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In the previous study? it appeared that the metastable
state involved was 3Z*, with perhaps some 3A. In the
present case, because the reaction occurs in the ion
source and the ions remain in the source approximately
18 usec, the ¥z and 2~ states may also be involved.

There are several possible processes that may occur
in the source to change the “state composition” of the
beam. The most likely are excitation transfer, resulting
in ground-state ions and excited neutrals, and de-
excitation, where the excitation energy goes either to
kinetic energy (superelastic collisions) or to radiation.
Two other probable processes are elastic scattering and
resonant charge transfer. However, neither of the latter
processes will affect the beam composition significantly
because in the first process the elastic scattering cross
sections for the various states will very likely be
nearly equal, and in the second the products of the
reaction will be the same as the reactants, although
the directions of travel may be different.

The apparatus for analyzing the state composition
of ion beams has been described in an earlier paper.!
The ion source used was developed for the present
study to provide more precisely defined source param-
eters, in particular, the path length of the ions (in
this case, 1.1 em=+<10%). In the cylindrical ioniza-
tion region of this source, the electrons travel dia-
metrically and the ions travel axially. An extraction
field for the ions is provided by a potential between
the cylindrical region and an adjacent source wall
and by a potential between the source wall and an
extraction lens. In this experiment the NO* ions were
formed by the impact of 50-eV electrons with neutral
NO.

The de-excitation cross section is computed from
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where f is the fraction of excited ions in the beam at
number density # in the source, fo is the fraction of
excited ions in the limit of #=0, and I is the length
of the ion path in the source. Because of the necessary
extraction fields, the energy of the ions in the source
will vary with an energy bandwidth AE. To determine
whether the cross section was strongly energy depend-
ent, several experiments were carried out under various
source conditions. In addition, because of the relatively
simple source geometry, it was possible to calculate
the fields inside the source. The optimum operating
conditions were obtained by minimizing the extraction
fields while still maintaining an ion current adequate
for the measurement, thus minimizing AE. An analysis
of this situation showed that the ions were in the
thermal energy region for approximately 80% of the
distance traveled in the source. However, this result
is only approximate because unknown contact poten-
tials and deviations of the source from the ideal geom-
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etry were not taken into account. The data obtained
under these conditions and a least-squares fit are
shown in Fig. 1, where the fraction of excited ions is
plotted semilogarithmically as a function of #. It should
be noted that the values of Q obtained from the various
experiments remained constant within experimental
error, indicating that Q is not strongly energy depend-
ent in this region. The resulting value of Q is 3.3
2X107% cm?, where the uncertainty given is based
primarily upon repeatability.
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Recent experimental'™® and theoretical*™® studies of
the ENDOR technique in liquids have demonstrated
its utility in analyzing complex ESR spectra and also
its strong dependence on the details of spin relaxation.
It was predicted that liquid-state ENDOR enhance-
ments are optimum when the lattice induced nuclear-
spin-flip rate (W,) [usually due to an electron-nuclear
dipolar (END) mechanism] is comparable to the
lattice-induced electron-spin-flip rate (W,)4% In a
simple picture, this is because “‘shorting out” W, be-
tween the two spin levels b and d 7 makes the relaxation
of the saturated a«»b ESR transition occur more
rapidly via the alternative path a—¢c(W,); c—d(W.);
d—b (rf induced),*7? as long as W, and W, are still
active. In many liquid situations, particularly near
room temperature, one expects W >W, for protons,
and a very poor ENDOR enhancement is both pre-
dicted** and observed.™® If, however, botk nuclear
transitions: w,= | ynBot3v.a,| corresponding to a
particular proton (or set of equivalent protons) are
simultaneously saturated, then it should be possible
to obtain significant ENDOR enhancements even when
W>W,,* because now also the e¢—c¢ transition is
“shorted out.” One could then obtain information
equivalent to that of the ENDOR technique, but on a
greater variety of samples.

An analysis of such triple resonance effects may be
made by a straightforward application of the general
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theory of saturation effects in liquids.**® The result for
the four-level spin system? is that the saturation param-
eter for ESR, Q,, must be replaced in the triple reson-
ance experiment (just as in ENDOR) by Q,—£, where
now

d'nzge,n2 Tn( Yn"l'dn’zTn’Qn,n’)
+dn'2ﬂe,n'2 Tn’( Yn'l'dnzTnQn,n’)
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and Y,=14T2Aw.2+T,Qds2 with an equivalent
equation for ¥,.. The notation is the same as that of
the earlier papers,* with subscripts # and »’ referring
to the two induced NMR transitions, and £, gives the
effective reduction in the saturation parameter. Co-
herence effects of the radiation field of the type dis-
cussed in Ref. 6 are neglected in Eq. (1), and con-
ditions similar to Eqs. (3.1)-(3.3) of Ref. 6 for the
validity of this neglect are expected. Under the sim-
plifying assumptions that Aw,=Aw, =0 (NMR fre-
quencies at resonance) and

d2TuQn, d2Tn(Qunr — Q) /Qa>1, (2)
as well as the other pair of inequalities resulting from
interchanging the indices # and »’ (these define
“effective” saturation of both NMR transitions; note
however that the transition moments d, and d, are
generally unequal?), then onehas in terms of saturation
and cross-saturation parameters,

£ (dn, du—>0)
= Eﬂe,n2 (Qn'+9n.n') +Qe,n’2 (Qn+9n,n')]/ (QnQu’ —Qn.n’z)c

(The equivalent result for the ENDOR is 2,,.2/Q,.)
The new term Q, - gives the saturation coupling of the
two NMR transitions. If it is also assumed that the
only important relaxation mechanisms are the nuclear-
spin-independent W, (e.g., g-tensor and spin-rotational
contributions), the pseudosecular part of the END
interaction yielding W,, and exchange processes with
total frequency wg,*® then one obtains Q,—£7(w) =
QL1—W,/(2W +W,+3we)], where Q, is given in
Table I of Ref. 5. This expression shows that there will
be a significant reduction in the saturation parameter
as a result of applying both NMR fields, if

WeZ Wa, $05. (3

If W>>W.,, twg, then the reduction is by a factor of
2 corresponding to a maximum possible signal enhance-
ment of the saturated ESR of 1009, (as compared with
an 119, maximum enhancement for ENDOR occurring
when W,=W,>wg). A similar analysis for systems
with more than one equivalent proton shows even
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greater enhancements are possible when Eq. (3) holds
(e.g., for a single nuclear spin of /=1, or for the /=1
components of two equivalent nuclear spins of I=3,
values up to 2009, are possible).

By “effective” saturation associated with Egs. (2)
we do not specifically refer to the actual saturation of
an NMR absorption (which could also be readily
analyzed utilizing the general theories*®), but rather
the “shorting-out” effect has seen by monitoring the
(partially) saturated ESR absorption. The second
inequality of Eq. (2) results, in fact, from the coupled
effects of both induced NMR absorptions, and when
Eq. (3) is appropriate it becomes the condition limiting
“effective” saturation. It may then be written as
442 T (2W W +3wg) =>1. Thus, when W, is the
dominant spin-relaxation term, it determines the con-
dition of “effective” saturation. And, even though the
“relaxation time” @, (which is roughly of the order of
W.~14%) may be very long, substantial rf fields would
still be required to fulfill this inequality.® This situation
is different from simple ENDOR, wherein the
“effective” NMR saturation is determined just by the
first inequality of Eq. (2), hence on @,. Thus, while it
would, in principle, be easier to achieve “effective”
saturation for ENDOR as compared to triple resonance
when Wo>W,, iwg, the limiting ENDOR enhance-
ments would be very small, while for triple resonance
they would be large, as we have already noted.

One might expect to perform the experiment by
amplitude modulation by a variable rf of a constant
rf equal to the free proton resonance, so that both NMR
resonances are reached simultaneously when the variable
tf just equals half the hyperfine splitting. The experi-
ment would probably require resonant coupling of the
rf power to the rf coils for both NMR frequencies.®
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