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Technique for the determination of the 1s2s3S metastable fraction in two-electron ion beams
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An experimental technique for the determination of the metastaé?s 3S fraction f of two-electron ion
beams is reported. The method utilizes the electron yields of $292°D and 1s2s2p *P doubly excited
states, produced in collisions of two-electron ion beams wiftoHHe targets. The metastable beam fraction
f is determined in two successive measurements at the same beam energy but having different metastable
fractions. The technique is applied to the case df Bns in collisions with H targets. The results are in good
agreement with those from our recent paper on similar metastable fraction measurdvhetasnkov et al.,
Phys. Rev. /64, 052702(2001)]. The method can be safely applied in cases where the two different metastable
fractions differ significantly.
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Several techniques can be found in the literature for denisms of the $2p? D and 1s2s2p *P doubly excited states
termining the metastable fraction of multicharged ion beamswhen H, or He targets are used. The population of fie
including the very popular ion beam attenuatif?], the  state is obtained through thesds3S metastable state via
beam-foil technique[3], photon-particle coincidencé4], direct electron capture to thep2state or via the process of
normalization to the corresponding ground-state Auger speaionresonant transfer and excitatidTE) [14,15. The 2D
tra [5], metastable production modelif§—8], and others state on the other hand, is formed from the? 1S ground
[9]. Recently[1], we reported on the measurement of thestate via resonant transfer and excitati®TE) [16,17] or
1s2s3S metastable fraction in B (1s?!S,1s2sS) beams NTE and from the $2s3S metastable state via NTE. How-
produced in both thin foils and gas targets. The method wasver, the NTE contribution to the production of thB state
based on the measurement of the relative Auger electrois much smaller than that from RTE when Eind He targets
yields from the 52p?2D and 1s2s2p *P doubly excited are used, especially for projectile energies near the RTE peak
states of B*, which are formed in collisions of 8 with H, resonance or higher, and in these cases can be neglected.
gas targets. The advantage of the method is its simplicityConsequently, in a collision involving a mixed state
since it involves the measurements of theative Auger  (1s°'S,1s2s3S) two-electron ion beam colliding with Hor
electron yields, present in the same spectrum. Moreover, itde targets, the Auger electron yields for the production of
can be easily applied to the ion-beam energy dependencthe D and “P doubly excited states encrypt the information
study of the metastable fractidi] and to the isoelectronic about the beam content.
sequence investigatidd0]. The weak point of the method is The experimental single differential cross sectthr/d()
that it utilizes calculated cross sections for the production ofor SDCS can be obtained from the doubly differential
2D and *P states. Thus, the accuracy of the method dependsross-section spectrum after integrating over the energy
on the accuracy of the calculated cross sections. In additiomange of the corresponding peak and is given by
absolute cross-section measurements for processes related to
the 2D and *P states cannot be obtained with the previous do Ne
method[1]. - _ 40 NnIAQTy’ )

The need for a technique independent of any theoretical
cross-section calculations, led us to investigate a differe

P ) 3
method for determining the two-electron beans2$°S collected during the measurementthe target density, the

metastable fraction. The quantitative information about th .
metastable beam fraction is indispensable for the absolu%earget lengthA€) the spectrograph solid angl&,the spec

- o . . fograph transmission, angl the spectrograph overall effi-
cross-section determination of all processes involved in two- grap 9 P grap

; gy ciency. In the case of a mixed beam of undetermined meta-
electron ion-atom collisions, as, for example, the most re-

. . - “stable fraction, Eq.(1) describes the normalized electron
cently investigated cases of superelastic electron scatterm}gel ds 7 for the 2D and *P states. rather than the absolute
[11] and the production of Li-like hollow ionic stat¢$2,13. ’

The method is based on the same principle as the one in olross sections. Thus, for each case the yield may be written

previous papeffl], i.e., on the distinct formation mecha-

n\}vhereNe is the raw electrons countsl, the number of ions

Ne(’D) N, do(’D) N
2(0)= et D) _Ng_dotD) Ny @
*Email address: benis@phys.ksu.edu NgnlAQT7 N, dQ N
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RNg(“P) N, do(*P) N, Zamkovet al. [1] and Leeet al. [9], resulting in significant
N.nAQT7 N. - d0 RN’ () additional uncertainties. Consequently, the proposed method

m ! ! has the advantage of utilizing onhglative Auger electron
whereN, andN,, are the number of ions in th&S ground yields to obtain the metastable fraction, avoiding thus any
and 3S metastable states, respectiveRjis the lifetime cor- further theorgtical assumpt?ons or e;xperimental cor_rections.
rection factor for the electron yield of th&P state[1,9], The technique was applied to’Bions. The experiments
since it is a long-lived state decaying not only along the gad/ere performed in the J. R. Macdonald Laboratory at Kansas

target length, but throughout the path to the exit of the anaState University, using the 7-MV EN tandem van de Graaff
lyzer. Defining the metastable fractiéras accelerator. The 8 beams were produced either inside the

accelerator terminal, after colliding the initial Boeam with

Z(*P)=

N, N, N, gas targets or thin (5ug/cn?) carbon foils, or outside
=N TN N (49 the accelerator terminal, after colliding the incidentB
moe ! beam with Ar gas targets or thin carbon foils. The first pro-
and replacing it in Eqs(2) and (3), gives cess will be referred to as “electron stripping” while the
second process as “electron poststripping,” or simply “strip-
) do(’D) ping” and “poststripping,” respectively. The 8 ions, were
Z(‘D)= dQ (1-1), ©) magnetically selected and focused in a 5-cm-long differen-
tially pumped gas cell to be collided with,Hjas targets. The
do(*P) 1 electron emission spectra were obtained at zero degrees with
Z(*P)= —aa_ ﬁf- (6) respect to the beam axis with a single-stage high-efficiency

hemispherical spectrograph utilizing a focusing/decelerating

The proposed method is based on two different metastabllg_ns system and a large position sensitive detector. A full

fraction measurements at the same beam energy. The me{g{l_dth at half maximum resolution of 0.3% in the projectile
stable beam fraction depends on both the target tgge or rest frame was attained by decelerating the electrons by a

foil) and the collision energyl]. Consequently, by utilizing Iactor O;F:A" Ihe ex%erimt?ntal setuphalonbg withdthe ?geg't
two different target types at the same beam energy, two diftro9rapn operation and periormance has been described 1o

ferent metastable fraction beams may be obtained. Denotin me extenf18-20. All spectra were recorded at the same

by the indices 1 and 2 the two different measurements, EqduNiNg €nergy and deceleration factdf£4). They were
.normalized to the same target pressure and ion charge col-

(5) and(6) are reduced to the following system of equatlons'lected at the Faraday Cup placed right after the spectrograph.
(2D) High statistics data were accumulated to minimize the uncer-
(1—f19), (7)  tainties. Single collision conditions were ensured by using a
H, target pressure of 20 mTorr.
do(?D) The gas cell was located at approximately 43 m away
Z,(’D)= ———(1—1,), (8)  from the accelerator, and 12 m from the electron poststripper.
dQ Since the lifetime of the metastable §1s2s3S) state is

) do
Z,(“D)= o)

. about 100 mg21], the reduction of the metastable compo-
do("P) 1 nent along the beamline path is negligible for both produc-

dpy— - 7
210P)= 0 R0 © o locations. Formation of the metastablé 'B1s2s'S)
state is also possible. Assuming statistical population, a pro-
2 (4P = do(*P) 1]c 10 duction ratio oleS/N35= 1/3 is established. Moreover, the
2 P)=—4a Rz (10 B3*(1s2s1S) state lifetime is about 9us[21], allowing for

_ o _ a beam reduction by 15% in the case of electron poststrip-
The above system is exactly solved giving the two differentping and 45% in the case of electron stripping, at a beam

fractions as energy of 4 MeV. The existence of thesas 'S metastable
component does not affect the technique, since'®etate

f1=7,(*P) Z,(°D)—Z,(°D) 11 can populate neither th&P state, due to spin conservation

1741 ' i i i i -
Z1(?D)Z,(*P)— Z,(2D)Z,(*P) considerations nor théD, as RTE is energetically not al

lowed and NTE is negligible. However, redefining the cor-

rected k2s°3S metastable fraction as
Z,(’D)—-2Z,(°D)

Z1(?D)Z,(*P) — Z5(?D)Z4(*P)

f,=2Z,(*P) (12

N3
Note that, the same projectile energy ensures that the fcorrE—S (13

SDCSs for producing the two states remain the same, result- Ng+ Nag-Nig

ing in their cancellation in Eq911) and (12). At the same

time, the lifetime correction factdr for the *P state is also

canceled, thus eliminating a very important correction factorand using Eq.(4) and the ratioNi1dNsg the measured
The *P lifetime correction was unavoidable in the works of 1s2s3S metastable fractiofi should be corrected as
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15 —r—T—TTT"TT"TTT TABLE |. Summary of the different metastable fractiori'B
[ 4M 3+ ] beams along with their production processes. In the case of post-
evVB™" + H2 - - ) )
- . stripping the collision energy is the same as the final beam energy,
— 10 [ 2 4p ] vyhile in the case of stripping, the collision energy djffgrs fro.m the
2 5 ¢ D . final beam energy by a factor ofj¢- 1), whereq is the incident ion
5 [ lt ] charge. One should recall that the errors in the results of [R§f.
S sl TI t Iﬂ\ . include the uncertainty from the calculated cross sections.
0 B _
g 1 ; i {i 11 ] Stripping Incident Stripping Final  Fraction  Fraction
% : * J) ] method ion energy  energy(this work) (Ref.[1])
S o0 (MeV)  (MeV) (%) (%)
E 15 LU l T ] Gas
*g -4 MeV B* + H, ] stripping B 1 4 3+1 1+1
w i Foil post
o 0 § stripping  B* 4 4 28+8 26+8
_g - Gas post
© [ ] stripping B 4.5 45 185 16+5
E 5 T Foil post
(Z) [ : Il ] stripping B 45 45 42-10 26+8
[ B é L 3 ]
0 PR TP o T TP SRt ol Bl BN M . L
150 152 154 156 158 160 162 164 166 168 170 was more than adequate for the highly efficient measurement

Auger Electron energy (eV)

FIG. 1. Experimental data for the collision system of 4 MeV
B3 + H,. The presence of th&P peak, predominantly produced by
a 2p electron capture to thes2s 3S ion core, implies a significant
metastable componenitTop] The B> beam was produced after
colliding the incident B* beam in thin carbon foil{Bottoni The
B3* beam was produced directly from the tandem accelerator, after
colliding the initial B~ beam with N gas targets inside the accel-
erator terminal. As can be seen, this process leads to a significantly
diminished*P peak implying an almost pure ground-state beam.

fcorrzfizf_ffzv (14

where\ is the fraction of the'S beam component reaching
the gas cell. For moderate<(60%) metastable beam frac-
tions, the above correction does not exceed the value of 10%,
and is neglected in this work, as it is well within the statis-
tical uncertainties.

In Fig. 1 the Auger spectra for the 4 Me\?B+H, col-
lision system are shown. The spectra were energy calibrated,
transformed to the projectile frame and background sub-
tracted by applying a polynomial fit, adequate for the back-
ground shape. The presence of the enharféegeak in Fig.

1 (top) implies a significant metastable component for that
case, a fact that was expected, since the later flBzam was
produced after poststripping?B ion beams in 5gg/cn?
carbon foils [1]. Similarly, the much reduced'P peak
present in the spectrum in Fig. (bottom), implies that the 5¢

offered by the spectrograph. The normalized yields for the
4P and 2D states were obtained after integrating the corre-
sponding peaks for each case. The metastable fractions were

45MeVB* + H

2
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T
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FIG. 2. Experimental data for the collision system of 4.5 MeV

B3* +H,. [Top] The B** beam was produced by foil poststripping

in Fig. 1[Botton] The B** beam was produced by poststripping

B** beam is almost totally in the ground state. In this casejn Ar gas targets. The metastable fraction in the gas poststripping
the B** beam was produced directly from the tandem accelcase is seen to be much larger than when produced by gas stripping
erator, after gas stripping. A8 beam of about 100 pA was in the accelerator terminal at much lower stripping energy as shown
produced this way, which even though of very low intensityin Fig. 1 (bottom.
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determined according to Egd.1) and(12). The results, pre- metastable fraction measurements have been rep@&d
sented in Table I, show a very good agreement with the reBeams with different metastable fractions were obtained by
sults from our previous methodl], indicating that in the foil stripping and by foil poststripping. The difference in the
referenced method, the RTE and capture cross sections caarmalized 2D vyields was less than 1%, indicating a very
be very well used for the metastable determination to withinsmall difference in the metastable fractions, resulting in huge
an uncertainty of 30%. _ _ uncertainties. The above tests showed that the technique can

The accuracy of the method was also investigated, age safely applied only in cases where the produced meta-
large error bars are expected in cases where the two fractioRs,p|e fractions are significantly different-60%).

differ by small amounts. 2|ndeed,2 Eqel]) and (12),_are Our conclusions are summarized as follows. The relative
mainly governed by the,("D)-Z,("D) term. Small differ- 0040 yields of the 42p? 2D and 1s2s2p *P doubly ex-

ences in the metastable fraction result in small differences i 4 ctares produced in collisions of two-electron ion beams

2 . . -
thfe D RTE state yleldz thus_ enhancmg the absolute UNCEIGith H, or He targets, have been used to determine the meta-
tainties. In order to verify this, the previous set of measure-

ments were repeated. after producing the low metastabIStable 52s3S content of two-electron beams. Our experi-
. v P ' producing ental technique utilizes the above electron yields, measured
fraction B>* beam by poststripping in Ar gas targets. The

essential difference between the latter case and the cain two separate and distinct measurements at the same colli-
B . R fon energy but of two quite different metastable fractions, to
where the beam was obtamgd by gas s_tr|pp|(195|de determine the 42s3S metastable beam component. The
the accelerator terminglis the higher stripping energy. A technique was applied to the case dfBons colliding with
larger metastable fraction was obtained in this way, which i . . i
clearly seen from the enhancd® peak in Fig. 2(bottom). §-|2 targets and the results were in good agreement with pre

The results of this second set of measurements are also rVi—0 us results from our recent paper on similar metastable
RT3 ction measuremenf4]. The method can be safely applied

sented in Table I. It is seen that the new metastable 1‘racti0{10 cases where significantly different-60%) metastable

values agree with the previous measurements within the St?r'actions can be produced by utilizing different ion-beam

tistical uncertainties. However, the absolute uncertainty is i dures

expected to be larger in the later case since threparation proce '

Z,(?D)-Z,(?D) term is smaller. This work was supported by the Division of Chemical
In an effort to test the method at its extreme, the experi-Sciences, Geosciences and Biosciences, Office of Basic En-

ment was repeated utilizing 20-MeV F beams, for which  ergy Sciences, and the US Department of Energy.
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