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K-shell photodetachment from CÀ: Experiment and theory
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K-shell photodetachment from C2 has been investigated in the photon energy range between 280 and 285
eV using the merged ion-beam–photon-beam technique. C2 ions were produced using a Cs sputtering
negative-ion source, while the photons were produced by the undulator beam line 10.0.1 of the Advanced Light
Source. C1 ions formed by double detachment were detected as a function of incident photon energy. Using
this collinear arrangement, the relative cross sections were measured and compared with theoretical predic-
tions. The measured spectrum shows the first experimental evidence of the 1s2s22p4(4P) shape resonance
near 281.7 eV, which is in excellent agreement with two independentR-matrix calculations for the 1s photo-
detachment cross section of C2 producing C1.
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The study of negative ions continues to provide critic
insights into the structure and dynamics of both atoms
ions. Negative ions are important in a wide range of phys
processes, extending from radiation absorption in stellar
mospheres to plasmas and electrical discharges. Since
extra electron in a negative ion is bound predominantly
electron correlation effects, negative ions provide a fer
testing ground for state-of-the-art atomic physics calcu
tions regarding these many-body interactions. Theoretica
vestigations of negative ions are some of the most string
test cases for atomic theory, since both electron correla
and core-polarization effects need to be included.

Over the past two decades, theoretical and experime
negative-ion studies have provided many insights into co
lation effects@1,2#. A number of studies have also inves
gated short-lived negative-ion resonances@3# or used
electric-field effects to further understand the dynamics
the detaching electron@4–7#. Until recently, however, pho-
todetachment experiments were confined to examining
lence shell electrons. Therefore, most of the information c
cerned correlations only in the valence shell, but not in
strongly correlated core.

While scientific interest in these highly correlated syste
has remained keen for some time, only recently, with
advent of third-generation synchrotron-radiation facilitie
has sufficiently high energy photon flux become available
enable inner-shell photodetachment measurements. Stu
involving inner-shell electrons reveal the more complex c
relation of the core electrons that can give rise to signific
differences in photodetachment cross sections between
tral atoms and negative ions@8#.

To date, Li2 @8,9# and He2 @10# are the only nonhydro-
genic systems to be studied experimentally forK-shell pho-
todetachment. These two systems have generated signifi
theoretical interest@11–16#. C2 is one of the most complex
negative ions from which K-shell detachment measureme
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can be made and for which comparisons between experim
tal data and theoretical predictions are likely in the near
ture.

The primary objective of this paper is to investigate t
1s→2p resonance structure in the photodetachment of C2.
This work was motivated by the theoretical prediction, usi
Cowan’s atomic structure code@17#, of a prominent shape
resonance just above theK-edge threshold. Specifically, th
process of interest is the following:

hn1C2~1s22s22p3 4So!→C2* ~1s2s22p4 4P!

→C* ~1s2s22p3 5S!1e2

→C1~1s22l 3!1e21e2.

Here a core-excited state of neutral C is produced via re
nant photodetachment, and it subsequently Auger dec
yielding a C1 ion. This positive ion can then be detecte
experimentally, providing information on the initia
C2(1s2s22p4 4P) photodetachment shape resonance.

In general, negative ions have relatively low photoioniz
tion cross sections and, since they are charged partic
maximum sample densities are also rather low. For keV
beams, collisional stripping cross sections are high eno
that even at very good laboratory vacuums
310210 Torr), neutrals and positive ions produced by str
ping frequently overwhelm any photodetachment sign
Therefore, a high-brightness photon source is necessar
order to perform inner-shell photodetachment measureme
The present experiment was performed on the hi
resolution atomic, molecular, and optical physics undula
beamline 10.0.1 at the Advanced Light Source at Lawre
Berkeley National Laboratory. A 7.5-keV negative-ion bea
was created using a SNICS II cesium sputtering source@18#
and mass analyzed to produce 50–140 nA of12C2 ions. The
©2003 The American Physical Society03-1
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collinear ion-photon beam line~10.0.1-IPB! has been de-
scribed in detail elsewhere@19,20#, but a few key features ar
discussed below.

The photon-ion interaction region in this apparatus c
sists of a 29.4-cm-long constant potential region where
incoming ions can beenergy tagged. In our case, a potentia
of V511.5 kV accelerated the negative ions into the regi
producing 9.0-keV12C2 ions for photodetachment. Neutra
carbon atoms produced in this region have a kinetic-ene
equal to 9.0 keV. Charged particles exiting this region u
dergo a kinetic energy shift equal toqV. The C1 ions pro-
duced by double detachment in the interaction region hav
kinetic energy of 10.5 keV and were steered out of the p
mary beam by a 45° bending magnet and collected as a f
tion of photon energy. The photon energies were calibrate
the nearest 0.1 eV using known absorptions for neutral s
cies and then modified by the Doppler shift of abo
1360 meV for 9.0-keV negative ions at a photon energy
282 eV.

The interactions between a counterpropagating ion be
and a 300-eV incident photon beam are rather tenuous. P
todetachment signal levels are quite low, so the ion-bea
photon-beam overlap is optimized using a series of th
beam profile monitors. At the front and the rear of the int
action region, spinning wire beam profile monitors~BPMs!
track the position of the ion beam. The x-ray photons use
this experiment possess enough energy to eject elect
from the BPM and, therefore, register a signal as well. In
center of the interaction region, there is a vertically sc
nable slit arrangement that enables a check of the ion-be
photon-beam overlap in the center of the region. This sli
scanned and the photons pass through in one direction t
collected by a photodiode. The counter-propagating ions p
through in the other direction and are collected in a Fara
cup. All three monitors are removed from the beam p
during data collection.

Figure 1 shows the photodetachment cross section of2

for the channel producing C1 ions. These data were take
with a maximum photon energy bandwidth of about 0.35
@21# and a step size of 0.125 eV. The measured C1 signal
was normalized to the photon flux through the interact
region and to the C2 ion-beam current after the interactio
region. Counting statistics were improved by summing m
tiple sweeps over the photon energies in each region. In
der to reduce fluctuations in the background signal int
duced by negative ion stripping caused by background g
and apertures, the photon beam was chopped at 6 Hz. A
dwell time was spent at each data point with the phot
incident on the ions, and another 2 s were spent acqui
background data. The relative cross section was then d
mined by subtracting the photons-off signal from t
photons-on signal. The data shown are the result of ave
ing 11 1.5-hour-long scans. The error bars shown ares
statistical uncertainties in the data points.

In order to compare these measured cross sections to
oretical results, two independent nonrelativisticR-matrix cal-
culations were performed~we assume that relativistic effec
are negligible for this light system even in the 1s shell!. The
first (R-matrix I! calculation used a B-spline basis with no
03070
-
e

,

y
-

a
i-
c-
to
e-
t
f

m
o-
–
e
-

in
ns
e
-
–

s
be
ss
y

h

n

l-
r-
-
es
s

s
g

er-

g-

e-

orthogonal orbitals@12,22#. For this calculation, the close
coupling expansion included the 16 bound and autoioniz
states of neutral carbon derived from the 1s22s22p2,
1s22s2p3, 1s22p4, 1s2s22p3, 1s2s2p4, and 1s2p5 con-
figurations. Each state was described by a different se
orbitals, which were separately determined from sta
specific multiconfiguration Hartree-Fock~MCHF! @23# cal-
culations including the 1s, 2s, and 2p physical orbitals as
well as 3s, 3p, 3d, and 4f pseudo-orbitals. The initia
1s22s22p3(4S) state of C2 was optimized separately, usin
additional 4l and 5l correlation orbitals. All single- and
double-promotion configurations were used to describe
carbon states and the initial C2 state. It should be empha
sized that the use of nonorthogonal orbitals easily accou
for relaxation effects in the carbon 1s vacancy states.

The second (R-matrix II! calculation relied on the stan
dard orthogonal orbitalR-matrix method @24# using the
RmaX @25# suite of codes@26#. While this is equivalent to
the first method, in principle, there are certain practical d
ferences between the two approaches. Most important,
R-matrix II method is restricted to the use of a single set
orbitals for describing each carbon and/or C2 state. For the
present case, the 1s, 2s, and 2p orbitals were determined
from a Hartree-Fock calculation for the carbo
1s22s22p2(3P) state, and additional 3s, 3p, and 3d
pseudo-orbitals were determined from a MCHF calculat
optimized on the inner-shell excited 1s2s22p3(3S) state. All
single promotions from then52 configurations were then
included in the configuration expansion for the same
states of carbon that were included in the first method.

Another major difference between the two is that t

FIG. 1. Measurement of the C2 photodetachment cross sectio
for the production of C1.
3-2
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R-matrix II method requires additional bound-type C2 con-
figurations in the close-coupling expansion to compens
for the enforced orthogonality of orbitals. In the prese
study, it was crucial to includeonly those required configu
rations for the final4P symmetry, which was accomplishe
using a pseudoresonance elimination technique@27# to
choose the correct expansion of C2 configurations. When
this elimination was not performed, an imbalance betwe
the correlation in the neutral and anion states occurred,
the C2 resonance state was more correlated, and there
closer to the exact energy value than the carbon states.
gave a 1s2s22p4(4P) resonance in theR-matrix II cross
section that wasbelow the lowest 1s2s22p3(5S) carbon
threshold, i.e., it was a Feshbach, rather than a shape,
nance, with a much narrower width and a much smaller cr
section, both background and resonant, to the C1 channel.
The pseudoresonance elimination technique, on the o
hand, gave a~shape! resonance in theR-matrix II cross sec-
tion abovethe 1s2s22p3(5S) carbon threshold, in agreeme
with the R-matrix I and experimental results.

Whereas theR-matrix I results are fairly stable with re
spect to variations in atomic structure, theR-matrix II results,
being restricted by the use of a single set of orbitals, are
extremely sensitive to slight changes in the orbital and
configuration description. For example, when double prom
tions out of then52 configurations were also included in th
expansion for the carbon states, a shape resonance wa
tained that was closer in energy to the5S threshold, and,
therefore, narrower and taller. On the other hand, when
orbitals were determined from a MCHF calculation on t
5S term, rather than the3S term, the resultant shape res
nance was farther away from threshold, giving a shor
broader resonance profile.

The twoR-matrix results and the scaled experimental d
are shown in Fig. 2. For best comparison with experime
the theoretical results were obtained by summing the pa
cross sections only to the autoionizing states of C, since o
C1 ions were measured. Also, both theoretical results w
shifted in photon energy so that the carbon 1s2s22p3(5S)
threshold was at 281.415 eV. This shift was only10.05 eV
for theR-matrix I cross section, indicating the excellent co
vergence of that calculation, but was20.98 eV for the re-
sults from theR-matrix II calculation, which, limited by a
single, smaller set of orthogonal orbitals, did not account
inner-shell relaxation as accurately, and consequently o
estimated the carbon 1s2s22p3(5S) energy. Nevertheless
the energy position of the shape resonancerelative to thresh-
old is the most important quantity determining the resona
profile, and it is seen that this value is about the same in b
R-matrix results, giving resonance profiles of compara
width and height. TheR-matrix I results show a somewha
larger oscillator strength, however. Given that a more flexi
basis was used in that calculation, it is reasonable to ass
that theR-matrix I results are more accurate; from that c
culation, a width of 0.2 eV is found, with a branching ratio
the carbon 1s2s22p3(5S) state of 76%, fully supporting the
interpretation of this feature as a predominantly shape re
nance, versus Feshbach resonance.~Note that this particular
resonance has mixed character since it is above
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1s2s22p3 5S threshold but below the 1s2s22p3 3@D,P,S#
ones.! Regardless of their differences, both theoretical
sults, once shifted, show a shape resonance that line
remarkably well with the scaled experimental data.

It is interesting to compare these 1s photodetachment re
sults with earlier 2s results @28–32#. Whereas the overal
resonance and neutral structure would seem the sam
ns2p4 andns2p3 in either case, withn51 or 2—the over-
laps between the openns shell and the 2p shell are radically
different, and this can lead to different resonance behav
Whereas a shape resonance is still predicted in most of th
2s photodetachment studies@28,30–32#, the near-threshold
results exhibited a much broader resonance feature, wi
more pronounced background cross section, than is seen
for the 1s photodetachment. It is also interesting to note th
a calculation similar to the presentR-matrix II calculation
found a Feshbach resonancebelowthe 1s22s2p3(5S) thresh-
old @29#, although a later experimental study disproved t
possibility @30#; in thatR-matrix calculation, the pseudoreso
nance elimination technique was not performed. The curr
photon energy range of the beam line prevents us from
rying out studies of 2s photodetachment from C2. However,
future anticipated experiments at the current resolution n
the 2s2p3 threshold will be able to resolve the final ou
standing discrepancies between various theoretical pre

FIG. 2. Comparison between theoretical and experimental c
sections for photodetachment of C2 leading to C1. The solid line
(R-matrix I! corresponds to the nonorthogonalB-spline results,
whereas the dash-dot line (R-matrix II! corresponds to the standard
single orthogonal basis set results.
3-3
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tions @28,29,31,32# in the energy range just above that acc
sible in the earlier experiment@30#.

In conclusion, the present study provides both experim
tal and theoretical evidence for the C2 1s2s22p4(4P) shape
resonance just above the carbon 1s2s22p3(5S) threshold.
Future studies will include investigations of the branchi
ratio between the decay channels that result in neutral ca
and the decay channels that produce C1 ions. The partially
filled p shell in C2 can therefore lead to a rich spectrum
short-lived negative ion states with a high degree of elect
correlation.
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