinponents ongmatmg from these three levels can be used as Iout'
-The rernlainin'ngeenmn lines originating from

|F =3/, mp = - 3/2), and IF =1/2,

describ’ed earlier.
|F =3/2, mp =-1/2),

niF =1/2 } play the role of Iin' Thus we were able to use a light-.

' weight permanent magnet and still obtain suffi_cient shifts in the hfs

‘Zeeman lines to obtain an I

out reference signal for elimination of the

n_onrnercury effect.
The performance of the instrument we constructed was tested
against our standard (which we made by mixing Hgl into carbon, and

HgO into carbon and starch). In addition, we ignited various materials



-7-

materials containing no mercury in the furnace to ascertain that Vout
remained zero in the absence of mercury in spite of smoke, steam,
etc. We also used our standard to determine k, and kz; We cali-
brated the instrument against the standards, ‘and tested our apparatus
for mercury on tuna supplie& and analyzed by the National Canners
Association (by standard chemical analysis'); we obtained good agfee-
nr;e'nt with our standard. Wé placed varying amounts of tuna containing
0.49 ppm a.n& 0.24 ppm of Hg in the furnace an& made a plot of ng of
Hg vs. area under thg Hg absorption signal. All samples were within

| 12% of the average over the x;ange from 5 to 35 ng. After these tests,
we measured mercury concentrations in various materials such as
wali paints, papers, and meats. Figure 3 shows a typical signal

R and VS.

This technique is not limited to the detection of mercury; we be-

vout along with V

lieve it can be extended to almost every element in which the atomic
absbrption technique is applicable. - The block diagram (Fig. 1) illus-
trates only the principle behind the instrument. In the actual in#tru-
meﬁt we used an automatic heating furnace, a phase-sensitive detector
to eliminate extraneous light interference, and a digital integrator.
The instrument performance would be improved by the use of an auto-
matic light-intensity stabilizer and an automatic gain control against
the attenuation of IR and iS due to én. |

No great effort was made to increase the capability of this instru-
ment to the limit. With improved electronics it should be possible to
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reach 10 g/cc of Hg atom determination. This corresponds to

about +,14 ppb sensitivity for a 10-mg sample.
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’ Figure Legends
Fig. 1. Block diagram.illustrating the principle of operation of the
device. |
‘F.ig. 2. Energy levels of the 63P1 states of thé natural mercury iso- .

99

tpbes and the Zeeman paftern of the 1 Hg states F = 3/2 and -

F=1/2. Superimposed on the figure is the pressure-broadened

_ pfofﬂé: of the 63p 4'State of natural Hg in zero magnetic field.
F1g 3. Recorder _'t‘racings of Vg, Vp and _amplifi'e&-Hg bs'ignal, .

. ax v for tunazneat, where -G is the gain of the amplifier
w1th integration time constant of 01 seg:; The larée drop in VS_
and ._Vﬁ is dﬁé to the t:smoke effect. The temperature indicated is
the ferhf:erétur_e of the furnacé; the temperaﬁu'e of the sample;is:'

lower by;abqut 50 to 100°C. -
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responsibility for the accuracy, completeness or usefulness of any
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that its use would not infringe privately owned rights.
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