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RESEARCH OBJECTIVES

The aims of this group are threefold: first, the investigation of molecular and solid-
state problems by nuclear magnetic-resonance techniques; second, the investigation of
the structure of atomic nuclei, particularly of radioactive nuclei, by nuclear magnetic-
resonance techniques and by the investigation of atomic hyperfine structure and isotope
shift; third, the investigation of spectroscopic light sources and mercury-rare-gas
plasmas, generally, with particular emphasis on the study of collision processes, inter-
action with high magnetic fields, and coherence properties of the radiating atoms.

In order to obtain information from the relatively small numbers of atoms with
radioactive nuclei that can be prepared, this group has placed an emphasis on the optical
properties of atomic vapors. In addition to straightforward spectroscopic investigations
that make use of gratings and interferometers, and especially designed light sources
requiring very few atoms, techniques have been developed for eliminating Doppler
broadening, especially through the use of radiofrequency and microwave absorption,
and also of atomic-beam light sources.

A synopsis of our recent work reflects these aims. Optical pumping and nuclear
resonance were successfully achieved for the first time in a radioactive isotope. The
results of our isotope-shift experiments show that further systematic study of both iso-
tope and nuclear isomer shifts gives promise of yielding valuable information on nuclear
interactions. A theoretical study was made of the "hyperfine-structure anomaly" and a
formalism has been developed by which we can test explicitly assignments of nuclear
wave functions. Hyperfine-structure "level crossing" and double-resonance experiments
have been carried out with both stable and radioactive atoms. Further work with both
types of experiments is expected to yield data on atomic collisions and radiation coher-
ence. An experiment has been performed to test possible parity nonconservation in
molecular interactions. This work is being extended to other transitions, and to refining
the upper limit on the mixing coefficient of a parity nonconserving state. The construc-
tion of a spherical discharge tube, 2 feet in diameter, has permitted the study of a
mercury-rare-gas plasma under a condition that minimizes the effects of wall collisions.
Related theoretical and experimental work is continuing. We have also constructed a
new double-resonance, magnetic-scanning apparatus with greatly increased magnet
homogeneity, and a new grating mirror monochromator, of 36-ft focal length, for the
high-resolution spectroscopic work.

Our molecular studies by means of nuclear resonance continue to emphasize: (a) the
nature of phase transitions, particularly those involving order-disorder phenomena, in
solids; (b) intermolecular forces, including their reflection in the transport properties
of fluids; and (c) determination of the structures of simple molecules.

F. Bitter, L. C. Bradley III, H. H. Stroke, J. S. Waugh

A. SELF-DIFFUSION IN LIQUID METHANE AND ETHANE

The self-diffusion coefficient D for liquid CH 4 has been measured at 1 atm

over the normal liquid range, by using a spin-echo technique. The results may

be expressed as
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D = 80.5 x 10- 5 exp(-337/T) cm- sec - , 94"K < T < 111-K.

The constancy of the activation energy, 0. 67 kcal/mole, over such a small temperature

range is not surprising. A comparison of the reduced diffusion constant

D 1/2 1/3 T -5/6
R  c c

where M is the molecular weight and P and T are critical constants, with similar
1,2c c

results for argon 1 ' 2 gives agreement within combined experimental error, as expected

from the principle of corresponding states.

The results for C2H are much more interesting, inasmuch as they cover the very

wide temperature range along the vapor-liquid curve from the triple point to the critical

point. A plot of LnD vs 1/T is strongly concave upward. Among simple schemes for

describing transport processes in fluids, a fit with the experimental points could be

obtained either with a pure free-volume expression similar to that which is found

empirically to hold for viscosities 3 "

-5 1. 5 6 p  2 -1
D = 104 X 10 exp -085 ) cm sec

or with a modified free-volume theory of the type proposed by Cohen and Turnbull 4:

5 /Z -(1.37p) 2 -1

D = 5.06X 10 . T/ exp p-0 cm sec

Here, p is the density, whose hypothetical value at T = 0, 0. 85 gm cm- 3 , is consistent

with various estimates that can be made for CzH 6 from a variety of experimental facts.

Fessenden and Schuler 5 have measured the steady-state intensity of the paramag-

netic resonance absorption of ethyl radicals in a sample of liquid ethane undergoing

electron bombardment. Their estimate of the recombination rate constant kD for the
9 -1 -1

radicals at 135'K, kD = 4 X 10 I mole - I sec , may be compared with our measure-

ments if ethyl radicals are assumed to diffuse at the same rate as ethane molecules and

if the recombination reaction is controlled by diffusion so that the Smoluchowski equa-

tion6 can be applied:

-3 -1 -1
k = 87nND lx 10 3 fmole sec

Inserting our diffusion constant at 135°K and taking a hard sphere diameter a of 4. OA0

from gas-phase viscosity and PVT measurements, we predict kD = 11 X 109
-1 -1

mole sec This result is in satisfactory agreement with the rough value

of Fessenden and Schuler, particularly when it is considered that no account is

taken in the Smoluchowski equation of the fact that ethyl radicals probably do not recom-

bine unless they come together in a suitable relative orientation. Professor W. H.

Stockmayer collaborated in this work.
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We are now preparing to determine the dependence of D on T at constant volume

for C2H 6 and some other liquids, in order to distinguish between the above-mentioned

formulas and to throw light on the nature of transport phenomena in general. The

experiment will involve spin-echo measurements of D as a function of T and P up to

several thousand atmospheres.

J. V. Gaven, Jr., J. S. Waugh
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B. "SELECTION RULES" FOR ROTATIONAL INELASTIC SCATTERING

Nuclear relaxation in relatively dilute polyatomic gases arises from the fluctuation

of intramolecular perturbations, which is brought about by collisions that change the

rotational state of the molecule. Relaxation measurements thus afford a means of

studying the anisotropy of intermolecular forces.1, 2 In H2 , and probably in other mole-

cules as well, the important collisional process is one that changes the rotational mag-

netic quantum number mj, but not the total angular momentum Ji. A rather elaborate

scattering theory, or its equivalent, 1 is necessary to relate fully the intermolecular

potential to nuclear relaxation times, but certain properties of the potential can be

deduced more easily. For example, in a diatomic molecule in the rotational level J = 1,

the relative collisional transition probabilities per unit time W 1 for Amj = ±1, and W2

for Am = ±Z, are related to the symmetry of the intermolecular force and, in principle,

are measurable separately. For the molecule HD, specifically, the nuclear transverse

relaxation times T 2 for J = 1 can be shown 2 to be

2 2 2 212
4yH H 16H _YD

2 H 3(W 1+2W 2 ) 4 5r HDW 1

2 2 2 2 (e2  q )2
D D 2YH D (eqQD

(i- - D6 2H 22
2 D 3(W 1 +2W 2 ) 15r HD W 20h2

Here, the subscripts H and D refer to the proton and deuteron, respectively, y is a
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gyromagnetic ratio, r an internuclear distance, and eqQ a quadrupole coupling con-

stant. Insertion of numerical values shows that the proton relaxes 11 times faster than

the deuteron if W1 = W 2 , and 20 times faster if W 2 = 0. The appropriate experiments

are now in progress.

J. S. Waugh

References

1. I. Oppenheim and M. Bloom, Can. J. Phys. 39, 845 (1961).

2. C. S. Johnson and J. S. Waugh, J. Chem. Phys. (in press).

C. HYPERFINE STRUCTURE AND ISOTOPE SHIFT IN Hg 1 9 5 AND Hgl 9 5 *

An experiment is under way to measure the hyperfine structure and isotope shift in

Hg 95 and its isomeric state Hg 1 95* . This experiment is similar to that performed on

Hg 1 9 7 and Hg 9 7 * 1 The mercury will be produced by the reaction Au197 (p, 3n) Hg195

Examination of the gamma-ray spectra from trial bombardments has led to the exci-

tation curve for the reaction, and enabled us to select the bombardment energy that

maximizes the yield of Hg 95, and minimizes the yield of Hg 97 It is estimated

that a 12-hour bombardment will yield approximately 5 X 1013 atoms of Hgl 9 5 , and
approximately twice that many atoms of Hg 19 5  The ratio of Hg 1 9 5 to Hg 1 9 7 is

12:1 approximately.

W. J. Tomlinson III, H. H. Stroke
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D. STUDY OF D-C DISCHARGES IN A LARGE, SPHERICAL VESSEL

The spherical tube shown in Fig. VIII-1 is constructed of Pyrex, and is mounted

on a vacuum system consisting of a three-stage oil-diffusion pump and a forepump. A

large furnace may be lowered over the body of the tube for baking.

The anode is a sphere of copper, approximately 25 mm in diameter. It is mounted

on a stainless-steel rod that is shielded by a glass tube. The rod projects from an

iron slug through which the anode is moved by means of an external magnetic field.

The cathode is a group of three oxide-coated coils mounted in parallel on two rods that

pass through a magnetic slug, and connect to two leads of copper braid. The probes

are tungsten discs mounted on long, glass-shielded rods that are connected to magnetic

slugs.
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Fig. VIII-1. Top view of the spherical discharge vessel.

Preliminary experiments have been performed in a mixture of argon and mercury

vapor. The pressure is measured by means of an Autovac gauge. The mercury vapor

pressure is determined by the temperature of the tube walls, which is approximately

25 0 C.

The appearance of the discharge at various pressures is illustrated by the photo-

graphs shown in Fig. VIII-2. Figure VIII-2a shows the discharge with the anode and

cathode approximately 10 cm apart and an argon pressure of 5 mm Hg. In Fig. VIII-2b

the distance between electrodes is 14 cm, and the pressure is 3 mm Hg. Figure VIII-2c

and VIII-2d shows the discharge when the pressure is 2 mm Hg and 1. 7 mm Hg, respec-

tively, and the separation of the electrode is 14 cm. The current is 2 amps in all cases.

As can be seen, the dimensions of the dark region between the cathode glow and the

"plasma glow" increase at the expense of the "plasma glow" with decreasing pressure

until the condition in Fig. VIII-2d is reached. In that mode there is only a thin sheath

of excited atoms around the anode. The size of the cathode glow increases with

decreasing pressure.

Langmuir probe measurements indicate that the electrons have a non-Maxwellian

energy distribution in the "plasma glow," and a Maxwellian distribution in the dark

space.

It is believed that in discharges in which the anode is in the cathode region and no

plasma column develops the diffusion current of the electrons is more than sufficient

to carry the tube current. In this case a region of null or negative electric field occurs

between the anode and the edge of the cathode glow.1 In a tube of this geometry, opera-

tion in this mode should result in the cathode glow acting as a spherical source of ions



(VIII. NUCLEAR MAGNETIC RESONANCE)

(a) (b)

Fig. VIII-2.

(c) (d)

Mercury-argon discharge (cathode at right in each part): (a) pressure,

5 mm Hg; (b) pressure, 3 mm Hg; (c) pressure, 2 mm Hg; (d) pressure,
1.7 mm Hg.

and electrons that diffuse radially. Experiments are in progress which should deter-

mine to what extent this is so.

The density of electrons in the region between the cathode glow and the walls should

be proportional to the inverse of the radial distance from the center, if no recombina-

tion or ionization is present. Deviations from this situation will indicate that some

source or sink of particles is in the region, and we hope that a study of these deviations

will yield information about the recombination coefficients involved.

T. Fohl
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E. THE PERTURBATION OF A PLASMA BY A PROBE

An analysis of the perturbation of electron density and plasma potential by a

Langmuir probe has been carried out for a spherical probe in the center of a

spherical discharge tube. This consists of a solution in the ambipolar limit of the

transport equations for electrons and ions separately in the plasma, matched with

the sheath equations for electrons and ions at the probe. To simplify the analysis,

the sheath equations for a plane probe were used; hence the results are strictly

valid only for the case in which the sheath thickness is small as compared with the

probe radius.

TRUE PROBE CHARACTERISTIC

rp x p =0.036

0.109

0.243

/ 0.36

FOR PROBE RADIUS=I.82 xO1 CM

PRESSURE OF ARGON r x p Q(Vs=O)

2 MM 0.036CM-MM 0.653
6 0.109 1.97
13.3 0.243 4.34

20 0.36 6.53

f iLOCUS OF

Vs =0

0.01

-7 -6 -5 -4 -3 -2 -1 0 I 2 3 4 5
(Vp,-V )/VT

Fig. VIII-3. Calculated electron current vs probe voltage characteristics for various
values of Q(Vs=0). "True Probe Characteristic" is that obtained for no

perturbation (pressure very small so that Q = 0).

If n1 is defined as the electron density in the plasma at the sheath boundary,

n as the electron density in the plasma in the absence of a probe, and AV as the

change in plasma potential caused by the presence of the probe, then
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p 1

n -+Q

no  1 +Q (1)

AV = kTe- 1 e In (1+Q)e Q

where Te is the electron temperature and

Q - Qe+Qi

rp kT eVs/kTee s eQ e e V <0
e D rm s

e e

r kT
Se V >0

e e

rp kTi -eVs/kTi

Qi - m e V s >0
i D m. s

a 1

r
p kT.

m V s < O.
D a rmi s

Here rp is the probe radius; Da, the ambipolar diffusion coefficient; D e, the electron

diffusion coefficient; and Vs, the potential difference across the sheath (V s is positive

when the probe is positive with respect to the plasma). Since both Qe and Qi are func-

tions of sheath voltage, the perturbation of electron density and plasma potential will

also be functions of sheath voltage. Thus, the probe characteristic will also be dis-

torted. Figure VIII-3 shows calculated characteristics for various values of probe

radius multiplied by pressure (which determines Q) for a mercury plasma in a buffer

gas of argon. For simplicity, the ion temperature at the sheath edge was taken to be

equal to the electron temperature. Note that, for the larger values of Q, not only are

electron density and plasma potential considerably altered, but it becomes increasingly

difficult to identify the poipt of zero sheath voltage.

Analysis of the case for a plane probe in a cylindrical discharge tube, with and

without an axial magnetic field, is also being carried out. Results, thus far, indicate

that, except for a numerical factor believed to be approximately 1, the perturbation

of electron density is the same as that given by Eq. 1, provided that Q is multiplied by

a factor 1 + P4ei B 2 . This suggests that the perturbations are not very sensitive to the

ratio of sheath thickness to probe radius; and that Eq. 1 may be more general than is

expected. However, the detailed shape of the probe characteristics shown in Fig. VIII-3

can apply only when the sheath thickness is small compared with probe radius.
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Q (Vs = O)

0.5-

Fig. VIII-4.

0.01 0.1
PROBE RADIUS (CM) X ARGON PRESSURE (MM)

Perturbation of plasma density and potential at zero sheath potential
Vs vs Q(Vs=0) as determined by probe radius times pressure. (np

is the electron density determined from random electron current to
the probe at zero sheath potential; no is the electron density in the

absence of the probe; AV is the difference between probe potential
at zero sheath potential and the plasma potential in the absence of
the probe.)

Figure VIII-4 shows calculated values of n 1/no and kT versus Q(Vs=0) and r X p.
e

Examination of the expression for Q will show that for Vs = 0, Q is essentially the sum

of the ratios of probe radius to electron mean-free path and probe radius to ion mean-

free path. Thus these results agree with those from earlier work that the important

parameter is the ratio of probe radius to mean-free path. Note, however, that even

for Q(Vs=0) equal to 0. 1, the perturbation in electron density is 10 per cent.

J. F. Waymouth




