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Absolute cross sections and asymmetry parameters for the photodetachment
and binding energy of excited C~(?D°)
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This paper presents experimental results for the photodetachment of the excited state (3D°) of the carbon anion.
The animated crossed beam technique is used to measure the absolute cross section for photodetachment with
photon energies ranging from 0.12 to 2.7 eV, shedding light on a long-standing discrepancy between existing
theoretical approaches. A velocity map imaging spectrometer is used to determine partial cross sections and
asymmetry parameters. An update of the binding energy of C~(?D°) is provided with a much improved accuracy,

Azpo = 36.87(3) meV.
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I. INTRODUCTION

Negative ions have been studied both theoretically and
experimentally for more than a century, and have been the
subject of numerous review papers [1]. Nevertheless, there are
still too few experimental data, and there is often significant
discrepancies with theoretical predictions.

Amongst the anions, C~ has the interesting particularity
of being the lightest to possess more than one bound state
(Fig. 1): the ground level, 15s°2s*2p* 4§°, and two excited
levels, 15°25*2p° °D3 , and °Dg ,. The challenge of producing
a beam with a significant population of excited states makes
it difficult to characterize them, explaining why experiments
devoted to the precise determination of electron affinity A
[2,3] produce results for the ground state only.

Photodetachment of the 2D° state is poorly known. In the
near-infrared and visible range, it involves two distinct final
states, as depicted in Fig. 1, that coexist with the photodetach-
ment of the 4S° ground state:

C(%8°) + y — CCP) + e (s,d; &), (1)
C(D°) +y—CCP) + e (s,d, g 22), 2)

C(D°) +y — C(D) + e (5,d, g;e3), A3)

with ¢; the kinetic energy of the ejected electron.

Partial and total cross sections have only been measured
for Epn = 2.076 eV [4]. That work followed an experimental
study [5], led at same energy, of the asymmetry parameter 8
that characterizes the differential cross section:

9 _ %11 4 gipycosd)] 1)
70 = in BiP2(cos 0)]. (

Finally, two theoretical calculations based on the R-matrix
approach have been elaborated [6,7], with predictions around
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thresholds presenting strong disparities. These significant de-
partures illustrate the acute sensitivity to electron correlations
specific to anionic systems and show the necessity of highly
accurate experimental data for benchmarking state-of-the-art
theoretical methods and refining the description of fundamen-
tal negative ions such as C™.

This paper reports the total and partial cross sections and
asymmetry parameters obtained for photon energies ranging
from 0.12 to 2.7 eV (corresponding to wavelengths be-
tween 10.6 um and 457 nm) where the disagreement between
existing calculations is particularly pronounced. Absolute
experimental cross sections have been obtained over the
whole range while proper differential cross sections in the
same range have also been measured. Moreover, our results
provide an improved value of the binding energy ‘A of the
excited state of C~ with an uncertainty reduced by more than
an order of magnitude.

The structure of the paper is as follows: the experimental
setup and data analysis methods are described in Sec. II,
results are detailed and discussed in Sec. III, and conclusions
and perspectives are presented in Sec. I'V.

II. EXPERIMENTAL SETUP

Following the ideas developed in [8], we produce an an-
ion beam with a high proportion of excited states by charge
exchange between a beam of C* and Cs vapor. In our experi-
mental setup, depicted in Fig. 2, the positive beam is produced
by a duoplasmatron source filled with CO, gas, with an energy
of 5 keV. A permanent magnet performs a mass selection,
the C* ions being directed through a 5-cm-long Cs vapor
cell operated at a temperature of 390 K. The electrostatically
separated and collimated C~ beam (diameter 1 mm, current
50 pA) is eventually chopped by an electrostatic deflector in
front of an aperture to limit detector aging during pulsed mea-
surements. The beam then interacts with a laser in a crossed
beam geometry.

In order to cover the entire wavelength range from 457 nm
to 10.6 um, we use a wide set of laser light sources. The
pulsed light source is an OPO laser system (NT342A-30,

©2023 American Physical Society
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FIG. 1. (a) Energy levels with proposed “A value for the 2D° state.
(b) Typical photodetached electron spectrum. The relative yields
depend on initial populations and cross sections which vary with
photon energy Ej, (see Fig. 4 for more details).

Ekspla), tunable from 2600 to 225 nm, with a repetition rate
of 30 Hz. Pulse energies are kept below 20w to limit the
saturation of the photodetachment. Continuous light sources,
with power ranging from 100 mW to 5 W, are provided by
different solid-state lasers at 457, 532, 1064, and 1550 nm;
a CO, laser at 10.6 um; and, for the part of the spectrum
overlapping with the respective photodetachment thresholds
of the C~(%5°) to C(*P) and C~(?D°) to C('D) transitions, by a
tunable Ti-sapphire laser ranging from 700 to 1000 nm (3900S
from Spectra-Physics). All laser beams are collimated to a
spot size similar to the anion beam diameter.

COBRA

Duoplasmatron

FIG. 2. Experimental setup. The laser beam is swept vertically
by tilting a thick glass plate. COBRA is a detection system cor-
relating the brightness of the light spots with the amplitude of the
electrical signals [9].
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FIG. 3. Theoretical fine-structure-resolved relative intensities for
the photodetachment of C~. Level spacing and position are not to
scale.

Detailed information on our detection techniques can be
found in previous papers [10-12]. We thus summarize their
main features hereafter in Secs. Il A and II B.

A. Velocity map imaging

Angle- and energy-resolved photoelectron spectroscopy
gives access to partial and differential cross sections, as well
as the electron binding energy. Our velocity map imaging
(VM) spectrometer is based on the position-sensitive detec-
tion of photoelectrons, extracted perpendicularly to the laser
and anion beams by an electrostatic lens. Photoelectrons are
detected using a detection system correlating the brightness
of the light spots with the amplitude of the electrical signals
(COBRA) [9]. It consists of three stacked microchannel
plates, a phosphor screen, a CMOS camera, and a waveform
digitizer. This detector is placed at the focal plane of an
electrostatic lens and is parallel to the polarization axis of the
laser light.

The spatial distribution of hits corresponds to the Abel
projection, onto the plane of the detector, of a superposition
of several Newton spheres, as depicted in the left-hand part
of Fig. 4(a). To disentangle the radial two-dimensional (2D)
distribution and retrieve the one existing in three dimensions
(3D) before the projection (solving the so-called Abel inverse
problem), a homemade routine based on Bayesian analysis of
the radial distribution has been developed [13] to extract the
radius r; together with the number of events A; associated to
each channel, even when not all channels are clearly resolved.

The radius of a Newton sphere r; is proportional to the elec-
tron velocity times the time of flight through the spectrometer.
As the electron energy ¢; is proportional to the total kinetic
energy K; of the fragments, under conservation of energy and
momentum with the recoiling atom,

K= (1+2e 5)
i = &,
Mc

the radius r; is proportional to the square root of the total
kinetic energy K; with a common calibration parameter o
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FIG. 4. (a) Left: 2D histogram of experimental distribution
recorded at A = 940 nm. Right: Azimuthal section of the 3D re-
construction of Newton spheres. (b) The dotted line is the radial
distribution of experimental events. Dashed lines are the Bayesian
estimation of each channel, colors code following Fig. 1, while the
solid line is the cumulative reconstruction. (c) MEVELER spectrum
giving gy (solid line) and ¢, (dashed line).

accounting for the properties of the VMI lens and the mass
factor introduced above:

ri = avK. (6)

K; is equal to the photon energy Ep, minus the detachment
energy, which is the difference between the energy level of

the residual atom and that of the initial state. Adding the fine-
structure label J of the residual atom, we have

Kij = Eph — (Ep, — Ess0)
= Eph — (Esp, — E3p,) — Asgo, (7N

Koy = Epn — (B, — Expo)
= Epn — (Esp, — Esp,) — Aspo, 3)

K32 - Eph - (E‘ID2 - EZDO)
= ph - (E‘ID2 - E3P0) - eAZDo. (9)

For initial and final states exhibiting fine structure, pho-
todetachment occurs between various initial and final fine-
structure components [11,14,15] which slightly broadens the
distribution of total A; events and hence the uncertainty in the
evaluation of the point-spread function of the spectrometer.

This distribution reflects the relative intensities of the
threshold photodetachment of a p electron, which take the
general form [15-17]

L S ,\}2

1
1y s

m=mm2pﬂ
A

2
L S i
X {J/ ] Ll} ’ (10)

with the abbreviated notation [J] = 2J 4 1. The quantum
numbers (L', S’,J) and (L,S,J) are relative to the an-
ion and the atom respectively. The relative intensities are
normalized such that ), ; [;; =1, as a result of the sym-
metry and orthogonality properties of 6 symbols [18]. The
intensity distribution given by Eq. (10) is still valid far
from threshold if the one-electron dipole matrix elements
are term independent, as theoretically discussed by Pan and
Starace [16] and experimentally verified for the O~ anion by
Cavanagh et al. [19].

Direct evaluation of Eq. (10) produces the relative in-
tensities given in Fig. 3. A population of the P, levels of
the neutral atom in proportion of their multiplicities is thus
expected sufficiently far above threshold in the case of the
45° initial state of the negative ion. For the DO initial state,
however, the values of the final-state populations depend on
the population of the initial-state fine-structure components.

A reasonable assumption in the present experiment is that
DY /> and zDg '/, are populated in proportion of their multiplic-
ities due to the minute fine-structure splitting between them
[20] and the energetic collisions in which they are created. Un-
der these conditions, the relative intensities computed above
also produce a population of the 3P, levels in proportion of
their multiplicities. The total number of events A; associated
to a given L;S; term is thus distributed among its fine-structure
components according to

B N
M—;MW—wmﬁ- (11)

Very close to threshold, this distribution deviates from
Eq. (10) and may be modeled by introducing cross sec-
tions following the Wigner threshold law for s-wave scat-
tering. This more involved fitting procedure is however not
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needed here since the energy resolution of the spectrome-
ter increases close to threshold as it operates on a velocity
scale, allowing for a direct fit of individual fine-structure
components.

Henceforth, including the Gaussian point-spread function
of the spectrometer, parametrized by a standard deviation
é identical for all channels, as well as a uniform back-
ground b, the set of parameters to be estimated is then X =
{{Ai}ie1,2,3), Ao, Epn, b, a, §}. We consider broad priors
for each of them, except for Ep, which is known with better
precision. A typical reconstruction is presented in Fig. 4(b).

It should be noted that the calibration parameter « is
internally constrained to a much higher level than our deter-
mination of the photon energy, and that

Esp, = 0.00000(16) meV,
Ep, = 2.03541(16) meV,

Esp, = 5.38256(16) meV, (12)
Eip, = 1263.7284(4) meV, (13)
Asgo = 1262.1226(11) meV (14)

may be considered as constants as they are known [3,21] with
uncertainties far smaller than our experimental ones (digits in
parentheses are the uncertainty, to the precision of the same
number of least significant digits).

The asymmetry parameters 8 are obtained by means of the
MEVELER algorithm [22] based on free-form reconstruction.
In this algorithm, hypothetical Newton spheres are associated
to all possible values of radial velocity and the correspond-
ing amplitudes are optimized to reproduce the data under
the constraint of maximization of the entropy of the priors
(MaxENT). This approach, which works very well for suf-
ficiently separated electron energies, defines the angular
distribution of events for a given velocity v, related to the
differential cross section (4), as

1
P(v,0,¢)= . [qo(v) + g2(v)P>(cos )] 15)

The evaluation of the asymmetry parameter of a particular
hypothetical Newton sphere is directly given by

q2(v)

. 16
qo(v) (16)

Bv) =

However, in order to relate these values to a physical channel,
a specific velocity range must be unambiguously attributed to
that channel. We have shown [12] that the quantity

L 2041
B = + Zpg(cose) (17)

where N is the total number of events in a given channel,
has all the required properties to be considered as a good
statistical estimator of the asymmetry parameter of degree
£. Applied to photodetachment, where the only asymmetry
comes from ¢ = 2, and using formula (15), it is straightfor-
ward to establish that the correct way to combine values of
the different hypothetical Newton spheres, in order to obtain

a unique physical quantity, is as follows:

s 1 _ [ g2(v)dv
= N/qz(v)dv = —f do(0)dv’

The integration range is limited for each channel to the inter-
val where g (v) is a significant property assumed to be met for
values greater than 10% of the maximum of the corresponding
peak.

The great added value of using orthogonal estimators f; is
the ability to evaluate a statistical uncertainty. For the particu-
lar case of £ = 2, the variance simplifies [12] to

Var(B) = + 106 _F (19)
ar(f)=—+—-———.
N N

An additional difficulty arises in the present paper as the beam
is not made up of a pure state but instead is a mixture of the *5°
and ?D° states. As a result, the assignment of detected events to
the various channels requires the determination of two distinct
quantities. The first one is the usual branching ratio between
channels starting from the same state, related to the partial
cross sections. With the notations of Fig. 1, we have

(18)

r, = Opop 02 Nopo_,3p _ N, .0
O2pp0 oy + 03 Nopo N, + N3
O2po o Nopo_, N-
ry=22ob % Db B g
O2ppo 0y + 03 Nopo N> + N3

The second quantity is the ratio between the numbers of events
N; associated to each initial state:

Nigo N,
g = —— = L (22)
Nigo +Nopo Ny + Ny + N3
Nopo N> + N
Vo = > __MtM (23)
Nigo + Nopo Ny + Ny + N3

The number of events N; is proportional to the corresponding
partial cross section and relative population of the initial state.
Assuming a uniform density of states inside the beam, we
define the latter as the ratio of the current of anions in a
specific state to the total current:

I 0 1 '0

pigo = > = 8 Q4)
Lot Iigo + Dpo
IZDo _ ]2Do

Dape = (25)

Lot Lo + Epo

The relative contributions of the various initial states, as-

suming unsaturated interactions to preserve the linearity of

the number of events with the cross sections, may thus be
expressed as

0450 17450
Oi4go P4go + O2po P2po
O2po pZDo
Oi4go Pigo + O2po P2po

O Piso
o1 Piso + (02 + 03) pape
(02 + 03) p2po

01 piso + (02 + 03) pape |
27

Viso = . (206

Vepo =

B. Animated crossed beams

The animated crossed beams (ACB) technique, consisting
of periodically sweeping the laser beam across the anion beam
profile, provides a reliable means of accurately measuring
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cross sections in an absolute way [10-12]. It requires that
the product of the cross section o, the laser intensity ¢y,
and the interaction time 7t is sufficiently small that the pho-
todetachment process occurs within the linear regime. In the
interaction zone, the anion and photon beams cross at right
angles. The resulting neutrals follow a straight line trajectory
and are counted with a channel electron multiplier (CEM,
KBL 25RS from Sjuts Optotechnik) with a high detection
efficiency, evaluated here at 93(2)%. The anion beam is de-
flected by electrostatic steerers to a Faraday cup measuring
its current. By summing the neutral yields recorded for all
possible relative vertical positions Z between the laser and
anion beams, we integrate the geometrical profiles almost
independently, without any further assumptions. This integra-
tion leaves only global parameters that are easily measured,
such as pulse energy E,, 7 or laser power P, current I /e, and
velocity v of the C~ beam and the number of neutrals detected
per pulse, N, 7, or per second, Ry.

The cross section for pulsed or continuous laser photode-
tachment is extracted using the following expressions [10,12],
where Z is the relative position of the beams, 7 is the effi-
ciency of the CEM, and ny is the number of pulses

AZ ho ev
o ACB _
= , 28
puli Z ny X_: pZI B p,Z ( )
1 i
oACB _ N Az 2 % (29)
~ Pz Iz

For completeness, a small correction (typically 5%) has to be
applied for pulsed-laser detachment to account for deviations
from the linear regime. This correction is obtained using an
iterative procedure described in [12]. As a consequence of
the presence of both 45° and D° populations in the beam, the
measured cross section oA“B corresponds to the sum of the
photodetachment cross sections weighted by the relative pop-
ulations of initial states in the C~ beam. With respect to the
total number of events N = Nigo + Ny, it is straightforward
to observe that

0B = Guge pago + O2po Prpo. 30)
As the cross section for 45° is experimentally well known from
our previous work [12], we can combine this expression with
the ratio of state-specific contributions (26) measured by VMI
to determine the population (24) as

o ACB

Pigo = Viso (3 1)

Oi4g0

We can finally extract the total cross section o2 by applying
one of the following equations, as well as the partial cross
sections:

ACB

o — O4go 0
P A" 32)
1-— Paso
_ 1 — yig0 5ACB _ @aACB, 33)
1-— Piso P2pe
O2po_,3p = F2 O2po, (34)
o2po_sip = '3 02po. 35)

TABLE I. Experimental binding energy Az, extracted by the
Bayesian analysis of the radial distribution.

A (nm) Epn (eV) Azpo (meV) A%Azpo (meV)
918.43 1.3500 36.78 0.29
935.15 1.3258 36.83 0.19
940.16 1.3188 36.81 0.17
945.05 1.3119 36.84 0.19
953.06 1.3009 36.85 0.07
Average 36.84 0.06

III. RESULTS AND DISCUSSIONS
A. Electron binding energy

To the best of our knowledge, only two experimental val-
ues have been published for the binding energy of the 2D°
state: the first one obtained by field ionization gives Azp =
37(3) meV [23] and the second one based on threshold pho-
todetachment gives Axpo = 33(1) meV [24]. Because of its
smaller uncertainty, the latter is usually considered as the
reference value, as in [25] for example, an assumption that we
challenge in the present paper, as detailed below. Theoretical
affinities are in greater disaccord, with values ranging from
25.75 [20] to 54 meV [7]. At this level of precision, none
of the experimental values considers the fine structure and
all have to be interpreted as the barycentric value of 2D3/2
and D5 /2. The fine-structure splitting was computed to be as
small as 0.22 meV (1.76 cm~") [20], and is not resolved in
our experiment.

Table I presents the values of the binding energy “A:xpo
obtained at different wavelengths. These values, with their
experimental uncertainties, are deduced from a Bayesian anal-
ysis of the radial distribution with the help of Egs. (7) to (9)
and are combined in a weighted average to obtain, with a 1-o
uncertainty, a first determination of the binding energy of the
DO state:

Asye = 36.84(6) meV. (36)

Instead of considering a single wavelength at a time, we also
explored an alternative approach, based this time on the global
dependence of the radial position inside the VMI spectrometer
on the energy of photodetached electrons. In an ideal spec-
trometer, we expect an exact verification of Eq. (6).

In Fig. 5, we plot the Bayesian estimation of the squared
radius of the Newton spheres associated to channels (1) and
(3) as a function of the photon energy. For the fine structure of
the 4S° state, we use the distribution given by Eq. (11), except
for the two wavelengths under the threshold of channel (3)
where the combination of amplitudes is left free. In that range,
we expect some departure from Eq. (11) due to the Wigner
threshold law affecting the rise of individual contributions
in the vicinity of their respective thresholds. As the crossing
point r; = 0 corresponds to the threshold E™ of channel i, we
deduce

EM(J = 0) = 1262.085(34) meV, (37)

= 1300.601(28) meV. (38)
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FIG. 5. Experimental squared radius as a function of photon en-
ergy (black filled circles). Green solid line, fit of channel 4S° — *Py;
green dashed line, fit of channel 4S° — 3P|; green dash-dotted line,
fit of channel “S° — 3P,; red solid line, fit of channel 2D° — 'D.
The green vertical dashed line corresponds to the reference value [3]
for 45° — 3P, and the red vertical dashed line corresponds to our
recommended value for 2D° — 'D. The thickness of the solid lines
corresponds to 1-o uncertainty of the fit.

The comparison of E{h (J = 0) to the reference value from [3],
Asgo = 1262.1226(11) meV, (39)

confirms the robustness of the approach. As a result, we obtain
another estimate of the binding energy:

Al = EM — Eyy, = 36.87(3) meV. (40)

Considering the better performance in terms of precision of
the second approach, we retain this final value for the binding
energy of the excited state of C™. Our result is in good agree-
ment with the value published by Oparin et al. [23] but with a
much improved accuracy.

B. Asymmetry parameters and branching ratios

The asymmetry parameter 8 for channels (2) and (3) con-
tributing to the photodetachment of 2D° is depicted in Fig. 6
as a function of photon energy. Their characteristic evolution
with energy above threshold, i.e., a rapid decrease toward 8 =
—1 followed by a slow rise to positive values, results from the
interference between s-wave and d-wave photodetachment of
a bound p electron.

An extrapolation of individual B functions beyond the
respective thresholds is also provided, in regions where exper-
imental points were difficult to obtain as no light source was
available or where the distinction between channels (1) and
(3) was not possible within the resolution of our spectrometer.
This extrapolation is based on the model of [26] for which
the complete expression of the asymmetry parameter derived
by Cooper and Zare [27] is simplified close to threshold,
assuming a scaling law of the radial dipole element based
on Wigner’s threshold law. The asymmetry parameter is rep-
resented by a simple analytical formula with only two free

R
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FIG. 6. Asymmetry parameter $ as a function of photon energy.
Blue symbols, D° — 3p; red symbols, 2p° — 'D. Filled circles are
experimental values from the present paper. Open symbols are ex-
perimental values from previous studies: the blue diamond is from
[5]; blue and red squares are from [4]. Dashed lines are fits based
on Eq. (41) from [26] in order to extrapolate the experimental points
close to threshold. Red dash-dotted lines are the theoretical predic-
tions from [7].

parameters {A, c}:

= 2Ag(Age — 2¢)
T 142422

where ¢ = E,, — E™ is the kinetic energy of the detached
electron, expressed in eV. Our best fit for channel (2) when en-
forcing = O at threshold is obtained with A, = 3.34 eVl
¢> = 1 and for channel (3) with A3 = 0.75 eV}, ¢53 = 0.99.
Fitting functions are displayed over the range of experimental
values actually included in the fit. No significant improvement
of the fit could be gained by including all experimental points
for channel (2), as expected from the limited range over which
the Wigner threshold law is assumed to be valid. Evaluation
of formula (19), with typically 25 000 recorded events of ef-
fective signal remaining after background subtraction, yields
a precision of A = 0.05.

A comparison with the experimental points of [5] (blue
diamond) and [4] (red and blue squares) shows a good agree-
ment with our results while the theoretical predictions from
[7] overestimate the energy at which the minimum of 8 is
found. The global shape remains nevertheless in qualitative
agreement with our results for negative values of B but starts
to deviate significantly for positive values. While a simple
shift seems to reconcile theory with experiment in the 2D° —
D case, some discrepancy persists for the ZD° — 3P channel,
as observed for the partial cross section (see below).

The branching ratio I'; defined by Eq. (21) for channels (2)
and (3) is depicted in Fig. 7. Systematic uncertainties coming
from background subtraction in VMI spectrometer images
are far larger than statistical fluctuations and are estimated
to Al'; = 0.03. The fitting function that we have used for
extracting the partial cross sections over the relevant range
depends on three parameters a, b, and ¢ and is designed to
tend to a Wigner law at threshold while becoming almost

(41)
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the distribution of events recorded with the VMI spectrometer after
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constant at higher energy:

I(e)=a (42)

1+ bec’

This formula was already proposed and successfully used
in our study [11] of the absolute total, partial, and differen-
tial cross sections for photodetachment of O~. Our best fit
is obtained with a = 1.261 eV™/2, b =2.766 eV~%7* and
¢ = 0.74. The relative uncertainty of the fit is dominated by
systematic uncertainties on I'; and is conservatively fixed
at 10%.

Finally, the state-specific contribution (22) is obtained by
determining the 4S° contribution in VMI images at a fixed
wavelength but for decreasing laser pulse energies, and taking
its zero pulse energy limit yu0 = limg_,o Y (E). Taking into
account the precision of our method, estimated at 4% for o A“B
[12], the final contributions for the different wavelengths and
the deduced population are given in Table II. We determine
from this analysis the population of the excited state in our
beam:

oo = 29(3)%. (43)

In the high-energy limit, Serenkov et al. [8] predict a
population of the electronic terms in proportion of their
multiplicities, i.e., p2po : pigo = 10 : 4 for single-electron cap-
ture from alkali-metal targets. Such a large population of
the excited state of C™~ is to be contrasted with the minute

TABLE II. Experimental state-specific contribution yu5, ACB
cross section (in units of 10722 cm?), 4S° cross section (in units of
10722 ¢cm?) [12], and corresponding population, pag.

A (nm) Yago (%) oACB Oigo PDaso (%)
870 55.4(1) 12.5(5) 16.3(7) 73(4)
840 56.2(3) 13.0(6) 17.0(7) 73(4)
730 54.4(2) 14.5(6) 17.5(7) 68(4)
Average 71(3)

50 t 2D°
: : t ACB
= | i + 450
IS : i
§ 404 1
o5 |i& ailg
S | o
= |1 1 d
° g i
5304w PG
5 | } H
(9]
g ’}H
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§20~ “
= Hu&ﬂo’
© uu.uuun“"”’ ¢
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<&
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0+ . . - . .
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Photon energy (eV)

FIG. 8. Experimental results of ACB measurements with cw
laser. Blue filled circles are the present cross section measured for
the mixture of ground and excited states. Based on the population
(43) and the photodetachment cross section of C~(4S°) from [12]
represented by the green filled circles, the total photodetachment
cross section of C~(?D°) is given by the black filled circles. Error
bars represent 1-o uncertainty.

population observed with gas discharge and cesium sputtering
ion sources.

C. Cross sections

The only previous measurement of the photodetachment
cross section of C(3D°) was performed at Ey, = 2.076 €V [4]
and produced the following partial cross sections o;:

p = 13(2) x 1072 m?

03 = oypoip = 5(2) x 1072 m?

02 = O2po_,

which add up to a total cross section
oy = 0r+03 = 18(3) x 1072 m?

This absolute value was calibrated against D~ photodetach-
ment.

The present results obtained for the absolute photodetach-
ment cross section of a mixture of 4§° and 2D° states are
presented in Fig. 8, with only the points obtained using cw
lasers for clarity. Applying formula (33) to these values with
the help of the population (43) determined above and the cross
section obtained independently in [12] for the ground state,
the total cross section for the excited state o2p. may finally be
obtained and is also plotted in Fig. 8.

The precision on these values can be estimated by com-
puting the variance (var) of expression (33), assuming that
all variables involved are independent and that the relative
precision on the presently measured oA and the previously
published ougo is of 4%:

1 5o
Var[O'ZDo] Emvar[aACB] + (l_phimVar[OﬁSO]
(o) v “
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FIG. 9. Absolute total and partial photodetachment cross sec-
tions for C~(*D°) as a function of photon energy. The black filled
circles are the experimental values obtained with cw laser and the
black diamonds with pulsed laser. The blue filled circles are the par-
tial cross section for 2D° — 3P, and red filled circles for 2D° — 'D.
Open squares are the experimental values from [4] and their sum.
The green dashed line is the prediction of Ramsbottom ez al. [6] and
the red dash-dotted line is the prediction of Zhou et al. [7].

With typical values of oo =26 x 107%m?, oA = 17 x
1072m?, ougo = 14 x 107%2m?, and psgo = 0.71, the relative
uncertainty reaches Aozpo /o2pe & 12%.

The use of the branching ratio defined by Eq. (42) allows
the determination of partial cross sections and their compar-
ison to other experimental and theoretical results. The final
result obtained in this paper as well as the previous experi-
mental results [4] and theoretical predictions [6,7] are shown
in Fig. 9.

The experimental points of Brandon et al. [4] obtained for
partial and total cross sections agree with ours within error
bars.

We observe that none of the theoretical models is valid over
the entire investigated range. Nevertheless, we can distinguish
the range from the 3P to the 'D threshold where the calcula-
tions of Ramsbottom et al. [6] are in excellent agreement with
our results, and energies above the 'D threshold where these
calculations fail to account for the importance of this addi-
tional channel. In contrast, the results of Zhou et al. [7] behave
much more satisfactorily above the 'D threshold, although this
threshold is slightly too high in the calculations. On the other
hand, the latter calculations entirely miss the rapid onset of
the cross section at the opening of the 2D° — 3P threshold.
In view of the claim by Zhou et al. that their calculation is
actually converged by comparison of the length and velocity
gauge results, one is left with a real theoretical puzzle.

IV. CONCLUSIONS

We have reported here the results obtained for the photode-
tachment of the 2D° excited state of C~. Using the method of
charge exchange with a vapor of Cs, we have succeeded in
producing a mixed beam with 29% of the population in the
D° excited state and the rest in the 4S° ground state.

With an improved data analysis of the radial distribution
of events recorded with a VMI spectrometer, we propose
updating the benchmark value for the binding energy of the
excited state to Azp. = 36.87(3) meV, in agreement with the
value obtained by Oparin et al. [23].

Using the ACB and VMI techniques complemented with
an adapted data processing in order to deal with a beam
composed of a mixture of ground and excited states, we have
significantly extended the ensemble of available experimental
values for the absolute total and partial cross sections, now
with photon energies ranging from near threshold (0.12 eV)
to 2.7 eV, thus providing a benchmark for existing and future
theoretical work. The lowest channel, 2D° — 3P, is well repro-
duced by the calculations of Ramsbottom et al. [6] while the
next channel, 2D° — 1D, is better described by the more recent
calculations of Zhou et al. [7]. The absolute cross sections are
in good agreement with the values published by Brandon et al.
[4] for Ep, = 2.076 eV.

An important result of this paper concerns the magnitude
of the cross section in the vicinity of the 2D° — 3P threshold,
which enters the determination of the C~(?D°) lifetime in a
blackbody radiation field. Experimental observations at the
Tokyo Metropolitan University electrostatic ion storage ring
[28] have determined a lifetime of 2.7 ms at room tempera-
ture. Would the cross section have followed the prediction of
Zhou et al. [7], the blackbody photodetachment would have
been insignificant, contradicting observations made at the
storage ring.

We have also measured the asymmetry parameter in the
same energy range, and compared our results with those of
Zhou et al. The latter qualitatively reproduce our measure-
ments. The present values for the 2D° — 3P and ?D° — 'D
channels are in good agreement with the only experimental
points (Eyp = 2.076 eV) existing in the literature [4,5].

The disagreement between available theoretical data, and
their disaccord with our experimental results, show that the
excited state of C™, a system in which the delicate balance
between attraction by a polarized atomic core and electronic
repulsion is responsible for a very small binding energy of
36.87(3) meV, remains a formidable challenge for future the-
oretical work. Our paper provides benchmark data that can be
used to assess these methods over a broad range of energies
and for a complete set of cross sections.

The unique combination of electron spectrometry and
animated beam cross-section measurements is a promising
avenue to tackle more complex anions. One obvious candidate
is Si~, having no less than four excited levels with lifetimes
ranging between tens of seconds and hours [29]. Small molec-
ular anions such as OH™ are natural targets for a similar study.
State-selective photodetachment of OH™ has been applied as
a thermometer to probe radiative cooling in cryogenic ion
storage devices [30-32], while the knowledge of its rovi-
brationally resolved photodetachment cross section remains
fragmentary [33-35].
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