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Absolute cross sections and decay rates for the triply excited B2¿„2s2p2 2D… resonance
in electron–metastable-ion collisions
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Triply excited states of three-electron ions have been produced by resonant transfer excitation~RTE! in
metastable two-electron-ion-beam–H2 collisions. Measurements of the Auger-electron emission in the direc-
tion of the ion beam is used to determine the absolute cross sections for formation of the triply excited states
and the branching ratios of the corresponding elastic and inelastic electron scattering channels. The results are
compared to existing theoretical calculations of the Auger decay rates. Accurate measurements of the double
differential cross sections are made on the bases of the known metastable ion beam fractions and known cross
sections for RTE from the ground-state component of the beam. The system investigated is B31(1s2s 3S)
1H2 leading to the B21(2s2p2 2D) resonance that decays to B31(1s2s 3S), the elastic scattering channel and
to B31(1s2s 1S) and B31(1s2p 3P), two inelastic scattering channels.

DOI: 10.1103/PhysRevA.65.032705 PACS number~s!: 34.50.Fa, 32.80.Hd, 32.80.Dz
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I. INTRODUCTION

The excitation and decay dynamics of triply excited sta
have recently become the subject of intense experime
and theoretical interest. Studies of ions with an emptyK shell
provide new information on the correlated motion of a p
of electrons in the field of a nucleus. A number of transitio
to states with an emptyK shell were observed for LiI and
BeII using the foil excitation technique@1–4#. The first ob-
servation of the transition to the 2s2p2 2D triply excited
state from the 1s2s 3S state was done for B and F Li-like
ions @5,6#. A new interest in the subject arose and ma
publications appeared in a short period of time when
high-resolution photon-electron excitation method was int
duced. Highly accurate measurements of the photoabsorb
spectra have been made for transitions to various triply
cited states@7–9#. The decay dynamics of the hollow lithium
2s22p 2P state into the different continua of the Li1 ion has
been studied experimentally. The first experimental deter
nations of partial photoionization cross sections for the lo
est hollow lithium resonance~2s22p 2P to 1s2s 3S, and
2s22p 2P to 1s2p 3P! were reported@10,11#. The photoex-
citation of the ground state by a one-photon process is, h
ever, limited to 2Po final states due to the dipole selectio
rules. Consequently, triply excited states with other confi
rations have received less attention and still pose experim
tal challenges. Absolute cross section measurements o
excitations to these hollow states, therefore, require diffe
excitation techniques.

Simultaneous excitation of all three electrons from t
ground state of B21 ions directly into the 2s2p2 2D state
presents some experimental difficulties associated with s
cross sections for the process. Alternatively, the excita
can be divided into two steps. First, oneK shell vacancy is
produced in the primary Li-like beam by stripping it in a fo
which leaves some ions in the metastable 1s2s 3S state of
B31. The fraction of 3S ions in He-like B31 beams, pro-
duced in the foil, has been recently determined to high ac
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racy @12,13#. The transition to the triply excited 2s2p2 2D
state is then induced in collisions of B31(1s2s 3S) with tar-
get gas by resonant transfer excitation~RTE!. The use of ions
which were initiallypreexcitedto the 1s2s 3S state, makes it
possible to isolate processes contributing to the formation
the 2s2p2 2D state and thus, facilitates a critical comparis
with recent theoretical results.

In the present paper the B31(1s2s 3S) metastable beam
has been used to populate the triply excited 2s2p2 2D state
of B21 in collisions with molecular hydrogen targets. Th
resonance was observed to decay back to the B31(1s2s 3S),
the elastic scattering channel and to the B31(1s2s 3S) and
B31(1s2p 3P), the two inelastic scattering channels,
shown in Fig. 1. Measurements of the Auger electron em
sion in the direction of the ion beam were used to determ
the absolute cross sections for the formation of
2s2p2 2D state and the branching ratios of the correspo
ing electron scattering channels. In particular, it was sho
that the decay to the 1s2p 3P state, known to contribute the
most to the autoionization rates of other 21218219 levels
@14#, does not dominate for 2s2p2 2D j states. It was also

FIG. 1. The formation and decay energy diagram of the tri
excited resonance 2s2p2 2D of B21, produced in collisions of the
metastable B31(1s2s 3S) ions with an H2 target.
©2002 The American Physical Society05-1
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demonstrated that the 2s2p2 2D state is populated primarily
by RTE, and therefore, it was possible to extract the auto
ization rates for the 2s2p2 2D j to 1s2s 3S decay channe
from the measured cross sections. The results have
compared to the recent theoretical prediction of the pertu
tion ~1/Z expansion! method@14#. A very good agreemen
with theory has been observed for the measured de
branching ratio. However, the theoretical autoionization r
for the 2s2p2 2D to 1s2s 3S decay compared to the exper
mental one was found to be higher by a factor of 1/0
51.64.

II. EXPERIMENTAL METHOD

The experiments were performed in the J. R. Macdon
Laboratory at Kansas State University, using the 7 MV E
tandem Van de Graaff accelerator. Primary beams of bo
ions in the 21 charge state were produced in the accelera
terminal N2 gas stripper and then poststripped in a 5mg/cm2

carbon foil to achieve the desired charge state of 31. After
stripping, the B31 beams were focused into a 5 cm long d
ferentially pumped gas cell, approximately 12 m downstre
from the stripping foil@15#. In this arrangement 99.99% o
the metastable 1s2s 3S ions ~lifetime'100 ms @14#! pro-
duced at 4 MeV will reach the target. Since knowledge of
fraction of metastable ions in incident B31(1s2s 3S,1s2 1S)
beams is crucial for absolute cross section measuremen
newly developed technique has been used to determine
metastable population of the beam@12,13#. It is also impor-
tant that only by stripping in the foil can we maximize th
metastable fraction, which, in this case, equals 26–2
@13#, independent of the beam energy for the investiga
range of ion energies. The target pressure was set a
mTorr to ensure the single collision regime. Auger electro
emitted in the forward direction from the 2s2p2 2D state
have been detected with a new, high-efficiency zero deg
Auger spectrograph@16,20#, capable of analyzing Auge
electrons in an energy bandwidth of about 20%, which s
nificantly facilitates experimental measurements of lo
intensity processes. The diagram of the experimental setu
shown in Fig. 2.

The state of interest, 2s2p2 2D, is formed in collisions of
the metastable 1s2s 3S ions with hydrogen gas by RTE. It i
a two-electron process where a weakly bound target 1s elec-
tron is transferred to a 2p orbital of the projectile and simul

FIG. 2. Zero degree electron spectrometer with shown sc
matic of the gas cell, four-element lens, and hemispherical anal
with a two-dimensional position sensitive detector labeled PSD
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taneously excites the 1s projectile electron to a 2p state. The
single differential RTE cross sections can be evalua
within the impulse approximation~IA ! @17#, the process, re-
lating electron-ion cross sections to ion-atom scattering, a
more recently referred to as the electron scattering mo
The RTE cross section is given below:

dsRTEA

dV
5VRES

J~Q!

Vp1Q

W~u!

4p
, ~1!

where J(Q) is a Compton profile of the target,Vp is the
projectile velocity,Q is the component of the target electro
momentum in the direction of the beam,VRESis the resonant
excitation-scattering cross section calculated using the
coupling scheme@18#, andW(u) is the angular distribution
factor, which in case of the zero degree electron emiss
angleu simply equals 2L11 @19#. Zero-degree RTE cros
sections have been measured previously and compared
calculations using the electron scattering model@18,20,22#,
leading to a good agreement@21#. Therefore, by matching
the theoretical RTE cross sections to the measured ones
experimental determination of the autoionization rate that
ters Eq.~1! as a factor is possible. To minimize the error d
to the IA, which requires the projectile velocity to be muc
larger than the orbiting velocity of a target electron, H2 mol-
ecules with slow loosely bound electrons were chosen a
target. In this case the uncertainty of measurements of
autoionization rate due to the possible error of predicted R
cross sections is estimated to be less than 20%@18#.

To obtain the RTE cross section from the Auger electr
spectra, the measured electron yield from the 2s2p2 2D state
has been normalized to the 1s2p2 2D line obtained in the
same measurement. As discussed above, the cross sectio
the 1s2p2 2D to 1s2 1S transition can be accurately evalu
ated using Eq.~1! with Auger decay parameters obtaine
from Ref.@23#. It should also be corrected for the fraction
the metastable 1s2s 3S ions in incident beams,

S d2s

dV dED
RTEA

2s2p22D

5S d2s

dV dED
RTEA

1s2p2 2D

3S Y~2s2p2 2D !

Y~1s2p2 2D !

@12F~E!#

F~E! D ,

where F(E) is the fraction of ions in the 1s2s 3S state,

(d2s/dV dE)RTEA
1s2p2 2D is the known cross section for th

1s2p2 2D to 1s2 1S transition, Y(1s2p2 1D) and Y(2s2p2 1D)
are the measured electron yields for the 1s2p2 2D to 1s2 1S
and 2s2p2 2D to 1s2s 3S transitions, respectively.

III. RESULTS

The Auger decay of the 2s2p2 2D state can result in dif-
ferent states of B31. Figure 3 shows two examples of Auge
electron spectra obtained in the collision of 4.4 and 5.1 M
B31 ions on H2. The Auger electrons at 200.5 and 204.9 e
emitted from the 2s2p2 2D state were observed. Using th
recent calculation of the Auger energies for various de
channels from the 2s2p2 2D state @14# it was possible to

e-
er
5-2



e

nr
-
tw
o

lt
ca

th

ic
a
n
he
th

ha

e-
c
e
en
h

at
os
y

lcu-

b-
tor
te-
e in-
r if
or
di-
ly
e-
e-

icted
ntal

the
ique
be

the
ex-
m-

and
ue

ar
nd
he

n-
ty
om

cu-

re
ttr

re

for
o
cal
uto-

ABSOLUTE CROSS SECTIONS AND DECAY RATES FOR . . . PHYSICAL REVIEW A65 032705
identify the observed transitions. The more pronounced p
at 204.9 eV was attributed to the 1s2s 3S elastic Auger de-
cay channel. The peak at 200.5 eV consists of the two u
solved 1s2p 3P and 1s2s 1S inelastic Auger decay chan
nels. The separation in Auger energy between these
states is approximately 0.15 eV, which makes the task
measuring individual cross sections extremely difficu
However, their combined contribution is measurable and
be used to estimate the branching ratio for the 1s2s 3S decay
channel providing another test of theory. No evidence of
Auger electrons corresponding to 1s2p 1P Auger decay was
observed, which is consistent with the available theoret
predictions estimating that the contribution of this dec
channel to the total autoionization rate is negligible for io
with Z,10. Since the Auger decay channels for t
2s2p2 2D state are limited to the ones described above,
unambiguous identification of the relaxation for this state
been made.

The absolute differential cross sections for the 1s2s 3S to
2s2p2 2D excitation followed by the more pronounced d
cay to the 1s2s 3S state were obtained from the Auger spe
tra by using Eq.~1!. To confirm the resonant behavior of th
1s2s 3S to 2s2p2 2D transition measurements have be
taken at six collision energies in the range of 2–7 MeV. T
fraction of B31 ions in the metastable 1s2s 3S state for this
energy region, as discussed above, equals approxim
26.5%. Figure 4 shows the resulting single differential cr
section~SDC! for the transition versus the projectile energ

FIG. 3. 0° Auger projectile electron spectra measured for B31

1H2 collisions at two projectile energies of 4.4 and 5.1 MeV a
presented. Auger electron peaks at 200.5 and 204.9 eV are a
uted to the 1s2p 3P, 1s2s 3S and to the 1s2s 3S Auger decay
channels from the 2s2p2 2D state, respectively. The bold lines a
the Gaussian fits to the two Auger electron peaks.
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For comparison, the zero-degree RTE cross section ca
lated within IA using the autoionization rate from Ref.@14# is
given. Theory was found to best fit the experimentally o
served Compton profile of the transition, if scaled by a fac
of 0.61. In addition, the theoretical RTE cross section in
grated over projectile energies has been compared to th
tegrated experimental SDC and found to match the latte
multiplied by a factor of 0.59, which is close to the fact
obtained by fitting the theory to the experimental data, in
cating that the contribution to the formation of the trip
excited state is limited to RTE only and the theoretical d
scription of the target Compton profile is correct. Neverth
less, the resulting difference between measured and pred
differential cross sections exceeds the absolute experime
error of 25% calculated by taking the quadrature sum of
statistical and absolute uncertainties. Since the techn
used for the calculation of RTE cross sections is known to
accurate for collisions of fast ions with hydrogen targets,
observed discrepancy between theory and experiment is
pected to arise mainly from the two theoretical decay para
eters used in the calculation; the total autoionization rate
the relative Auger rate for the particular decay channel. D
to the negligibly small radiative decay probability@14# for
the 2s2p2 2D state, the relative Auger rate for a particul
channel is equal to the branching ratio for this channel a
can be obtained directly from the experimental data. T
branching ratio for the 1s2s 3SAuger decay branch from the
2s2p2 2D state is defined as the ratio of Auger decay inte
sity for the 1s2s 3S state to the total Auger decay intensi
and according to the identification of all decay channels fr
the 2s2p2 2D state, can be given as

B~3S!5
Y~3S!

Y~3P!1Y~1S!1Y~3S!
,

whereY is the measured electron emission from the parti

ib-

FIG. 4. Measurements of single differential cross sections
the 1s2s 3S to 2s2p2 2D excitation followed by the Auger decay t
the 1s2s 3S state as a function of projectile energy. The theoreti
single differential cross section, calculated using the available a
ionization rates@14#, was multiplied by a factor of 0.61 to fit the
experimental data. Error bars represent the statistical error.
5-3
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lar state. The resulting branching ratio is independent of
electron spectrometer constants, metastable population o
beam or the target pressure, and the formation mechanis
the 2s2p2 2D state. Therefore, the absolute error for th
measurement is limited to only the statistical error. Since
branching ratio, B(3S), does not depend on the beam ener
it is possible to reduce the statistical error of the measu
ment by using the experimental data taken at the reso
energy of 4.4 MeV. Finally, the branching ratio for th
1s2s 3S decay channel from the 2s2p2 2D state was found
to be 6268%, where the absolute error is the statistical u
certainty of the measurement estimated at the 90% co
dence level. The branching ratio obtained from the theor
cal Auger rates@14# is 57%, which is in good agreement wit
our results presented in Table I.

We can now conclude that the difference between m
sured and predicted absolute cross sections arises from
remaining theoretical parameter used in calculation of
RTE cross sections, namely, the autoionization rate. Theo
ical and experimental autoionization rates are compare
Table I.

TABLE I. Measured and calculated autoionization rates, bran
ing ratios, and widths for the 2s2p2 2D state of B21 followed by
Auger decay to the 1s2s 3S state are presented.

Present data Theory@1#

Autoionization rate~s21! 34.868.531013 5761013

Width GA ~eV! 0.2360.6 0.38
Branching ratio for
1s2s 3S decay channel

6268% 57%
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IV. CONCLUSION

The triply excited 2s2p2 2D state of B21 Li-like ions has
been populated by RTE, in collisions of metastab
B31(1s2s 3S) ion beams with hydrogen targets. The dec
of the resonance was investigated using the zero-degree
ger projectile spectroscopy. Experimental data have b
used to determine the absolute cross sections for the for
tion of the 2s2p2 2D state and the branching ratios of th
corresponding elastic (1s2s 3S) and the inelastic
(1s2s 1S,1s2p 3P) electron scattering channels. In partic
lar, absolute single and double differential cross sections
the 1s2s 3S to 2s2p2 2D resonant excitation were obtaine
as a function of the collision energy. Since the observed re
nant behavior of this transition suggests only the RTE c
tribution to the formation of the 2s2p2 2D state, we were
able to obtain the autoionization rate for the elastic de
channel from the 2s2p2 2D state as well as the branchin
ratio for the 2s2p2 2D to 1s2s 3S main decay branch. The
data have been used to critically test the predictions of
perturbation ~1/Z expansion! method @14#. A very good
agreement with theory has been observed for the meas
decay branching ratio, however, the absolute value of
theoretical autoionization rate for the 2s2p2 2D to 1s2s 3S
decay was found to be higher than the experimental resul
a factor of 1/0.6151.64, which is well outside the exper
mental error bars.
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