J. Phys. B: At. Mol. Opt. Phy29 (1996) 645-654. Printed in the UK

Predictive systematization of line strengths for the 25-2s2p
resonance and intercombination transitions in the Be
Isoelectronic sequence

Lorenzo J Curtis and David G Ellis
Department of Physics and Astronomy, University of Toledo, Toledo, OH 43606, USA

Received 14 September 1995

Abstract. Measured lifetime data for the 28S—2s2p’3P; resonance and intercombination
lines in the Be isoelectronic sequence are critically evaluated, and jointly systematized using
effective singlet-triplet-reduced line strengthis The data are examined together with recent
theoretical predictions in the linearizing expositishS, = Sy+ B/(Z—C) and the highZ trend

is compared with the corresponding hydrogenic limit. Smoothed and interpolated predictions
are presented foZ < 54.

1. Introduction

It has been observed [1-3] that atomic transition line strengths can often be represented for
interpolation and critical evaluation by an empirical relationship

Z°S =Sy +B/(Z - C) 1)

where S is the line strength,Z is the nuclear charge, an8ly, B and C are least-
squares adjusted fitting constants. Rer’S;,,—np 2P, resonance transitions in alkali-like
isoelectronic sequences, it has been shown [4] that the fitted value for the pardmeter
matches the line strength for the corresponding transition in a hydrogen atom.

Sh = 3n(n® - 127 +1). (2)

For ns® 1S, —nsup 3P, transitions in alkaline-earth-like isoelectronic sequences, a
formalism has been developed [5] through which intermediate coupling is characterized
by a singlet-triplet mixing angle determined from spectroscopic energy level data. This
approach permits the nominaf,—P; resonance ant5,—P; intercombination transitions

to be jointly systematized. This formalism has been applied tothensnp transitions in

the Be ¢ =2) [5], Mg (n = 3) [5], Zn (n = 4) [6, 7], Cd @ = 5) [8] and Hg ¢ = 6)

[8], sequences, and extended to th&-2s3p transitions in the Be sequence [9, 10]. Within
the framework of 1Z perturbation theory, it is clear that the unscreened hydrogenic line
strength is also relevant to the highlimit of the alkaline-earth-like sequences, with two
caveats. First, there may be effects due to the lghsymptotic degeneracy of levels in
the same complex, which causes strong configuration mixing that is zeroth ordet,in 1/
such as between 2and 23 in the Be sequence. For alkali-like sequences, the hydrogenic
value of S, is independent of such asymptotic mixing, since levels of the same parity with
different¢ cannot have the samk Second, the relativistic effects are more complicated in
these two-electron spectra. For example the asymptotic degeneracy is now betﬁygen 2s
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and Zﬁ/z only, and the Breit interaction should be included. However, these relativistic
effects are not relevant to our analysis of the available data in the present case.

We report here an extension of the earlier preliminary study [5] of the Be-like228p
transitions that includes a comprehensive and critical evaluation of the available lifetime
data base, a comparison with recent theoretical calculations, an evaluation of the cépstant
using hydrogenic values with asymptotic configuration mixing, and data-based predictions
for these lifetimes forZ < 54.

2. Calculational formulation

For an unbranched = 0-1 transition, the line strength can be deduced from the upper
level lifetime T and the transition wavelengthusing

S = [A(A)/126538] 3/ (nS) . (3)

Theoretically, S is given to within angular factors by the square of the dipole transition
moment. For the Be sequence, to first order i e n = 2 intrashell transitions involve
asymptotic configuration mixing in thé = 0 ground level and intermediate coupling in the

J = 1 excited levels. Thus, except for the neutral end of the sequence, and subject to the
caveats stated above, the non-relativistic wavefunctions can be written in terms of mixing
angles¢ ando as

|Wo) = cosg |25° 'Sp) + sing 2p” *Sp) (4)
|W1) = cost |2s2p*P;) — sing |2s2p3Py) (5)
|W3) = sing |2s2pP;) + cosd [2s2p°Py) . (6)

The reduced matrix elements of the electric dipole operator for these basis states can all be
written in terms of the one-electron line strendih for the transition 2s-2p:

(28" 'Sp||d|[252p™Py) = v/2(25|d||2p) @

(27 'Solldl[252p*Py) = /2 (2plldII2s = —/2(2si|d][2p ®)

(217 'Sy||d][252p°Py) = 0 9)
with

Sy = (2sd|[2p)[. (10)

The minus sign in equation (8) is important as it leads to destructive interference in these
transition amplitudes at high:

S(Res = |(Wol|d||W1)|? = 2 cod 6 (v/3cosp — sing)2s, (11)
S(Int) = [(Wol|d||¥3)|? = 2si? 0 (V3 cosp — sing)®S,, . (12)

Two observations can be made. The first is that these approximations suggest that
the two line strengths have the ratifInt)/S(Res = tarfd. Thus they can be made
commensurate by defining effective mixing-reduced line strengtti®es and S,(Int) as

S;(Res = S(Reg/ cosH (13)

S;(Int) = S(Int)/ sirfe . (14)
The second observation is that at highboth matrix elements will approach the hydrogen-
like limit

Sr(Res = S(Int) = 2(v/3cosp — sing)?S,,/Z2. (15)
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Thus a systematization of the data can be achieved by determining the singlet—triplet mixing
angle® from energy level data for each member of the sequence, and by theoretically
calculating the non-relativistic highi-limit of the 2$—2 mixing angle¢.

A formalism for the specification of has already been developed. For a pusep
configuration in intermediate coupling,can be specified from the splittings among the four
energy levels. Since three energy intervals are specified by only two Slater parameters (the
exchange and spin—orbit energie)is overdetermined, and can be specified in alternative
ways that may not precisely agree if configuration interaction is present. If the measured
excitation energies of the levels are designated by their limifiSgcoupling symbolsPy,
3P, 3P, and*Py;, one way of prescribing the mixing angle has been suggested [5]

1 [3(3P1+1P1 —23%P) 1}
V2 2(3P, — 3Pyp) '
If configuration interaction were present, other reductionfée.g. using only two of the

three energy intervals) would be expected to disagree slightly from that of equation (16).

Disagreements between alternative reductiong tiius provide a test of the presence of
intermediate coupling. The Laédnterval rule, generalized to include intermediate coupling

3P, — 3P, 24 +/2tand
P1—3Py  1-—/2tand
conveniently provides such a test. The Landtio can be formed from the observed
triplet data alone, and compared with the results predicted for this ratid dxy obtained
from all four levels using equation (16). If this equality is satisfied to within experimental
uncertainties, it indicates that configuration interaction is either slight, or is taken into
account through the effective values of the mixing angle.
The highZ limiting value of the 2827 mixing was computed by diagonalizing
the 2x 2 matrix of the Coulomb repulsion using standard Slater-integral methods, with
unscreened hydrogenic radial wavefunctions, and the symbolic algebra package Maple [11],
with the resultp = 0.227 rad (13). Combining this with the: = 2, J = 1 value§,, = 27
obtained from equation (2) predicts the highasymptotes;,

Sh = 2(v/3cosp — sing)2s,, = 385. (18)

The linearizing exposition consists of reducing the measured and theoretically computed
lifetime data to values forS,(Res and S;(Int), examining them for the isoelectronic
behaviour given in equation (1), and comparing the higlrend with the value fors;,

given in equation (18). Thus one of the goals of this study was to determine the degree to
which the trend of empirical data displayed in this exposition approaches the value 38.5 in
the highZ limit.

cot(20) = +

(16)

(17)

3. Results

Transition wavelengths and empirical singlet-triplet mixing angles were deduced from
observed spectroscopic data sources [12-19] far4 <36, wavelengths were taken from

[19] for 37 < Z < 42, and the results were extrapolatedte= 54 using available theoretical
calculations [20]. The degree to which the single configuration model of the mixing angle
is valid was checked by computing the L&nihterval from both the observed data and the
mixing angle, according to equation (16). The results are shown in figure 1, and demonstrate
that for 6 < Z < 54 configuration interaction is either small, or else its inclusion in the
effective value of correctly describes its effect on the energy level data. Fordwel Bl
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the effects of configuration interaction become significant both because the singlet—triplet
mixing is itself small and because the central potential is less dominant. Sineéescagich

less sensitive than séhto discrepancies at small the mixing angle formulation describes

the resonance transition much better than the intercombination transition near the neutral end
of the sequence. Thus no lifetime predictions for the intercombination transitionslioBe

B 11 were made. Although one cannot rigourously preclude the existence of configuration
interaction effects that perturb the line strengths but not the energy levels, figure 1 clearly
indicates that the mixing angle formulation is very effective in describing this system.
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Figure 1. Plot of the Lané ratio P, —3P;)/(3PL—3Py) obtained:+, directly from the observed
levels; andO, through the single configuration model using equations (16) and (17).

In order to verify and extend the study made in [5], all available measured lifetime data
and quoted uncertainties for the resonance [21-60] and intercombination [61-66] transitions
were assembled and are listed in table 1. A weighted least-squares fit was attempted
which included all 47 data points in the resonance transition database. This yielded a
value x2 = 123 with 44 degrees of freedom, corresponding to an unacceptablyfow
probability. It can be seen from table 1 that this data base contains discrepancies that
cannot be resolved by the quoted uncertainties, and it was necessary to perform a critical
evaluation that rejects less reliable measurements on other grounds. To avoid biasing the
fit, we performed this evaluation in two steps, first selecting data for inclusion on the basis
of the analysis techniques used in the measurements, and then excluding data that exhibit
severe deviations from isoelectronic trends. The values selected can be identified by the
listing in table 1 of the corresponding value f&rs;.

In the evaluation of the resonance transition data, we favoured results that accounted
for cascade repopulation through the use of Akec method [67], or that in other ways
sought to provide realistic and small uncertainties. An exception occurred fox, Al
where a measurement [52] that reportedly ussdc methods yielded a lifetime that was
significantly longer than that indicated by the isoelectronic trend. Generally the more recent
measurements were selected, particularly when earlier measurements disagreed and had
unrealistically small quoted uncertainties. Both of the available measurementsor Cl
were well off the isoelectronic trend and were rejected. In the case of the intercombination
transition data, the only measurements available forZoare for Cii [61, 62], and concerns
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Table 1. Database for Be-like 2s2p3P; lifetimes (in seconds). The value fa@#2s, is listed
for the entries critically selected for inclusion in the plot and fits.

Resonance Intercombination
Z lon 1t Obs.(Unc.) [Ref]  Z2s; 7 Obs.(Unc.) [Ref] Z2s;
4 Be 23(1)x107° [21]2
2.05(6) x 1079 [22]2
1.80(15 x 10°°  [23]2
1.85(7) x 10°° [24] 166(6)
5 B 9.0(20) x 10710 [25]2
1.15(10) x 10°°  [26]2
9.9(5) x 10710 [2712
1.17(7) x 107° [28]2
8.6(7) x 10710 [29]P 109(9)
6 C 66(3) x 10710 [30]2 1.3(4) x 102 [61]2
6.4(6) x 10710 [31]2 8.3(5) x 1073 [62]2
6.6(7) x 10710 [32]2 9.6(4) x 1073 [72]°  68(3)
5.0(3) x 10710 [33]2 9.7(3) x 1073 [731°  67(2)
5.7(2) x 10710 [34]° 87(3)
7 N 538 x107% 352 1.72(3x1073 [74°  58(1)
5.3(8) x 10710 [36]2
43922 x 10710 [37)2
4.6(9) x 10710 [38]2
5.0(3) x 10710 [33]2
4.25(15) x 10710 [39]° 76(3)
5.0(7) x 10710 [40]2
8 O 43(5) x 10710 [4112
412(17) x 10710 [42)2
3.8(2) x 10710 [43]2
4.9(5) x 10710 [4412
3.6(4) x 10710 [45]2
3.38(15) x 10710 [39]° 70(3)
9 F 372 x1071 [46]
3.1(4) x 10710 [47] 59(8)
10 Ne 29(2) x 10710 [48)2
2.41(25) x 10710 [42)2
2.32(37) x 10710 [49] 64(10)
12 Mg 190(15) x 1010  [50] 56(4)
13 Al 17515 x 10710 [50] 53(5)
1.9(3) x 10710 [51]2
1.92(15) x 10710 [52]2P
14 Si 155(10) x 10710 [53]2
1.8(1) x 10710 [54]2
1.50(12) x 10710 [50] 54(4)
15 P 14510)x 1071 [55]
1.40(10) x 10710 [50] 51(4)
16 S 157(16) x 10710 [56]2
1.30(15 x 10710 [50] 49(6)
17 CI  153) x 10710 5712
14(1) x 1x~10 [58]2
26 Fe 51(5)x 101t [59] 47(5)  13(4) x 1078 [63]2
36  Kr 175015 x 10711 [60] 47(4)  23(3) x 107° [64] 39(5)
2.54(24) x 10°°  [65]2
54 Xe 47(5) x 10710 [66] 36(4)

a Excluded from plot.
b anDC cascade analysis.
¢ Precise theoretical calculation.
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Table 2. Lifetime predictions (in seconds) obtained by fitting equation (1) to measured data.

Resonance (s) Intercombinationr (s)
z »(A) Pred. Oobs A (A Pred. Oobs sin 6
4 23493 1850x 109 1.85(7) x 10°° 45499 — 0.000 069
5 13625 81x1010 86(7) x 10710 26779 — 0.000 282
6 977.0 569x 10710 572 x 10710 1908.7 977x103 9.7(3) x 102  0.000755
7 765.1  427x 10710 42515 x 10710 14865 171x10%  1.72(3) x 103  0.001539
8 629.7 342x 1010 33815 x 10710 12184 429x 1074 0.002723
9 535.2 285x 10710 31(4) x 10710 1032.5 136x 1074 0.004 382
10 4652 244x1010 23237 x1010 8952 501x10° 0.006 624
11 4112 23x1010 789.8 212x10° 0.009 47
12 368.1 188x 10710 19315 x 10710 706.0 984x10°© 0.01300
13 3328 168x 1010 19215 x 1010 637.8 491x10°° 0.01735
14 3033 151x1010 15012 x1010 5809 262x10° 0.02248
15 2783 137x 10710 140100 x 1010 5328 146x 10°° 0.02856
16 2567 125x10°10 13015 x1010 4915 853x 107 0.03559
17 2378 14x1010  141) x10°1°0 4555 518x 1077 0.04360
18 2211 104x 10710 4240 327x10°7 0.05249
19 2062 BH3x1011 396.0 213x10°7 0.06231
20 1929 s4x1o01 371.0 141x10°7 0.07358
21 180.7 82x 101 3486 958x 1078 0.08555
22 1696 M@6x101 328.3 669x 1078 0.09843
23 1593 675x 101 309.9 475x10°8 0.1124
24 1499 618x 101 293.2 343x10°8 0.1273
25 1411 %66x 1011 2778 254x 1078 0.1427
26 1329 517x101 515)x10°1 263.8 190x 1078 0.1591
27 1252 471x 101 250.8 146x 1078 0.1755
28 1180 430x 101 238.8 113x10°8 0.1924
29 1112 490x 1011 227.8 888x10°° 0.2098
30 1047 3H3x104 217.7 712x10°° 0.2268
31 98.58 319x 1071 208.2 577x107° 0.2440
32 9290 288x 1071 199.4 472x 10°° 0.2613
33 87.35 258x 1071 191.3 394x 1079 0.2777
34 8229 232x 101 183.6 330x 10°° 0.2943
35 7728 207x 101 176.7 283x 10°° 0.3096
36 7276 185x 1011 17515 x 1011 169.8 242x10° 23(3)x10° 0.3252
37 68.38 164x 10711 163.6 210x 10°° 0.3392
38 64.25 145x 101 157.8 185x 10°° 0.3518
39 60.34 127x101 152.3 165x 10°° 0.3636
40 56.65 112x 10711 147.2 147x 10°° 0.3754
41 53.18 9B9x 1012 142.4 131x 1079 0.3877
42 49.90 80x 10712 137.8 117x 10° 0.4007
43 46.91 777 x 10712 133.4 106x 1079 0.4122
44 44.04 681x 10712 129.4 961x 10710 0.4222
45 4129 594x 10712 1255 883x 10710 0.4309
46 38.70 516x 10712 121.9 816x 10710 0.4389
47 36.26 448 x 10712 118.4 756x 10710 0.4463
48 33.98 388x 10712 115.0 701x 1010 0.4537
49 31.87 B7x 10712 111.8 651x 10710 0.4608
50 29.91 293x 10712 108.6 605x 1010 0.4673
51 28.09 255x 10712 105.6 564 x 10710 0.4735
52 26.38 21x 10712 102.8 429x 10710 0.4793
53 24.78 192 x 10712 100.3 500x 10710 0.4850
54 23.27 167 x 10712 98.1 474x 10710 47(5)x 10719 0.4905

2 Observed values as critically selected in table 1.
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have been raised [72, 73] that both of these measurements lie outside theoretical error
bounds. Since highly precise calculations forn @72, 73] and for Nv [74] (which include

error bounds) have recently been made, we have here utilized these theoretical values in
place of experimental measurements. Foix¥ie the measured value was far off the
isoelectronic trend and was rejected. With this critical evaluation, the database differs from
that used in [5] forZ = 9 and 36 for the resonance transitions &he: 6, 7 and 26 for the
intercombination line.

These values are displayed plotted against the reciprocal screened charge in figure 2. The
trend of the experimental points is compared with recent precise theoretical calculations ([70]
for the resonance transitions and [71] for the intercombination transitions). It is clear that
the highZ trend of both the data and the calculations is consistent with the non-relativistic
asymptotic values/, = 385.
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Figure 2. Plot of the charge-scaled reduced line strength versus the reciprocal screened charge.
The symbols denote measured values for the resonarjcangd intercombination®) transitions.

The curves trace theoretical calculations for the resonance (——) and intercombinatior) (
transitions. The non-relativistic Z/=> 0 limit is indicated by ¢).

A linear fit was performed to both sets of data. The fits yielSgd= 40.01, B = 1519,

C = 2.8, with x?> = 1.6 (14 data points and three fitting parameters) for the resonance
transition data, andy = 33.66, B = 1053 (using the same value @f), with x2 = 0.49

(five data points and two fitting parameters) for the intercombination line. These fits were
used to produce the smoothed and interpolated values f9rZ < 54 that are given in
table 2, together with the transition wavelengths and the singlet—triplet mixing angles. This
critical compilation and fitting confirms the values for the resonance transition reported in
[5], and corrects values for low- members for the intercombination transition reported in
[5] that were affected by the use of a crucial but imprecise measurementifof6C].

The accuracy of these predictions is dependent not only on the precision of the fit, but
also on the validity of the linearity expressed in equation (1), the correctness of the quoted
uncertainties in the database, and the judgement we have exercised in making our critical
selection within the database. At the neutral end of the sequence it is cleabtlvatio
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theoretical methods can provide accuracies within 1% or better (e.g. the calculations of
Weiss [68] for Bel and Bl and of Godefroidet al [69] for B 1), and that higher order
terms in ¥ (Z — C) could distort the linearity of equation (1) at lo#. Similarly, at very

high Z relativistic mixing could distort the value of the non-relativistic lin#its, = 38.5.
However, in the range 268 Z < 54, the linear empirical trends in this exposition appear
to offer predictive capabilities of within 10% or better, which could be improved as more
precise measurements become available.

4. Conclusions

The utilitarian value of this systematization in critically evaluating, smoothing, and
extrapolating line strength data for this system is manifested by the degree to which the
mixing angle reduction reproduces the overdetermined energy intervals in figure 1 and by
the nearly linear regularity of the reduced line strength exposition in figure 2. Moreover,
the clear tendency for both the experimental and theoretical data to approach the asymptotic
configuration-mixed hydrogen limit at highsuggests that a few very precise measurements

at lower Z could be extrapolated to relatively high with predictive accuracy. Since
these highZ lifetimes are too short for time-of-flight methods and too long for linewidth
studies, empirical extrapolations are valuable. For very tighrelativistic effects must

be considered. A procedure for including relativistic corrections to the hydrogen-like
calculation has already been applied [4] to the alkali-like sequences. At veryZhsjhilar
corrections must also be made here, as well as an evaluation of the relativistic limit of
the ground-state configuration mixing. The linearity of this systematization can be further
tested and the accuracy of its predictions can be refined as additional measurements become
available.

Acknowledgment

The work was supported by the US Department of Energy, Office of Basic Energy Sciences,
Division of Chemical Sciences, under grant no DE-FG02-94ER14461.

References

[1] Edléen B 1979Phys. Scrl7 565
[2] Reistad N and Martinson | 198Bhys. RevA 54 2632
[3] Trabert E 198&. Phys.D 9 143
[4] Curtis L J, Ellis D G and Martinson | 199%hys. RevA 51 251
[5] Curtis L J 1991Phys. Scr43 137
[6] Curtis L J 1992J. Opt. Soc. AmB 9 5
[7] Trabert E and CursiL J 1993Phys. Scr48 586
[8] Curtis L J 1993J. Phys. B: At. Mol. Opt. Phy26 L589
[9] Curtis L J 1992J. Phys. B: At. Mol. Opt. Phy5 1427
[10] Curtis L Jet al 1995Phys. RevA 51 4575
[11] Maple Reference ManugéWaterloo, Ontario: WATCOM)
[12] Johansson L 1962Ark. Fys.23 119
[13] Olme A 1970Phys. Scrl 256
[14] Bockasten K 195%rk. Fys.9 457
[15] Hallin R 1966Ark. Fys.32 201
[16] Bockasten K and Johanss& B 1968 Ark. Fys.38 563
[17] Engstdm L 1985Phys. Scr31 379
[18] Edlén B 1983Phys. Scr28 51



[19]
[20]
(21]
[22]
(23]
[24]
(25]
(26]
[27]
(28]
[29]
(30]
(31]
(32]
(33]
(34]
(35]
(36]
(37]
(38]
(39]

(40]
(41]
(42]
(43]
(44]
[45]
[46]
[47]
(48]
(49]
(50]
(51]
(52]

(53]
[54]

[55]
[56]

(57]
(58]
(59]
(60]
(61]
(62]
(63]
(64]

(65]

Systematization of Be-like line strengths 653

Denne B, Magyar G and Jacquinot J 1988ys. RevA 40 3702

Cheng K-T, Kim Y-K and DesclauJ P 1979At. Data Nucl. Data Tableg4 11

Andersen T, JesseK A and Sgrensen G 196%hys. Rev188 7681

Bergstbm |, Bromander J, Buchta R, Lundin L and Martinson | 198%s. Lett28A 721

Hontzeas S, Martinson |, Erman P and Buchta R 1Bf¢s. Scr6 55

Martinson I, Gaupp A and CusilL J 1974J. Phys. B: At. Mol. Phys? L463

Lawrence G and SavagB D 1966Phys. Rev14167

Martinson |, Bické W S and®lme A 1970J. Opt. Soc. Am60 1213

Bromander J 197Phys. Scr4 61

Kernahan J A, Pinnington E H, LivingsioA E and Irwh D J G1975Phys. Scrl12 319

Bashkin S, Mcintyre L C, v Buttlar H, Ekbgrd O and Martinson | 198Blucl. Instrum Method8 9 593

Heroux L 1969Phys. Rev180 1

Pouliza& M C and BucheJ P 1971Phys. Scr4 191

Buchet-Pouliza M C and BucheJ P 1973Phys. Scr8 40

Charg M W 1977 Astrophys. J211 300

Reistad N, Hutton R, Nilsson A E, Martinson | and Mannervik S 198fs. Scr34 151

Berry H G, Bickel W S, Bashkin S, &esquelles J and Schectnia M 1971J. Opt. Soc. Am61 947

Buchet J P, PoulizaM C and Carre M 19732. Opt. Soc. Am62 623

Kernahan J A, Livingsto A E and Pinningto E H 1974Can. J. Phys52 1895

Dumont P D, Bemont E and Grevesse N 1934Quant. Spectrosc. Radiat. Transfiet 1127

Engstom L, Denne B, Ekberg J O, Jones K W, &apC, LitZn U, Meng W T, Trigueiros A and Martinson
1 1981 Phys. Scr24 551

Ishii K, Suzuki, M and Takahashi, J 1985 Phys. Japarb4 3742

Martinson |, Berry H G, BickeW S and Oona H 1971. Opt. Soc. Am61 519

Irwin D J G, Livingston A E and Kernaha J A 1973Nucl. Instrum. Method410 105

Pinnington E H, Irvh D J G, Livingston A E and Kernaha J A 1974Can. J. Phys52 1961

Knystauta E J and Drouin R 1973. Phys. B: At. Mol. Phys8 2001

Buchet J P, Buchet-PoulizaV C and Druetta M 1978. Opt. Soc. Am66 842

Barrette L and Drouin R 1978an. J. Spectroscl8 50

Knystautas E J, Buchet-Poulizac M C, ButleP and Druetta M 1979. Opt. Soc. Am69 474

Beauchemin G, Kernahan J A, ImvD G J andDrouin R 1972Phys. Lett40A 194

Irwin D J G, Livingston A E and Kernaha J A 1973Can. J. Phys51 1948

Trabert E and HeckmanP H 1980Phys. Scr22 489

Druetta M, Jacques C and Knystasita J 1983J. Phys. B: At. Mol. Physl6 167

Ando K, Kohmoto S, Awaya Y, Kumagai H, Tonuma T and Tsurubuchi S 1988l. Instrum Method8 33
239

Trabert E, Heckmam P H and v Buttlar H 197Z. Phys.A 281 333

Pegg D J, Griffin P M, Alton G D, Elston S B, Forester J P, Suter M,elRoS and Vane C R 1978hys.
Scr.1818

Trabert E and HeckmanP H 1981Phys. Scr21 35

Pegg D J, Forester J P, Vane C R, Elston S B, Griffin P M, Groeneveld K-O, Peterson R&SRThand
Sellin | A 1977 Phys. RevA 151958

Forester J P, Pegg D J, Griffin P M, Alton G D, Elston S B, Hayden H C, Thoe R & @aR and Wright
J J 1978Phys. RevA 18 1476

Kawatsura K, Sataka M, Ootuka A, Komaki K, Naramoto H, Ozawa K, Nakai Y and Fujimoto F @8I
Instrum. MethodsA 262 150

Buchet J P, Buchet-Poulizac M C, Denis Aégesquelles J, Druetta M, Grandin J P, Huet M, Husson X and
Lecler D 1984Phys. RevA 30 309

Trabert E, Doerfert J, Granzow JuBner R, Brauckhoff J, Nicolai M, Schartner K-H, Folkmann F and
Mokler P H 1995Phys. Lett.202A 91

Smith P L, Johnson B C, KwanH S and ParkingoW H 1984Phys. Scr.T 8 88

Kwong V H S, Fang Z, Gibbons T T, ParkinedN H and Smih P L 1993Astrophys. J411431

Dietrich D D, Leavitt J A, Bashkin S, Conway J G, Gould H, MacDonald D, Marrus R, JohBsbl and
Pegg D J 197%hys. RevA 18 208

Dietrich D D, Leavitt J A, Gould H and Marrus R 198thys. RevA 22 1109
Dietrich D D and Leavit J A 1979J. Physique (Colloque CH§0 217

Livingston A E, Kukla K W, Vogel Vogt C M, Berry H G, Dunford R W, CustiL J and Cheng S 199%ull.
Am. Phys. Soct0 1324



654 L J Curtis ard D G Ellis

[66] Moller G, Trabert E, Lodwig V, Wagner C, Heckmann P H, Blanke J H, LivingsfoE and Mokler P H
1989Z. Phys.D 11 333

[67] Curtis L J, Bery H G and Bromander J 197Rhys. Lett.34A 169

[68] Weiss A W 1995Phys. RevA 51 1067

[69] Godefroid M, Olsen J,éhsson P and Froese Fischer C 19gfrophys. J450473

[70] Fleming J, Vaeck N, Hibbert A and GodefdoM R 1995Phys. Scrat press

[71] Ynnerman A and Froese Fischer C 199Bys. RevA 51 2020

[72] Fleming J, Hibbert A and StaffdrR P 1994Phys. Scr49 316

[73] Froese Fischer C 199hys. Scr49 323

[74] Fleming J, Brage T, Bell K L, Vaeck N, Hibbert A, Godefroid M and Froese Fischer C 2&8%phys. J.
at press



