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Systematics of Feshbach resonances in the molecular halogens~

David Spence
Argonne National Laboratory, Argonne, Illinois 60439

(Received 28 May 1974)

Using an electron transmission spectrometer the energetically lowest-lying Feshbach resonances in the
molecular halogens F„C1„Br„and I, are located. Th~e resonances are associated with Rydberg
states and have symmetry (X H ) (ns cr)' ['Ill/23/2], where n = 3, 4, 5, and 6 for F~, Cl&, Br&, and I&,
respectively. The binding energy of the lowest pair of nscr electrons to the ground-state positive ion
core de;creases monotonically as the size of the molecules increases from 4.45 + 0.05 eV in fluorine to
3.57 + 0.05 eV in iodine. A simple qualitative theoretical argument, based on an atomic model,
satisfactorily describes the decrease in the binding energy.

I. INTRODUCTION

It was suggested by Weiss and Krauss, ' and con-
vincingly demonstrated by Sanche and Schulz, '
that excited Rydberg states of molecules (but not
valence states) can support core-excited Fesh-
bach resonances. The temporary negative-ion
complex formed consists of two Rydberg elec-
trons moving in the (mainly Coulomb) field of
the ion core. The physical reason for such a con-
figuration is that negative ions with two excited
electrons of the same principal quantum number
are more stable than other configurations because
of minimized mutual screening; two electrons
with different principal quantum numbers will not
realize a bound complex because of the extensive
screening of one electron by the other. Rydberg
electrons are essentially nonbonding, and thus
the nuclear motion in the ion core remains un-
perturbed by the addition of two extra electrons.
Specifically, the vibrational spacings and Franck-
Condon'factors (and hence the observed vibration-
al intensities) are similar for vibrational pro-
gressions associated with formation of both the
negative-ion and the positive-ion grandparent. It
was this fact that enabled Sanche and Schulz' to
establish that Feshbach resonances are indeed
usually associated with Rydberg states and not
with valence states.

Since the pioneering&work of Sanche and Schulz, '
vibrational progressions of resonances in many
other molecules have been identified and inter-
preted using this model. ' ' We use the same argu-
ments in the present paper to determine the grand-
parentage of the observed resonances. It has re-
cently been pointed out by Schulz that in a11 the
diatomic molecules in which Feshbach resonances
have been observed to date, the binding of the
lowest Pair of nso' electrons to the positive-ion
grandparent state is always 4.0+ 0.1 eV. In addi-
tion, the binding of the lowest pair of ns electrons

to the positive-ion core in atoms is also usually
4.1+0.1 eV, ' though for atoms exceptions to this
rule have been noted."

Actually the 4.1+0.1 eV binding-energy "rule"
for the lowest pair of nso electrons is a conse-
quence of the fact that to date studies of Feshbach
resonances in diatomic molecules have been re-
stricted to molecules composed of atoms in the
first two rows of the periodic table. In the present
paper we study the binding energies of the lowest
pair of nso Rydberg electrons to positive-ion
cores for F„C1„Br»and I . Thus, we are able
to elucidate the systematics of Feshbach res-
onances down a column of the periodic table. The
binding energy of the lowest pair of nso electrons
to the grandparent state varies from 4.5 to 3.5
eV as the principal quantum number of the lowest
pair of nso electrons varies from 3 to 6. We pre-
sent a simple physical model to explain this de-
crease in the binding energy as the size of the
molecule increases. In addition, studies of vi-
brational, progressions of Feshbach resonances
in molecules give information concerning the na-
ture of those Rydberg states whose optical excita-
tion is forbidden by selection rules.

II. APPARATUS

For the present experiments, an electron trans-
mission spectrometer, similar to that described
by Sanche and Schulz, ' has been used. The prin-
ciples of the apparatus, shown in Fig. 1, have
been discussed previously in great detail, ' so
only a brief description will be given here.

Electrons are emitted from a thoria-coated irid-
ium filament, and an electron beam with an en-
ergy spread of about 60 meV is selected by a
trochoidal monochromator (TM).' The electron
beam, confined by a magnetic field B, is acceler-
ated into the collision chamber C, where it inter-
sects a molecular beam. Electrons which have
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their velocity vector reoriented in a collision
with a gas molecule in the beam are retarded by
a potential V„applied to the retarding electrode
R, and the unscattered electrons are collected
by the collector (EC). The microwave cavity in
the gas line in Fig. 1 can be used for producing
free radicals, though this facility is not used in
the present experiments. Using the technique de-
scribed by Sanche and Schulz, ' the electron en-
ergy in the collision chamber is modulated, and
the modulated component of the transmitted cur-
rent is measured with a phase-sensitive detector.
This technique has the advantage of greatly sup-
pressing the slowly varying background due to
"direct." scattering and enhancing structures due
to scattering of electrons via a resonance pro-
cess.

Our energy scale is determined by reference to
the 1s2s'('S) resonance in helium, which is known
to occur at 19.355+ 0.008 eV.' The purity of all
the gases used was specified by the manufacturers
as better than 99.5%. No attempts were made at
further purification.

III. RESULTS

A. Fluorine

An x-y plot of the derivative of the transmitted
current in molecular fluorine with respect to the
incident electron energy between 10.5 and 12.5
eV is shown in Fig. 2. This plot shows two pro-
gressions of resonances starting at 11.25 and
11.90 eV. Following the criteria of Sanche and
Schulz' for selection of resonance centers in a
vibrational progression, we have marked the
resonance positions by the vertical straight lines.
The vibrational quantum numbers of these res-
onances are indicated by the numbers above the
straight lines, and the separation between adja-
cent levels appears between them. For the first
series of resonances, band a, the vibrational
structures are of equal spacing (130 meV), in con-

trast to the second series, band b, where there is
a marked anharmonicity.

Though Fig. 2 represents the derivative of the
transmitted current, relative vibrational inten-
sities of the resonance peaks may still be obtained
from the height of the observed structures, pro-
vided the lifetime against autoionization of the
state is independent of the vibrational quantum
number. To the extent that the experimentally
observed width of the structures is independent
of the vibrational quantum number, this require~
ment is fulfilled. The average spacing of 0.130
eV between adjacent vibrational resonances of
band a in Fig. 2 is almost exactly the same as the
vibrational spacings of the X'll F,' ion which has
been spectroscopically determined to be 0.132
eV 10, ll

The vibrational intensities for the F, states of
band a obtained in the present experiment are com-
pared in Table I with the vibrational intensities
for the X'II F2+ state, derived from the data of
Potts and Price" and of Cornford et al." The
agreement between the vibrational intensities for
the negative- and positive-ion systems is consid-
ered to be sufficiently good for assigning the
X'II F,' state as the grandparent state of band a
in Fig. 2. The measured spin-orbit splitting II,~,-'II,~, of the positive-ion core is 0.030 eV.""
This splitting is too small to be detected using
the resolution that the present apparatus could
provide in the presence of such a reactive gas as
fluorine. However, we have marked the expected
locations of the 'II,~, component also in Fig. 2.

For band b, consideration of any excited posi-
tive-ion core as the grandparent state would lead
to binding energies for the pair of electrons which
were unrealistically high. Consequently, we sug-
gest that the grandparent of band b is also the
X'II F2+ state, but with different configurations
of the two additional electrons from band a. This
will be discussed in greater detail in Sec. IV of
this paper.
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FIG. 1. Schematic dia-
gram of the apparatus.
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FIG. 2. Derivative of the transmitted electron current
vs electron energy in molecular fluorine. Band a de-
rives from addition of two nso electrons to the X II~
positive-ion core. Band b derives from the addition of
one nsc, plus one npo or np~ electron to the same posi-
tive-ion core.

B. Chlorine

The derivative of the transmitted current in mo-
lecular chlorine between V.O and 9.0 eV is shown
in Fig. 3. This plot shows a progression of six
resonances starting at V.46 eV. The resonance
centers of the vibrational progression are again
marked by the vertical straight lines, and the
vibrational quantum numbers of these resonances
are indicated by the numbers above the straight
lines. The separation between adjacent levels
appears between them. There is no measurable
anharmonicity in this vibrational progression.

The average spacing between adjacent res-
onances, 80 meV, is the same as the vibrational
spacings of the X'II Cl,' ion, which has been spec-
troscopically" "determined to be 0.080 eV. The
anharmonicity in the X'Il Cl,' state is a mere 2.9
cm ', which precludes measurement in an elec-
tron scattering experiment.

The vibrational intensities for the CI states ob-
tained in the present experiments are compared
in Table I with those for the X'll Cl,' state, de-
rived from the data of Potts and Price" and of
Cornford et a/. " Despite the difficulties in ex-
tracting approximate vibrational intensities from

TABLE I. Comparison of vibrational intensities observed for progressions of Feshbach
resonances in the present experiments with the appropriate vibrational intensities observed
for the molecular halogen (X 2II) positive-ion states.

Vibrational
quantum
number

Negative-ion system
Present experiment

Vibrationa1. intensities
Positive-ion system

Potts and Price' Cornford et al .b

F2(Z~+, v =0)- F& (v) F,PZ;, v =O)-F,'(X2ii, v)

0.44
1.00
0.72
0.22
0.13

0.59
1.00
0.66
0.19
0.11

0.53
1.00
0.66
0.25
0.09

C12(&~+,v = 0) Cl& (v) CI2( Z+, v = 0) C)2 (x 2ii,v)

0.42
0.89
1.00
0.83
0.50
0.19

Br2( Zz+, v =0) Br2(v)
0.70
1.00
0.67
0.51
0.25

0.46
0.88
1.00
0.74
0.36
0.16

Br2( Zz+, v

0.53
1.GO

0.84
0.44
0.31

0.39
0.91
1.00
0.63
0.23
0.11

0)-Br+, (X 2rr, v)

0.57
1.00
0.77
0.40
0.17

Reference 10. Reference 11.
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the present data because of the rapidly rising
background in Fig. 3, the agreement between the
negative and positive ions is considered to be
good. Though the spin-orbit splitting of the posi-
tive-ion core in chlorine (0.080 eV) is larger than
in fluorine, spectroscopic measurement shows
that this splitting is exactly equal to the vibration-
al spacing, ' '" thus precluding observation in the
present experiment.

C. Bromine

hE = 8080808080 me&
V=012 545
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FIG. 3. Derivative of the transmitted electron current
vs electron energy in molecular chlorine. This band of
resonances derives from the addition of two nso elec-
trons to the X 2II~ positive-ion core.

The derivative of the transmitted electron cur-
rent through molecular bromine with respect to
the incident electron energy between 6.5 and 7.5
eV is shown in Fig. 4. In this plot, two vibration-
al progressions occur, beginning at 6.720 and
7.065 eV, respectively. The spacing between the
vibrational levels of both series is 0.045 eV, to
be compared with that of 0.045 eV for the vibra-
tional spacings of the X'Il Br2 ion state obtained
by photoelectron spectroscopy. ""

The comparison of vibrational intensities for the
negative- and positive-ion system in Table I for
Br, may be of questionable value in view of the
rapidly increasing backgrounds of Fig. 4. How-
ever, the agreement between the vibrational spac-
ings in the negative- and positive-ion system, to-
gether with the agreement between the 'II3&,
-'II,~, Br,' spin-orbit splitting (0.350 eV)" "and
the measured separation of the two bands of Fig.

4 (0.345 eV) provide convincing evidence that the
X'Il Br,' state is indeed the grandparent of the ob-
served resonances in bromine.

D. Iodine

The derivative of the transmitted electron cur-
rent through molecular iodine with respect to the
incident electron energy between 4.5 and 7.5 eV
is shown in Fig. 5. In this plot are shown two
large resonances located at 5.78 and 6.38 eV, to-
gether with two smaller resonances located at
6.850 and 7.150 eV. Vibrational structures in the
I states are too closely spaced to be resolved in
the present experiment. Cornford et al."have
partially resolved three vibrational levels of the
'II,~, component of the 'II I,' state by photoelectron
spectroscopy and find the vibrational spacing to
be 0.030 eV.

However, we can compare the ratio of the mag-
nitude of the two large resonances of Fig. 5, 0.83,
with the ratio of the magnitude of the '03~, and
'll, &, bands of the X'Il I,' ion, 0.78, obtained by
photoelectron spectroscopy. " This agreement,
together with the similarity between the 'II3/2
-'II,~, I', splitting (0.650 eV), and resonance sep-
aration (0.600 eV), provide good evidence for as-
signing the X'lI I' state as the grandparent of the
two resonances located at 5.78 and 6.38 eV. By

~~
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FIG. 4. Derivative of the transmitted electron current
vs electron energy in molecular bro~~yle. The two bands
of resonances derive from the addition of a pair of nso
electrons to the II3&2 and II&&2 components of the X' II~
positive-ion core. The separation of the two bands,
0.345 eV, is indicated by the horizontal arrows.
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similar arguments to those advanced for band 5
of fluorine, we suggest that the two resonances
located at 6.85 and 7.15 eV also have X'll I' as
their grandparent. Though the separation of these
boo resonances is less than the two lower reso-
nances, this may be expected if the two electrons
bound to the ion core are not equivalent in this
case. Possible configurations of these states
will be discussed in Sec. IV.

IV. DISCUSSION
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FIG. 5. Derivative of the transmitted electron current
vs electron energy in molecular iodine. The two large
resonances, split by 0.600 eV, derive from the addition
of a pair of nso electrons to the II3&2 and II&&2 compo-
nents of the X II positive-ion core. Observation of vi-
brational structures in molecular iodine is precluded hy
the small separation of vibrational levels in the positive-
ion core.

In order to determine the electron configurations
of the observed resonances, it is first necessary
to determine the configurations of the parent
Rydberg states with which they are associated.
Unfortunately, the lowest Rydberg states in the
halogens cannot be studied by usual' optical meth-
ods. Absorption of radiation from the ground
state, or emission to the ground state, is forbid-
den by parity considerations. " In 1947, Venkates-
warlu". ' studied emission from some optically
forbidden states of Br, and I, to several dissociat-
ing states. In more recent papers, ""Venkates-
warlu has reinterpreted part of his data and
tentatively assigned some of these forbidden states

as low-lying Rydberg states. The energies of
these forbidden states were determined by averag-
ing the energies of several emission lines which
differed by as much as 3000 cm '. Such crude
approximations render the optical data useless
for our present requirements. However, other
means are available for determining the probable
parent Rydberg states of the observed resonances.

In the following discussion we will regard the
formation of the negative-ion system as an elec-
tron attaching to an already existing Rydberg
state, although a more realistic picture would be
to consider excitation and attachment simulta-
neously. This approach is satisfactory for ex-
plaining systematics of Feshbach resonances in
relation to the ionization potentials, ""and avoids
the difficult problem of handling two excited elec-
trons simultaneously, together with their associ-
ated mutual screening of the ion core.

The binding energies E& of a pair of Rydberg
electrons moving in the field of a positive-ion
core can be approximated by

Es =R/(s —p) +I,

where n is the principal quantum number of the
Rydberg electron, p, is its quantum defect, I is
the electron affinity of the neutral Rydberg state,
and R is the Rydberg energy. In the moleculai
halogens the lowest excited electrons may be in
nso, npo, or npm orbitals, where n takes the val-
ue 3, 4, 5, and 6, for F„CI, Br„and I„re-
spectively. A knowledge of the electron affinities,
and (more critically) the quantum defects of these
states, would immediately enable us to identify
which Rydberg states the observed resonances
are associated with. The quantum defect (p, ) of
a Rydberg state is equivalent to 5, the asymptotic
phase shift (wp = 5) of the excited electron relative
to an equivalent electron moving in a Coulomb
field "

Asymptotic phase shifts for s, P, and d elec-
trons moving in the field of atomic ions have re-
cently been calculated by Dehmer and Saxon. '
These calculations, based on the Hartree-Slater
model, were performed for all atoms in the first
two rows of. the periodic table and for a range of
principal quantum numbers 1 to 10. Similar cal-
culations have also been made for Br and I
atoms. '9

The atomic quantum defects serve as a guide
for selection of molecular quantum defects. Com-
parison of known quantum defects for homonu-
clear diatomic molecules ~ ' with calculated
atomic quantum defects" show that the two usually
differ by only (5-10)%. This is especially true of
second-rom elements. This is not so surprising
as it seems, since that part of the quantum defect
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FIG. 6. Energy-level diagram showing the locations
of experimentally observed ionization potentials and
lowest-energy Feshbach resonances in F2, C12, Br2,
and I2. The locations of the lowest Rydberg states,
estimated from calculated atomic quantum defects,
are shown by the dashed lines. With the exception of
F2, which is anomalous in almost every physical prop-
erty, the electron afGnity of the lowest Rydberg state
in all molecules is very close to 0.5 eV.

which derives from closed shells is not strongly
affected by the molecular field. The molecular
field alters the quantum defect only by virtue of
its effect on the redistribution of the valence shell.
We have used the calculated atomic quantum de-
fects" to estimate the binding energies of the low-
est Rydberg electrons (most tightly bound) in the
molecular halogens. According to Eq. (1), the
results of this estimate are shown in Fig. 6. In
this figure the solid lines are the ionization en-
ergies of the molecular halogens obtained from
photoelectron spectroscopy by Potts and Price."

The dashed lines are the location of the lowest
resonance of each band obtained in the present
experiments. " The dotted lines indicate the loca-
tion of possible parent Rydberg states obtained
from the above calculations. It is clear from Fig.
6 that the only reasonable parentage of the lowest
observed resonances is derived from addition of
an electron of nso symmetry to the X~0~ ion
cores, giving a Rydberg state with configuration
[X'Iis]sso "Iis. In all cases except fluorine, the
electron affinity of the Rydberg states is seen to
be of the order of 0.5 eV. From studies of Fesh-
bach resonances in many atoms and molecules, it
is found that, for an additional electron with zero
angular momentum, the binding 'energy is usually
0.5 a0.1 eV. The addition of a second electron of
nso symmetry to the "II~Rydberg parent states
will cause the two Rydberg electrons to form a
pair (spine antiparallel) giving [X'll ](sso}sslis
negative-ion states. In Fig. 6 only the lowest,
Q 3/2 of the two spin- orbit components have been

indicated.
The assumption that the reinterpretation of

emission spectra of I, and Br, by Venkates-
warlu" "is correct mould lead to an electron
affinity of the lowest Rydberg state in Br,([X'll ]
Sso "II) of 0.17 eV (unreasonably low for an s
electron) and in I,([XsII ]6so "II) of 0.74 (rather
high}. This leads us to the conclusion either that
wrong configurations have been assigned"' to
some emission lines of I and Br„or (more prob-
ably) that the experimental technique used in those
studies" " leads to ill-defined energetics. From
arguments similar to those above, we propose
that band b of F„and the 6.85-eV and 7.15-eV
resonances in I, occur by the addition of one nso
electron plus one sPa or nPw electron to the [X'll ]
positive-ion core, giving configuration [Xslls].
njo(v), sso. At present we are not able to say
whether the Rydberg electron has npo or npn sym-
metry, as the ordering of those levels does not
always occur as predicted by simple theory. '
Molecular chlorine and- bromine also should un-

TABLE II. Tabulation of ionization potentials and lowest observed Feshbach resonances in the molecular halogens,
together with the binding energies of the lowest pair of nso' electrons to the positive-ion core in these molecules.

Molecule

Ionization potential (eV)
Potts and Cornford

Prices et as.b
Reso»~ce energy (eV)

Present experiment
Reso~e~ce principal

quantum number
(n so) & binding
energy (eV)

F2
Cl2
Br2

15.70
11.51
10.51
9.35(vertical)
9.33(adiabatic)

15.7
11.49
10.51

9.34

11.25
7.46
6.72
5.78 ]vertical)
5.65 (adiabatic)

4.45
4.05
3.79

3.57

Reference 10. Reference 11.
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doubtedly have resonances with analogous config-
urations, but preclude a search because of ex-
treme difficulty in maintaining sufficient resolu-
tion in the presence of these gases.

It is seen from Fig. 6 that the binding energies
of the Pair of nsoelectrons ('where n =3, 4, 5,
and 6 for F„CI, Br„and I„respectively} to the
X'll, positive-ion core is not independent of the
molecular species, as has often been noted in the

past for diatomic molecules. The variation in

binding energy of the electron pair as one moves
down a column of the periodic table is tabulated
in Table II and is illustrated more clearly in Fig.
7. Figure 7 shows the variation in the binding

energy between F, and I, to be almost 1 eV, much

greater than the previously observed variation of
a 0.1 eV. As w'e move from a molecule in one
row of the periodic table to a molecule in the ad-
jacent row but the same column, the principal
quantum number n of the lowest-lying Rydberg
electron [Eq. (1}]will increase by unity. How-

ever, there also exists an extra closed shell and

an additional loop (additional phase shift of w} in
the Rydberg electron's wave function. This causes
p. , the quantum defect, to increase by unity, mak-
ing the first term on the right-hand side of Eq.
(1}independent of the species of halogen. Further-
more, the data of Fig. 6 imply that the rule 0.5
+ 0.1 eV for the electron affinities of Rydberg
states for an s electron is essentially independent
of the species of halogen. The problem is not why

the binding energy of the electron pair is always
4.1 eV, but rather why it is not always 4.1 eV.

The physical reasons for the variation are best
explained with reference to Fig. 8. Here we have

FIG. 8. Hartree-Slater radial wave functions for the
lowest ns Rydberg electrons in F, Cl, Br, and I. The
radial coordinates of the extrema of the largest loops
are indicated by the arrows, and show the increase in
size of the electron orbit from F through Cl and Br to I.

plotted Hartree-Slater radial wave functions for
the lowest ns Rydberg electrons moving in the
field of the positive-ion core for the atoms F, Cl,
Br, and I. Figure 8 shows that as we move down

the halogen column, at each step filling an extra
shell, the innermost shells shrink. However, the
largest loop of the wave function, where the dyd-
berg electron spends most time, is not exactly
at the same radial distance for all atoms, but
actually increases slightly from F through Cl and
Br to I. The outermost loop increases in distance
from the core as the shells progressively fill be-
cause the wave functions are more and more ex-
cluded from the core by orthogonality to the inner-
most s -electron wave functions.

Thus, as one descends the halogen column, the
principal quantum number of the first excited
Rydberg state increases by unity, but, owing to
the monotonic increase of atomic "size" due to
increasing core "size," the quantum defect steps
by an amount slightly less than unity. Hence, in
this sequence, the binding energy of a pair of
nso electrons moving in the field of a positive
ion will decrease. This is consistent with ex-
periment.

Though this model discusses atoms, the same
arguments should apply to molecules. For now,
we have no sufficiently accurate molecular wave
functions to illustrate this effect.
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