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Measurements of the ground-state ionization energy and wavelengths
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The wavelengths of thesf 'S,—1snp®P; (n=6-12) transitions in He-like Aki have been measured in
laser-produced and pinch plasmas. The accuracy of the present measurer@e8ts0.5 mA is a severalfold
improvement over previous results. In addition, the resonance transitions from tRg afd 12'P, levels of
He-like Al xii are observed. Finally, the Rydberg series is used to determine the ground-state ionization energy
of Al xi1, with a precision of 50 parts per million. This method gi\gg,=2085.98-0.10 eV. These experi-
mental results are compared with theoretical data calculated by several different methods.
[S1050-294{@6)10111-9

PACS numbe(s): 32.30.Rj, 32.10.Hg, 12.20.Fv

I. INTRODUCTION energies of then=1 andn=2 states of He-like ions for all
of the elements betweed=2-100. Plante, Johnson, and
Precision measurements of transition energies providSapirstein 6] employed an all-order, relativistic many-body
valuable tests of the theoretical methods for calculatingperturbation technique to treat the effects of electron corre-
atomic structure. For one-electron ions, the theory is basefhtion, while retaining the QED corrections calculated3h
on the Dirac equation with quantum electrodynat@QED) Finally, Cheng etal. [7] used large-scale relativistic
effects treated by perturbation thedrj]. This approach is configuration-interaction calculations, and treated QED cor-
well understood and has been experimentally verified evenections using the techniques [i8]. These calculations use
for high-Z ions. However, no standard theoretical frameworkdifferent approximations and computational techniques, and
has been developed for multielectron ions, which exhibit adsome of the high-order terms remain to be calculated. Thus,
ditional effects of electron correlation and many-body QED.experimental tests of the theory are required.
Theoretical and experimental studies of two-electron ions, The largest effects of electron correlation and QED occur
the simplest multielectron system, have formed the basis foior the 1s orbital. Most of the experimental tests of atomic
many of the recent advances in understanding atomic strustructure calculations for two-electron ions have measured
ture. In addition, heliumlike transitions have been used a:m=2-2 transitions, for which the slcontributions largely
reference lines to determine accurate wavelengths of transtancel. There have also been precision measurements of
tions in other multielectron ions. Thesi!'Sy—1snp!P;  n=2-1 transition§9—17), but these transition energies con-
Rydberg series naturally provide a set of closely spaced trartain significant correlation and QED terms for both the 1
sitions useful for this purposg]. This provides a further andn=2 orbitals. Because the correlation and QED contri-
need for accurate wavelengths of He-like transitions. butions drop rapidly withn, measurements of ground-state
The theory of atomic structure of two-electron ions hastransitions from high levels directly test theoretical calcu-
been advanced considerably by the development of nevations of the ground-state ionization energy. Precision mea-
computational techniques. The early calculations of Accadsurements of several members of thtSg—n'P; Rydberg
Pekeris, and Schiff3] used variational techniques that pro- series were measured in Refd4,18,19. These measure-
vided an accurate description of the low-lying energy levelaments may be used to extract the ground-state ionization
of light He-like ions. Recently, severab initio methods energy, as in Ref.18]. Measurements of ionization energies
have been used to determine term energies for the grourfdr low- and mediumZ ions help separate the correlation
and n=2 states for all He-like ions wittz<100. Boiko  energy from the QED corrections, which are more dominant
et al. used 1Z expansion methods with QED corrections to in high-Z ions.
calculate singlet and triplet states with angular momenta Wavelength measurements of thésg,—n 1P1 transitions
<2, andn<9. The results are summarized[#]. The uni- from highly excited 6=5) He-like states—especially for
fied method, developed by Drakg], combined variational low-Z ions—are hindered by two effects: the low intensities
techniques with a relativistic Z/ expansion to calculate the of these transitions in equilibrium plasma and their broaden-
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ing by plasma microfields at intermediate and high densities.
In nearly steady-state plasma sources, the populations of the |
highly excited states drop quickly with, making accurate
measurements of these transitions difficult. The line intensi-
ties increase with density, but enhanced linewidths and back-
ground continuum emission make it difficult to identify the
transitions and increase the uncertainty in the measured
wavelengths. Thus, the plasma sour@escuum sparks, tok- Al target 1s-3p H-like AIXIII
amaks, dense laser-produced plasma, and recently electron- 1s2-1snp He-like Al X
beam ion trapsconventionally used to investigate emission he 1211 10 9 8 ; 6
from multiply charged ions do not readily lend themselves to
measurements of hightransitions with an accuracy compa-

rable to that of the theoretical calculations.

Different excitation mechanisms govern the line emission b)
produced in nonstationary, recombining plasma. Here, the
dependence of populations arhas a nonmonotonic charac-
ter. The lines emitted from such a plasma may be narrow
(because the density is I9ywyet intense because of the effi-

cient pumping of the higlm levels by three-body recombi-
nation in a low-temperature, overionized plasma. Such a re-

. ; . c)
combining plasma can be obtained in the process of

expansion of a laser-produced plasma, or during the decay of L . o
plasma micropinches. The present work uses these two 6.00 6.05 6.10 A
E(Lif)r::nts %L;/rgsgr ;osg:,;/eessg?al_'tg_ltiig ergr:ﬁrs;]m%nnss 0};\ tfr(])((a:u s- FIG. 1. (a) Schematic of the experimental arrangement for the
. . . ) - laser-produced plasma experimerts; emission spectrum of alu-
ing, spatially resolving crystal spectrometer was used to iNcinum transitions in the 5.95-6.13 A region obtain by the
crease the measured line intensities and separate the emissjafs 1 spectrograph withre= 186 mm: (c) image of the film

of the lower density, recombining plasma from the emissiony, ;. ihe spectrograph. '

from the hot, dense interaction region. These higtiansi-

tions were used to infer the ionization energy of thexAl ) ) ) -
ground state. point, namely the point where the wires cross. In addition,

due to the possibility of easy flow of material from the hot
spot of theX pinch, higher specific plasma parameters can be
Il. EXPERIMENTAL ARRANGEMENT achieved than in the case of single wires. In these experi-
i . o ments, 35um diam. aluminum wires were used.
Thg expenmental '|nvest|gat|qns were condu_cted at tWwo | poth cases, the plasma x-ray spectra were measured by
experimental installations. The first set of experiments Wergqcusing spherical crystal spectrometer with one-dimensional

performed at the Nd-glass laser facility at the Institute Ofspatial resolutiofFSSR-1D spectrograph25—2§ contain-
Plasma Physics and Laser Microfusion in Warsaw, Polan g a mica crystal bent to form a sphere of radii; ¥here

[20,21). This laser produces pulses of 6-15 Janditl NS s the radius of the Rowland circle. The general experi-
pulse duration. The laser radiation was focused on solid alu-

minum targets to form a spot 100-12em in diameter.
Thus, the laser intensity on the target was abodt Wcn?. 1s-4p H-like Al Xl 1s-3p
A scheme for the experiments is shown in Fig. 1, and experi- 5 1s?-1snp He-like Al XII n- 109 8 |7
mental spectra collected from the laser-produced plasma ex rT 1 T
periments are shown in Figs. 1 and 2.

The second set of experiments were conducted at the
pulsed power generator BIN22-24, operated at the P.N.
Lebedev Physical Institute in Moscow, Russia. The fast-
pulse storage bank consists of a Marx generator, an interme
diate capacitor, a single pulse forming line and a vacuum
diode. The elements were switched by gas spark gaps. The
energy storage of the pulse forming line was 3.25 kJ at a b)
charging voltage of 600 kV. The short-circuit output ex-

Spherically

ceeded 270 kA. In experiments with a plasma load, the diode ' oii 4 ‘ ‘
current reached 250 KA with a pulse of approximately 100 NS | —

duration between the points with 10% of the maximum cur- 575 580 585 590 595 6.00 6.05 A
rent.

The loads for the vacuum diode consisted of thin metal F|G. 2. (a) Spectra emitted in the aluminum laser-produced
wires, spanning the 10—15 mm gap between the cathode afhsma experiments in the spectral region from 5.73-6.06 A, mea-
anode, as shown in Fig. 3. In contrast to the cases of a singkaired with the ®=100 mm FSSR-1D spectrograpfty) an image
wire or a liner, the hot, dense plasma is created at a fixedf the film from the spectrograph.
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low-density regions used for the wavelength measurements,
the plasma density shifts are very small, much smaller than
the linewidths. These regions also have low temperatures and
the satellite lines are not effectively excited. While ground-
state transitions are easily produced in an overionized plasma
by recombination processes at any temperature, the multiply
excited satellite levels are produced by processes that have
. 1s-8p H-like AIXIII large energy thresholds and are suppressed at low tempera-
1s2-1snp He-like Al XII tures. At the distances from the point of plasma creation
where these spectra were emitted, no satellite lines were ob-
served. The shifts induced by plasma motion were limited
because the viewing angle of the spectrometer was almost
perpendicular to the main direction of motion. In addition,
the spectra were calibrated by H-like reference lines emitted
from the same plasma region as the transitions we investi-
gated. Any residual doppler shifts would largely cancel.
Thus, the linewidths are the main limitation on the precision
of these measurements.

n=12 11 10 9 8 7 6

L=

IIl. RESULTS AND DISCUSSION

: The wavelength measurements of thkSg—n 1P, Al xii
1 - - lines were carried out in two steps. First, the wavelengths of
6.00 6.05 6.10 A the transitions fom=7-10 were measured using the spec-
trum from the laser-produced plasma shown in Fig. 2. In this
FIG. 3. (@) Schematic of the experimental arrangement for theProcedure the Lymag-and Lymany Al xiil lines were used
x-pinch experiments(b) aluminum emission spectrum measured by as reference lines and the dispersion function of FSSR-ID
the FSSR-1D spectrograph witlR2 100 mm;(c) an image of the ~ spectrograph was taken in quasi-Johann form:
film from the spectrograph.

N\ =2d(1+x/a;)cogx/2R), (D)
mental schemes are presented in Figs. 1 and 3. The x-ray

spectra were registered with one-dimensional resolution owhere A is the interplanar crystal spacing,the order of
Kodak DEF x-ray film placed on the Rowland circle. In the reflection, x the position on the film, and the multiplier
laser-produced plasma experiments, we used two differer{tLl+x/a;) corrects for the deflection of the film from the
FSSR-1D spectrographs, one hd®=2100 mm and the other Rowland circle, with parametea,; determined from the
had 2R=186 mm. The distances between the plasma anevavelengths of the reference lines. The reference line wave-
spherically bent crystal were 173 and 255 mm, respectivelylengths were taken from the calculations[#. The uncer-
In the X-pinch experiments, a spectrograph witR2100 tainty of these calculated wavelengths is aba@® 007 mA,
mm placed at a distance of 137 mm from tginch plasma much smaller than the experimental precisiondd.3-0.5
was used. The experimental spectra are presented in FignA. The experimental accuracy at this step was limited
1-3. These spectra contain high members of the resonanceainly by the widths of the observed spectral lines, because
series £S,—n'P; (n=7-10 for Fig. 2, anch=6—-12 for  the Lymang and Lymany Al xiii reference lines were emit-
Figs. 1 and 3 and the H-like Al Lyman-8 line ted mainly from relatively dense plasma regions. The mea-
(1s?S-3p2P). The spectrum measured from the laser-sured wavelength values are presented in column e of Table
produced plasma with theR=100 mm spectrograpfsee |.
Fig. 2) also contains the Lyman-line (1s2S—4p?2P) of In the second step, spectra obtained by tRe=286 mm
Al X . spectrograph in laser-produced plas(fég. 1) and by the
The one-dimensional images of the plasma emission re2R=100 mm spectrograph iX-pinch (Fig. 3) were ana-
produced in Figs. 1-3 show that the regions of plasma crelyzed. These spectra were calibrated using the wavelengths
ation (the target surface for the laser-produced plasma or thef the 1*Sy— 7P, , 11S,-8'P,, 11S,—10'P,, as reference
cross point for theX-pinch) emit wide spectral lines. The values; the wavelengths of '$,-8'P;, 1!'S,—-9'P,,
spectra emitted by these spatial regions are not suitable fdr'S,—11'P,, and 1!S,—12'P, spectral lines were mea-
accurate wavelength measurements. The use of space resabured. The dispersion function was as in Eg, however the
ing and highly luminous FSSR-1D spectrographs allowed usise of three reference lines allowed the quadratic term in the
to observe the spectra radiated from the low-density plasmfim deflection correction (% x/a;+x?/a,) to be taken into
regions, where the spectral linewidths were small enouglaccount. This additional correction had only a minor effect.
(about 3 mA that wavelength measurements with a relativeThe accuracies of these measured wavelengths were limited
accuracyAN\~(5—-8x10~° were possible. by the accuracies of the reference wavelengths, except for
We conclude this section with a discussion of the potenthe values for the iS,—11'P; and 1'S,—12'P, transi-
tial sources of line shifts that could influence the precision oftions, which were limited by their linewidths. The results of
the measurements. These include shifts induced by higthese measurements are presented in columns f and g of
plasma density, high- satellites, or plasma motion. In the Table | for laser-produced plasma aXdpinch plasma ex-
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TABLE I. Theoretical and experimental wavelengths of resonance transitions»of ahd Alxii ions.

Theory wavelengthgA) Experimental wavelengthdd)
lon Transition A2 AP AS ¢ A\E Af A9
Al Xl 4p2Pgy, 11528, 5.739 27 5.739 27
Al xii 1s12ptp;-1s?1ls, 5.98272 5.982 71 598270  5.982 7155
Al xi 1s11p'P;-1s?1s,  5.99019 5.990 18 5.989 @0)  5.990 2355)
Al xii 1s10p!P;-1s?1s,  6.00003 6.00004 6.00003  6.000(36)  6.000 35 6.000 3%
Al xil 1s9p1P,-1s%1s, 6.01340  6.01340 6.01340 6.01340  6.0184Df4 6.0132340)  6.013 4040
Al xil 1s8piP;—1s%1s, 6.03217  6.03219 6.03219 6.03218  6.03285 6.03255 6.032 5%
Al xii 3p2Pgy, 1528, 6.052 9f 6.052 91 6.052 8240)
Al xil 1s7plP,-1s%1g, 6.05976  6.059 76 6.05979  6.05978  6.06080F  6.060 07 6.060 07
Al xi 1s6p 1P;—1s%1s, 6.10276  6.10276 6.10282  6.10279 6.102481  6.102 7940)

3Present calculations.

®Calculations from Ref[2].

Calculations from Ref{14].

dQuantum-defect approximation used to extend data from [Réf.
€Experiment with laser-produced plasrt2R=100 mm spectrograph
fExperiment with laser-produced plasi2R=186 mm spectrograph
9Experiment withX-pinch plasma.

hStatistically weighted for doublet lines.

'Used as reference lines.

periments, respectively. There is very good agreement bédrake’s ground-state ionization energy6 824 529 crn?),

tween the different experimental measurements. which is almost identical to the valuglé 824 530 cm?)
Theoretical wavelength calculations obtained by severabbtained in Ref[4].

different methods for the 4S,—n P, (n=6-12) transitions The Rydberg series of'B,—n P, transitions in He-like

are presented in Table I. The largest inaccuracies in thesgl can be used to derive the ground-state ionization energy,

calculations arise from the effects of electron correlation andising a procedure similar {d.8]. Following Martin[33], the

QED. Since these effects are quite small for tlsmfp states measured wavelengths for the Rydberg series were fit to an

with n=6, the theoretical uncertainty is dominated by theexpression:

ground-state energy calculation. The wavelength values in

column a were derived from Drake[§] ground-state ioniza- 1 E Ry(Z-1)? 2
tion energy and excited-state term energies obtained from the An 9" (n—a—-b/n?)?’ @

relativistic, multiconfiguration parametric potential atomic
structure code RELAJ29]. In this code the radial wave whereE,,, is the ground-state ionization enerdyy is the
functions are calculated assuming the electrons move in Rydberg constant for AXil, anda andb are parameters in a
central potential, which is an analytic function of screeningquantum defect fit to the measured wavelengths. Following
parameters. These parameters are determined by minimiziriRef.[5], the valueR,= 109 735.0840 cm' was adopted. For
the first-order relativistic energy of the excited configura-the transitions which were independently measured, the three
tions. The self-energy is scaled from results of M¢BO]  sets of wavelength measurements listed in Table | were com-
and Ericksor{31] using an effective charge for each orbital bined. Because the=6 transitions are insensitive to the
that would reproduce the average radius in a hydrogenic calalue of b in Eqg. (2), the wavelengths measured in the
culation. The Breit interaction is included in the long wave-present experiments were supplemented with the value
length limit. A=7.7573 for the 1S,—2'P; transition[35], to constrain
Column b in Table | presents calculations from Reff  the value ofb obtained by the fitting procedure to physically
for the transitions with 66n<9. These were obtained from a reasonable values. The ionization energy obtained by this
1/Z expansion method, including relativistic and QED ef- method was unaffected by variations of this2—1 wave-
fects. Results from Ref32] for 6<n=<10 are given in col- length as large as tens of milliangstroms.
umn c. These wavelengths were obtained from a series for- The ionization energy obtained from fitting the experi-
mula[33] derived from Drake's calculations for the=1,2  mental wavelengths to E¢2) is compared to several theo-
levels[5] and term energies from Ermolaev and Jof®&4 retical calculations in Table Il. Also shown are the experi-
for n=3-5. Finally, the calculations from column b were mental transition energies obtained by combining the three
extended to highen by fitting the data from Ref[4] to  experimental measurements, and the transitions energies
obtain then dependence of the quantum defect. The wavegiven by Eq.(2). The deduced ionization energy, 16 824 520
lengths obtained by this procedure are given in column d. +800 cni® (2085.98-0.100 eVf agrees well with the theo-
As shown in Table I, there is a very good agreementetical values. The experimental uncertainty is dominated by
between the different sets of theoretical wavelengths. This ithe uncertainty in the wavelength calibration. This experi-
because the present work and the values of Martin both usedental uncertainty is roughly 30% of the QED correction
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TABLE Il. Ground-state ionization energy and excitation energies oflALsnpP; levels.

. Theory

Experiment (1000 cm'Y)

(1000 cm'})
LeveP Eexptb EtheorC Efitd Eione Eionf Eiong Eionh
1s6p 1P, 16 385.9(0.5) 16 386.0 16 385.6
1s7p P, 16 501.5(0.6) 16 502.3 16 502.0
1s8p P, 16 576.7(0.9) 16 577.8 16 577.6
1s9p P, 16 629.9(0.49) 16 629.5 16 629.4
1s10p *P, 16 665.7(0.9) 16 666.6 16 666.5
1s11p P, 16 694.4(0.7) 16 694.0 16 693.9
1s12p P, 16 714.7(0.7) 16 714.8 16 714.8
Eion 16 824.52(0.80 16 824.530 16 824.529 16 824.542 16 824.584

@Upper state of ground-state excitatidf),,, is ground-state ionization energy.

®Experimental energies obtained by combining measurements in Table I: Valig, fds extracted as described in text. The numbers in
parentheses are experimental uncertainties.

“Theoretical energies from present calculations.

YEnergies obtained by fitting experimental energies with(B. The number in parentheses afgg, value is the experimental uncertainty.
€lonization energy from Ref4].

flonization energy from Ref5].

9Yonization energy from Ref6].

Plonization energy from Ref:37].

[36] and 10% of the electron correlation contribution to theprevious measurements for<10. In addition, these mea-
ionization energy. Thus, the present measurement providessairements include high-precision measurements of the wave-
direct test of calculations of the electron correlation andengths for the 1S,—n*P; transitions fom=11, 12. These
many-body QED contributions to the ground-state ionizatiorresults test recent theories of electron correlation and quan-
energy of Alxil. However, this measurement cannot distin-tum electrodynamics in two-electron systems.

guish between the modern theories of two-electron ions.
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