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Fraction of metastable 1s2s3S ions in fast He-like beams(Z=5-9) produced in collisions
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Auger spectroscopy has been used to measure the fraction of metas2bSions in fast He-like B, C,
N, O, and F beams produced in collisions with thin carbon foils as a function of both the incident energy in the
range of 0.5—2 MeW and the foil thickness in the range of 1-5g/cn?. The method used for determina-
tion of the metastable fraction is based on measurements of the electron emission from the doubly excited
states of Li-like ions formed in collisions of primary beams with hydrogen and helium targets. Some differ-
ences were observed both in the energy dependence and the absolute value of metastable fractions for different
beams. In particular, the metastable content4i ©ns produced in carbon foils was found to be significantly
lower than that of other investigated beams. The observed deviation has been explained on the basis of
K-vacancy sharing, which is known to have the highest probability for symmetric collisions. A model recently
proposed for the calculation of the metastable fraction in He-like beams has been used to predict the metastable
fraction for B** ions leading to a good agreement with the experiment.
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I. INTRODUCTION ues. In Ref.[12] the fraction of metastable He $2s3S)
produced by electron capture of slg@5—90-keV He" ions

Experimental measurements of various collision crossn H, gas was measured by photon-particle coincidence. The
sections for He-like beams require quantitative informationstudy showed that the fraction of metastable ions was equal
on the fraction of ions in the long-liveds2s 3S metastable to 70% at lower energies. Another advancement has been
state usually present in all two-electron beams. Knowledgenade when a recently proposed technifiiewas used to
of this fraction[1] is necessary for the absolute cross-sectiormeasure the metastable fraction as a function of energy in
measurements of numerous processes, including dielectronB®* beams produced in collisions with both foil and gas
recombinatior{ 2], transfer excitatio3,4], capture of target targets. It was shown that the production af2%°S meta-
electrong5,6], and inelastic scattering or recently discoveredstable B* ions in a foil yields a constant fraction of 26
superelastic scattering of target electrons from highly+6% over the projectile energy range of 0.4—0.8 MeV/
charged metastable iofig]. unlike the fraction of metastables2s3S ions produced in

A number of experimental techniques have been develeollisions with gas targets that strongly depends on the inci-
oped for the determination of the metastable fractions ovedent beam-energy. Based on the data available so far in the
the yearg[5,8—17 and several measurements of the metaditerature, other He-like beams have received less attention
stable fraction for various He-like ions have been reported irand metastable fractions have not yet been determined.
the literature. However, there have been only a few experiTherefore, the goal of our investigation was to measure the
mental studies available so far that provide systematic informetastable fraction for the He-like isoelectronic sequence,
mation on the energy and foil thickness dependence of thestablishing a benchmark for various absolute measurements

metastable content in these beagl2,13. Schiebeletal.  in metastable ion-atom collisions and revisiting the earlier
[13] and Terasawat al. [5] measured the fraction of meta- proposed model of metastable ion format[dn.
stable ions in fast $t" and F’* beams, respectively, pro- In the present work, we report on the experimental mea-

duced in thin carbon and gold foils. Their studies are basedurement of the metastableZs 3Sion fraction in He-like B,
on targetk x-ray production vs projectile ion charge state in C, N, O, and F beams produced in collisions with carbon
a subsequent collision and rely on a laigeshell toK-shell  foils. The metastable fraction has been studied over a wide
vacancy-transfer cross section. This limits the method toange of beam energies, using the recently developed tech-
nearly symmetric collision systems with an observable targetique[1], which is based on the measurements of the Auger
x-ray yield. Studies revealed a relatively highp to 30%  electron emission from two Li-like doubly excited states
fraction of 1s2s ®Sions in the emerging beams. No adequate(1s2p?°D and 1s2s2p “P) formed in collisions of He-like
theoretical explanation has been provided for these high vabeams with H targets. In order to allow the direct compari-
son of measured metastable fractions for different ions, the
metastable ion production energy was converted to the ratio
*Email address: benis@phys.ksu.edu of projectile velocityV, to the projectileK-shell electron

1050-2947/2002/66)/0627066)/$20.00 65 062706-1 ©2002 The American Physical Society



ZAMKOYV, BENIS, RICHARD, AND ZOUROS PHYSICAL REVIEW AG5 062706

velocity vk . The most interesting result was the relatively
low metastable ion fraction in C beams, approximately B3+ BZ
two and a half times lower than the metastable fraction in the
other ion beams for which the metastable fraction is about 1984 [
26%. Also, the production of F metastable ions was ob-
served to be energy dependent for projectile velocities
V,/vk=<0.5. Substantial progress has been achieved in the 166.5
development of a model that can be used for theoretical es- | / \
timates of the metastable fraction. The earlier proposed 157.1 152520 /P
model[1] predicts the energy-dependent ratio of metastable P
fractions resulting from beam production in gas versus foils. RTE
In this work, it has been applied to the calculation of the
metastable content in He-like®B ions and the results were 0 |- 15218
found to be in good agreement with the experiment.

The measurements were made with a single-stage hemi-
spherical spectrograph, incorporating a hemispherical deflec-
tor analyzer, a large (40-mm-active-diameter two- .
dimensional position-sensitive detector and a focusingf‘-?JrounOl and metastable components of He-like beam.
decelerating lens. The operation and performance of the . . . -
spectrogragh of zero degrges with respegt to the beam dire(u,-sed in this study is expected to be negligib?]. The

' : . . éxpression for calculation of the metastable fractith in
tion has already been described in the literafli@-20. terms of the electron emission yield*P) andZ(2D) from

the 1s2s2p *P and 1s2p? 2D states, respectively, is given
Il. COMPUTATION AND EXPERIMENTAL METHOD by

152538

Electron capture
1s2p?2D

FIG. 1. Formation of the Li-like doubly excited states from

The experiments were performed at the J. R. Macdonald
Laboratory at Kansas State University, using the 7 MV EN F=
tandem Van de Graaff accelerator. He-like ions were pro-
duced either directly in the terminal of the tandem using 1—
5 wglcn? carbon foils, or after acceleration in a fg/cn?  where g and Tcapture are the RTE and electron-capture
carbon foil to achieve the desired charge state. In both casesross sections for the formation of thes2p??D and
the ionic beams were then focused into a 5-cm-long differ1s2s2p *P states, respectivelyzpis the Auger yield for
entially pumped gas cell, approximately 43 m from the tan-1s2p??D state andR is the calculated fraction Refl] of
dem and 12 m from the foil. The lifetime of the metastablejons in the *P state that decay inside of the gas cell. The
1s2s3S state is fairly long compared to the time it takes thelifetime of the metastabléP state is long compared to the
beam to travel to the gas cell. In the case 6f {1s2s3S)  flight time of the ion in the gas cell, therefore the deexcita-
ions that have the shortest lifetime=0.28 ms[21]), 99.9% tion behavior along the projectile trajectory should be taken
of the initially metastable ions produced at 20 MeV will into account. To separat!P electrons produced in the gas
reach the target. Formation of the metastalsi2si'S state is  cell from those produced outside of it, a small positive volt-
also possible in foils. In any event, f@>5, if we assume age was applied to the cell. The Auger yields fe2$2p *P
statistical population of 22s 'S and 1s2s 3S states, the frac- and 1s2p? 2D states were evaluated from theoretical auto-
tion of the 1s2s'S state in the beam at the target area will ionization and fluorescence ratgz3] and found to be very
not exceed 1.5% and can be neglected. Moreover, the twelose to unity. RTE cross sections for th&?1S to 1s2p? 2D
doubly excited statessPp? °D and 1s2s2p *P formed from  transition, used in Eq(1), were calculated within the im-
ground and metastable components of the beam are not gfulse approximation[24] using the resonant excitation-
fected by the presence 062s S ions. scattering cross section given in thes-coupling scheme

The experimental technique used for the determination of25]. These cross sections have been previously measured
the metastable fraction is described in H&j. It is based on  and compared with theor}22,25,24, leading to a fairly
measurements of the electron emission from the doubly exgood agreement. To minimize the error due to the impulse
cited states of Li-like ions, formed in collisions of metastableapproximation, which requires the projectile velocity to be
He-like ions with gas targets @ He), as shown in Fig. 1. much larger than the orbiting velocity of a target electrop, H
Since the $2s2p *P state is produced only from the meta- or He gases with relatively loosely bound electrons were
stable 52s3S component of the beam, its Auger decay in- chosen as targets. The total electron capture cross sections
tensity is proportional to the number of ions in the2s3S Ocapture 0 He-like (1s2s3S) metastable beam component
state. The projectile ground-state component can be assessedulting in the $2s2p *P state were obtained from the em-
using the electron emission from the2Zip? 2D state, formed pirical scaling rule[27]. The uncertainties of measurements
by resonant transfer excitatiofRTE) [4] from the 1s?!S  that arise from using Eq1) can be evaluated by taking the
ground-state ions. Thes2p? 2D state may also be formed quadrature sum of the statistio@stimated at the 90% con-
by a nonresonant transfer excitatigNTE) [3] from the fidence level and systematic uncertainties. The systematic
1s2s3S state, however, the NTE cross section at the energiesncertainty of the metastable fraction determination consists
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FIG. 2. Production of metastable ions in a foil from the incident ~ > 800
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primarily of energy-dependent uncertainties of the R2E] o ]
and electron capturg27] cross sections and is expected not W 400 | =
to exceed 30%. .
Since the dominant mechanism contributing to the forma- 200 |- .
tion of the 1s2s°S state in collisions of fast ionic beams y
with foil targets has been identifi¢d], theoretical estimates 09 .' " %
. . . . [ ]
of the metastable fraction in He-like ions can be made. It has an SR I & N TR
510 520 530 540 550 560

been recently demonstratdd] that the formation of the
metastable 42s3S ions in collisions with both solid and gas Auger Electron Energy (eV)

targets is proportional to the production Kfshell vacancies

in the primary beam§1]. This result gives rise to a model FIG. 3. Zero-degree Auger electron spectra measured for 25.3
illustrated in Fig. 2, where the formation of theZs3S state ~ MeV F'* on H; collisions. F* (15 'S, 1525 S) beams were pro-
from Li-like incident beams in the foil is shown. Upon en- d_uced in carbon foils at two different metastable production ener-
tering the foil, primary beams will end up in various charge9is °f(@ 25.3 and(b) 3.3 MeV, respectively.

states, as shown. According to the study mentioned above, ) , . , ,

only H-like ions with a 1s electron will substantially contrib- WhereNy is the He-like charge state fracti¢28]. N; andN,

ute to the formation of thesPs 3S state. Li-like ions initially ~ @ré the H- and He-like charge state fractions, respectively,
ionized to the He-like charge state are known to be domiprod%ceq from a primary H-like beam. The metastable
nantly in the ground stafd]. As shown in Fig. 2, the emerg- 1528 °S ion fraction can thus be expressed as

ing He-like ion beam will consist of two part§:) one part is

N,», which is the fraction of Li-like ions initially ionized to

the He-like charge stat¢ghese ions have a small fractién ~ NiNj

of the metastable s 3S stat, (ii) the other part isN;5, F= NN/ Fi. ()
which is formed from H-like ions in the foil that subse- 2

quently undergo an electron capture as they exit the foif, can be determined experimentally as will be discussed in
(these ions have a fractioR, of the metastable 2s°S  the following section.
state. The metastable €£s3S ion fraction F is defined as

the ratio of metastable ions to the total number of He-like

ions in the beam after passing through the foil and can be

expressed as A. Experimentally measured metastable fraction

Ill. RESULTS

Measurements of the metastable fraction for He-like B, C,
= , N, O, and F beams will be discussed first. In order to in-
Nmetastabie™ Nground N12+ N2z crease the range of metastable ion production energies,
beams were produced both inside the tandem terminal using
~ NpFy 5 15 wglent foils and after the tandem in eg/cn? carbon
N, @) foils. In the first case the metastable ion production energy
differs from the final energy of the beam, at which the dou-
SinceF, is small (<1.5%,[1]), it has been neglected in the bly excited states are formed, by a factorgef 1, whereq is
last step.N, is the fraction of He-like charge state in the the ionic charge state. In the second case, both the metastable

F= Nmetastable _F1N12+F2N22

emerging beani28]. N;, can be expressed as ion production energy and the final beam energy are the
same. Figure 3 shows two examples of Auger electron spec-
NN} tra obtained in the collision of 25.3 MeV’F ions on H.
Nip=—, (3)  Although the final energies of these two beams are the same,
Ny the metastable ions were produced in two different ways as
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FIG. 4. The metastable fractioh in He-like B, C, N, O, F AuQer Electron Energy (eV)
beams vs the projectile velocity in units of projectideshell elec-
tron velocity. The error bars correspond to the statistical uncertainty FIG. 5. Zero-degree Auger electron spectra measured for 24.6

and are plotted at the 90% confidence level. Lines are drawn tdleV O°F on H, collisions. * (1s?'S,1s2s3S) beams were
guide the eye. produced in carbon foils at two different metastable production en-

ergies of(a) 24.6 and(b) 3.5 MeV, respectively.

described above, i.e., at 25.3 Még. 3] and at 25.3/8- processes, described in Sec. Il, involved in the production of

3.3 MeV[Fig. 3b)]. That gives us an opportunity to compare the 1s2s3S state: the production of ions incident on the foil

metastable fractions at two different production energies re; "0 single-electron capture to the2s3S state. The
gardless of the electron capture or RTE cross sections enter-

ing Eq.(1). In Fig. Aa) the intensity ratio of the g2$2p4p cross section for the first process increases as a function of

3 the projectile velocity, whereas, the electron capture de-
peak formed from the 42s °S metastable state component to creases with increasing projectile velocity. Thus, the result-

the 1s2p? °D peak formed from the ground-state component; y . .
is higher than in Fig. @). This indicates a greater fraction of 'r:?ni%?:?bmty for the metastable ion production may have a

i i 7

e st ey s anapes 5 O One measuement vas taen o He-E heans
vealed that the metastable fraction increases with metastabje'c 0 fon source limitations. The experimental data point
ion production energy and reaches the maximum value ofas measured for the prolectne_velocwp/vK:O.S?,

; . : which is close to the expected maximum value of the meta-
approximately 26% as shown in Fig. 4. As mentioned above table fraction. The fraction was found to be 24%. This re-
the metastable ion production energy has been converted o - : : . .

) : T ; sult, shown in Fig. 4, is consistent with fractions fo?'B
the ratio of the corresponding projectile velocity to the taken from Ref[1]), O°*, and F* ion
K-shell electron velocity. The metastable fraction measureéi akenro € ' 8 ons.
for O%* ions, shown by solid triangles in Fig. 4, attains the _
same maximum value of 26% in the beam\aj/v=1. B. Influence of K-vacancy sharing
However, the energy dependence of the metastable fraction A significant deviation from the metastable fraction of
in these ions is different from that of F at lower velocities  He-like ions discussed above was observed fbf Geams,
V,,. Two electron spectra resulting from the collision of 24.6where the fraction of metastables2s*S ions turned out to
MeV O°* on H, are shown in Fig 5. Metastable ion produc- be relatively lower. These measurements show th&t C
tion energies are 24.6 MeV and 24.6473.5 MeV, respec- beams produced in a foil contain only 10% of ions in the
tively. Since intensity ratios of $£2s2p*P to 1s2p??D 1s2s3S state(Fig. 4) independent of the production energy
peaks are approximately equal in both spectra, the twavithin the investigated range. The observed difference be-
beams have approximately the same fraction of metastableveen metastable fractions for*C and other He-like ions
1s2s3Sions. Measurements at other energies also revealedaan be understood K-vacancy sharing between the projec-
constant metastable fraction of about 26% with a smaltile and the target is taken into account. TK&acancy trans-
“dip” around V,/vx=0.65. The presence of this “dip” fer probability in near-symmetric collisions ¢C on carbon
could possibly be due to the competition between the twdoil) is known to be close to 1/£29]. In this case, theK
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TABLE |. Metastable fraction in B beams obtained experi- 13 e
mentally[1] and within the proposed model calculation. i 4 ]
. 12| 13.27 MeV C* + H, ;
3 I |
Metastable ion Metastable fraction S 11F -
production energyMeV) (%) S 10 [ i
Experiment Calculation ..3 9 -
@ X ]
3.5 266 33.8 T sl b
5.1 26+ 6 23.4 o _}
s F { .
vacancy in an incident metastablé&'Con will be transferred % 5} i
to the target atom, leaving approximately half of the projec- = A h
tile ions in the ground state, which is consistent with the ' i
observed metastable fraction. Since tievacancy transfer L 3f -
probability for other He-like beams is about one order of o [ N ]
magnitude smaller than that for*C ions, the reduction of [ 3 2
corresponding metastable fractions is negligible. 1 i ]
0..I....I....I 1 Lo s ol oo o
C. Model calculation of the metastable fraction 0 1 2 3 4 S 6
. . 2
In order to test the accuracy of the model calculation, Foil Thickness (ug/cm®)

based on Eq(4), additional measurements were performed

for the B** ions. All three parameters enterin were : S .
P g HQ a function of foil thickness. The error bars correspond to the statis-

de_termln(?d experimentally. Charge fractithy, was Ob.- tical uncertainty and are plotted at the 90% confidence level.
tained using Eq(3), where the parameters were determined

by means of the magnetic separation of the required charge ) ) )
state from B+ and Bt beams incident on the thin carbon the metastable fraction has been done using &cnt foils,

foil. The remaining paramete, is the fraction of He-like thg results are not expected to vary with small changes in foil
ions in the 2s3S state, formed from H-like beams. Experi- thickness.

mentally, F; was determined by measuring the metastable

fraction in B** ions produced in a carbon foil from*B IV. CONCLUSIONS

incident beams, using Eq@l) as explained in Sec. Il. Com-

bining these two results, ;he fraction 062s°S ions in the used to measure the fraction of metastabé@sl®S ions in
beam was calpulated using Ef). Measurgments for the fast He-like B, C, N, O, and F beams produced in collisions
model calculation were pe_rformed at two different ion ener- b ¢ foils and N gas targets as a function of both the
gies. The calculated fractions are compared tolthe eX'Stm%cident energy in the range of 0.5 to 2 MaVand the foil
experimental data for 8. The results are shown in Table I.

. thickness in the range of 1-mg/cn?. The method used for
The dllscr.ep.ancy between 'the measured and calculated fr e determination of the metastable fraction is based on mea-
tions is within the error arising from measurements of charg

state fractions entering E¢3) Surements Qf.the_electron emi;sion from Fhe doubly_excited
' states of Li-like ions formed in the collision of primary

beams with hydrogen and helium targ¢ld. Some differ-
ences were observed both in the energy dependence and the

The proposed model implies a correlation between the foiRbsolute value of metastable fractions for different elements.
thickness and the fraction of metastable ions in emergingn particular, the metastable content ifi"Cbeams produced
beams. Therefore, several different foil thicknesses werén carbon foils was found to be significantly lower than that
used in measuring the fraction o62s°Sions in 13.3 MeV  of the other investigated beams. The observed deviation has
C** beams. Since the incident-beam energy does not chandieen explained by-vacancy sharing, which is known to
in this test, the error arising from uncertainties in RTE andhave the highest probability for symmetric collisions. A
electron capture cross sections is eliminated. The results argodel recently proposed | for the calculation of the meta-
shown in Fig. 6 along with the fraction of metastable ionsstable ion beam content has been modified and tested for
formed in N, gas. There is only a small difference in the B®* leading to a satisfactory agreement with recent experi-
metastable ion fractions of beams produced in 2 andnental data.
5 uglen? foils. However, the fraction decreases when a
1 uglent foil is used and it is even lower in the case of a
N, gas. The result is consistent with the fact that, according
to the model, the metastable fraction is proportional to the This work was supported by the Division of Chemical
production of H-like C* ions, which in turn is reduced for Sciences, Geosciences and Biosciences, Office of Basic En-
thin foils or gases. Finally, since the experimental study ofergy Sciences, Office of Science, U.S. Department of Energy.

FIG. 6. The metastable fractidnin 13.27 MeV C* beams as

High-resolution Auger projectile spectroscopy has been

D. Folil thickness considerations
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