
VOLUME 87, NUMBER 14 P H Y S I C A L R E V I E W L E T T E R S 1 OCTOBER 2001

143001-1
Control of Near-Threshold Detachment Cross Sections
via Laser Polarization
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The behavior of near-threshold cross sections for dissociation of a target into a pair of particles, as
described by Wigner’s threshold law, can depend sensitively on the angular momentum of the particles.
In this Letter, we investigate the near-threshold nonresonant two-photon detachment process in the nega-
tive ion of gold. The expected s-wave threshold behavior is observed with linearly polarized light.
Closure of the s-wave channel is realized by using circular polarization, allowing the first observation
of a d-wave threshold. Practical applications are discussed, including extensions which could prove
valuable for investigations of negative ions with near-threshold structure.
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In 1948, Wigner developed general expressions describ-
ing the threshold behaviors of the cross section for dis-
sociation of a target into a pair of particles [1]. If one
or both particles produced are not charged, then usually
[2] the interaction between the particles is shorter ranged
than the centrifugal potential, ��� 1 1��r2, and the cross
section �s� depends only on the relative linear �k� and an-
gular ��� momentum of the particles: s ~ k2�11. This
Wigner threshold law has been verified in countless experi-
ments, and is commonly used in laser photodetachment
threshold spectroscopy for high precision measurements of
atomic negative ion binding energies �´0� [3]. In particu-
lar, for negative ion photodetachment s ~ ´�11�2, where
´ � hn 2 ´0 ~ k2 is the energy and � is the angular mo-
mentum of the photoelectron.

If the excess electron of a negative ion is bound in an
orbital with angular momentum �0, a single-photon de-
tachment process ejects the photoelectron into at most two
angular momentum channels: � � j�0 6 1j. Furthermore,
at sufficiently low photoelectron energies, the centrifugal
barrier suppresses the higher angular momentum channel
and the photoelectron exits in the lower partial wave. As
might be expected, the Wigner law applies equally well
if two or more photons are used to detach the negative
ion. Both p-wave (in Cl2 [4] and Si2 [5]) and s-wave
(in H2 [6]) thresholds have been observed experimentally
in two-photon detachment. It is interesting to note that
only s- and p-wave detachment thresholds have been ob-
served in either single- or multiphoton detachment. For
single-photon detachment, higher partial waves �� $ 2�
can dominate near the threshold only if the excess elec-
tron of the negative ion has �0 $ 3, e.g., detachment from
an f or g orbital. There are therefore very few suit-
able species, and experimental considerations (small bind-
ing energies, low cross sections, poor ion currents, and
radioactivity) make these ions unattractive. In contrast
to single-photon detachment, the polarization of the light
field can play an important role in multiphoton detach-
ment. Indeed, measurements of the angular distributions
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of the ejected electron in multiphoton detachment can yield
new features if observed with elliptically polarized light,
and has become an area of recent interest [7]. In gen-
eral, for an n-photon detachment process, partial waves
with � � j�0 2 nj, j�0 2 n 1 2j, . . . , j�0 1 nj are pos-
sible. If linearly polarized light is used, the lowest partial
wave will again dominate near the threshold [8]. However,
the use of circular polarization imposes � � j�0 6 nj, and
can therefore give rise to a dramatic change in the photo-
detachment threshold behavior. A small polarization de-
pendence in the Cl2 detachment cross section has been
observed in a two-color experiment [9], but essentially
only for two photon energies far above the two-photon
threshold. The primary goal of the experiments presented
in this Letter is to demonstrate the change in the threshold
law with laser light polarization. We shall also discuss se-
lected novel applications and extensions of this technique.

The tunable infrared laser light required for the experi-
ment is produced by a 10 Hz Nd:YAG pumped dye laser,
Raman shifted in a high pressure H2 cell. In order to con-
trol the polarization, the laser light is directed through a
rotatable, achromatic quarter-wave plate. The laser light
then passes into a 15 cm focal length best-form lens and
through a viewport into an ultrahigh vacuum chamber to
focus onto an 8 keV, 500 nA beam of Au2, extracted from
a Cs sputter source. The laser and ion beams are orientated
to intersect at 90±. Further details of the apparatus can be
found elsewhere [5,10].

The high intensities and long wavelengths �l � 1 mm�
required for these experiments give rise to significant
energy shifts, predominantly due to the ponderomotive
shift [11]. The ponderomotive shift originates from
the fact that a free electron undergoes an oscillatory
motion in the high intensity light field [12]. As a result,
the energy of the free electron state in a light field is
increased by an amount equal to the ponderomotive
potential D � e2E2�4mev2 � Il2Upon, where E, I,
and v � 2pn are, respectively, the electric field am-
plitude, intensity, and frequency of the light field, and
© 2001 The American Physical Society 143001-1



VOLUME 87, NUMBER 14 P H Y S I C A L R E V I E W L E T T E R S 1 OCTOBER 2001
Upon � 7.53 3 10210 cm21 mm22 �W�cm2�21. Initial
experiments aimed at verifying Upon yielded shifts much
smaller than expected and resulted in a good deal of
controversy on the subject (see [13] and references
therein). These observations were explained in part by the
phenomenon termed “leakage detachment” in very low
frequency light fields [14], and by unfavorable experi-
mental conditions [13,15]. Later, a careful experiment by
Davidson et al. [13] demonstrated that the ponderomotive
shift was consistent with the expected value.

It is important to further consider the effect of thresh-
old shifts for our experimental conditions, as this improves
the fit to the data. In a uniform light field, the threshold
is shifted to higher energies by the ponderomotive poten-
tial and the Wigner law for n-photon detachment becomes
sn � an�nhn 2 ´0 2 D��11�2, with an a constant [16].
In practice, the intensity of the light varies both in posi-
tion and time, causing the threshold to smear out over a
photon energy region �D�n. The local n-photon detach-
ment rate is: dRn � snFn�x, y, z, t�r�x, y, z�dx dy dz,
with F � I�hn the photon flux and r the ion beam den-
sity. We assume that the laser pulse is propagating along
the z axis, and has a Gaussian profile in the beam cross
section (the x-y plane) with a full width at half maxi-
mum (FWHM) Gx and Gy, and a Lorentzian profile in
time �t� with a FWHM Gt. Since the laser beam is ap-
proximately cylindrical in symmetry over the interaction
volume with a focus waist much smaller than the width of
the ion beam, r can be taken as constant in the x-y plane,
and integration over z only introduces an overall constant.
Finally, the pulse-to-pulse variations in pulse energy were
found to obey the statistics of a normal distribution, and
is therefore modeled with a Gaussian having a FWHM
Gj � 16% of the mean pulse energy. Transforming to the
(reduced) cylindrical coordinate system, r̃ cosu � x�Gx ,
r̃ sinu � y�Gy , and t̃ � t�Gt, and integrating over z and
u, the signal Sn ~

R
Rn dt is given by

Sn�hn�
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r̃ Ĩnsn�hn; b� dr̃ dt̃ � dj .

(1)

Here, ��j� � �0 exp�24 ln2j2�G
2
j� is the proba-

bility density of having a pulse with peak intensity
�1 1 j�Ip , Ĩ�j, t̃ , r̃� � I�Ip � �1 1 j� �4t̃2 1 1�21 3

exp�24 ln2r̃2� is the intensity profile of the pulse, and
sn�hn; b� is the cross section for n-photon detachment
which may be given by the Wigner law or some more
general expression (see below). Finally, the amplitude
a and the ponderomotive parameter b � IpUpon are
fitting parameters (note that D � Ĩl2b). The shape of the
threshold is then independent of the spatial and temporal
scale of the experiment. However, these geometrical
parameters are necessary to extract Upon from the fitted
value of b. This can be done by deducing Ip from the
measured pulse energy:
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I dx dy dt �

µ
p2

8 ln2

∂
GxGyGtIp . (2)

Using parameters typical for the geometry of the present
experiments, Epul � 8 mJ, Gx � Gy � 25 mm, and Gt �
8 ns, we obtain Ip � 9 3 1010 W�cm2.

In practice, the pulse energies vary as the laser is tuned
in wavelength. Therefore, Ip depends weakly on hn. In
addition, there is a small �n 1 1�-photon excess photon
detachment (EPD) background, which depends on In11

p .
Noting that Ip�hn� ~ Epul�hn� by Eq. (2) and specializing
to n � 2, we correct the data for pulse energy varia-
tions and EPD using Sc�hn� � �S�hn� 2 A3E3

pul�hn���
E2

pul�hn�, where S�hn� is the observed signal and A3 is
a constant such that A3E3

pul�hn� is the estimated three-
photon detachment signal, assuming the cross section re-
mains constant and equal to the below-threshold value
(�3% of the signal obtained at 9380 cm21). We found
that the below-threshold signal (at 9212 cm21) depended
on pulse energy according to E

2.9�3�
pul , consistent with three-

photon detachment (all uncertainties are quoted to one
standard deviation, unless otherwise noted). We then have
that Sc�hn� ~ S2�I2

p , given by Eq. (1). The variations of
Ip with wavelength also introduce a more subtle error in
the measurements. As the laser pulse energy changes, so
does the ponderomotive shift, which produces an effective
uncertainty in the energy position of the data points. The
horizontal error bars in the figures reflect the full relative
shift expected from these variations.

Figure 1 presents the data from measurements of the
threshold region using linearly polarized light. The fit
of Eq. (1) to the data yields b � 49�3� cm21 mm22,

FIG. 1. Detachment signal near the two-photon threshold in
Au2. The data are corrected for variations in pulse energies
(�5% over this region) and three-photon EPD background. Ver-
tical error bars represent 80% confidence limits based on ob-
served statistical scatter; horizontal error bars are discussed in
the text. The fitted curve is based on a shifted Wigner threshold
law for s-wave detachment. A vertical line indicates the position
of the nominal two-photon threshold (hn � ´0�2).
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assuming the known binding energy of Au2, ´0 �
18 620.2�2� cm21 [3,17]. The small systematic deviations
of the model from the data are likely due to additional
smearing of the threshold from some details not included
in the model, such as the hyperbolic shape of the focus
waist, the ion density distribution, a possibly imperfect
(i.e., non-Gaussian) laser focus profile, and a more
complicated temporal profile. The otherwise excellent
general agreement of the model with the data indicates
that this technique could be used to obtain high precision
measurements of the ponderomotive shift, assuming good
characterization of the laser pulse parameters.

We now consider the polarization dependence of the
two-photon detachment cross section. Figure 2 presents
the data obtained with linearly and circularly polarized
light. The remarkable difference in the curves can be
entirely explained by the change in the centrifugal po-
tential encountered by the ejected electron. As discussed
earlier, for two-photon detachment with linearly polarized
light, the photoelectron is ejected with angular momen-
tum � � �0 or j�0 6 2j. In the case of Au2, �0 � 0
and therefore � � 0 or 2. Near the threshold, the
centrifugal potential for d-wave detachment effectively
suppresses that channel, and a Wigner s-wave law is
observed. The solid curve is obtained from Eq. (1)
using s2 � a2�2hn 2 ´0 2 Ĩl2b�1�2, with the am-
plitude as the only free parameter. The curve fits the
data near the threshold well, but begins to diverge at

FIG. 2. Corrected signal obtained using linearly �1�, ellipti-
cally �}�, and circularly ��� polarized light. The scale for the
} and � data sets has been magnified by a factor of 10. We
estimate a 30% uncertainty in the scale of the linear relative to
the circular and elliptical data sets. The height of the 1 symbols
indicate 80% confidence limits; errors for the } and � data are
smaller than their height. Errors in photon energy are smaller
than the width of the symbols. The full curves are based on
the Wigner law, while the dotted curve is based on theory by
Gribakin and Kuchiev, scaled to agree with the near-threshold
data. The nominal two-photon threshold is marked by a vertical
line. A scan of the } data covering a larger range is shown in
the inset.
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higher photon energies and was observed to lie �30%
above the data at photon energies �6% above threshold.
The breakdown of the Wigner law is expected, and has
been studied in a number of single-photon detachment
experiments [17,18] and theoretical treatments [19]. To
our knowledge, there has been no experimental work
aimed at studying the range of validity of the Wigner
law in multiphoton detachment. Recently, Gribakin and
Kuchiev [20,21] have obtained general expressions for
multiphoton detachment cross sections. The dotted curve
in Fig. 2 shows the two-photon detachment signal using
Eq. (1) with s2 given by their theory, modified to include
the effect of threshold smearing. Although the theory
appears to predict a somewhat premature breakdown of
the Wigner threshold law, the expected accuracy of the
theory for two-photon detachment is consistent with the
observed deviation [21].

Using circularly polarized light, photons with only one
spin orientation are available and the photoelectron can
be ejected into the � � j�0 6 2j � 2 partial wave only,
i.e., as a d wave. The data denoted with open circles
��� in Fig. 2 were obtained using a quarter-wave plate
adjusted for circularly polarized light. The excellent fit
to the Wigner d-wave law [Eq. (1) with s2 � a0

2�2hn 2

´0 2 Ĩl2b�5�2] indicates that little or no s-wave compo-
nent is present over a large energy region. We estimate
that the s-wave detachment cross section has been sup-
pressed to &0.5% of that observed for linear polarization.
To verify this signal was indeed from a two-photon pro-
cess, we measured the dependence of the signal on pulse

energy at 9635.4 cm21, and found that S ~ E
2.3�2�
pul ; an

exponent slightly larger than 2 may be due to the small
EPD background.

Figure 2 also shows data (diamonds) obtained with a
small adjustment of the quarter-wave plate ��1±�, cor-
responding to slightly elliptically polarized light. The
near-threshold data are systematically above the d-wave
curve due to the introduction of a small amount of s-wave
detachment. To obtain the solid curve following these
data, we added 2% of the linear polarization signal to the
d-wave model. As can be seen in the inset, this model is in
good agreement up to photon energies �9750 cm21, i.e.,
�5% above the threshold. The eventual departure from
the Wigner law far above threshold is expected and is also
seen in single-photon s- and p-wave detachment [17–19],
as noted above.

In conclusion, we have shown that it is possible
to dramatically change the energy dependence of the
near-threshold cross section in two-photon detachment.
These measurements have led to the first observation of a
Wigner d-wave law in a negative ion. Higher partial
waves could be studied with higher order processes; for
example, a three-photon process could be made to yield
an f wave.

The technique demonstrated here can be directly ap-
plied or naturally extended to study a range of interesting
structures in negative ions. Two-photon detachment offers
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a convenient control over the magnitude of the threshold
signal and, in some cases, a way to effectively “switch
on” (or off) a structure lying near the threshold. The
two-photon threshold signal could be greatly reduced (by
using circularly polarized light) in order to better observe
a near-threshold structure. For example, the 4d95s2

2D3�2 excited state of Pd2 is expected to be bound by
50 6 350 cm21 [22] placing it in the vicinity of the
4d105s 2S1�2 ! 4d10 1S0 ground state detachment thresh-
old. An attempt to detect this excited state in a single-
photon magnetic dipole resonance experiment was
unsuccessful [10], and may be an indication that it is
slightly unbound. While the state should be visible
as a two-photon electric dipole �E1� resonance, it is
unlikely that such a feature would be observable on top
of the two-photon s-wave detachment signal. The use
of circularly polarized light would greatly reduce the
near-threshold signal while simultaneously increasing the
signal from the resonance, thus significantly improving
the detection sensitivity. Another important example is
provided by Os2, where an unwanted structure could be
eliminated with two-photon detachment. A very strong
E1 resonance lying only 3.5 meV above the ground
state detachment threshold results in a situation that is
unfavorable for an accurate determination of the electron
affinity of Os [23]. Since this resonant transition would
be strongly forbidden under two-photon detachment, a
“clean” s-wave threshold could be observed. An accurate
determination of the threshold value would then be
possible, assuming a good characterization of threshold
shifts. W2 [23], Cs2 [24], and He2 [25] have a similar
near-threshold E1 structure, and may also benefit from
such an approach.

As a final note, in some experiments accurate knowledge
of the magnitude of the threshold shift [11] may be re-
quired. Previous investigations of the ponderomotive shift
in negative ions have been conducted in the presence of two
laser fields: a high intensity, low frequency field (infrared
or microwave) to produce the shift, and a high frequency
field to detach the ions. Because good overlap of the light
fields is crucial, the use of two fields can complicate ex-
periments, and likely gave rise to some of the discrepancies
observed in early studies [13]. As we have demonstrated
here, using a single light field makes the process easier to
model and eliminates these focus matching problems, thus
offering a simple and effective method to accurately mea-
sure the magnitude of the shift which could be exploited
in future work.
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