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The specific mass shift in the electron affinity between 2°Cl and 37Cl has been determined by
tunable-laser photodetachment spectroscopy to be —0.51(14) GHz. The isotope shift was observed
as a difference in the onset of the photodetachment process for the two isotopes. In addition, the
electron affinity of Cl was found to be 29138.59(22) cm™!, giving a factor of 2 improvement in
the accuracy over earlier measurements. Many-body calculations including lowest-order correlation
effects demonstrate the sensitivity of the specific mass shift and show that the inclusion of higher-
order correlation effects would be necessary for a quantitative description.

PACS number(s): 35.10.Hn, 32.80.Fb, 31.30.Gs

I. INTRODUCTION

Tunable-laser photodetachment spectroscopy makes
high-resolution studies of electron affinities possible, and
in this work we demonstrate an application of this tech-
nique to the measurement of the isotope shift in the elec-
tron affinity of chlorine. The observed shift is only a
fraction of the normal mass shift (NMS), indicating a
specific mass shift (SMS) comparable to the normal mass
shift, but of opposite sign. The results obtained provide a
sensitive probe of electron correlation effects, which are
known to be particularly important, both for negative
ions and for the specific mass shift.

The outermost electron in a negative ion is very weakly
bound: Far from the nucleus it is bound only due to
polarization of the other electrons in the system, whereas
the outermost electron in an atom or a positive ion is
bound in a long-range Coulomb potential. Hence the
electron correlation is of greater importance in negative
ions, which therefore provide good tests of computational
methods used to describe electron correlation. In Li™,
e.g., the electron correlation energy has been found to be
three times larger than the electron affinity [1]. Another
system where the electron correlation is dominating the
binding energy is the two-electron system H™, which has
been used as a model case in many calculations [2—4].

The specific mass shift arises from a correlation be-
tween the electronic momenta through the motion of the
nucleus with its finite mass, and is discussed in more de-
tail in Sec. IIT A. Being a two-particle operator the SMS
is very semnsitive to correlation effects, and its calcula-
tion is a challenge for atomic theory. The development
of methods to include all-order correlation effects on the
SMS is in progress, but to our knowledge no calculation
has yet been performed for a many-electron system. In-
clusion of the lowest-order correlation terms in atomic
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many-body perturbation theory has been found to give
a significant—albeit insufficient—improvement in several
cases [5—7] and is here applied to the electron affinity of
chlorine, as described in Sec. III.

Since electron correlation is of major importance both
for negative ions and for the specific mass shift, it would
be of particular interest to investigate the specific mass
shift in negative ions. However, the only one experiment,
so far, where an isotope effect has been studied in an
atomic negative ion is the measurement by Lykke et al.
[8] of the electron affinities of hydrogen and deuterium.
For these light systems, the mass shift is, of course, very
large, which enabled Lykke et al. to observe a shift, al-
though the outgoing electron is a p wave, resulting in a
slow onset of the photodetachment process. The main
reason for the lack of studies of isotope shifts in negative
ions is the absence of bound excited states which are op-
tically accessible. The only sharp structure in an optical
spectrum is the onset of the photodetachment process,
and for most negative ions, this threshold is in a wave-
length region not accessible to tunable dye lasers. Schulz
et al. [9] have applied high-resolution techniques to study
isotope effects in the negative molecular ions OH™ and
OD~, where, however, the major part of the mass effect is
due to vibration and rotation and not from the electronic
part, as in the case of atomic systems.

This work presents an investigation of the isotope shift
of chlorine, which was chosen for several reasons. From
an experimental point of view, Cl has the advantage,
shared with all halogens, that an s electron is emitted in
the photodetachment, giving a sharp threshold. In addi-
tion, it has two stable isotopes with large natural abun-
dances. From a theoretical point of view, the closed-shell
ground state of a halogen ion provides a convenient ref-
erence state for the calculations, and makes the system
relatively easy to treat. In addition, the specific mass
shift in the ionization potential of the rare gases, which
involve the same electron configurations, have previously
been investigated, theoretically as well as experimentally
[10-12], and the comparison of results can give indica-
tions about the importance of various effects.
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II. EXPERIMENTAL PROCEDURE AND
RESULTS

The experimental setup, shown in Fig. 1, has been de-
scribed previously by Hanstorp and Gustafsson in con-
nection with a similar high-resolution experiment where
the electron affinity of iodine was determined [13]. In this
experiment, negative chlorine ions were formed from HCl
gas on a hot LaBg surface. The ions were accelerated to
3 keV, mass selected in a sector magnet and focused by
means of several Einzel lenses. In an analyzing chamber,
the ions were merged with a laser beam between two
electrostatic quadrupole deflectors placed 50 cm apart.
An ion current of typically 6 nA for 3°Cl and 2 nA for
37Cl was measured with a Faraday cup placed after the
second quadrupole deflector. The laser light could be di-
rected either parallel or antiparallel with respect to the
ion beam direction. Fast neutral atoms produced in the
photodetachment process were not affected by the sec-
ond quadrupole deflector. Instead, they impinged on a
glass plate coated with a conductive layer of tin doped in-
dium oxide (Inp;Oj3 : Sn). Secondary electrons produced
by the neutral atoms were collected with a channel elec-
tron multiplier (CEM) operating in pulse counting mode.
The CEM was carefully shielded, both mechanically and
electrically, to prevent stray electrons from reaching the
detector [14].
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FIG. 1. Experimental set-up.

An excimer pumped dye laser served as light source.
The experiment was done using two different laser dyes,
BMQ (Lambdachrome No. 3570) and PTP (Lamb-
dachrome No. 3400), with their peak intensities at 343
and 357 nm, respectively. The laser pulses, with a time
duration of 20 ns, had an energy of up to 1 mJ as mea-
sured in front of the experimental chamber. Some of
the laser light was directed through a Fabry-Pérot étalon
and through an acetylene-air flame for wavelength cali-
bration.

A. Detection of the photodetachment threshold

According to the Wigner law [15], the cross section for
photodetachment of an s wave electron is, in the vicinity
of the threshold, given by the expression

[ ecVE=Es, E> Eo,
o(E) = { 0, E < E, )

where o (E) is the cross section for photodetachment, E is
the photon energy, Ej is the photodetachment threshold,
and c is a constant. The cross section behavior is, how-
ever, complicated by the hyperfine structure. The two
chlorine isotopes both have a nuclear spin of 3/2. The
ground state of the chlorine atom, which has the config-
uration 3p® 2P, /2, is therefore split into four hyperfine
structure levels FF = 0, 1, 2, and 3, where the F' = 0
level has the lowest energy. The ground-state configura-
tion of the negative chlorine ion, 3p® 'Sy, shows neither
fine nor hyperfine structure. With one initial state and
four possible final states there are four independent pho-
todetachment channels, which all have to be included in
the fitting procedure. The relative cross section for the
different channels is proportional to the multiplicity of
the final state in the neutral atom, i.e., proportional to
2F + 1, and the total photodetachment threshold can
therefore be described by the function

o (E) =c23:(2F+1) \/E— (E0+Effs), E > E,

F=0

(2)

where E,f‘ s 18 the F dependent energy correction due to
the hyperfine interaction [16], Eo the threshold energy
for leaving the atom in the lowest hyperfine level of the
ground state in the atom, and c is a constant.

The nonzero bandwidth B of the laser also has to be
taken into account in the evaluation procedure. In our
case, we assume a Gaussian intensity distribution I(E’)
with its peak at E’ = 0 given by the expression [17]

I(E') = Lexp [—4 (%)2} . (3)

Including this bandwidth into the fitting procedure, the
experimental values can be fitted to the following modi-
fied Wigner law function:
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o(B)=C > I(B') (2F +1) \/[E +E' — (Bo+Ef,)| + |B+ B — (Bo+ Ef,) | (4)
E'=—o00 F=0

The term inside the absolute sign is included in order
to make the function equal to zero below the threshold.
The experimental data points were fitted to Eq. (4) us-
ing a nonlinear fitting routine based on the Levenberg-
Marquardt method [18]. An example of such a fit is
shown in Fig. 2. Although Eq. (4) is complicated, only
the constant C' and the threshold energy F, are varied
to fit the data. The two Fabry-Pérot peaks closest to the
threshold, shown in the upper part of Fig. 2, were fitted
to an Airy function by the same numerical method, and
their positions served as frequency reference markers.

To determine the laser bandwidth, the expression in
Eq. (4) was fitted to one set of experimental data for dif-
ferent values of the laser bandwidth. The standard de-
viation of those fits varied smoothly with energy, with a
minimum at a bandwidth of 4.3 GHz. This value agrees
with the laser specification and was used for all subse-
quent evaluations.

In order to correct for the first-order Doppler shift,
which is sufficient in this experiment, the electron affinity
Ega (ACI) of the isotope 4Cl is obtained as the average

-

AEj, — AEy,

(B2, (7€) -

I

value of the energy of the photodetachment threshold,
E,;, obtained with parallel and antiparallel laser and ion
beams (designated p and a, respectively):

Eg, + E},

Ega (4Cl) = 5

(5)
B. Isotope shift

The isotope shift of the electron affinity in the nega-
tive chlorine ion has been experimentally determined by
measuring the difference in electron affinity for the two
stable chlorine isotopes, each determined as described in
Sec. ITA.

The frequency shift corresponding to the difference in
electron affinity, as shown in Fig. 3, is given by the equa-
tion

AEga = Ega (*’'Cl) — Epa (**Cl). (6)

Alternatively, this shift can be obtained by combining
Egs. (5) and (6) giving the expression

th (3501)] - [th (35CI) - th (3701)]

AEga = ; =

Experimentally, this has the advantage that two pairs of
thresholds situated very close to each other are compared,
making the laser scans much shorter.

Four threshold measurements are thus required for one
determination of the difference in the electron affinities
of the two isotopes, AEg,. In the present work, we per-
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FIG. 2. A scan used in the isotope-shift measurement. The
lower curve is the relative cross section for photodetachment
where the line is a fit to the experimental data. The upper
curve is the transmission through a Fabry-Pérot étalon used
for frequency calibration.
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[
formed a total of 13 isotope-shift determinations, giving
an experimental value
éphi*l = 0.34(14) GHz. (8)
Since the experimental results are obtained by comparing
the energy of different thresholds, they are independent
of an absolute wavelength calibration. Many systematic
effects will therefore cancel in the evaluation procedure,
giving a very high accuracy of the experimental result.
The electron affinity is defined from the threshold en-
ergy, and thus involves the difference between the ground
state of the negative ion and the lowest hyperfine level
of the ground state of the atom, whereas the isotope
shift is normally defined as the difference between the
fine-structure levels unperturbed by the hyperfine inter-
action. In order to extract the isotope shift from the
experimental shift AEg4 in Eq. (8), it is necessary to
correct for the energy difference, AE,‘:’:,,s = héyffs, be-
tween the lowest hyperfine-structure level of the Cl atom
and the fine-structure level unperturbed by the hyper-
fine structure. In 3°Cl, the F = 0 ground-state level
is situated dvf;, (**Cl) = 0.700 GHz below the un-
perturbed level and the corresponding shift in 37Cl is
s, (37Cl) = 0.586 GHz. These shifts are illustrated
in Fig. 4 and were obtained using the Casimir formula,
where the A and B hyperfine constants were taken from
Fuller [16]. Subtracting the difference between these two
values from AEg4 gives a corrected isotope shift of the
electron affinity of Cl:
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AEg,

dugs = + 6vf;, (37C1) - 6uf;, (3°C1)

= 0.22(14) GHz. (9)

C. Electron affinity

In addition to the isotope-shift measurements, an im-
proved absolute value of the electron affinity of 3°Cl have
been determined. Extended descriptions of the experi-
mental procedure for this experiment has been given else-
where [13,19].

The laser wavelength was scanned between 343.7 and
344.7 nm in steps of 0.0005 nm. At each wavelength
the signals from 30 laser pulses were averaged. In to-
tal seven scans, one of which is shown in Fig. 5, were
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FIG. 4. The energy level diagram of the ground states of
Cl™ and Cl. The zero energy is set to the lowest hyperfine
level in the atomic ground states of the two isotopes.
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recorded. Three different signals were registered, namely,
the number of atoms neutralized in the photodetach-
ment process, laser-enhanced ionization of nickel in an
acetylene-air flame [20], and the transmission through a
Fabry-Pérot étalon. The direction of the laser beam was
reversed in the middle of the scans in order to acquire the
threshold position for both the parallel and the antiparal-
lel laser-ion beam geometries in each scan. The threshold
positions were evaluated using the method described in
Sec. ITA. The resonant absorption lines in nickel were
fitted to Lorentzian functions in order to find their peak
positions. The Fabry-Pérot étalon fringes served as fre-
quency markers in order to connect the threshold energies
with the reference lines. The electron affinity, corrected
for the Doppler shift, was determined by taking the mean
value of the energies for the parallel and antiparallel pho-
todetachment thresholds, as shown in Eq. 5.

The energies of the nickel reference lines have recently
been measured using Fourier-transform spectroscopy
[21], and they are known to within 1073 cm™!. As pre-
viously mentioned, we use laser-enhanced ionization in
a flame in order to detect these lines [20]. The main
sources of uncertainty in our calibration procedure are
broadening and shifts caused by collisions in the flame.
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FIG. 5. A complete recording of a spectrum used for de-
termination of the electron affinity. The lower curve is the
relative photodetachment cross section, the middle curve is
laser-enhanced ionization of nickel in a flame, and the upper
curve is the transmission through a Fabry-Pérot étalon. The
direction of the laser beam was reversed at approximately
343.85 nm.
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Spectral lines are at the most redshifted with 1/3 of the
pressure broadening, and experimentally observed shifts
are normally smaller [22]. The widths of the spectral line
profiles that we observed were approximately 11 GHz.
When the contribution from the laser bandwidth and
the Doppler broadening has been taken into account, a
remaining pressure broadening of 10 GHz was obtained.
We therefore estimate the redshift of our reference lines
to be smaller than 3.3 GHz. Isotope shifts of the nickel
reference lines have been measured [23] but are too small
to influence our measurements.

The statistical scattering in this measurement is only
0.013 cm™!. This corresponds to 0.4 GHz, which is less
than one tenth of the laser bandwidth. In the error in
our final result of the electron affinity, we include two
standard deviations of the statistical uncertainty plus
the maximum possible systematic shift due to the cal-
ibration procedure. This results in an electron affin-
ity of Ega/hc = 29138.59(22) cm™!, which is within
the uncertainty of the previously reported most accurate
value 29138.3(5) cm™! [24], and an improvement of the
accuracy with a factor of 2. Further, it is within the
uncertainty of the result of 29138.9(7) cm™! which we
recently reported [19]. In the present investigation, we
have used more accurately known atomic reference lines
which lie closer to the photodetachment thresholds, and
we have improved the statistics. The Ni reference lines
used in this investigation are (3d®4s% 3F, — 3d%4s4p F})
at 29084.455(1) cm~! and (3d%4s 3Dz — 3d%4p 3F3) at
29115.975(1) cm™!. All these values of the electron affin-
ity of chlorine agree within their uncertainties, but they
are outside the error bars of the value of 29173(24) cm™?
recommended by Hotop and Lineberger in their compi-
lation of atomic electron affinities [25]. With three ad-
ditional determinations of the electron affinity of chlo-
rine, it should be possible to give a more accurate rec-
ommended value.

III. ISOTOPE-SHIFT CALCULATIONS

The different nuclear masses and charge distribution
of 33Cl and 37Cl leads to a shift in the electron affinity
which can be written as [26]

' M - M ! ) !
Sy = ys*__(MA'A+ = )AMA + Fi(1—-r)8 (r?)™"
(10)

where the first term is the mass shift accounting for the
nuclear motion and the second term is the field shift aris-
ing from the change in electrostatic potential from the
nucleus due to the change in charge distribution. For
light elements, like Cl, the mass shift dominates. It
falls off rapidly with nuclear mass, whereas the field shift
increases for heavy elements, since the orbitals become
more contracted and the nucleus more extended. The
small correction for the field isotope shift is discussed in
Sec. ITIB.

The expression for the mass shift factor is found
by expanding the nuclear kinetic energy in Eq. (10)

as p}y/2Ma= (2 p)” /2Ma = (S, P} +Lis; iP5 /
2M,. We find that the mass shift factor can be
divided into two terms, KMS KNMS | KSMS,
where the first term K¥M5 = m.v gives the “normal”
mass shift, and accounts for the effect of substituting the
electron mass m. = 5.4858 x 10~% u by the reduced mass
= meM/(me+M) in the Schrédinger equation. For the
electron affinity of Cl, K¥MS = 479.43 GHz u. The mass
shift between the two Cl isotopes is obtained by multipli-
cation of the mass shift factor, KMS  with the mass fac-
tor (Ma7 — M3s)/[Mas(Ms7+me)] =~ 0.001 55 u™?, giving
SvNMS — 0,74 GHz. The nuclear masses M35 = 34.96
u and M37 = 36.96 u are obtained by subtracting 17m.
from the atomic masses.

The second part, KSMS=A(Y",; ; Pi - Pj)/h, involves
two electrons simultaneously and describes a correlation
between the electronic momenta arising through the mo-
tion of the nucleus. Here, we use this nonrelativistic op-
erator, although the orbitals used for the evaluation were
obtained relativistically. The theoretical results are pre-
sented in terms of K5M5 in order to facilitate comparison
between results for different elements.

A. The specific mass shift

The observable shift in the electron affinity results from
the change in this expectation value between the closed-
shell ground state of Cl~ and the ground state of the
neutral system with its 3p3/, hole. This can be described
using essentially the same formalism as developed for sys-
tems with one valence electron outside a closed shell, al-
though the correlation between a hole and the core tends
to be more important. In this work, however, we have in-
cluded only lowest-order correlation effects, using direct
summation of numerical relativistic basis functions ob-
tained using the methods described by Salomonson and
Oster [27]. This method has been applied to SMS calcu-
lations for Cs, T1 (7], and Yb* [28] and the generalization
to a hole state follows that used in the nonrelativistic cal-
culation for the shift of the binding energy of Ne [6].

For scalar operators, like the SMS, the core gives very
large contributions (=~ —144 THz u in this case), which,
however, cancel between initial and final states. An
advantage of perturbation theory is the cancellation of
contributions from the unperturbed core automatically
obtained by omitting the “zero-body” terms describing
these contributions. In the case of a single hole state only
“one-body” terms need to be evaluated.

The first contribution to K 5MS5 is the interaction of the
hole with all core electrons. Only the exchange terms
contribute to the expectation value, making the first-
order value negative. Evaluating the expectation value
between Dirac-Fock (DF) orbitals for the ground state
of C1~, which is used as a reference, gives —3.68 THz u.
The DF value is a sum over the interactions of the 3p3/,
with all core orbitals whose /-quantum number differs by
one unit and j value differs by at most one unit from the
values of the hole, i.e., all the ns electrons. The interac-
tion with 1s electrons is found to dominate, giving —2.24
GHz u—the smaller overlap is compensated by the larger



236 U. BERZINSH et al. 51

momenta of the inner core electrons.

The ionization of Ne, studied in earlier work [6], in-
volves the removal of a 2p3/; electron. In that case, the
DF contribution to the mass shift constant, KSM5 is
—9.00 THz u, of which the 1s-2p interaction accounts for
—8.24 THz u. In spite of the larger nuclear charge of Cl,
which leads to increased electronic momenta, the higher
principal number of the active electron in Cl leads to a
smaller DF value for KSM5,

The nuclear motion affects the wave function of all elec-
trons, thereby modifying, e.g., the interaction between
the core and the 3p hole. The change in the 3p energy due
to the first-order correction of the core gives a contribu-
tion 4.77 THz u to the SMS constant, i.e., larger than the
DF value but with opposite sign. However, these orbital
corrections affect also the interactions within the core.
A self-consistent treatment of the core orbital modifica-
tions, closely related to the “random-phase approxima-
tion” (RPA) approach, reduces the orbital modification
effect by about 40%, to 2.83 THz u. Adding this value
to the DF contribution cancels a large part of it, leav-
ing a sum of only —0.84 THz u. We note that Bauche
[29], in his pioneering nonrelativistic isotope-shift calcu-
lations, performed separate Hartree-Fock calculations for
the initial and final states and in this way include auto-
matically the “RPA” terms. Also for the shift of the
ionization energy in Ne, the orbital modifications give
significant reduction of the mass shift constant, although
the corrections for an atom are not quite as drastic as for
a negative ion, where the interaction between the elec-
trons plays a more dominant role. The first-order modi-
fication gives 8.72 THz u, changed to 5.43 THz u by the
self-consistent treatment. Figure 6 shows the theoretical
results at different levels of approximation for these two
systems, together with the experimental values.

Being a two-particle operator the SMS is very sensi-
tive to correlation effects, which arise already in second
order where they were found to give 1.17 THz u, thereby
changing the overall sign, giving KSMS = 0.32 THz u,
corresponding to a shift between the two stable Cl iso-
topes of 0.50 GHz. In view of the large cancellations, this
result is very uncertain. For Ne, the lowest-order correla-
tion effect, 2.04 THz u, leads to a theoretical value —1.54
THz u, compared to the experimental value —2.4 THz
u. Higher-order effects must thus reduce the correlation
contribution for Ne. Lowest-order correlation effects, in
fact, often give an overestimate, as pointed out, e.g., by
Dzuba et al. [30], who advocate the use of a screened
Coulomb potential to describe the electron correlation.
The modification of the valence orbital to an approxi-
mate Brueckner orbital is often a very important corre-
lation effect [31]. Here, we evaluated these corrections to
lowest order, and found a reduction of the DF and RPA
results of only about 1.4 %. A more complete treatment
of higher-order correlation effects would be essential to
obtain agreement with experimental data.

B. The field isotope shift

In addition to the mass-dependent isotope shift de-
scribed above, a shift in the electron affinity can also

arise due to changes §(r2)3%37 in the nuclear charge dis-
tribution, as shown in Eq. (10). The electronic factor F
for the field shift is given by

Z e?
F = —4nA|9(0))? S e

(11)

and is determined by the change in electron density,
|¥(0)|%, at the nucleus between the lower and upper
state of the transition. The 3ps/; electron, itself, has
a negligible density at the nucleus. Nevertheless, its
removal causes a change in the distribution of the s
electrons in the core. Including these RPA-type cor-
rections to first order gives F ~ 254 MHz/fm®. Simi-
lar to the SMS, a self-consistent treatment of the RPA
terms gives a significant reduction: F =~ 117 MHz/ fm?.
We note that this value is comparable to the factor
F4,(K) =~ —103 MHz/fm?® for the binding energy of the
4s ground state of the nearby alkali-metal atom K, but
is considerably larger than the factor for its first p state
Fy,(K) =~ 4.6 MHz/fm?.
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FIG. 6. A comparison between the experimental value for
the specific mass shift for the electron affinity in Cl and the-
oretical results at different levels of approximation. For com-
parison, the corresponding results are also shown for the shift
of the jonization potential of Ne (with the scale to the right).
The first value is evaluated using orbitals obtained in the
Dirac-Fock potential from the unperturbed closed-shell core
and the next two values show, respectively, the lowest-order
and all-order effect of the modification of the core orbitals due
to the removal of an np electron. The final theoretical value
accounts also to lowest (i.e., second) order for the correla-
tion effects and involves the simultaneous excitation of two
electrons (GHz).
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The correction term « in Eq. (10) accounts for higher
moments, §{r), §(r®), ..., of the nuclear charge distribu-
tion, but is negligibly small (about 0.4%) for Cl.

Briscoe et al. [32] have measured the charge distribu-
tions of 3°Cl and 37Cl using electron scattering. From
their parameters for the Fermi distribution, we obtain
§(r?)35:37 = 0.12(12) fm®. Combining this result with
our calculated F' value indicates that the field isotope
shift of the electron affinity §v3%37 = 14(14) MHz, which
is well below the error bars of the isotope-shift measure-
ment.

IV. COMPARISON BETWEEN THEORY AND
EXPERIMENT

The experimentally determined difference between
electron affinity for the two naturally occurring chlorine
isotopes of the fine-structure levels unperturbed by the
hyperfine interaction was Avyg = 0.22(14) GHz, as dis-
cussed in Sec. IIB.

Subtraction of the normal mass shift (see Sec. III)

gives a “residual shift” of —0.51(14) GHz. As seen in
Sec. III B, the field shift is only dvps = 14(14) MHz,
leaving a specific mass shift of

5V5M5 == —0.51(14) GHz

corresponding to a factor Ksps = —0.33(9) THz u. This
value is close to the theoretical result, but with opposite
sign.

In order to understand better the cause of this appar-
ent contradiction, we show in Fig. 6 the results obtained
at various levels of approximation. The final result arises
from large cancellation. The DF expectation value is
many times larger than the final result. The lowest-order
orbital modification (“RPA terms”) is of comparable size
and with opposite sign. Higher-order RPA terms cancel
about 40% of the first-order orbital modification correc-
tion. It seems like the lowest-order correlation effects
are overestimated by a similar amount: the experimental
value is about halfway between the result with and with-
out lowest-order correlation. For comparison we show in
Fig. 6 also the experimental [12] and analogous theoreti-
cal values [6] for the specific mass shift in the ionization
potential of neon. The calculated specific mass shift for
neon is —7 GHz, whereas the experimental value is —11.3
GHz. Although slightly outside the uncertainty of the
experimental value, the theoretical value in this case has
the right sign. The negative first-order DF value plays a
more dominant role for an atom than for a negative ion.

Similar results are obtained for the chlorine electron
affinity, itself: The DF value, 0.1480 a.u., is about 11%
larger than the experimental value 0.1328 a.u., but the
lowest-order correlation effects bring a reduction of about
20%, giving a theoretical value of 0.1181 a.u., again
demonstrating the need for more complete treatment of

correlation effects. The coupled-cluster approach pro-
vides a systematic procedure for including higher-order
effects [33], which has given quite accurate results for
systems with one valence electron [34], and could be ap-
plied also to hole states, although that has not yet been
implemented in our program.

V. CONCLUSION

We have determined the isotope shift in the electron
affinity of CI to be 0.22(14) GHz, of which —0.51(14)
GHz is due to the specific mass shift. This is to our
knowledge the highest resolution obtained in any laser
experiment on atomic negative ions, and the resolution
is even higher than in electron-affinity determinations
where single-mode dye lasers have been used [35]. This
could be achieved since an isotope-shift measurement in-
volves comparison of photodetachment thresholds, rather
than an absolute determination. Many systematic uncer-
tainties will therefore cancel, giving a very high accuracy
in the experimental result. Further, the collinear geom-
etry in combination with the high photon flux from the
pulsed dye laser gives a very good counting statistics.

Experimentally it would be very hard to improve the
resolution on the isotope shift on chlorine since the mea-
sured shift is only 1/30 of the bandwidth of the laser. A
more precise experiment could, however, be made using
a negative ion where the photodetachment threshold cor-
responds to the wavelength region of a single-mode dye
laser. The laser light should then be amplified in a pulsed
amplifier in order to keep the good signal to background
ratio obtained in the present experiment. S~ could then
be a suitable choice, although it would probably be nec-
essary to use isotopically enriched sulfur. The theoreti-
cal treatment of such a system is more complicated, but
might be amenable to multiconfiguration Hartree-Fock
calculations [36,37]. Investigating a few-electron system,
like Li~, would give more insight, since very accurate
calculations could be performed. In this case, however,
the experimental conditions are much more unfavorable.
Nevertheless, the experimental accuracy in the shift of
the electron affinity of Cl is sufficient to demonstrate the
importance of higher-order correlation effects.

Finally, we conclude that this is the third experiment
showing an electron affinity of chlorine deviating from
the currently recommended value. A more precise rec-
ommendation of this quantity could therefore be given
by means of this and previous experiments.
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