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Experimental cross sections for electron excitation of the 2S—2p 2P transition in C3*
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Experimental cross sections are reported for electron excitation of the allosve®8-22p 2P transition in
C3". Center-of-mass energies are from below threst@l80 eV}, through threshold8.00 eV}, and up to
approximately 1.5 times the threshdlt? eV). The present results are found to overlap earlier energy-loss data
reported to energies of 8.45 eV. The data are also compared with other optical-emission results for this
dipole-allowed transition and with several theoretical calculations. An “electronic aperture” is described that
allows discrimination against elastically scattered electrons, with their larger Larmor radii, in experiments with
magnetically confined ions or electrof§1050-29479)10202-9

PACS numbd(s): 34.80.Kw

I. INTRODUCTION surements of excitation cross sections, lifetimes of
metastable MCI states, and MCI neutral-charge-exchange—x-
Electron-impact excitation of the alloweds2S—2p 2P ray-emission cross sectiofi$2,13. The basic experimental
transition in C* is a process that is observed frequently inapproach in thee-C3" work was the same as in previous
solar[1], stellar[2], and interstellaf3] media and laboratory work one-S* scattering14] and only differences are noted
fusion plasmag4,5]. In both the astronomical and fusion here. A schematic diagram of the Caprice source and the
environments the £- 2p transition serves as a useful diag- three beam lines may be found in Fig. 1 of Ref3]. The
nostic of electron temperature, emitted power, and opacityequation relating the experimentally measured parameters to
Almost all available results on cross sections or collisionss(E), the final excitation cross section in &nis given by
strengths in multiply charged ion@VCls) are theoretical.
Measurements involving MCls are therefore needed to pro- _ RQeF
L ., . . o(E)=

vide ““ground truth” for the calculations. Those theories that elileL
provide good agreement with experiment can then be used to
calculate cross sections for transitions that have not or canngfhereR is the total signal ratés™?), qis the ion chargee is
be measured. We present herein measurements of absolyf electron chargd, and|; are the electron and ion cur-
electron excitation cross sections for the-22p transition  rents, respectivelyy, andv; are the electron and ion veloci-
in C¥*. These measurements overlap, near threshold, earliggg (cms %), respectivelyL is the merged path lengtiem),
results using the electron-energy-loss methi6dl and at ¢ is the efficiency of the rejection grid—microchannel-plate
higher energies several optical-emission measurements @fgtection systenfdimensionless and. is the overlap factor

the unresolved resonance doublet?5;,—2p *Py,32 8t petween the electron and ion beafos?).
154.8 and 155.1 nri7—9]. A summary of the experimental

techniques and the energy-loss method is given in Sec. Il A. o -
Recent modifications to the instrument control and data- B. Modifications to the data acquisition system
acquisition system are explained in Sec. I B. An “electronic  The data acquisition system used in our previous work
aperture”(EA) is used to filter elastically scattered electronswas significantly upgraded to allow total compufipersonal
from the energy-loss spectrum and is described in Sec. Il GGomputer(PQO] control of the beam modulation, position-
The present results and a discussion of all data are presentednsitive detectoPSD) transfers, stepper-motor control for
in Sec. lll. Conclusions are given in Sec. IV. measuring beams profiles with the moving vanes, and
reading/storing of transmitted electron and ion currents
through the vanes. A schematic diagram of the present sys-
Il. EXPERIMENT tem is given in Fig. 1. Control was through two digital input-
output boards: one to generate beams chopping voltages and
channel gating pulses and a second to accept the R8s
Absolute excitation cross sections for both threshold angosition and strobe rates, together with the correlated beams
above-threshold excitation of thes2-2p optically allowed chopping channel. A PC output signal was input to high-
(dipole) transition in G* were measured using the newly voltage pulsing circuitry{15] used to generate moderately
installed 14.0-GHz electron-cyclotron resonance ion sourcéast (100-ns, rise timg high-voltage(100—-400 \f modula-
(Caprice at the Jet Propulsion Laboratory, California Insti- tion pulses to the ion and electron deflection plates. A third
tute of Technology10-12. This source is presently con- counter-timer board accepted the PSD rate signal, correlated
nected to three separate MCI beam lines dedicated to measth the chopping channel. Separation of the channels, cor-
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A. Energy-loss method
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FIG. 1. Schematic diagram of the PC-based system control and data acquisition flow lines.

responding to the different beams chopping phdsé&xCD, velocity (a low-angle inelastically scattered electron with a
see Fig. 1, was important as each channel has a differenhigh-angle elastically scattered electravill strike the same
counting rate and hence incurs a different dead time corregosition on the PSD, leading to an “aliasing” of the signal.
tion. The counter-timer board also controlled the stepper moThe elastic-scattering differential cross section increases ap-
tor and received digitized, transmitted electron- and ionproximately asq? of the MCI. Even for the case af-C3*

beam currents from the vanes’ Faraday cups. scattering, this corresponds to about a factor of 9 increase in
_ elastic effects relative to a singly charged target. Hence it is
C. Electronic aperture essential to filter out the elastic component as completely as

Elastic electron scattering from the MCls can be an unfossible.
welcome addition to the electron-ion inelastic scattering sig- When an electron of longitudinal velocity, and massn,
nal[13,16. It has been noted earlier that the trochoidal anais scattered at the laboratory anglefrom an ion, the elec-
lyzing plates can only separate electrons of differing axialtron will spiral in the uniform magnetic fiel& along a tra-
velocities[17]. Hence two electrons having the same axialjectory of diameted given by d=2m.v, sind/eB, with the
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FIG. 3. Magnitude of the net electric field of the EA as a func-
tion of radial distance from the central axis. Each curve is labeled

. . . . ! by the alternate voltages placed on the 16 rods. The center of the
FIG. 2. Schematic of the “electronic aperture” used to filter rods is at 7.50 mm. with each rod 2.00 mm in diameter.

elastically scattered electrons with the larger Larmor gyroradii. This
end-on view shows 16 rod@dark circleg symmetrically placed ing “sufficiently close” to the array axis are therefore unde-
about the merged electron and ion beasisaded central region  flected. Electrons having larger Larmor ragkilastic elec-
Light lines are calculated equipotentials. Equal and opposite poteitrgns with relatively large velocities perpendicular to the
tials are placed on adjacent rods and unwanted electrons are ejectgthgnetic-field directionwill make excursions closer to one
into the rods or the positively biased shields. of the poles and their trajectories will be dramatically af-
fected. These electrons spiral into the rods or into the sur-

center of the spiral displaced from its starting position by therounding shield. The EA is physically mounted between the
distanced/2. Since electrons elastically scattered through dast beam-profile vane and the entrance to the analyzing
laboratory angled will in general have larger transverse ve- plates[13].
locities compared to inelastically scattered electrons at that To quantify these effects we have calculated the electric
¥, they will have larger spiral diameters. This difference canfield and resulting electron trajectories using g1gION 3D
be used to remove these electrons while transmitting the dedield-and-trajectory software codé8]. The calculated elec-
sired inelastically scattered ones. In experiments by Beltric field as a function of radial distance from the central axis
et al. [16] a series of fixed, physical apertures was used t@f the EA, with various potentials placed on the rods, is
remove the elastically scattered electrons. With apertures athown in Fig. 3. As expected, the field rises steeply as one
diameterD centered on the beam axis, electrons with scatapproaches the rods. Samples of sevemlon-calculated
tering angles greater than sondg,,, will hit the physical trajectories of electrons injected into the EA are shown in
edge of the aperture and be removed. Here the valizisf Fig. 4. Since there is negligible field at the center, electrons
given by D =4mgv, Sin J,,./€B. with small spiral diameters can pass through unaffe(fégl

It is highly desirable to have an adjustablg,, for a 4, top uppe), while electrons with larger energies and at
given scattered electron energy. It should be as small as pokarger distances from the central axis will suffer strong de-
sible to block the elastic electrons and yet transmit all inelasviations in their trajectories. These are ejected into the rods
tic electrons. The only way to do this with fixed, physical or shield (Fig. 4, bottom. The spatial extent of the central
apertures is to vary8. However, as the whole interaction zero-field region can be adjusted. Qualitatively, if an electron
region is immersed in this field, all aspects of the primaryapproaches one of theegativepoles it slows down. This
and scattered electron beams will be affected. A more favorproduces a tighter spiral and a kink in the trajectory. When
able approach is to chand® itself. Setting up a series of the electron orbit reenters the null-field region its spiral cen-
mechanically adjustable apertures, externally controlled in ater has been displaced. If this displacement is sufficiently
ultrahigh vacuum system would add complexity to an al-large the electron will be channeled out when it approaches
ready difficult experiment. As an alternative, we have devel-an adjacent positive electrode. When an electron approaches
oped an EA that uses externally adjustable electrostatic pa positivepole, its Larmor radius will become expanded and
tentials, on an array of poles, to alter the effective cutoffit will hit either the pole or shield.
diameterD. This array consists of 16 poles with centers on a In order to understand the transmission properties of the
15-mm-diam circle about the beam axis. Each pole is 2.0@rray SIMION was used to launch a series of approximately
mm in diameter, 25 mm long, and made of C.P.-grade tita2000 trajectories at each of four values of magnetic field,
nium. A cross section through the aperture, including equiusing starting energies arfdolar § and azimuthakp) angles
potentials, is shown in Fig. 2. The pole array is surroundedn the center-of-masgc.m,) frame. Starting positions were
by a cylindrical shield. In addition, grounded entrance andrandomized within a 0.5-mm-diam cylinder to simulate the
exit apertures, each 11 mm in diameter, are provided. Equaherged electron-beam diameter; starting azimuthal angles
and opposite potentials are placed on adjacent poles. Aswaere also randomized in the intervdl, 2m). Starting c.m.
result, there is a net cancellation of both the electric potentiaénergies were randomized within the range 2—20 eV for the
and electric field at the center of the array. Electrons travelpolar angles of interest and for different magnetic-field
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FIG. 4. Sample electron trajectories for 60° scattering at the
indicated electron energies, with200 V on alternate poles and as (c)
viewed along the multipole or solenoid@ifield axis. 1eV

+300 V

strengths. The fraction of starting trajectories passed by the '
aperture was obtained for different multipole potentials as a

function of starting spiral diameteat. The results of trans- "E'
mission are given in Fig. 5 aB=2.5 and 5.0 mT. One
clegrly sees the C.UtOff curves moving .towards smaléef- . FIG. 6. simiON 3D simulations of the action of the electronic
fective aperture size decreasjras one increases the magni-

. . erture. Shown are 20 trajectories in three cases corresponding to
tude of the poles potential: The spatial extent of the centrazp ; P g

) - 9-eV c.m. energy(a) elastically scattered electron signal with the
null field becomes smaller. Also, as one increaBeghe  pp «opn» (+300 V on alternate rods(b) same asa), but with the

diameter of the spirals becomes smaller and hence a highef \ojtages “off:” and (c) 1-eV inelastically scattered electrons
with EA voltages on, to be compared with). Other notation is as

100 1 ] in[13]: AP, electron analyzing plates; PSD, position-sensitive de-
% 25mT tector; EC, electron Faraday cup; and DP, electron deflection plates.
r +500
sok electrode potential is needed to eject electrons with the
. smallerd. It is found in general that the effective aperture
401 diameter depends only uparandB. In the present geometry
£ sl the aperture diameter, as calculated, could be varied in the
g : range 7-12 mm(corresponding to the 10% transmission
7 ol— points.
‘E 100 [
2
S gl ¥ isoo250 h lll. EXPERIMENTAL RESULTS
6ol 8° 40 The methods for data acquisition and data analysis in
. e-C3" scattering were similar to those used in REf4].
401 Care had to be taken to tune the electron and ion beams
zoi_ through the center of the EA while maintaining good spatial
: overlap over the 20 cm merged lendds measured with the
ol 1 % ] four rotating vanegsand minimum backgrounds from each

0.0 1.0 . .
beam. lon- and electron-beam currents were typically in the

ranges 3—30 and 20—-70 nA, respectively. The ion beam was

FIG. 5. Fraction of electrons transmitted as a function of thethe dominant source of background, with a maximum rate of
maximum excursion of the electron from the center of the EA, atabout 1 kHz/nA. No metastable levels in the primary" C

the indicated solenoidal magnetic fields. The alternating potentialeam are expected for this Li-like ion. Nevertheless, we used
for adjacent rods are indicated on each curve. The 16 poles afée beam-attenuation meth@l4] as a further check to see

centered on a radius of 7.50 mm. that the beam was exclusively in the ground state. Within the

Radial Distance (mm)
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T 71 T 1 T T ' T T T T T T T 1T TABLE |. Absolute excitation cross sections for thes 23
- c3+ 4 —2p 2P transition ine+C3".
oL 2525 —>2p2p
< Energy(eV)? Cross section (106 cn)
(%]
"?o 61 J 7.1 -032
= 7.4 -0.6%
zZ2 - — _
s | T A WL ETT 7.7 0.0
=
2 r il 7.9 0.92
@ . 8.0 4.04
Q 2 g 8.1 6.05
° L i 8.2 6.72
8.4 7.76
o |
K] 8.5 7.38
5 6 7 8 9 10 1 12 13 8.9 6.80
ENERGY (eV) 9.1 6.83
FIG. 7. Experimental cross sections vs c.m. energy for excita- 9.2 6.59
tion of the 2 2S—2p 2P transition ine+ C3*. The present energy- 9.6 6.95
loss results are given as filled circles, with full absolute error bars 9.8 6.21
shown at the 90% confidence le\@l70). Other results are energy- 10.0 6.08
loss measurements near thresh@pen circles with mainly relative 10.1 5.48
error bars[6]), optical-emission measuremerifdled square with 10.4 6.49
relative-error bar$9,22] and open triangles with relative-error bars 10.6 5.42
[7,8]). The solid line is a Coulomb-Born calculatid23] folded 10.7 5.71
with 0.17-eV and 2.3-eV FWHM Gaussian electron-energy distri- 11.1 540
butions of Ref[6] and Refs[7, 8], respectively. The dashed line is 11.6 572
a two-state close-coupling calculatidr23] convoluted with a 12'1 5'25

2.3-eV electron-energy distribution and shifted to the spectroscopic
threshold for comparison with measurement. The linked line reprearpg glectron-energy scale is accuratet0.05 eV.
sents results in the nine-stafematrix calculation of Ref[24], 8 bNonzero values below threshold include effects of the electron-

digitized from Fig. 2 of that paper and folded with a 0.17-eV gnerqy spread and statistical errors in the experiment.
electron-energy resolution.

statistical accuracy of the measurements, the fraction of A subtler rejection effect arises from further displacement
metastable states was found to be less than 5%. due to a broader and tilted beam-shear patfé@j for the
Extensive trajectory calculations were performed at theelastic electrons relative to the inelastic electrons. This arises
energies of the data set for elastic and inelastic electronbecause large-angle elastic electrons, traveling with larger
Operationally, the voltages on the positive and negativd-armor radii than the inelastic electrons, experience a greater
poles were increased to the level where transmission of thexcursion in electric potential within the AP as they execute
inelastically scattered electrons would be impeded. Thestheir orbital loops. Finally, high- and low-voltage discrimi-
pole voltages result in rejection of most of the large-anglenation grids in front of the PSD are used to subtract out
elastic scattering eventdepending on the c.m. energy above contributions from higher-energy electrons or possibly soft x
threshold. Near threshold the EA works well and no elastic rays reflected from metal surfaces.
electrons are detected. While elastically scattered electrons The general pattern emerges that the small number of
are transmitted through the EA, they are well separated olarge-angle, elastically scattered electrons transmitted by the
the PSD due to their large longitudinal velocity and henceEA are effectively dispersed at the PSD. An even smaller
small drift in the electron analyzing platé&Ps). lllustrative ~ number that overlap the region of interest on the PSD are
trajectories are shown in Fig. 6 for three cases correspondingccounted for by the incremental subtraction metiog. At
to an incident c.m. energy of 9 eV. In Figgaband Gb) one  each c.m. energy thg,y) signal at the PSD, consisting of all
has trajectories for elastically scattered electrons, with théhe inelastic and a small fraction of elastic electrons, is ana-
EA voltages turned on and off, respectively. In Figa)6 lyzed using the three-dimensional trajectory code. The frac-
almost all the trajectories have been eliminatadthin the  tional contribution of the elastic signal to the cross section
EA; see trajectories terminating on the poldse to the fil- ¢ (E) is calculated by multiplying the number of calculated
tering. The few remaining transmitted trajectories, corre-"hits” for a given ¥ by the theoretical DCS at the c.m. angle
sponding to low-angle elastic electrons, do not have suffif corresponding to the laboratory andleThis DCS is taken
cient deflection to reach the PSD. Trajectories of thefrom accurate calculations of elastic-scattering phase shifts
inelastically scattered electrons, with 1-eV residual energy[20]. Thus this method completes four levels of defense
are shown in Fig. @) at the same EA voltage setting as in against elastically scattered electrons: trochoidal dispersion,
Fig. 6(a). There is no loss of electrons either in the EA or onelectronic aperture, discrimination grids, and differential
the PSD. Naturally there are cases further above thresholdeam shear.
where the energy-angle separations will result in some over- The present experimental results are given in Fig. 7 and
lap of the elastic and inelastic electrons. tabulated in Table I. Errors are given at the d.@r 90%
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confidence level and total-error bars are shown for each datand the energy-loss experiments at threshold is good. In the
point. Details of the individual uncertainties may be found in(9—-12-eV range the 9CC calculation lies towards the lower
Table | of Ref[21]. The energy spread in the present data isrange of the present energy-loss data, while agreement of the
approximately 175 meV[full width at half maximum present data with the 2CC and CB calculations in this energy
(FWHM)]. Earlier excitation data are also shown in Fig. 7.range is good. The agreement of the two optical-emission
These include electron-energy-loss measurements nearperiments with the 9CC calculation is somewhat better
threshold[6] taken with a stated electron-energy spread ofthan with the CB or 2CC calculation. The data of Ref]

170 meV and optical-emission resulig—9] taken with  now lie only about 10—20 % below the 9CC theory, but 20—
broader spreads of 1[8] and 2.3(7,8] eV. From the experi- 30 % below the optical and energy-loss data.

mental comparisons in Fig. 7 one sees good agreement near

threshold(8—-8.5 eV} between the two energy-loss measure- IV. CONCLUSIONS

ments. Away from threshol@0-12 eV}, where the effects

of the sharp Wigner onset and the varying eIectron-energ% The present energy-loss measurements of absolute excita-

lon cross sections for thes2-2p transition ine-+ C** col-

spreads are less important, there is also good agreement he- . : :
iSions are in good agreement with a previous energy-loss

tween the present energy-loss results and the results of Rels. :
[7, 8]. The results of Ref.9] have been reanalyzed and were measurement at threshol®] and above threshold with
found to be low by about 6% due to uncollected photons a{)ptlcal—emlssmn results of Ref§7.8]. T_he present resultg
the multiplier phototub¢22]. As such, these data have beenabqve. threshold are about 20-30 % higher than the optical-
raised by 6% in Fig. 7. While this helps the agreement, the mission data of Ref$9,22]. The agreement of the present

are lower by about 20% than either present data or otheresur[S with three theories, a Coulomb-Born calculafi2@),

; ; a two-state close-coupling calculatip23], and a nine-state
optical data[7,8] in the (10—12-eV energy range, although : . : .
the difference is approaching the limits of the combinedR'mamX calculation[24], is satisfactory throughout the en-
total-error bars. ergy range(8—12 eV} of the present energy-loss measure-

There are additionally results from three theories ava"_ments.
ablle for comparison. These are a Coylomb-B(@B) caI(;u— ACKNOWLEDGMENTS
lation [23], a two-state close-coupling2CC) calculation
[23], and a nine-stat&-matrix (9CC) calculation[24]. Re- We thank K. Bartschat for a helpful discussion. J.B.G.

sults from these three theories are also presented in Fig. @cknowledges support by NASA-NRC. This work was car-
with the first two shown at two electron-energy spred@l$7 ried out at the Jet Propulsion Laboratory, California Institute
and 2.3 eV for comparison with the energy-loss and optical- of Technology, and was supported through the National
emission data, respectively. Agreement among the theorieSeronautics and Space Administration.

[1] U. Feldman, W. E. Behring, W. Curdt, U. Sdila, K. Wil- Girard, D. Hitz, J. P. Klein, P. Ludwig, T. K. Nguyen, M.
helm, P. Lemaire, and T. M. Moran, Astrophys. J., Suppl. Ser. Pontonnier, and Y. Su, Rev. Sci. Instrufib, 1051(1994.
113 195(1997). [12] C. Liao, S. J. Smith, A. Chutjian, and D. Hitz, Phys. SET3,
[2] E. Landi, M. Landini, and G. Del Zanna, Astron. Astrophys. 382(1997.
324, 1027(1997). [13] A. Chutjian, J. B. Greenwood, and S. J. SmithAitomic Pro-
[3] J. D. Slavin, J. M. Shull, and M. C. Begelman, Astrophys. J. cesses in Plasmaedited by E. Oks and M. S. PindzdlAIP,
407, 83 (1993. New York, 1998, p. 134.
[4] L. Heroux, Proc. Phys. Soc. Lond@3, 121 (1964). [14] C. Liao, S. J. Smith, D. Hitz, A. Chutjian, and S. S. Tayal,
[5] R. C. Isler, R. W. Wood, C. C. Klepper, N. H. Brooks, M. E. Astrophys. J484, 979 (1997).
Fenstermacher, and A. W. Leonard, Phys. Plas#ha855 [15] M. T. Bernius and A. Chutjian, Rev. Sci. Instrur60, 779
(1997. (1989; 61, 925(1990.

[6] M. E. Bannister, Y.-S. Chung, N. Djuric8. Wallbank, O. [16] E. W. Bell, X. Q. Guo, J. L. Forand, K. Rinn, D. R. Swenson,
Woitke, S. Zhou, G. H. Dunn, and A. C. H. Smith, Phys. Rev. J. S. Thompson, G. H. Dunn, M. E. Bannister, D. C. Gregory,

A 57, 278(1998. R. A. Phaneuf, A. C. H. Smith, A. Mler, C. A. Timmer, E. K.
[7] P. O. Taylor, D. Gregory, G. H. Dunn, R. A. Phaneuf, and D. Wahlin, B. D. DePaola, and D. S. BéJiPhys. Rev. A19, 4585

H. Crandall, Phys. Rev. Let89, 1256(1977. (1994.
[8] D. Gregory, G. H. Dunn, R. A. Phaneuf, and D. H. Crandall, [17] S. J. Smith, A. Chutjian, J. Mitroy, S. S. Tayal, R. J. W. Henry,

Phys. Rev. A20, 410(1979. K.-F. Man, R. J. Mawhorter, and |. D. Williams, Phys. Rev. A
[9] D. W. Savin, L. D. Gardner, D. B. Reisenfeld, A. R. Young, 48, 292(1993.

and J. L. Kohl, Phys. Rev. A1, 2162(1995. [18] D. A. Dahl, simioN 3D, Version 6.0 User's Manual, Idaho Na-
[10] D. Hitz, G. Melin, M. Pontonnier, and T. K. Nguyen, Kernfy- tional Engineering Laboratory Report No. INEL-95/0403,

sisch Versneller Instituut Report No. KVI-996, Groningen, 1995 (unpublishegl

1993 (unpublished [19] M. R. McMillan and J. H. Moore, Rev. Sci. InstrurBl, 944

[11] G. Melin, F. Bourg, P. Briand, M. Delaunay, G. Gaudart, A. (1980.



1354 GREENWOOD, SMITH, CHUTJIAN, AND POLLACK PRA 59

[20] S. T. Manson, Phys. Rei82 97 (1969; C. S. Turner and S. [22] P. Janzen, J. L. Kohl, and D. W. SaViprivate communica-

T. Manson(unpublisheg tion).

[21] S. J. Smith, M. Zuo, A. Chutjian, S. S. Tayal, and I. D. Will- [23] N. H. Magee, A. L. Marts, J. B. Mann, and W. D. Robb, Los
iams, Astrophys. J463 808 (1996. As regards Table I, note Alamos Scientific Laboratory Report No. LA-6691-MS, 1977
that since there are no metastable levels3h (e error due its (unpublisheg

population measurement is taken as zero. [24] V. M. Burke, J. Phys. B5, 4917(1992.



