CHARGE EXCHANGE IN PROTON-H-ATOM COLLISIONS

signal per unit mass-2 ion current becomes, from (9),
S(2,D)=4(2,D)/1:>[0.9450(d, D)
+0.0550(Hs+D)].  (10)

Since the signal per unit ion current found when the
proton beam crossed the deuterium atom beam is given
by

S(1,D)=4(1,D)/I,=Q(p,D),

and the constant of proportionality is the same for the
same neutral beam and geometry, we have

H,*,
Q@D) 1 [s@Dp) 0 D)]_ 100
Q(p,D) 0.945.5(1,D) Q(,D)

Similarly, when the neutral beam consists of D, rather
than deuterium atoms, an identical argument yields the
analogous formula

Q(d,Dz) _ 1 I-S(Z,Dg)
0(p,Ds) 0.94505(1,Dy)

Hyt,D,
O.OSSQ( D)] (10b)
Q(P:Di’)

These two formulas were used in evaluating the
cross-section ratios. The values for Q(p,D), Q(p,D,),
Q(H:+D), Q(Hs+Ds) were taken as the values previ-
ously determined when the neutral beam consisted of
light hydrogen atoms and molecules (as shown in Figs.
5, 3, 6, and 4, respectively) after it had been ascertained
that the curves of relative cross section were the same
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whether light or heavy hydrogen was used in the neutral
beam.

The results of the measurements comparing proton
and deuteron bombardment of the same neutral beam
are shown in Figs. 7 and 8, where the data were handled
according to Egs. (10). When the deuterium molecule
was the target (Fig. 7), the shift of the two curves along
the energy axis could hardly have been in better
agreement with the theoretical considerations presented
above.

When the target system was the deuterium atom
(Fig. 8), the expected shift was not observed. We cannot
at the present time resolve the dilemma presented by
the disagreement between the very convincing simple
theoretical arguments and the equally convincing direct
experimental data.
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Electron spin resonance spectra of H, D, N, and CHj trapped in solid matrices at liquid helium tem-
perature have been observed and interpreted. The effect of the matrix field on the resonance properties of
the radicals has been investigated by depositing the radicals in matrices with different binding energies.
The effect of the matrix on the g factor is extremely small in all cases. The deviation of the hyperfine coupling
constant from the free-state value increases in a systematic way with increase in binding energy of the
matrix, the percentage deviations being small for H, D, and CH; but rather large for the case of N. The
widths and shapes of the spectral lines are discussed in terms of dipolar broadening, spin-lattice relaxation,
anisotropic broadening, rate of passage and the modulation parameters used for observation.

Complex spectra, not adequately identified, have been observed from discharges in hydrogen and hydro-
gen-oxygen systems. Deductive evidence for an HO; resonance spectrum is presented.

The stable molecular free radicals Oz, NO, and NO; have been studied. Only NO; yielded a positive
result. Resonances for oxygen and chlorine atoms have been sought but not observed. It is suggested that
radical species with orbital angular momenta may escape spin resonance observation because of matrix
field anisotropy and that radical species with an even number of electrons may be unobservable because of
crystalline field splitting resulting in a singlet ground level.

I. INTRODUCTION
REE radicals trapped in solid media can be gener-
ated iz situ by irradiation (uv, x-ray, vy-ray,
electron, neutron, etc.) or can be generated in the

* This work supported by Bureau of Ordnance, Department of
the Navy.

gaseous state and subsequently deposited in a suitable
matrix. While the technique of stabilizing free radicals
by isolating them in a rigid matrix is not new! and
many frozen chemical systems have been examined

1G. N. Lewis and D. Lipkin, J. Am, Chem. Soc. 64, 2801
(1942).
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for free radicals, the problem of detecting and identify-
ing intermediates in a solid is complicated by matrix
interactions, and only a few trapped free radicals have
been identified with certainty. The spectra obtained
with high-energy radiations, while quite interesting
from a radiation damage standpoint, are not so readily
interpretable as those obtained either by uv irradiation
of the solid or by deposition from the gas state of
systems whose radical content has been studied by
other methods.

Electron spin-resonance techniques have been applied
with great effectiveness to the study of trapped free
radicals. The resonance method is inherently selective
in detecting only those species with unpaired electron
spins. Hyperfine structure in the resonance spectrum
frequently permits an unambiguous identification of a
free radical. However, there are many instances where
the resonance spectra by themselves are inadequate to
determine the identity of free radicals.

In this paper, electron spin resonance studies of a
number of atomic and molecular free radicals trapped
at liquid helium temperature are presented. The effect
of the trapping matrix on the resonance spectra is
examined. Also discussed are the instances where the
resonance approach, as currently applied, has failed to
give a positive result.

II. EXPERIMENTAL
A. Production of Free Radicals

Atomic and simple molecular free radicals are rather
easily generated by electric discharges in appropriate
gases. As the free radicals being studied increase in
complexity, more selective methods of radical produc-
tion, such as photolysis or photosensitization are needed
to obtain specific radicals. While we have used all of
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Fi6. 1. Discharge system and low-temperature cell.
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the above methods for free radical production, the
principal method for the simple free radicals reported
here was the electric discharge.

The free radicals were produced by an “electrodeless”
discharge in a rapidly flowing gas stream. Two strips
of aluminum foil wrapped around the quartz discharge
tube (25-mm diameter) coupled the energy from an
8-Mc/sec transmitter into the gas. The power input to
the discharge depended on the gases used and was set
considerably higher for atom production, roughly 100
watts, than for production of molecular free radicals.
The discharge products were pumped by a liquid
nitrogen trapped mercury diffusion pump and fore-
pump at a speed of about 1500 cm/sec past a short
side tube connected to the low-temperature cell. The
side tube was terminated by a glass slit which served
as the source slit for a simple molecular beam system.
The gas pressure in the discharge varied, depending on
the particular experiment and on the size of the glass
slit, but was usually about 0.1 mm Hg.

B. Low-Temperature Cell and Sample
Deposition System

The general arrangement of the discharge system and
the low-temperature cell is shown in Fig. 1. The upper
portion of the low-temperature cell is essentially the
metal Dewar system described by Duerig and Mador.?
The sample is collected on a sapphire rod which is in
direct thermal contact with liquid helium. The sapphire
rod, 2 mm in diameter and 50 mm long, projects into
the liquid helium reservoir through a vacuum-tight
solder joint. Temperature of the sapphire rod is meas-
ured either by a 2.19, Co-Au, 0.379%, Au-Ag thermo-
couple or by a 2.19, Co-Au, Chromel-P thermocouple
soldered to a silver band on the sapphire about 2 mm
below the vacuum joint. The liquid helium assembly
can be raised or lowered mechanically by means of a
sylphon bellows arrangement.? Since liquid helium
cooled surfaces are excellent pumps, there are four
radiation baffled pumping slots (not shown) in the
liquid nitrogen cooled radiation shield. Except for the
slits used for sample deposition, the liquid helium
assembly is surrounded by a liquid nitrogen radiation
shield. The microwave cavity, shown in Fig. 1, is
cooled to liquid nitrogen temperature by thermal con-
tact with the radiation shield.

The sample deposition system is shown in detail in
Fig. 2. The molecular beam from the glass slit is
uncollimated and is condensed on the sapphire target.
The discharge products can be condensed in various
matrices by sending selected gases through the matrix
slits at the same time the beam from the discharge is
being deposited. The ratio of matrix to discharge
products in the sample is typically of the order of
100: 1. The glass slit varied in size from 0.5 mmX10 mm

2W. H. Duerig and I. L. Mador, Rev. Sci. Instr. 23, 421
(1952).
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(early experiments on hydrogen atoms®) to 0.11 mm
X6 mm for most of the matrix effect experiments. The
molecular beam flux to the sapphire target with the
smaller slit is 3.8X10' molecules/cm? sec for hydrogen
molecules at 300°K and 0.10 mm Hg pressure. If the
effective length of the sapphire target is taken as 1 cm
and condensation is assumed perfect, then 1.4X10¥
hydrogen molecules would be condensed in a 30-minute
run. This would correspond to a layer about 2.6X 1073
cm thick. After the sample has been deposited, the
sapphire rod is lowered into the microwave cavity.

C. Microwave Equipment

A rectangular microwave cavity of the reflecting type
is used and resonates in the 772012 mode at a frequency
of around 9178 Mc/sec. The cavity is electroformed and
has internal dimensions of a 1-wavelength section of
standard X-band wave guide. The sample-rod entrance

fem
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F16. 2. Sample deposition system. Cross-section
view of the slit system.

hole (5-mm diameter) is located at the center of the
surface which allows the inserted sample to occupy the
position of maximum microwave field intensity. The
penetration of the sample rod into the cavity is ad-
justable up to a maximum of 16 mm. A microwave iris
window (4.9-mm diameter) is located at the center of
one end plate, the wall thickness being tapered to a
thin edge at the aperture. The wave guide is extended
a quarter wavelength beyond the iris and terminates to
provide a vacuum gap between the liquid nitrogen
cooled cavity and the room temperature coupling wave
guide. A mica window is placed in the room temperature
wave guide to maintain the cell vacuum. The unloaded
Q of the cavity is about 18000 at liquid nitrogen
temperature and the window Q, controlled by the iris
aperture, is chosen to make the ratio of the unloaded Q

3 Jen, Foner, Cochran, and Bowers, Phys. Rev. 104, 846 (1956).
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to the window Q about 0.4, which is close to the condi-
tion for maximum sensitivity for detection.

The microwave system used is shown in Fig. 3. In
many respects the system is conventional for an electron
spin resonance spectrometer. The klystron is stabilized
at the sample cavity resonance frequency by a servo-
loop using the discriminator characteristic of the cavity
relative to a small-frequency modulation of the klystron.
The microwave frequency is measured with a Hewlett-
Packard electronic counter and transfer oscillator system
which is standardized with radio station WWV.

D. Magnetic Field and Signal Recording

A 12-inch Varian magnet with 3-inch gap supplies
the magnetic field. The microwave cavity is placed in
the central and most homogeneous region of the
magnet. The magnetic field is measured with a proton
resonance magnetometer with the probe placed as close
as possible to the center of the cavity (3 cm). The
difference between the fields at the sample and the
magnetometer probe is a very small known quantity,
negligible for most of our measurements.

A magnetic field modulation of 400 cps is used. The
modulation is supplied by a pair of pancake coils out-
side the vacuum jacket surrounding the cavity. With
this arrangement the field has to penetrate both the
brass vacuum wall and the copper cavity. With reason-
able power, modulation fields of several oersteds ampli-
tude can be obtained. The resonance of a sample
appears at the output of the crystal detector as a
signal at the modulation frequency. This signal is
amplified, phase detected, and fed into an X-Y recorder.
For resonance observations, the magnetic field is slowly
swept over the desired range in two to ten minutes.
The direction of sweep is alternately reversed in taking
data.

The sensitivity of the apparatus with the sample at
liquid helium temperature was measured by using a
known amount of DPPH (diphenyl picryl hydrazyl) on
the end of the sapphire rod. It is conservatively esti-
mated that the sensitivity is 107" mole of DPPH or
about 6X10'2 spins for a line having a half-width of
about 4 oersteds, ‘
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Hq=3000.86 @
v=9I77.76 Mc/sec

F16. 4. Low-field line of the doublet spectrum for H in H,
matrix. Detector phase at 90° with respect to the field modula-
tion. In this and other figures, the symbol ¢ is used to denote
oersteds.

III. RESONANCE SPECTRA OF TRAPPED
ATOMIC FREE RADICALS

A. Observed Spectra of Hydrogen, Deuterium,
and Nitrogen Atoms

Results obtained from the observation of the electron
spin resonance of trapped hydrogen, deuterium, and
nitrogen atoms have been briefly reported before.’*
A somewhat more detailed description of these cases
will be given here. In addition, an unsuccessful search
for the resonances of oxygen and chlorine atoms will
be mentioned. The effect of different matrices on the
resonance characteristics will be deferred to Sec. V,
where atomic and molecular free radicals are jointly
considered.

Hydrogen Atoms

The observed hyperfine spectrum for hydrogen atoms
trapped in a solid matrix is a doublet which is very
nearly the same as that observed for free hydrogen
atoms in the gaseous state. Figure 4 shows a trace of
the low-field line, which has the same spectral shape as
the high-field line, for hydrogen atoms in an H, matrix.
The field positions of the two lines at a fixed microwave
frequency are given in Table I.

The spectral shape of the line in Fig. 4 is not a slow
passage presentation of an absorption line detected
with field modulation.® The result may be interpreted

(1;51?8(311&, Jen, Cochran, and Bowers, J. Chem. Phys. 28, 351

5 The spectral shape of an absorption line detected with field
modulation under slow passage conditions is usually in the form
of the derivative of the absorption coefficient. The absorption
signal at the modulation frequency is in phase with the modulation
field. If, however, there is a long spin-lattice relaxation time (')
and a high modulation angular frequency (wn) such that wnT121,
the absorption signal has also a component in phase quadrature
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as a fast passage phenomenon brought about by a long
spin-lattice relaxation time of the sample and a rela-
tively high modulation frequency. Additional evidence
for a long spin-relaxation time is the observation that
the hydrogen lines show the effect of intensity saturation
even with the smallest microwave magnetic field used
(5X 1073 oersted).

Deuterium Atoms

Consistent with the doublet spectrum for hydrogen
atoms, the observed hyperfine spectrum for trapped
deuterium atoms is a triplet. Figure 5 shows a trace for
the center line, which is also generally representative in
appearance of the higher and lower field lines. The
field positions of the three lines at a fixed microwave
frequency are given in Table I.

i
24

He
)
]
|

F1c. 5. Center line of the triplet spectrum for D in D, matrix.
Detector phase at 90° with respect to the field modulation. In this
and following figures, H, stands for the free electron resonance
field given by the relation /v = geuoH, with g,=2.00230.

The spectral shape of a deuterium line is similar to
that of a hydrogen line though somewhat broader. This
spectral presentation, together with the easy saturability
of a deuterium line, again suggests the presence of a
fairly long spin-lattice relaxation time. There is, in
addition, an apparent anomaly in the intensity dis-
tribution among the triplet components. The ratio of
the peak intensity of the center component to that of
either side component varies from about 4 at a high
microwave power level to about 1.5 at the lowest
detectable power. This ratio should be unity according
to the theory for free atoms. We shall comment on an
explanation of this anomaly in a later section.

with the modulation field, particularly if the line is partially
saturated [see A. M. Portis, Phys. Rev. 100, 1219 (1955); A. G.
Redfield, Phys. Rev. 98, 1787 (1955)]. It seems that under
certain conditions, a field-modulated absorption curve at fast
passage can look like a field-modulated dispersion curve at
slow passage.
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Nitrogen Atoms

In agreement with the known spectrum of a free
nitrogen atom, the observed hyperfine spectrum for this
atom in the trapped state is a closely spaced triplet as
shown in Fig. 6. The field positions for nitrogen atoms
in an N, matrix are tabulated in Table I.

In contrast to the cases of hydrogen and deuterium
atoms, the spectrum in Fig. 6 shows a normal differ-
entiated absorption line shape typical of a slow passage
condition. There is also an even intensity distribution
among the triplet components in accordance with
theory.

B. Theory of the Hyperfine Spectra of Free
Atoms in S States

The magnetic resonance properties of atoms are well
known both theoretically and experimentally. We shall
state the essential theoretical results for an S-state
atom, which is the simplest as well as the only relevant
case for the present considerations. Let J be the total
electronic angular momentum and I be the angular
momentum of the nucleus. Then the spin Hamiltonian

TaBLE I. Resonant magnetic fields (oersteds) of H, D, and N
trapped in H,, Dj, and N, matrices, respectively. »=microwave
frequency (Mc/sec).

Atom H, Hy Hp v
H 3000.86 3509.55 9177.76
D 3196.42 3273.13 3351.83 9178.47
N 3270.96 3275.26 3279.58 9177.68

3¢ for an atom in a magnetic field H is
3e=guoJ -H+4grul -H+A47T-1, (1)

where gs=electronic g factor (absolute value), gr=nu-
clear g factor, defined by gr=—puz/ (uol), no=Bohr mag-
neton, and 4 =hyperfine coupling constant.

For an atom in a 2S5} state (such as an H or D atom),
the solution of Eq. (1) for the magnetic energy levels
is given by the Breit-Rabi formula,%’

AW

g M
200+1)

AW 4Mx i
(1)) @
2 2141

where AW =%(2[+1)A which is the hyperfine energy

Wiryy=—

t Note added in proof.—Under certain experimental conditions
we have observed for N in N, four weak satellite lines, two on
each side of the main triplet, similar to those reported by T. Cole
and H. M. McConnell, J. Chem. Phys. 29, 451 (1958). The satel-
lites were not observed in our slow deposition experiments. How-
ever, they were seen when the sample deposition rate was high
suggesting that the occurrence of satellites is related to the
crystalline order of the N, matrix.

6 G. Breit and I. I. Rabi, Phys. Rev. 38, 2082 (1931).

7J. E. Nafe and E. B. Nelson, Phys. Rev. 73, 718 (1948).
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separation, M =magnetic quantum number of F=J+1,
and x= (g;—gr)ueH/AW. In this case, the quantity 4
is, by the Fermi formula,3?

A= =@, )
= 3 lloI = 3 g4 ’

where ¥(0)=wave function of an S electron at the
nucleus.

For an atom in a 4Sj state (such as a nitrogen atom),
solution for Eq. (1) can be carried out in a way similar
to the derivation of Eq. (2), except that a cubic equation
is involved in addition to a quadratic for 7=1. How-
ever, for A<uoH, the solution can be most easily
obtained by the perturbation method with the result

W (at5,011) =M 58 suoH+MrgruoH
+AM ;M A2f(M ;, M), (4)
where

M 5,Mp)= MA{II+1)—M?
FOM M) = DM AT 11— )

—MA{J(J+1)—-M ] (5)

For a nitrogen atom, with the configuration 152252
(29)? 453, the hyperfine coupling constant 4 would be
zero if the electrons with unpaired spins were all in
pure 2p orbitals. However, when one allows for con-
figuration interaction, with the resulting admixture of
a 3s orbital, then the coupling constant will assume an
appropriate nonzero value.

The general selection rules for the transition between
two states are: AF==1 or 0 and AM =1 or 0. How-
ever, for most magnetic resonance experiments, the

Hle H—s
H

Fi1G. 6. Triplet spectrum of N in H matrix.

8 E. Fermi, Z. Physik 60, 320 (1930).
9 E. Fermi and E. Segrg, Z. Physik 82, 729 (1933).
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steady magnetic field is high enough so that a large
measure of the Paschen-Back condition is attained.
Under these conditions, the allowed transitions are
governed by theselection rules: AM y=4-1and AM=0.
Any forbidden transition should be very much less
intense than the allowed ones.

C. Interpretation of the Hyperfine Spectra
of Trapped Atoms

One basic approach to the problem of interpreting the
hyperfine spectrum of a trapped atom is to solve the
problem in which the total Hamiltonian contains the
terms in Eq. (1) for the free atom plus another term
which describes the interaction energy between the atom
and the solid matrix. Such a solution is at present not
feasible, because we do not have a detailed knowledge
of the fields in the neighborhood of the trapped atom,
not to speak of the computational difficulties that may
be involved. Another approach is to apply the known
solutions for a free atom, such as in Eq. (2) or Eq. (4),
to the case of a trapped atom with the quantities gs
and A treated as effective values in a given medium.
Thus, the effect of a matrix field can be regarded as
being embodied in the measured departures of g, and 4
in the trapped state from those in the free state. This
procedure will be adopted for all the interpretations in
this paper.

H in Hy Mairix

There are two allowed transitions (with each partici-
pating state designated by its F, M value): (0, 0—1, 1)
and (1, —1—1, 0) which should correspond to the ob-
served low-field and high-field lines at a constant micro-
wave frequency. Application of Eq. (2) to these transi-
tions gives two equations, from which the values for g
and AW can be uniquely determined with 7(H)=3%,
gr(H)=—3.04X10"% and the data in Table I for the
microwave frequency and the two resonance fields. The
results of such a calculation are shown in Table II
together with the corresponding known values for the
free hydrogen atom. From the evidence presented we
have secured an unambiguous identification of trapped

TaBLE II. g factors, hyperfine energy separations (AW) and/or
hyperfine coupling constant (4) of H, D, and N trapped in
H,, D,, and N matrices, respectively.?

Atom Matrix g AW (Mc/sec) A (Mc/sec)
H freebe 2.002256(24) 1420.40573(5) 1420.40573(5)
H, 2.00230(8) 1417.11(20) 1417.11(20)
D freed 2.002256(24) 327.384302(30) 218.256201(20)
D. 2.00231(8) 326.57(27) 217.71(18)
N freee  2.00215(3) 10.45(2)
N 2.00200(8) 12.08(12)

a The numbers in parentheses indicate experimental and/or conversion
errors in the last figures of the associated values.

b P, Kusch, Phys. Rev. 100, 1188 (1955).

¢ R. Beringer and M. A. Heald Phys. Rev. 95, 1474 (1954).

d A. G. Prodell and P. Kusch, Phys. Rev. 79, 1009 (1950); 88, 184 (1952).

e M, A. Heald and R. Beringer, Phys. Rev. 96, 645 (1954)
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hydrogen atoms as the origin of the observed doublet
spectrum. Furthermore, on the basis of their magnetic
properties, the trapped atoms can be considered to be
very nearly, but not completely, free.

D in D, Mairix

There are three allowed transitions (with each
state de51gnated by 1ts F, M value): (3, 1-4%, %),
(3, —3—% 1) and (3, —%—>%, —%). These transitions
with the aid of Eq. (2) glve three equations for the
determination of only two unknowns: g; and AW. We
also use the known quantities: 7(D)=1, g;(D)=—4.67
X 1074 and the data in Table I for the deuterium atom.
The results of calculation, affirmed by over-determina-
tion, are shown in Table II, together with the known
values for the free deuterium atom. It is seen that the

MAIN LINE

2¢

SATELLITE SATELLITE

Fic. 7. Satellite lines accompanying the H high-field line.

constant g is, similar to the case of the hydrogen atom,
hardly affected by the solid matrix and that the hyper-
fine energy for a trapped deuterium atom is slightly
reduced by a D, matrix in much the same proportion
as that for a trapped hydrogen atom by an H, matrix.
This result seems reasonable from the point of view that
D.; and H, solids have quite comparable binding
energies.

Furthermore, it is worth noting that the Fermi
formula [Eq. (3)] predicts, aside from a possible small
hyperfine anomaly, Ag(free)/Ap(free)=g(H)/g:(D)
and experimentally we find Ax(trapped)/4p(trapped)
=gr(H)/gr(D) to within 0.017%,. If we regard the
Fermi formula as being applicable to trapped atoms,
then the experimental result implies that the quantity
|(0)|2 for a trapped hydrogen atom is very nearly the
same as for a trapped D atom. If, on the other hand,
we conclude from the physics of the situation that
|¢(0)|? should be very nearly the same for trapped
hydrogen and deuterium atoms, then the experimental
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result implies that the Fermi formula gives a correct
description of the hyperfine interaction of trapped
atoms in the S state.

N in Np; Matrix

The hyperfine coupling energy for a nitrogen atom
in the 4S; state is small enough so that Eq. (4) is quite
adequate for the description. Using, for convenience,
the high-field designation (M ;,M;) for a magnetic
level, there are twelve energy levels, with M ; assuming
any of the values: —3, —3, 3, 3, and M assuming
any of the values: —1, 0, 1, since I(N*)=1. There are
nine transitions of the type (M j, Mi—M ;2=1, My); but
they actually fall into three groups, each designated by
a constant Mr. The separation among the three lines
in each group, which is determined by the A2 term in
Eq. (4), is extremely small and is not resolved in the
present measurements. The constants g; and 4 are
given by

81=m[1—(%£§)2~], (6)
A=2—Hv, M

where y=microwave frequency, Ho=magnetic field of
the center line, AH=average separation of adjacent
lines and #=Planck’s constant. Since (AH/H,)*>=1.7
X 1078, the expression for g; [Eq. (6)] can be replaced

by the simpler expression
14

B (.uo/ h)H 0‘

The results for trapped nitrogen atoms are shown in
Table II together with the known values for the free
nitrogen atom. It is seen that g is very slightly affected
by the matrix but that the hyperfine coupling constant
is larger for a trapped nitrogen atom than for a free
atom, in contrast to the cases of hydrogen and deu-
terium where the coupling constant is smaller for the
trapped atom.

g7 (8)

D. Satellite Lines in the Hyperfine Spectra
of Trapped Atoms

Satellite lines were observed in the hyperfine spectra
of hydrogen and deuterium atoms trapped in their
parent molecular matrices. They were usually very
much weaker in intensity than the main lines and were
observed only when the microwave power level was
high enough to heavily saturate the main lines.

In the case of hydrogen atoms in a molecular hydro-
gen matrix, each of the two hydrogen lines was accom-
panied by two satellite lines symmetrically placed
relative to the main line. A trace of such a spectrum is
shown in Fig. 7. The separation in magnetic field be-
tween either satellite and the main line is equal, within
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F1c. 8. Unrésolved satellite structure of the D high-field line.

measurement error, to (gr/gs)Ho, where H, is the
resonance field of the main line.

In the case of deuterium atoms in molecular deu-
terium, each of the three deuterium lines shows an
unresolved structure which indicates the presence of
satellites, as illustrated in Fig. 8. The satellite separation
in D should be smaller than in H by the factor gr(H)/
gr(D)=6.5. Because of the unresolved picture, the field
positions of the satellites cannot be determined accu-
rately. A rough estimate indicates that there are two
pairs of satellites centered around each main line. The
field separation between the main line and either line
in the first pair is approximately (gr/gs)Ho and the
corresponding value in the second pair is approxi-
mately 2(gr/gs)Ho.

Satellite lines in the resonance spectrum of hydrogen
atoms have been observed before by Zeldes and
Livingston'® under somewhat different conditions. Their
presence was interpreted as evidence for a mechanism
in which the spin of a neighboring proton is flipped
simultaneously with the electron of the hydrogen atom.
A similar explanation would seem reasonable for our
observations. In the present case, the atomic electron
may be assumed to be coupled to the protons in a
neighboring hydrogen molecule. A flip of electron spin
could cause a simultaneous change in orientation of the
two parallel nuclear spins of ortho-hydrogen with the
change of Zeeman energy as observed. The flip of a
single proton spin simultaneously with the electron
spin flip is considered unlikely since this would involve
the conversion of para- to ortho-hydrogen or vice versa,
a process which involves a large energy change because
of the large energy separation (121 cm™) of the /=0
and J=1 rotational ground states of these two species.
A similar picture would hold for deuterium atoms in a

10 H, Zeldes and R. Livingston, Phys. Rev. 96, 1702 (1954).
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deuterium matrix with the additional possibility of
induced transitions with AM7= =2, corresponding to a
field separation of 2(gr/gs)H,, as a result of deuteron
quadrupole coupling. Because of the unresolved spec-
trum for deuterium satellites, there is some uncertainty
in the experimental evidence for this additional effect.

E. Attempts to Observe Resonance Spectra of
Trapped Oxygen and Chlorine Atoms

Oxygen'! and chlorine!? are P-state atoms whose
magnetic properties in the free state are well known but
which have not been observed in the trapped state. In
this work, several experiments have been performed
for each atom by depositing the discharge products of
the parent gas in several matrices such as H,, A, or Cl,
(for chlorine discharge). A wide range of the magnetic
spectrum was searched, but no resonance lines were
found in either case.

If the matrix effects were extremely small, the
spectral patterns of oxygen and chlorine atoms would
be similar to those of the free state atoms. An oxygen
atom in the 3P, ground state and nuclear spin 7(0'%)=0
is expected to give a single line with four unresolved
components at the field corresponding to gy=3%. A chlo-
rine atom in the 2P; ground state and nuclear spin
I(CB)=TI(CP")=% is expected to give a hyperfine
magnetic spectrum consisting of twelve lines for each
isotope, in four equally spaced groups of three closely
spaced lines, centered around the field corresponding to
gr=4/3.

The absence of resonance spectra is evidence that
the matrix field is very potent in its effect on P-state
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F1c. 9. Quartet spectrum of CH; in CH, matrix at 4.2°K.
Small line near the center of the spectrum is due to a calibration
sample of DPPH.

11 E, B. Rawson and R. Beringer, Phys. Rev. 88, 677 (1952).
( 2 Davis, Feld, Zabel, and Zacharias, Phys. Rev. 76, 1076
1949).
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atoms. The matrix field may partially quench the
electronic orbital angular momentum. It also may
split some degenerate levels and leave only a singlet
ground level for an atom with an even number of
electrons. The possibility of splitting to give a singlet
nonmagnetic ground level may explain the failure to
observe resonances for the oxygen atom. On the other
hand, there should still be a Kramers’ degeneracy for
the ground level of the chlorine atom because it has
an odd number of electrons. To explain the failure to
observe resonance in this case, it is reasonable to assume
that the interaction between the matrix field and the
orbital angular momentum produces a large enough
magnetic anisotropy to broaden the resonance lines
beyond recognition.

IV. RESONANCE SPECTRA OF TRAPPED
MOLECULAR FREE RADICALS

Molecular free radicals can be divided into two
classes: (a) unstable molecules, and (b) stable para-
magnetic molecules, exemplified by a very small number
of species like Oy, NO, NO,, etc. Magnetic resonance
studies have been made of the stable molecules men-
tioned above in the gaseous state, but, as yet, very
little study has been made of unstable molecules.

A large number of magnetic resonance spectra of free
radicals trapped in solids have been reported. The
identification of the species responsible for the spectra
is, however, not a simple matter and in many cases may
not be definitive. In this section a comprehensive study
of the methyl radical is presented. Complex spectra
whose identities are uncertain are then considered. Also
for purposes of comparison and evaluation, results for a
few stable molecular radicals under trapped conditions
are discussed.

A. Methyl Radical

When the products of a very-low-power discharge in
methane were condensed at 4.2°K, a four-line spectrum
as shown in Fig. 9 was obtained. The same spectrum
was also observed when a frozen sample of 19, CH,I in
argon was irradiated by 2537 A mercury light. The
field positions of the spectral lines at fixed microwave
frequency are listed in Table IIT. The average separa-
tion between adjacent lines is 22.9 oersteds. The in-
tensity distribution among the spectral lines in Fig. 9 is
approximately 1:2.2:2.2:1. As the sample was slowly
warmed from 4.2°K, the intensity of the lines increased,
they became narrower, and the intensity distribution
approached the ratio 1:3:3:1. Above about 8°K, the
entire spectrum weakened with increasing temperature
as expected from the temperature effect on suscepti-
bility. However, the positions of the lines remained
unchanged during warmup. We deduce from this that
the spectrum at 4.2°K shown in Fig. 9 is probably
power saturated and if we were able to obtain an un-
saturated spectrum at 4.2°K, the line ratio would
be 1:3:3:1.
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TaBLE III. Resonant magnetic fields, g7 and 4 for
CHj; in CH, matrix.® »=9177.85 Mc/sec.

A (Mc/sec)
64.39(18)

Resonant fields (oersteds) &

3240.11 3262.89 328596 3308.95  2.00242(8)

& The numbers in parentheses indicate experimental and/or conversion
errors in the last figures of the associated values.

The observed spectrum is consistent with the inter-
pretation that it is produced by CHj radicals trapped
in a solid matrix. The quartet is expected from the
hyperfine interaction of an unpaired electron with
three protons, each having a nuclear spin of 3. The
observed intensity distribution under unsaturated con-
ditions is in agreement with the 1:3:3:1 statistical
distribution of nuclear spins.

In another experiment, a spectrum was obtained
from the discharge products of partially deuterated
methane. The spectrum was quite complicated. It was
possible, however, to assign all the observed lines to
the isotopic forms of the methyl radical (CD;, CD,H,
CHD., and CHj3) by supposing the hyperfine contribu-
tion of a deuteron is reduced from that of a proton by
the factor gr(D)/gr(H).

An elementary analysis of the CHjz problem can be
made in a way analogous to previous considerations
for an atom. We have for the spin Hamiltonian

H=guod -H+gmod"s I H4+22: 4,31, )

where J is, as before, the angular momentum of the un-
paired electron and 7 denotes the ¢th hydrogen nucleus.
If all three hydrogen nuclei are equivalent, we can
write the last term in Eq. (9) as

If woH>>A, then the expectation value of the energy
for Eq. (9) is to the second-order approximation:
W=M ;g sueH~+MrgincH+AMM ;

+A*F(M ;,M7),
where Mr=3;m; m;==+£31 M ;=41 and®

(11)

F(M ;,M1)= (3M ;— M) (12)

4(gs— gz),U-oH.

We note that Eq. (11) for a molecular free radical
having equivalent magnetic nuclei is formally the same
as Eq. (4) for an atom, provided the second-order
correction (the A2 term) is negligible. However, the
intensity distribution of the spectral lines for a molecule
is quite different from that of an atom because of the
difference in the statistical weights for a given M7y.

By applying Egs. (11) and (12) and the selection
rules AM ;=41 and AM;=0, values for g; and 4
pertaining to CHs in a CHy matrix have been calculated,
with the results shown in Table III.

18 Equation (12) is not a general equation for all values of A
and M but is restricted to the present special case.
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While there is as yet no general theory for hyperfine
interactions which directly applies to the CH; radical,
McConnell* has worked out a theory for isotropic
hyperfine interactions in m-electron radicals which bears
on this case. The relationship obtained by McConnell
for the hyperfine coupling constant 4, is

A =Qpcy (13)

where p, is defined as the “unpaired electron density”
at the carbon atom and Q is a semiempirical constant,
Q=—22.5 oersted, assumed to be the same for all
aromatic CH bonds. If we try this formulation for a
methyl radical, taking p. equal to unity, since there is
only a single carbon atom, we obtain 22.5 oersteds for
the numerical value of 4. This is in good agreement with
our measured value of 22.9 oersteds for CH; in a CH,
matrix and indicates that the theory is applicable to
this case.

B. Unidentified Spectrum from
Hydrogen Discharge

Since the region around the free electron resonance
field is not occupied by the atomic hydrogen lines, any
new spectral system falling in this region can be studied
without complication. In our first experiments with
commercially pure hydrogen, a triplet spectrum was
observed which was soon identified with nitrogen atoms
formed in the discharge from the nitrogen impurity.
These nitrogen lines disappeared when the hydrogen
was purified either by diffusion through a heated
palladium tube or by fractional distillation from a liquid
helium cooled trap. With the highly purified hydrogen
under certain conditions we obtained the four line
spectrum shown in Fig. 10. The separation between

—_—
104g
Fic. 10. An un-
identified spectrum
observed from the
condensed products
of a discharge in Ho.
He
i H—s
1

1“4 H. M. McConnell and D. B. Chesnut, J. Chem. Phys. 28,
107 (1958).



1178

Fre. 11. A spec-
trum observed by
condensing H,0, dis-
charge products in
H, matrix. The spec-
trum is probably due
to HOz

adjacent lines is 7.3 oersteds, but the intensity distribu-
tion is quite asymmetrical. We do not have sufficient
evidence to state that the spectrum in Fig. 10 is neces-
sarily due to a single radical.

Because of the apparent quartet structure presented
in Fig. 10, it has been speculated that the spectrum
might be evidence for Hj in the trapped state. Yet, the
speculated presence of Hz implies a similar situation
for D; which, by the same reasoning, should give a
seven-line spectrum with the line separation reduced by
a factor of 6.5. A spectrum of this type was not found
in a sample condensed from the deuterium discharge.
The possibility that the spectrum was due to an im-
purity generated by the discharge cannot be com-
pletely excluded. Since hydrogen atoms can react with
quartz to produce silane, SiHj, it was thought that the
spectrum might, perhaps, be due to SiH;. This explana-
tion was rendered unlikely, however, by the failure to
observe the spectrum when silane was subjected to
discharge.

C. Complex Spectrum in the Hydrogen-
Oxygen System

Discharges in hydrogen-oxygen systems are potential
sources of the free radicals H, O, OH, and HO,. The
spectrum for hydrogen atoms has been discussed in
detail. Negative results for trapped oxygen atoms have
been described and negative results for trapped oxygen
molecules will be described in the section on stable
molecules. From these considerations, one concludes
that any new spectrum is probably due to OH or HO.
radicals.

A low-power discharge in H;O; has been used by
Foner and Hudson® as a source of HO; radicals for
mass spectrometric studies. They find that OH radicals
are removed very rapidly by reaction with HyO,, and
within milliseconds after leaving the discharge the
predominant free radical in the gas is HO,. Under con-
ditions favorable for HO. production, the discharge
products from H;0, were condensed in an H, matrix.

15 S, N. Foner and R. L. Hudson, Symposium on Free Radicals,

Laval University, Quebec, September 10, 1956 (unpublished).
Also J. Chem. Phys. 23, 1364 8955).
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The spectrum is shown in Fig. 11. It is essentially a
broad asymmetrical line. The high-field lobe is seen
to have a double-humped structure. A similar spectrum
was also obtained from a discharge in H,O.

There is no clear-cut explanation for this spectrum.
From the resonance information alone we are unable to
determine the origin of the spectrum. However, the
spectrum is obtained in a system which is favorable for
HO, production. Furthermore, the alternative possi-
bility that the spectrum is due to OH is weakened by
the negative results on trapped NO (discussed later)
which has a similar electronic structure. The evidence,
therefore, favorsidentification of the spectrum with HO,.

Similar resonances have been observed!$:'” for the
products of discharges in H,0 and related substances
condensed at liquid nitrogen temperature. HO, was
suggested as the radical responsible for the resonance
line. This interpretation is supported by our obser-
vations.

D. Magnetic Spectra of Stable Free Radicals

The stable molecular free radicals NO,, NO, and O,
were individually deposited in argon matrices at 4.2°K
and examined for spin resonance.

NO,

Since NO; has a ground state analogous to that of a
22 molecule with an almost free electron spin, its reso-
nance spectrum is expected to be a triplet for 7(N*)=1.
Castle and Beringer'® observed a spectrum of three
broad peaks for NO, at a gas pressure of 5 to 15 mm
Hg. The locations of the peaks could only be roughly
determined and had an average separation of about
48 oersteds. At a lower pressure, each peak was partially
resolved into a large number of lines, which were
qualitatively interpreted as the rotational fine structure.

In this work, the resonant spectrum of NO, trapped
in an argon matrix was observed with the result as
shown in Fig. 12. The spectrum contains a recognizable
triplet whose components are labelled as @, b, and ¢ in
the figure. But it also contains d, e, and f which have
very little uniformity among themselves except approxi-
mately equal spacing. In another high resolution trace
(not shown), ¢ and f were seen to be separate lines but
that ¢ was broadened by a part of f which had a differ-
entiated absorption curve.

The triplet formed by the lines @, b and ¢ agrees with
our expectations for the resonance spectrum of NO, in
the trapped state. The center line position corresponds
to a g factor of 2.0037. The average separation between
adjacent lines is 57.8 oersteds corresponding to a hyper-
fine coupling constant (4) of 162 Mc/sec, which is 129,
higher than the value reported by Castle and Beringer

1196516,ivingst0n, Ghormley, and Zeldes, J. Chem. Phys. 24, 483
( 1 G)(;rbonev, Kaitmazov, Prokhorov, and Tsentsiper, Zhur.

Fiz. Khim 31, 515 (1957).
18 J, G. Castle and R. Beringer, Phys. Rev. 80, 114 (1950).
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for_free NO,. The difference between the two results
may be partly due to the complicating effect of the
rotational structure present in the gaseous experiment
and partly to the matrix effect on the trapped NO,
molecules. We have as yet no reasonable explanation
for the presence of the lines d, ¢, and f.

NO

No spin resonance was observed for the NO molecule
trapped in an argon matrix at liquid helium tempera-
ture. This result is certainly not surprising, since NO
would be almost entirely in the nonparamagnetic II;
state at this temperature. Accordingly, another experi-
ment was done in which NO was deposited in a CO,
matrix at liquid nitrogen temperature, at which tem-
perature the 2II; state was expected to have an appreci-
able population. Nevertheless, the result of the obser-
vation was also negative. We believe that the failure to
observe resonance results from crystalline anisotropy
of the matrix field, which in the case of a Il-state
molecule may be sufficient to smear out the resonance
lines.

oF

Spin resonance lines were not observed for oxygen
trapped in argon at liquid helium temperature. Two
possible explanations for the absence of resonance lines
were suggested : (1) Since O, in the free state can occupy
only odd rotational states, freezing the molecule in a
solid could result in a hindered rotation, in which case
the fluctuating coupling between molecular rotation and
electron spin might broaden the resonance below detec-
tion; (2) The crystalline field of the matrix could split
the 32 levels of O, to produce a singlet ground level in
which case resonance absorption could not be observed
with our apparatus.

Recent studies on oxygen trapped in a p-quinol
clathrate have clarified the situation regarding O,
resonance observations in favor of the second possi-
bility mentioned above. Meyer, O’Brien, and Van
Vleck!® measured the magnetic susceptibility of O
down to 0.25°K and explained their results by assuming
that rotation of the molecule was hindered by a poten-
tial barrier. To fit the experimental data they required
an effective coupling constant of 4.15°K to describe the
spin-molecule axis interaction energy. This corresponds
to a zero-field splitting of the 32 levels of 86.5 kMc/sec.
More recently, electron spin resonances for O, at 4.2°K
in a B-quinol clathrate single crystal have been observed
by Foner and Meyer.® The resonance lines observed at
37 kMc/sec and 71 kMc/sec with pulsed magnetic
fields indicate a large zero-field splitting of the oxygen
energy levels confirming the magnetic susceptibility
results. Our negative result with O; is, therefore, rather

1 Meyer, O’Brien, and Van Vleck, Proc. Roy. Soc.  (London)
A243, 414 (1958).

% Simon Foner, Lincoln Laboratory, Massachusetts Institute
of Technology (private communication).
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F16. 12, Spectrum
of NO; in argon ma-
trix.
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easily explained. With our relatively low microwave
frequency (9 kMc/sec), rather high magnetic fields
would be required to attain resonance. Even under
these conditions, the random orientation of the crystals
in our samples probably would smear out the resonance
lines so that they would not be observable.

V. MATRIX FIELD EFFECTS ON SPIN RESONANCE
PROPERTIES OF TRAPPED RADICALS

When a free radical is trapped in a solid matrix, there
is an interaction between the radical and its environ-
ment. This interaction, in spin resonance experiments,
manifests itself in deviations of the spectrum of a
trapped radical from that of a free radical. We are
interested in comparing the effects of different matrices
on the spin resonance properties of a radical and,
wherever possible, evaluating these effects on the basis
of the known properties of the radical in its free state.

In discussing matrix effects, it would be desirable to
be able to specify in detail the solid-state structure in
the neighborhood of the radicals. Unfortunately, such
a description is not available. It is not known with
certainty whether the samples, prepared by condensa-
tion of molecular beams on the liquid helium cooled
sapphire rod, are amorphous, crystalline or a combina-
tion of both. The samples probably consist of many
randomly oriented microcrystals possibly joined by
amorphous material. The crystals may have different
structures corresponding to various solid modifications
which can exist at these temperatures. The measured
effect of a matrix on a radical may, therefore, be con-
sidered as the result of averaging the crystalline effects
over all possible orientations.

In order to study matrix field effects in a systematic
way, we have taken H, N, and CHj; as representative
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TaBLE IV. g factors and hyperfine coupling constants (4) of
H, N, and CHj; in various matrices.®

Free Deviation
radical of A from
species Matrix gJ A (Mc/sec) free value
free 2.002256(24) 1420.40573(5)

H H, 2.00230(8) 1417.11(20) —0.239%,
A 2.00220(8) 1413.82(40) —0.46%
CH, 2.00207(8) 1411.09(32) —0.66%
free 2.00215(3) 10.45(2)

N H, 2.00202(8) 11.45(8) 9.6%
N, 2.00200(8) 12.08(12) 15.6%
CH, 2.00203(8) 13.54(22) 29.5%
free oo ese

CH H. 2.00266(8) 65.07(13)

3 A 2.00203(8) 64.64(20)
CH, 2.00242(8) 64.39(18)

a The numbers in parentheses indicate experimental and/or conversion
errors in the last figures of the associated values.

(zero orbital momentum) free radicals and put each
one individually into a series of representative matrices,
namely Hy, A or N, and CH,. These matrices have
rather different binding energies (Van der Waals’
energies). The matrix effects on the resonances of the
radicals are conveniently discussed by considering the
spectral parameters g, 4, and line width.

A . gyand 4

The quantities g7 and 4 are calculated by using the
experimental data on the resonance fields of spectral
lines at a constant microwave frequency. The results
of these calculations are given in Table IV.

We note that the variation of the g values with
matrices is rather small for all three radicals, with a
slight tendency of decreasing g with increasing binding
energy. This implies that the spin-orbit coupling in-
duced by the matrix field is exceedingly small. The
variation of the hyperfine coupling constant 4 is
interestingly different for the three radicals. In the
cases of H and N, the deviation of 4 for a trapped atom
from that for a free atom increases with the binding
energy but in opposite directions for the two atoms.
Furthermore, the percentage deviation of the coupling
constant for H is very much smaller than for N. This
situation may be interpreted qualitatively in the
following way. A free hydrogen atom has a pure 1s
wave function having maximum density |¥(0)|? at the
nucleus. Any matrix perturbation resulting in the
admixing of other orbitals would tend to lower the
density function at the nucleus. On the other hand, a
free nitrogen atom is in a 453 state with thres p-electrons
having zero density at the nucleus as a first-order
approximation and having a small density when one
considers configuration interaction. It seems to us,
that under these conditions a matrix perturbation has
a larger probability of increasing the density function
at the nucleus than of decreasing it. Also, when the
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coupling constant is initially small for a free atom,
small changes in electron density at the nucleus can
easily cause large percentage changes in 4.

In the case of CHs, while there are no free-state data
for comparison, the variation of 4 among the matrices
is exceedingly small. In this connection, we have been
puzzled by recent reports of CH; spectra in which the
line spacing was substantially different from ours. An
over-all spread for the CH; quartet of 80 oersteds has
been reported® for CH; produced by ultraviolet irradi-
ation of an 0.1M solution of toluene in EPA (ether,
isopentane, and alcohol) at liquid nitrogen temperature.
We deposited CH; radicals in EPA at liquid helium
temperature and obtained a quartet spread of 69.9
oersteds, which is very close to the quartet spread found
in the other matrices. It is difficult to explain the 159
discrepancy between the results. Since the experiments
were run at different temperatures, some of the differ-
ence might be attributed to a temperature effect,
although we did not observe such an effect in a limited
warmup experiment. It appears from our data that the
spacing of the CHj lines is rather insensitive to environ-
ment and can be used to identify this radical in a
variety of matrices.

B. Line Width

The theory for the width and shape of spin resonance
lines of trapped free radicals is too involved to permit
an exact treatment. It is complicated by spin-lattice
relaxation, spin density, matrix anisotropy, intensity
saturation, rate of passage, and the modulation param-
eters used in observation. The observed shapes of spectra
lines are generally neither Gaussian nor Lorentzian.
They are, however, close enough to Gaussian that we
shall assume that they are so for our discussions. The
line width parameter used here is the usual AH; (width
at half-intensity points).?? Table V lists the values of
AH; for H, N, and CHj; in various matrices. These line
widths should be regarded as typical values. Experi-
mentally, the half-width is not a well-controlled param-
eter and there is appreciable variation among the values
obtained in various experiments.

We note in Table V that for a given radical there is a
marked broadening of the line as the matrix binding
energy increases in going from H,, through A or N,
to CH4. Furthermore, the line widths for the three
radicals are rather comparable when they are trapped
in the same matrix. It appears that the line widths for
the free radicals are more conditioned by the nature of
the matrices than by the properties of the radicals.
We shall discuss qualitatively the pertinent factors
which play a part in determining line shape and width,

21 H. N. Rexroad and W. Gordy, Bull. Am. Phys. Soc. Ser. II, 2,
227 (1957).

22 For all spectral lines that appear as derivative curves, the
measured width between the maximum and minimum slopes
(AHug) is converted into AHj by the relation AH/AH 35=1.178
for a Gaussian shape.
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Dipolar Broadening

Dipolar broadening is caused by electron spin inter-
actions between neighboring radicals. Using a result of
Kittel and Abrahams,® the half-width due to dipolar
broadening can be expressed by

AH~2X 10", oersteds, (14)

where #=number of spins per cc (spin density). Dipolar
broadening effects were studied in the case of hydrogen
atoms in H,. If it is assumed that the line width is
solely due to dipolar effect, then it should increase
directly with spin density. Even though the spin
density is not known in our experiment, the ratio of
spin densities in two independent depositions can be
determined from the ratio of the integrated absorption
intensities, provided the sample volumes are the same.
In a particular experiment, the width of the hydrogen
line increased by a factor of 1.5 for a spin density in-
crease of roughly a factor of 10. This evidence supports
the previously expressed view that the line width is
largely controlled by the matrix. The highest spin
density in that experiment can be determined from the
increase in the line width. The estimated dipolar
broadening, 0.7 oersted, leads to a spin density of
approximately 4X 108/cc. As the density of solid hydro-
gen is known, we get a figure of 0.019, for the con-
centration of hydrogen atoms in its molecular matrix.
This figure does not represent the highest concentration
achievable for hydrogen atoms, as we have made no
serious attempt to obtain highly concentrated samples.

Spin-Lattice Relaxation

Let T denote the spin-lattice relaxation time and 7',
the spin-spin relaxation time in Bloch’s notation.?* If
T'1>T,, as often happens with paramagnetic species at
very low temperatures, the line shape or width is
usually conditioned by T, in the absence of intensity
saturation. However, the longer T is, the easier it
becomes for the line to be saturated at a given micro-
wave field.

Confining our attention to the case of hydrogen
atoms, a hydrogen line shows a marked saturation effect
at a microwave field H;=>5X10"? oersted. This implies
that the saturation parameter S= (yH1)*T"1 T, is roughly
unity. From our data on dipolar broadening we can
calculate T’y from the relationship AH} (dipolar)=2/yT,
=2h/guoTs, and find Ty~10~7 sec. This leads to a
value of Ty of the order of 10~2 sec. Such a value of T}
is also derived from other experimental evidence. When
field modulation at an angular frequency w,, is used, the
conditions w,7T1<<1 and w.T1>>1 are usually taken to
define the so-called slow-passage and fast-passage
regions. In the present experiment a modulation fre-
quency of 400 cps is used, so that with an assumed

2 C, Kittel and E. Abrahams, Phys. Rev. 90, 238 (1953).
# F. Bloch, Phys. Rev. 70, 460 (1946).
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TasBLE V. AH; (oersteds) for H, N, and CH; in various matrices,

Radical H: matrix A or N2 matrix CH4 matrix
H 1.4 2.5(A) 4.7
N 1.6 2.3(Ny) .62
CH; 14 3.7(A) 4.5

= Estimated from partially resolved lines.

T1=10"% sec we have w,T1=2.5 which fits into an
intermediate-passage region. The departure of the
hydrogen line presentation from the usual absorption-
derivative curve, as has been noted before, can be
interpreted as an intermediate-passage phenomenon.
Furthermore, when the quadrature component of the
absorption signal at the modulation frequency becomes
comparable to the in-phase component, as has been
observed with hydrogen lines, we can follow Redfield’s
method? to determine T'; by noting that w,T1=1(90°)/
1(0°), where I denotes the intensity at resonance. The
result of one such determination gave the value 0.5
X 1073 sec for Ty, which is in essential agreement with
our preceding discussions.

The intensity distribution of the lines in a spin
resonance spectrum may change markedly with micro-
wave power. This is a saturation phenomenon that can
arise when there are differences in the relaxation times
associated with the energy levels involved in the
transitions. Such a phenomenon is clearly involved, for
example, in the deuterium atom experiments. As a
possible mechanism for spin-lattice relaxation in the
case of hydrogen and deuterium atoms, Abragam?®
proposed a model based upon hyperfine coupling in the
following manner. In the hyperfine interaction term
AV I=A[J. I, J+3A[J I +J_1.], the operator in the
second term on the right-hand side has matrix elements
connecting any two levels having the same Mg, ie.,
M ;+M;. A radiationless transition between any two
such levels acts as an agent for the restoration of thermal
equilibrium. They are, therefore, spin-lattice relaxation
paths for the energy levels considered. Figures 13 and 14
show, respectively, diagrams for the hyperfine energy
states of hydrogen and deuterium atoms in a magnetic
field with the radiation and relaxation paths indicated.
Assuming that all relaxation paths have equal effective-
ness, then for a given radiative resonance transition,
a relaxation path taking spins from the upper energy
level is equivalent to a path delivering spins to the
lower energy level. We note that the two hydrogen
lines illustrated in Fig. 13 are equally relaxed, whereas
the center line in the deuterium triplet in Fig. 14 is
relaxed twice as fast as either of the side lines. This
means that the hydrogen lines should be equal in in-

25 A, G. Redfield, Phys. Rev. 98, 1787 (1955). There is some
question whether the theory is strictly applicable to the present
case. We, therefore, consider the result by Redfield’s method as
confirmatory evidence for the order-of-magnitude calculation of T
rather than a more accurate determination of T'.

26 A, Abragam (private communication).
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tensity with or without saturation, but the deuterium
spectrum should have a stronger (also somewhat
narrower) center line, except when saturation is neg-
ligible.

Abragam’s theory on the saturation effect has, to a
large extent, been verified by the experimental results
for the deuterium atom. We observed that the ratio of
the intensity of the center line to that of either side line
continuously decreased from about 4 to 1.5 as the
microwave power was reduced. The fact that the center
line in deuterium remained sensibly stronger than either
side line even at very low power level indicates that the
theory does not fully explain the observations and that
other mechanisms may be involved.

Amnisotropic Broadening

The line widths can be considered as the result of
three effects: (1) dipolar interaction; (2) spin-lattice
relaxation; and (3) crystalline anisotropy. We have
shown that for the spin densities encountered in this
paper, dipolar broadening produces only a small effect.
Since the spin-lattice relaxation time is large compared
to the spin-spin (dipolar) relaxation time, it is also a
small contributor to the line width. It, therefore, seems
most probable that the observed line widths are largely
the result of anisotropic broadening by the matrix
field. The line widths for the radicals H, N, and CHj
were comparable when trapped in the same matrix,
indicating that the line width was more affected by the
nature of the trapping matrix than by the characteristic
properties of the individual radicals. The observed lines
in our polycrystalline matrices are the result of averaging
resonances over all crystallographic orientations. The
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anisotropy due to the crystalline field, contained in the
orientation dependences of g; and 4 in a single crystal,
is reflected in our experiments as a broadening of the
resonance lines.

CONCLUSION

A systematic study has been made of the electron
spin resonance spectra of atomic and molecular free
radicals under well-defined experimental conditions.
The effects of the matrix field on gz, hyperfine coupling
constant, line width and line shape have been investi-
gated by depositing the radicals in matrices with
different binding energies.

Cases where the electron spin resonance method, as
currently applied, has failed to detect radicals have also
been considered. It appears that radicals with orbital
angular momentum may escape observation because of
matrix field anisotropy and that radicals with an even
number of electrons may not be observed because of
crystalline field splitting resulting in a singlet ground
level. The use of a single crystal for the matrix is
a means of alleviating the difficulty of anisotropic
broadening. There exists a need for developing tech-
niques for the preparation of single crystals containing
selected unstable free radicals.

In addition to the identification and study of the
properties of trapped free radicals, the electron spin
resonance method could be extended to non-stationary
chemical systems. The investigation of free radicals in
excited states may prove to be rewarding. The diffusion
of radicals at low temperatures could be followed in a
quantitative way by observing the decrease in resonance
signal resulting from radical recombination. The chemi-
cal kinetics of radical reactions in the solid state is also
an interesting area for exploration with this method.



