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The effect of two saturating microwave fields with somewhat differing frequencies on the polarization of
nuclear spins in a solid paramagnetic substance with inhomogeneous EPR line broadening is analyzed. It is
demonstrated that the results of such experiments should depend qualitatively on the dynamic nuclear
polarization (DNP) mechanism that acts in the substance, and may serve as a good criterion for its
determination. The DNP effect in ethylene glycol with a CrV complex is investigated by the two-frequency
pumping method at 1.8°K and 13 kOe. Under these conditions the main DNP mechanism is found to be
dynamic cooling of the electron dipole-dipole pool. However, when the remote EPR line wings are
saturated this mechanism is superseded by the solid-effect or electron-nuclear cross-relaxation.

PACS numbers: 76.30.F

I. INTRODUCTION

Dynamic polarization of nuclear spins (DPN), which
is produced when resonant lines of paramagnetic im-
purities in solids are saturated by a microwave field,
has long attracted the interest of researchers (see iy,
Interest in this phenomenon has particularly in-
creased recently, when consistently improved results
were obtained on the polarization of proton targets
for the needs of nuclear physics. The presently at-
tainable proton polarization (a measure of which is the
quantity p, = (n* — n")/(n* + n"), where n* and n” are the
numbers of nuclear spins oriented parallel and anti-
parallel to the constant magnetic field Ho) has
reached almost 100% (at a temperature T, = 0.2°K and in
a field Ho = 25 kOe™?), and the host matrices for the
paramagnetic impurity are organic compounds, which
are convenient for use as polarized targets.'’

These practical advances are still far from corres-
pondence with the degree of understanding of the physi-
cal mechanisms that lead to the DPN effect in the
indicated substances. The point is that in most cases one
has to cope with strong inhomogeneous broadening of the
EPR spectrum of the paramagnetic impurities, and the
width of the inhomogeneous EPR line turns out tobe com-
mensurate with the NMR frequency of the polarized nuclei
of the matrix. In this situation the usual experimental
data, such as the value of pp, its dependence on the
microwave frequency and power, etc., turn out to be
as a rule insufficient for a reliable choice between one
of the three principal theoretical DPN models: the solid
effect (SE),"7!? electron-nuclear cross relaxation
(ENC)®? and dynamic cooling (DC)."-*

There is thus a strongly felt need for reliable ex-
perimental criteria capable of identifying the DPN
mechanism in each concrete case. One such method,
which permits assessment of the effectiveness of one of
the DPN mechanisms (dynamic cooling), is to register
the changes observed in the EPR line shape under con-
ditions of microwave pumpingm or during a certain time
after it is turned off.t° 1t is necessary here to measure
exactly (without dispersion and nonlinear distortion) the
EPR absorption signal, and this is a rather complicated
task in DPN experiments."

Another method, namely the comparison of the values
of pp for different sorts of nuclei that are simultane-
ously present in the sample lattice,'*!? calls for speci-
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ally introducing additional nuclei (isotopes) into the
substance, which is not always possible, and which can
furthermore exert by itself an influence on the DPN
mechanism (see Sec. II,3 below).

We propose in this paper a relatively simple quali-
tative method of investigating the DPN mechanism in
objects with inhomogeneously broadened EPR lines. In
this method, the criterion for choosing any particular
theoretical model is the behavior of the quantity p, when
the sample is acted upon simultaneously by two saturat-
ing microwave fields with somewhat different frequen-
cies. This method was used by us to ascertain the nature
of the DPN in one of the better materials for proton
polarization, frozen ethylene glycol (EG) with the para-
magnetic complex CrV.

Il. DIFFERENT DPN MECHANISMS UNDER
CONDITIONS OF TWO-FREQUENCY PUMPING

Consider a solid paramagnetic sample placed in a
constant magnetic field Ho and containing Np nuclear
lattice spins (I = 1/2) with Larmor frequency Vp, as
well as Ng electron spins of the paramagnetic impurity
(S = 1/2). Let the EPR spectrum of the impurity be an
inhomogeneously broadened line with central frequency
vo and width A* 2 vy; following the usual procedure,
we assume that this line consists of a set of homogene-
ous spin packets with frequencies vj and dipole-dipole
width A « A*, each of which corresponds to Nj identical
paramagnetic centers that are rgndomly distributed
over the volume of the sample (2sinj = Ng).

We discuss the DPN effect produced when the EPR
line wing is saturated by a microwave field of fixed fre-
quency v;, and investigate the dependence of p, on the
frequency v, of a second microwave field which saturates
the EPR line on the same wing (4, = v, — vy and 4; = 1,

— 1o have the same sign). As will be shown below, from
the form of the function py(4A;2), where 4;, = v, — v;, we
can identify the DPN mechanism that operates in the
given substance.

For simplicity we shall use throughout the ‘‘high-
temperature approximation’’ tan h(hvo/2KT) ~ hvo/2KT;
nonetheless, the main features of the method should re-
main the same also at lower temperatures.

We proceed now to consider the various DPN mecha-
nisms.
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1. The Solid Effect (SE)

The elementary act of the SE" consists of simul-
taneous flipping of one electron and one nuclear spin
with Larmor frequencies vj and vy under the influence
of a microwave field that induces a ‘‘forbidden’’
electron-nuclear transition at one of the frequencies
vj ¢ V. If the ““forbidden’’ transition is strongly
saturated, this process tends to establish the equality

(1)

Pr=:p;,
where p; is the electron polarization.

In the case of inhomogeneous broadening of the EPR
line, the action of the microwave field at a certain fre-
quency v, = vg causes simultaneous saturation of the
‘“forbidden’’ transitions of opposite sign for the packets
@ and ¥ (Vg = v1 + vp; vy = V1 — Vp), and also saturation
of the pure electronic (‘‘allowed’’) transition, which
does not lead to DPN, at the frequency vg (see Fig. la).
In the model of the ‘‘ideal’’ SE it is assumed that in
this case the ‘“allowed’’ and ‘‘forbidden’’ transitions
do not overlap for each of the packets, i.e., &4 « vy,
and in addition there is no cross relaxation.

The resultant value of p, depends on the extent to
which the distribution of the nuclear polarization is
homogeneous over the volume of the sample. We consider
two limiting cases that differ in the rate of the spatial
diffusion of py, (‘‘spin diffusion’™??),

A. Isolated spheres of influence. At a moderate rate
of spin diffusion, each paramagnetic center determines
completely the polarization of the nuclei in its own
sphere of influence, which contains Nn/Ne nuclear
spins. In this case the value of p, is determined by
simple arithmetic averaging of the polarizations ppj
pertaining to the spheres of influence of the correspond-
ing spin packets vj, with allowance for their relative
weight Ni/ Ne.[” For pumping at the frequency v, = vg
this yields

(2)

where pp, and P;wx which have opposite signs (‘‘differ-
ential SE’’) are given, in the case of strong stationary
satl[1ration of the ‘‘forbidden’’ transitions, by the form-
ula®!

Pr= (Napnu"*’NwaJr) /er

+p
1+f; '

Tie Va
1= .
Tin Vi

Pni= (3)
Here p‘; is the equilibrium value of pj, while fj is the
‘‘leakage factor’’ and Tieand T1p are the electron and
nuclear spin-lattice relaxation times.

If we now turn on the other saturating microwave
field with frequency v, ;( V; £ vp, then two additional
spin packets enter in the action: vy’ = v, + vy and
vy' = vy — vp; their spheres of influence also become
‘‘regions of high polarization’’ and make a contribution
Ng'Ppa’ + Ny/Pny’ to the numerator of (2). Since, by
assumption, both pumps act on one wing of the EPR line,
this will cause an additive growth of the quantity | pp!.

The most important, however, is the case v, = v; + vy
(e.g., v2 + vy, Fig. 1a). Now two spin packets (8 and 7)
go out of the action, inasmuch as we have for them
Png = P8 = Pny = 0 by virtue of (1), so that we are left in
the numerator of (2) only with Noppo + Ngbng, where vg
= vy — vp. As a result, a characteristic resonant dip
should appear in the experimental plot of pp(v:), with
depth NBPﬁB + Nyp;w; here, too, however, the value of
| pn! remains larger than under the action of pump (2)
alone, since Ng < Ny.
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FIG. 1. a—Scheme of two-
frequency saturation of the wing
of an inhomogeneous EPR line.
The arrows indicate the micro-
wave pump frequencies. b—Ap-
proximate dependence of the
nuclear polarization on the
second pump frequency (v,) at a
fixed first-pump frequency (v,
marked by the arrow) for the SE
mechanism in the model of iso-
lated spheres of influence. c—The
same for the SE mechanism in the
model of fast nuclear spin dif-
fusion. d—The same for the ENC
mechanism. e—The same for the
DC mechanism. The value pp,
corresponds to v, = »,. The dashed
curve in Fig. b shows a plot for
pn(v2) in the absence of the first
pump.
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Of course, an analogous dip appears also at v, = 1,
+ vy (see Fig. 1b).

B. Fast spin diffusion. In this limiting case the
nuclear spin-spin interaction ensures establishment of
a single value pp in the entire volume of the sample
(with the exception of small inclusions around the magnetic
centers that serve as sources or sinks of the polariza-
tion)™** In this situation, the stationary value of the
nuclear polarization can be obtained approximately
from the simple rate equations for pp and the polariza-
tions of the electron spin packets pj, which are affected
by the microwave pumping, assuming that the role of the
remaining packets consists only of the shortened time
T1n, and that the rates of change of pj and pp as a result
of the ‘“forbidden’’ induced transition are in the ratio
Nn : Nj.

At v, = vg, pg = 0, and strong saturation of the ‘“for-
biddertll’s’] transitions we have for the packets o and y (see,
e.g., ")

— o Ne—N,
P P N Nt

In this formula, just as in (2), there enters a differ-
ence (‘‘differential’’) effect due to the opposing polariz-
ing actions of packets @ and ¥; but now the sample no
longer contains regions with different nuclear polariza-
tions (including equilibrium regions), and therefore
turning on of the second pump can not lead simply to an
additive increase of p,. If v; £ v £ vy, then the influ-
ence of the second pump will in general not be very ap-
preciable, even though an increase due to the growth in the
relative number of polarization sources is possible
even now. The most interesting, however, is again the
case v, = v £ vp.

In the same concrete example of two-frequency pump-
ing v, = vg, vz = vy (Fig. 1a), the stationary solution of
the SE rate equations for py and pp under strong satura-
tion of the ‘‘allowed’’ transitions (pg = py = 0) takes the
form

(4)
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where Sf= 'ranii(Ni/ N;,) are the saturation factors of
the “for)bidden” transitions at the frequencies v; + vy,
the probabilities Wii of which are proportional to the
powers of the corresponding microwave pumps® (the in-
fluence of the weak packet 6 will be neglected for sim-
plicity).

It is seen from (4) that an increase of any of the
factors Sp or S, leads in the limit to complete de-
polarization of the nuclei, p, — 0. The physical mean-
ing of this ‘‘resonant quenching’’ of the nuclear polariza-
tion is quite clear: the effect is due to simultaneous
saturation of the ‘‘allowed’’ and ‘‘forbidden’’ transitions
for each of the packets g and 7, so that at Pg =Py = 0it
follows immediately from (1) that p, = 0. Whereas in
the model of isolated spheres of influence the situa-
tion was limited only to depolarization of the nuclei in
the spheres of influence of packets 8 and ¥, now these
packets, owing to the fast spin diffusion, provide a
powerful additional leakage for the polarization of
the entire sample, and this is indeed reflected in the
appearance of the coefficient of f, in the denominator
of (4).

Thus, an attribute of the SE mechanism in conjunction
with fast spin diffusion is the appearance in the function
pn(v2), at v» = vy £ vy, of narrow resonant dips, the
depth of which is completely determined by the pump
power and tends to zero when the saturation is
strengthened (Fig. 1c).

2. Electron-Nuclear Cross Relaxation (ENC)

In this DPN mechanism, first described in ®? (see
also M°+1°)) the elementary act of polarization consists
of a flipping, in opposite directions, of two electron
spins i and j, accompanied by simultaneous flipping of
one nuclear spin, with the total Zeeman energy con-
served: vj — vj = +vy. This process is also ““forbidden”’
(because of angular-momentum nonconservation), but un-
like the SE it does not require participation of a micro-
wave field, being due only to dipole spin-spin inter-
actions. If the probability of the ENC is large in compari-
son with the spin-lattice relaxation rate, then the pro-
cess will tend to establish the equality

(5)

When one of the ‘‘allowed’’ EPR lines at the frequency

vj or vj is saturated, Eq. (5) goes over into (1) and a
DPN effect is produced differing from the SE only in that
it does not require saturation of ‘‘forbidden’’ transi-
tions.

Di—Pi=%pa.

Let us proceed to an inhomogeneous EPR line and
again put v, = vg and pg = 0. In contrast to the SE case,
we can no longer confine ourselves to only two packets
a and 7y, since all the packets k, having frequencies

Vi=VyEtkV,,

(6)

where k is an integer, now take part in the polarization
process. Applying in succession the relation (5) for each
pair of the spin packets satisfying the condition (6), we
arrive at the equality®

)

Po=TFkpn.

It is easily seen that saturation, by the second pump
field, of any spin packet k (i.e., v, = v; + kvy; pg — 0)
leads, according to (7), to a decrease in the value of
Pn»> Which is more appreciable the more effective the
ENC process is in comparison with the spin-lattice
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relaxation. Estimates show that for an ‘‘ideal’” ENC
effect (without pure electronic cross relaxation and
saturation of ‘‘forbidden’’ transitions) the stationary
value will be determined in this case by an expression
similar to (4), with Sj replaced by (Tani-)'l, where
Wi]- is the probability of the ENC per nuclear spin.

Thus, the criterion for the effectiveness of the ENC
mechanism can be the presence of a number of dips in
the experimental pp(v2) plot at the multiple detunings 4,
= zkvy, and also independence of the maximum depth
of these dips of the pump power (see Fig. 1d).

3. Dynamic Cooling (DC)

If the pure electronic cross relaxation between the
spin packets (‘‘spectral diffusion’’) prevails over the
spin-lattice interaction, the behavior of the electron
spin system under saturation condition can be described
with practically no changes by the Provotorov theory,[m
which was developed originally for homogeneous dipole-
dipole broadening (see "*-2!%), As applied to our case,
this means that when the packet g is saturated (v; = vg;
pp = 0) there should be produced a characteristic linear
distribution of the electronic polarization along the EPR
line:

(8)

== 2:TD (=),
where Tp is the dipole temperature, which characterizes
the internal equilibrium in the electron dipole-dipole-in-
teractions pool (DDP). We note that the same result is
obtained also without spectral diffusion, if simultaneous
saturation of all the spin packets is ensured by the action
of the pump v, on their wings;'?*! this situation is however
unlikely if A «< A*,

Applying relation (8) to the packets a and v (Fig. 1a),
we see that any of the DPN mechanisms considered
above (SE or ENC) leads by virtue of (1) or (5) to the
equation

(9)

Since, on the other hand, pp = hvn/Zszn, where Ty is
the Zeeman spin temperature of the nuclei, this means
equalization of the spin temperatures Tz, and Tp (the
DC mechanism)f®-8:2%1%

Ppu=hv./2kT .

Thus, in this case the only difference between the DC
mechanism and the ‘‘ideal’’ SE and ENC is the
presence of an effective electron cross relaxation over
the entire EPR line (or at least in a frequency interval
of order vyp). This difference, however, leads to im-
portant consequences.

First, the establishment of a single value of pp
over the entire volume of the sample is now ensured by
the distribution (8) itself, i.e., by the electron cross
relaxation, and does not depend on the rate of nuclear spin
diffusion between the different spheres of influence.

Second, it becomes possible to calculate pp in simple
fashion, since the value of Tp is known from the solu-
tion of the Provotorov equations. In the case of strong
stationary saturation at the frequency v, we have
(see, e.g., 2?1

. Va An 2 -1

p=p e[t (50) ]

where A2 = D*T1e/Tp + M¥ + V;Nn‘rle/Ne‘r‘in, D?is the
mean squared local field for the electron spins, T1p is
the DDP spin-lattice relaxation time, fin is the time of

(10)
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parasitic nuclear spin-lattice relaxation, and M¥ is the
second moment of the inhomogeneous EPR line.

Finally, an essential distinguishing feature of the DC
mechanism, which follows directly from (8) and (9), is
the equalization of the spin temperatures of all types
of nuclei present in the substance (provided only that
their frequencies do not exceed A*). This phenomenon,
known as ‘‘thermal mixing of the nuclei via the
DDP,”’?*%1 was used in 7 to identify the DC mecha-
nism in partly deuterated frozen alcohols. It should
be noted, however, that this result should be approached
with certain caution, since the distribution (8) can be-
come established also as a result of the ENC process,
provided only that v, « a*®" (this is directly evident
from the fact that Eq. (7) goes over into (8) with Tp re-
placed by T;j as vy, — 0). Since the NMR frequency
of the deuterons was low enough in *!, the addition
of deuterium could in principle accelerate the spectral
diffusion in the EPR line and change the DPN mecha-
nism for protons.

We proceed now to two-frequency pumping. The sta-
tionary solution of the Provotorov equation for satura-
tion at the frequencies v, and v, yields (see [28:2°1)

Pe"ValAo (S;A,1S:42)
A8, (A2HA) 8. (A+A2) +8,SA,,7

Pn= (11)
where 81 = Wy T1e and Sg = WoTy, are the saturation
factors at the frequencies v; and v,, while W, and W, are
the corresponding probabilities of the ‘‘allowed’’ in-
duced transitions and are proportional to the pump
powers.

It is seen from (11) that for arbitrary 4, # 0 it fol-
lows from S; — < and S; — « that p, — 0, and if the
powers of both pumps are given and 4, is fixed (with
the condition S,, S, > 1), then the depolarizing action
of the second pump increases with increasing 4, until
the frequency v, is located on the far wing of the EPR
line (Fig. le).

This characteristic result, which differs strongly
from the picture of the resonant dips in the SE and ENC
cases (cf. Figs. 1b—1d), can serve as a good experi-

mental criterion for the separation of the DC mechanism.

I11. EXPERIMENT AND DISCUSSION OF RESULTS

The experiment was performed on samples of frozen
ethylene glycol (EG) with the paramagnetic complex CrV
as animpurity.”®*Y The nature of the DPN effectin this
substance, whichis successfully usedin polarized tar-
gets,'™ was recently discussed in the literature™3¥ (in
this discussion we favored the SE model and our op-
ponents the DC model), but owing to the lack of reliable
criteria the question remained open. To be sure, most
recently, evidence appeared favoring the predominance
of the DC mechanism in partly deuterated material,[“]
but this evidence concerned samples with extremely high
CrV concentration (2 X 10*® cm™), and furthermore, did
not take into account the possible influence of deuterium
on the proton polarization mechanism (see Sec. I1,3).

The EG-CrV samples for our investigations were
Prepared by a photochemical method (samples “C’’ of
%31); the concentration was Ng ~ 3 X 10" ¢m™ and cor-
responded to the maximum DPN effect at To = 1.8°K and
Ho = 13 kOe. Under these conditions we have vy = 54.5
MHz, v, = 35.4 GHz, A*/2 = 65 MHz, T1n~ 5 to 10 sec,
and T1e/T1p ~ 1071 We used the apparatus described
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in ® with addition of a second pump generator. The Q
of the microwave resonator with the sample was chosen
low enough to ensure simultaneous saturation of the

EPR at the two frequencies and at | 4;,1 & 150 MHz.

During the course of the experiment, the frequency
of the first pump generator was set at a certain fixed
value v; = vo + 4, and the proton polarization gain in
comparison with the equilibrium value, E = pn/p})l, was
measured as a function of the frequency of the second
pump, v, = ¥ + A; (4; and 4, had the same sign). At the
employed microwave powers, the action of each pump
separately was enough to ensure saturation of the
DPN effect, i.e., to attain a maximum of | E| at the given
A, or A,.

Figure 2 shows typical measurement results for
four values of 4;. The figure shows also the shape of
the low-frequency wing of the EPR line in EG-CrV and
the usual dependence of E on the pump frequency when
one microwave generator is in operation. The main

features of the results reduce to the following:

1. At relatively small detunings | A;| (within the
limits of the main part of the EPR line contour) the
E(4;) curves reveal broad nonresonant dips (their widths
reach 90 and 75 MHz for curves 1 and 2 of Fig. 2).

2. With increasing 4,, the width of the dips decreases,
and at 4, = —89 MHz (curve 4) a well pronounced
resonance is observed (with width about 30 MHz) at v,

— v, = (52 + 5) MHz, which practically coincides with vy,.

3. In no case does turning on the second pump lead to
an increase of |El.

For curves 2 and 4 of Fig. 2 we investigated also the
dependence on the power of the second pump (P,). It
turned out that a twofold decrease of P, raises the en-
tire central part of curve 2 by 10—-15%, and the depth
of the resonance peak on curve 4 is decreased (by ap-
proximately 30%). A comparison of these data with
the conclusions of Sec. II and with Figs. 1b to le shows
that in the case of EPR saturation in the main part of
the line contour the principal DPN mechanism is dy-
namic cooling. At the same time, on going to the far
wing of the line, the DC gradually gives way to one of
the resonant mechanisms (SE or ENC); we cannot dis-
tinguish between the two in this case, since the width
of the EPR line is insufficient for the observation of
the possible series of dips at 4,, = kvy (Fig. 1d), and
the pump-generator power is insufficient to obtain max-
imum depth of the dip on curve 4. We note that a simi-
lar change of the DPN mechanism on going from the center
of the EPR line to the periphery was observed in '3,

Finally, the failure of | El to increase under the in-

FIG. 2. Dependence of the en-
hancement of the proton polariza-
tion in EG-CrV on the detuning A,
of the second pump relative to the
center of the EPR line at fixed de-
tunings of the first pump A, (indi-
cated by arrows); curves 1 —4—experi-
ment, 5—result of calculation by
formula (11) for A, =39 MHz.
Dashed—plot of E(A,) in the ab-
sence of the first pump. Top—form
of the EPR line wing.
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=150  -100 =50

=
-200

8;,MHz
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fluence of the second pump at v, # vy — vp (curve 4) indi-
cates that nuclear spin diffusion is effective in this sub-
stance (see Sec. II,1).

Figure 2 shows also one of the results of the cal-
culation of E by formula (11) (S, and S; were determined
from the experimental dependence of E on the power of
each generator in the one-frequency pumping mode, and
the value of A, was set equal to | Apax!| = 70 MHz,
where Apax is the detuning at which the maximum | E|
is reached (see (10)). A comparison of curves 2 and 5
in Fig. 2 shows that the agreement between the experi-
mental data and the DC model is only qualitative,
and we are obviously dealing in fact with an intermediate
case, when the rate of spectral diffusion in the EPR
line is still not large enough to ensure exact satisfaction
of the distribution (8).

This conclusion agrees well with the presence of a
gradual transition to another DPN mechanism on the far
wing of the EPR line; this is apparently due to the
further weakening of the spectral diffusion on the wing,
owing to the decrease in the paramagnetic-center
concentration (thus, in the region of the dip on curve 4,
the intensity of the EPR line is only about 3% of the
maximum, see Fig. 2). We note also that already in the
region Amax = 70 MHz we observe a deviation of the
experimental value |[Ep,a4| = 180 from the DC theory
(10, which calls for | Emax| = vo/28max ~ 250 (the
error of the high-temperature approximation does not
exceed 7% here).

Thus, the method of investigating DPN with the
aid of two-frequency pumping has proved to be effec-
tive. It was possible to solve with its aid the problem
of the DPN mechanism in EG-CrV in a field Ho = 13 kOe
and to observe directly the transition from the DC to the
SE (or ENC) when the number of paramagnetic centers
affected by the pump is decreased. An attractive
feature of the method, in our opinion, is its qualitative
character, which makes it possible to dispense with ex-
tremely accurate measurements or with the fitting of
some free parameters. We note that the same method
yields incidentally valuable information on the ef-
fectiveness of spectral diffusion in an EPR line and of
nuclear spin diffusion.

The authors thank M. E. Zhabotinskii for constant
interest in the work and V. V. Demidov for performing
some auxiliary measurements.

DWe note that no such quantitative measurements were made in the
well known study [!°], so that the conclusion of its authors that the
spin temperatures of the nuclei and of the electron dipole pool are
equal have remained not fully justified (the EPR line asymmetry ob-
served in [!°] can be attributed also to the contribution of *“forbid-
biden” electron-nuclear transitions.

DThe values of Sii can be significantly smaller than the saturation
factors of the “‘allowed” EPR transitions, owing to the appreciable
leakage produced by the remaining spin packets.

3JWe note that Eq. (7) reflects the appearance in the EPR line of a
number of “dips” at the frequencies vk, of the type of the “discrete
saturation” effect. [!7]

9In [7], where the “DC” term was first introduced, it was used in a
narrower sense, only for a homogeneous EPR line and without satura:
tion of “forbidden” transitions.
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