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The predissociation in the B— A system of the deutroxyl radical has been reinvestigated. The experimental
line shapes P17, P18, R18, P20, and P21 of the (0,9) band of the system are analyzed in the framework of
the Mahaux-Lejeune theory. The P18 and R18 transitions contain a Q component. This lends support to
existing calculations that a *II repulsive state is responsible for the predissociation. The transition probability
to the continuum is not contant, but varies as the predissociated half-width.

INTRODUCTION

The phenomenon of resonance occurs in practi-
cally all branches of physics. The basic model is
the driven damped simple harmonic oscillator,
which is capable of absorbing a large amount of
energy at frequencies close to the “resonant” fre-
quency. The frequency (w) dependence of the power
P absorbed is the well-known function

1

P =T g o/t

1)
where w, is the resonance frequency and I' is the
full width at half-maximum. I is related to the
damping of the oscillator.?

The concept of resonance is extended to an atom-
ic system which has associated with it “resonance
radiation” when the driving force is electromag-
netic in nature.? The emission of radiation viewed
as a resonance process has been described in de-
tail by Shore.® Whereas atoms absorb photons with
the proper resonance frequency, nuclei absorb
neutrons in the vicinity of resonances. This ex-
perimental fact led Breit and Wigner* to justify
Eq. (1) quantum mechanically. Although the langu-
age is different—~in electrical circuits it is the re-
sponse of the system or the transfer function, in
optical transitions it is the line shape, in nuclear
resonances it is the excitation function, and in
scattering theory it is the cross section—these
processes represent the same physical phenomenon
since they are all expressed mathematically by
Eq. (1).

When closely spaced resonances are observed,
that is, when the difference between the frequen-
cies of two resonances is of the same order of
magnitude as the resonance width, interference
effects take place which change the basic resonance
profile given by Eq. (1). Experimental data from
nuclear physics and a theory suitable for their in-
terpretation have been given by Mahaux.® The
cross section L as a function of the frequency for

12

two closely spaced resonances is

Iet®
1+ 2i(w= w)/T,

. Izeioz 2
1+2i(w- w,)/T,| ’
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where [ is the intensity and ¢ is the phase of each
resonance. The lengthy quantum-mechanical ex-
pressions for these parameters have been given
by Mahaux.® The cross section thus consists of
two Lorentzians centered about w, and w,, respec-
tively, plus a cross term which represents an in-
terference term between the two Lorentzians,

The excitation function (2) is quite general and
applies even when I',>T',. This case corresponds
to excitation of a discrete state and a continuum,
and Mahaux® shows that Eq. (2) then becomes (we
replace the frequency by the energy E)

_ AE?*+BE+C
L(E)—1+4(E_Eo)2 r2 ’ (3)

where A, B, and C are energy-independent con-
stants. Lejeune® has extended the theory of Ma-
haux® to include two discrete states and one con-
tinuum. He showed essentially that excitation of
the continuum is no different from excitation of a
discrete state, except that the half-width of the
continuum is muchlarger, sometimes infinitely
large. While the phase of an isolated resonanceis
not directly observable, the relative phase can be
determined, and the data analyzed by Lejeune in-
dicate that this relative phase can assume any
value. Similarly, the relative intensity of the
resonances does not have to be unity.
Interference effects have also been treated by
Blatt and Biedenharn.” These authors were pri-
marily interested in deducing the various angular
momenta associated with a resonance, and the
theory is particularly useful in the analysis of an
isolated resonance split by spin interactions. The
theory has been applied by Von Brentano et al.®
The same interference effect has been observed

L(w) =
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in other branches of physics. The Fano® profile

[g+2(E-E,)/TP @)
1+4(E - E,?/T?

F(E)=

results from an interference between excitation of
a discrete state and an autoionizing continuum.
Although the Fano effect is usually associated with
autoionization, it too has been observed in nuclear
physics,’® where it is understood as an interfer-
ence between the Breit-Wigner term and the con-
tinuum. The Fano effect is the special case of
Egs. (2) for which I',> T, I,=I,, and ¢, —~ ¢, =7.
When these conditions are satisfied, the interfer-
ence is very strong and leads to a very asymmetric
profile. The parameter g introduced by Fano de-
termines the asymmetry and has the following
physical meaning: It is the ratio of the transition
probability amplitude to the final state, which is

a linear combination of the discrete state and the
continuum state, to the transition probability am-
plitude to the continuum state. Since ¢ is the ratio
of two transition probability amplitudes, it can be
real or complex. In autoionization ¢ is always
real, whether positive or negative. In the Mahaux
theory, it is a complex quantity. When g -, that
is, when the continuum is not excited, only one
resonance can be observed and Eq. (4) reduces to
Eq. (1).

A comprehensive theory of autoionization has
been given by Fano,® who treated the case of one
discrete state perturbed by two continua and also
the case of several discrete states perturbed by
one continuum. Mies! extended the theory to in-
clude overlapping resonances. These cases are
encountered experimentally in gutoionized Rydberg
series, for example.'?

The Fano profile is observed when the resonance
is excited not only by photons but also by other
particles such as electrons.!® A review of elec-
tron-molecule resonance scattering has been
given! and progress in this field is continuing.*s-1"

Autodissociation or predissociation is similar
to autoionization, and one expects to find interfer-
ence effects. Herzberg!® has found asymmetric
line shapes in the D =X and B" - X systems of H,,
and he has successfully explained the asymmetries
by the Fano theory.

The predissociation of the B—+A system of OD
has been investigated experimentally and theoret-
cially by Czarny et al.'® The half-widths associ-
ated with the diffuse transitions have a peculiar
dependence on the electronic, vibrational, and ro-
tational energies. A general treatment of this
variation of the half-width has been given.?° Simi-
lar phenomena have been found in O,.?! According
to Eq. (2), the line shape is characterized also by
its phase. Asymmetric line shapes in the B—~A

system of OD have been reported,?? but the Fano
theory has not successfully explained these pro-
files.

We have reexamined and extended the experimen-
tal data on the B —~A system of OD in order to re-
concile experiment with theory. In those transi-
tions for which the predissociation is strongest,
we find a @ component whose intensity depends on
the half-width. This supports the calculation of
Czarny et al.'® that a *Il repulsive state is respon-
sible for the predissociation. We find that the
transition probability to the continuum is not con-
stant and that the Mahaux-Lejeune equations de-
scribe the results much more satisfactorily than
Fano’s equation.

The theory of molecular resonances has been
given by Nitzan and Jortner.?® These authors
show that there is an interference effect upon ex-
citation of the discrete state and the continuum
no matter which order approximation of the mole-
cular wave functions is the starting point. Al-
though we have used the Mahaux-Lejeune theory
in predissociation, the justification of Eq. (2) using
molecular physics approximations is as yet non-
existent.

THEORY

Mahaux has derived Eq. (2), which is a very con-
venient form of the line shape when two resonances
are excited.?* We plot in Fig. 1 this line shape for
¢, - ¢,=0. This case is known in the literature as
the two coherent Breit-Wigner terms.?® In Fig. 1,
the two transitions have equal intensities and equal
half-widths, We vary w, - w, in order to study the
effect of the interference. Obviously, the effect
is biggest when w, ~ w, is smallest. For two co-
herent resonances, the interference is destructive
between the resonances, but the opposite can hap-
pen for incoherent resonances. In Fig. 2 we study
the effect of the phase on the line shape and see
that the relative intensity depends very much on
this phase. The question arises?®: Can the inter-
ference term give rise to a third peak in the line
shape? We plot in Fig. 3 a case where a third
peak is generated, but we note that it is extremely
weak. No such “fictitious” peaks have been ob-
served yet.

The Mahaux function given by Eq. (3) can be de-
rived from Eq. (2) by setting

4(E-E,\/T;=¢*,

where ¢ is a constant. This corresponds to one
resonance being much larger than the other. If,
in addition, ¢,- ¢, =7 and I, =I,, then Eq. (2) be-
comes
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(c)

wy wp

FIG. 1. Interference of two coherent Breit-Wigner terms i.e., ¢; — ¢,=0. In each case we give the sum of the two
Lorentzians (smooth curves) and the total cross section which includes the interference term (dotted curves). Only in
part (b) do we plot each isolated resonance. In these figures the two resonances are equally intense, and T and wy —w;
have the same arbitrary units. Ij=1I,=0.1in all five parts; wy,=—w;=0.08, 0.09, 0.1, 0.2, and 0.3 in parts (a)~(e), re-

spectively.

_ [q - 2(E - E1)/r1]2
LE) =TI+ 4E-E,)/T7]"

which is recognized as a Fano function normalized
to unity. :

When two discrete states are perturbed by a
continuum, Lejeune has shown that the line shape
is

Ilei¢1

1+2(E - E,)/T,

I ei02

io
*TvaiE-E)/T, "¢

L(E)=

2

(5)

—

It is assumed that I, ~T, and ;> T,. It is evident
how one can include a finite continuum or more
resonances or both.

EXPERIMENTAL

The experimental conditions used to excite and
detect the B—+A system of OD have been given pre-
viously.?? The monochromator used had an instru-
ment profile which was approximately Lorentzian,
with its width I';=0.4 cm-!. The observed profile
is then the convolution of Eq. (2) with a Lorentzian.
The explicit expression for the cross term in Eq.
(2) is

[1+4(w- w)(w= w,)/T,T,]cos(¢, - ¢,) . [2(w=~ w)/T, -~ 2(w - w,)/T,]sin(¢p, — ¢1)>

21112( [1+4(w- w)?/T,J[1+4(w~ w,)?/T%]

[1+4(w= w)?/T2][1 +4(w-w,)?/TZ]

_L+M[2(w- wl)/I‘1+P+Q[2(w— w,)/T,]
T 1+4(w- w, P/T2 " 1+4(w- w,)?/TZ °

~
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where L, M, P, and @ are constants determined by direct substitution. It may be shown that

"° 1 2(w' = w))/T
j_; 1+4(w=w = @)/T2 1+4(w - w,)?/T?

dw'

_n I'Ty

2(w= wy— B)/(T+T,)

2T+ 1+4(w- wo— w2 /(T+T,)°

(6)

It is also known that the convolution of two Lorentzians gives a third Lorentzian whose width is the sum of

the first two,?” that is,

® 1 1
L 1+4(w- w = w)?/T2 1+4(w = w,/T?

dw

Thus the convolution of Eq. (2) with a Lorentzian
having width I'; gives Eq. (2) but I, is replaced by
I, +T';and T, is replaced by I', +I';. The relative
intensity of each transition is affected in a pre-
dictable way.

RESULTS

The effect of the predissociation in the A *Z*
state'® is largest in the v = 9 state of OD (v is the
vibrational level). The (0,9) band of the B~A
system is characterized by the following facts:

(a) The half-width increases significantly with
N when N is low (N is the rotational quantum num-
ber).

(b) The spin splitting increases linearly with N.

(c) The spin components become barely resolved
at N=11.

INTERFERENCE OF TWO LORENTZIANS
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|
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FIG. 2. Interference of two L orentzians for which ¢
~¢y=0 and ¢, - p,=0.6m. We wish to point out the effect
of the interference on the relative intensities.
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(d) The half-width increases more dramatically
at N=16 and decreases just as dramatically at
N=21.

(e) The transitions beyond N =21 are hardly de-
tectable.

The numerical details and a satisfactory explana-
tion of the N dependence of the half-widths has
been given.!® The line shapes of the P17, R18,
P18, P20, and P21 transitions are given in Fig.
4. These transitions are recorded photoelectrical-
ly and are considerably more accurate than pre-
vious measurements. The P19 transition was
masked by impurity transitions and is not given.
The R18 and P18 transitions, which really contain
three transitions, show the effect of the interfer-
ence. The theoretical reproduction of these line
shapes is based on Eq. (2) extended for three or
four resonances as the case may be. The param-
eters associated with these transitions are given
in Table I.

The intensity of a transition can give useful in-
formation, and we plot in Fig. 5 the logarithm of

INTERFERENCE OF TWO LORENTZIANS
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( Log scale)
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FIG. 3. Interference of two Lorentzians can give three
peaks as shown. The ‘“false” peak is five orders of mag-
nitude weaker and several orders of magnitude broader.
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FIG. 4. Experimental line shapes of some predissociated transitions in the (0, 9) band of the B— A system of OD.
The theoretical line shapes are based on the Mahaux-Lejeune theory. The intensity is given in arbitrary units.

the intensity vs N(N +1) for the unresolved doublets
of the (0,9) transition (the prime refers to the
upper state, the double prime to the lower state).
The perturbation in » =10 is quite different from
that in ¥=9. The transitions are slightly diffuse
at very low N, but become sharper as N increases.
The spin doublets are resolved for N=3. At about
N =11, the transitions become diffuse again. The
half-widths in v =10 are always less than 0.5 cm"?.
In contrast the half-widths are about 3 cm-*! at
N=18 in v =9. Since configuration interaction in-
troduces a shift in the energy, we plot in Fig. 6
the spin splitting as a function of N for the »=10
level of the A%+ state of OD.

DISCUSSION

Our experimental evidence indicates that the
half-width associated with the continuum is large

but finite. For example, the signal in the wings
of the P21 transition is considerably larger than
the photomultiplier dark noise, but about 10 cm-?
away from the transitions it is buried in the noise.
A model of the P21 transition using only the inter-
ference of two Lorentzians gave very poor agree-
ment. This experimental fact led us to use Eq. (2)
extended to include a continuum.

While the reproduction of the P21 profile is ade-
quate using two discrete transitions and one very
broad transition, the same cannot be said for the
other transitions of Fig. 4. It has been shown that
the curvature of P,20 is opposite in sign on the
long-wavelength side to that predicted by the Fano
theory.?? P17 has a profile remarkably like P20.
By studying Figs. 1 and 2 we can see that the Ma-
haux equations will not change the curvature of
P,20 and P,;17. We suppose that the broad bump in
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TABLE I. Parameters associated with the predissociated transitions shown in Fig. 4. We
have arbitrarily chosen E=0.0 and $=0.0 for the Py or R, transitions as the case may be. The
absolute energy of the P, and R, transitions can be found in Ref. 31. We estimate the errors

in these parameters to be about 40%.

Transition E (cm™} T (em™) ¢ (rad) I (arbitrary units)
P,17 0.0 3.1 0.0 1.0
P,17 2.1 1.9 0.4 1.8
Q17 -2.0 2.6 0.2 0.6
Iy - 1.0 15 0.1 1.2
R,18 . 0.0 0.2 0.0 1.0
R18 0.7 1.2 0.1 0.7
Q18 1.1 2.4 0.7 0.9
2y -4y 0.6 45 0.3 0.3
P18 0.0 0.2 0.0 1.0
R,18 1.8 2.8 0.1 1.1
Q18 2.5 2.5 0.8 0.7
23 411 1.2 45 0.3 0.3
P20 0.0 3.1 0.0 1.0
P20 1.3 0.3 0.5 2.6
Q20 -1.2 1.8 0.2 0.7
2z 41 0 15.0 -0.1 1.2
P21 0.0 0.5 0.0 1.0
P21 1.8 0.8 0.1 1.0
Q21 oo oo ses negligible
2y 41 1.1 30 -0.2 0.6
/
Y / L]
I /
// .
P -
Log—t— F (R P] /
N'+ N"+| ./.
~ 2 2 ( cm-1)
B z —= A°Y - /
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0 120 240 0 5 10

FIG. 5. Intensity of the spin~unresolved transitions in
the (0,9) band of the B— A system of OD. The relation-
ship should be linear, but the predissociation splits it
into two nonlinear components.

FIG. 6. Spin splitting in the v =10 level of the A state
of OD. The deviation from linearity above N =11, just
as the predissociation becomes stronger, indicates the
shift in the energy position produced by the perturbation.
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P17 and P,20 is due to another transition. The
third transition is clearly evident in P18 and R18,
but it is not present in P21. The third line is
most likely the @ component of a 2% — 2% transi-
tion,?® which is normally much weaker than the

P or R branch, but it is enhanced in this case be-
cause of interaction with the continuum.?® Numeri-
cal calculations have shown that a *II state is re-
sponsible for the predissociation of the A 2%*
state.!® Owing to the perturbation, the A state as-
sumes the characteristics of the *II state, and
since AJ=0,+1 for = —-1II transitions (J is the total
angular momentum), the @ branch is enhanced.
The appearance of the @ transitions coincides with
the transitions which have the largest half-widths,
and this effect is qualitatively understandable on
the basis of Fano’s theory. Fano shows that the
product I'?q is constant. Since ¢ is inversely pro-
portional to the transition probability to the con-
tinuum, the transition probability to the continuum
is proportional to I'2, Since it is known that I
varies significantly in these transitions (from less
than 0.2 cm™! to 3 cm-?!), it is plausible that the
transition probability to the continuum also varies
significantly. This idea is supported by the fact
that the N dependence of the @ branch coincides in
every detail with the N dependence of the predis-
sociated half-widths.

We note, however, that the position of the @
transition relative to the positions of the P and R
transitions is not constant. In general, the struc-
ture of such a triplet depends on the relative spin
splitting of the upper and lower states. The lower
state in this case is further perturbed by the con-
tinuum. The experimental evidence indicates that
the continuum can make the spin levels either ap-
proach or repel one another. This is particularly
evident in Fig. 6, where the spin splitting in =10
is studied. For 3<N<10, the perturbation is
small (I'<0.2 ecm~!) and the relationship is lin-
ear,?® as it should be. As the widths become
larger, the linear relationship is roughly valid by

considering the average effect, but one sees that
the spin levels do approach and repel each other
depending on N. The half-widths for the transi-
tions in Fig. 4 are about ten times larger than
those for N>10 in » =10, and the shifts involved
are considerably larger.

The P18 and R18 profiles are quite similar.
This is because both transitions end on the same
rotational levels of the A state. The parameters
associated with these transitions are not quite the
same, because each transition has a different
initial state. This fact is also understandable on
the basis of Fano’s theory, because the g parameter
depends on the initial state. This kind of effect
is responsible for the intensity anomalies in Fig.
5. The relationship shown in Fig. 5 is normally
linear,?® but in the B~ A transitions studied it
splits into two nonlinear components. This effect
has already been reported.?°

SUMMARY AND CONCLUSIONS

We find that the predissociated transitions shown
in Fig. 4 can be satisfactorily explained by assum-
ing a transition probability to a *II continuum. The
half-width associated with the continuum transi-
tion is large but not infinite. While the phase of
an isolated resonance cannot be measured, the
relative phase between resonances causes an in-
ter ference effect which alters the form of the
resonance. The interference effects caused by ex-
citation of the discrete states and the continuum
are adequately described by the Mahaux-Lejeune
equations. The transition probability to the con-
tinuum, as demonstrated by the presence of the
Q branch, is not constant, but varies as the pre-
dissociated half-width.
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