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Spectra of highly charged Kr ions, produced in an electron-beam ion(EB|T), have been recorded in a
broad x-ray energy ban@.3 keV to 4 keV with a microcalorimeter detector. Most of the spectral lines have
been identified as transitions of B- to Al-like Kr. The transition energies have been determined with 0.2%
uncertainty. A semi-empirical EBIT plasma model has been created to calculate a synthetic spectrum of highly
charged Kr and to determine a charge state distribution of Kr ions inside the EBIT.
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[. INTRODUCTION power necessary for precision studies, there are several limi-
tations in their application for investigations of highly ion-
Laboratory plasmas produced from high Z gases have aized plasmas. Their low transmission efficiency, which typi-
tracted interest in a number of applications. Laser-irradiategally decreases with increasing spectral resolution, limits the
gaseous targets are routinely used for producing calibratei@solving power typically to around thousands to tens of
x-ray sources. The gas target remains below the critical derfhousands. The narrow x-ray energy range that can be cov-
sity of the laser, improving the efficiency with which laser ered Wlt.h one particular crystal sets limits to the studies
light is absorbed, and converts much more of this energy t§/here different parts of the spectra have to be compared, a
radiation, losing less to kinetic energy and conduction as irpituation that often occurs in the analysis of complex spectra
the cases with solid targeft$,2]. They also have advantages ;,)f Iat;orato dr')](f andtashtrophystlctal heavy |on| pIasSmag, wZere
compared to solid targets in some potential technologicalInes rom difterent charge states may overiap. semiconduc-
. . . tor detectorqSi(Li), Ge, etc] that can detect x rays in a
applications(e.g., x-ray lithography3]). High-Z gases are
o . it broad energy band, on the other hand, have low-energy reso-
also useful as “radiating divertors” in tokamaks. These cre-

buffer b he h K K ol dth kIution (several hundred ey which is usually not sufficient
ate a buffer between the hot t(.) amak piasma an the 10k35; detailed spectroscopic investigations of highly charged
mak chamber, thereby reducing particle fluxes and he%ns

losses to_thg chamber waﬂs.f_. Ref. [{1]). The investigation An x-ray microcalorimetef9,10] is a recently developed
and application of plasma diagnostic potential of many ofyype of x-ray detector that has several unique properties that
these applicable elements have largely been focused afignificantly improve spectroscopic measurements involving
K-shell emissior(e.g., see Ref$5,1]). However in principle  x.ray photon detection. These instruments can cover a broad
the L shells of these elements offer significant additionalenergy range(0.1 to 10 keV with relatively high-energy
diagnostic potentigl6]. In this paper we investigate line en- resolution (about 6 eV and close to 100% quantum effi-
ergies and relative intensities in ions of Kr between B- ancciency. These properties make data acquisition more efficient
Al-like. and can provide information that is difficult or sometimes
Electron-beam ion trap&EBIT’s) have proven to be ver- impossible to obtain by conventional methods. For example,
satile tools for investigating properties of very highly since the spectra contain accurate line intensity information
charged iongsee e.g., Ref.7]). These properties are impor- recorded over a broad spectral range, the comparison with a
tant for testing different theoretical atomic models as well asynthetic spectrum provided by plasma modeling calcula-
in a number of applications where high-temperature plasmatons can yield information about various atomic and plasma
are involved. It is typical for these ions that a large fractionparameters, e.g., excitation cross sections, electron and ion
of the photon emission occurs in the x-ray spectral regiordensities, etc. In this paper we demonstrate the micro-
because of the fact that electron excitation energy increasealorimeter-EBIT combination in an investigation of highly
with nuclear charge Z8]. Therefore spectroscopic investiga- ionized K.
tions in the x-ray region are important for determining the  Until now, the experimental spectroscopic data in the
properties of highly charged ions. The majority of the experi-x-ray region for highly charged Krg=23+) ions have re-
mental spectroscopic data in the x-ray region have so famained rather limited. In addition to pure atomic physics
been obtained with various types of crystal spectrometersnterest, these transitions have applications in radiative cool-
Although these instruments can provide the best resolvingng experiments with tokamak plasmas by puffer gases
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[11,12. The An=0 transitions withinn=2 andn=3 con- TABLE I. Experimental conditions for Kr spectra.
figurations that occur in the extreme ultraviol@&UV) re-

gions have been studied by many groups with different techSet Beam energy Gas injection pressure
nigues(e.g., Ref.[13-15). However, the x-ray transitions (keV) (x10°* Pa
from then=3 levels to the ground state have been observe 577 133

only by Burkhalteret al. [16] and Gordonet al. [17] who 1244 133
studied these transitions in the F-, Ne- and Na-like Kr ionsIII 6 66 1'1 7
produced in @-pinch plasma. We determine line energies inIV 6.06 0;5

the ions Kmxxiv—xxxll , and identify some line ratios that

have applications as electron density diagnostics for tokamadteasured in the gas injection chamber outside the EBIT before
(10%-10"cm 3 or laser-plasma (£8-10°' cm %) expansion into the low-pressure region at the trap cq@tgr
sources.

In the following paragraphs details of the instrumentation,
the plasma ionization balance modeling and spectral analystg'
will be summarized. The results of the line identifications of -
the observed x-ray lines of B- to Al-like Kr as well as the
charge state distribution of the krypton plasma will be pre-
sented, and finally some discussion of the electron-densit
sensitivity some of these lines are expected to exhibit i
given.

e efficiency of the microcalorimeter is a smooth and flat
nction of the photon energy, and therefore no corrections
to the line intensities have been made. Four recordings with
Kr gas were taker{Table ), varying the gas pressure and

lectron-beam energy. The data acquisition time for each

pectrum was about 20 min. Spectra of highly charged N, Ar,
and O were also recorded under identical experimental con-
ditions for detector energy calibration purposes.

Il. EXPERIMENTAL SETUP

. . . . Ill. DATA ANALYSIS
The experimental setup is thoroughly described in Refs.

[18-20. Here only a general outline is given. The Kr ions  Experimental spectra were calibrated using He-like N
are radially confined inside the EBIT trap region by the com-[25,26] and Ar[27], H-like N and O[28], and Ne- and F-like
bination of an electric field due to an intense beam of elecKr [16] lines. Altogether, 15 reference lines were used that
trons and a homogeneous strong magnetic field parallel tepread over the large energy interval of 300 eV to 4000 eV.
the electron beam. Axially the ions are trapped by an electridhree groups of lines are well distinguished in the spectra: N
field created by a set of cylindrical drift tube electrodes. Theand O lines at the low-energy side, Kr lines in the center, and
electron beam is compressed & 3 T magnetic field that is  Ar lines at the high-energy side. Polynomial functions were
generated with a superconducting coil to achieve maximunused for energy calibration and the best fit was achieved with
current density. In our measurements the beam current wasthird degree polynomial. The weighted average scattering
typically 115 mA with an estimated radius of 36n (current  of reference lines was 1.4 eV, where inverse squares of the
density~3 kA/cn?). The beam energftypically in the few  uncertainties of the reference lingsainly due to statistical
keV rangé was one of the adjustable experimental param-uncertainty in the line positionsvere used as the weights.
eters. The krypton gas was let into the trap using a gas in- The spectral lines were first fitted with a sum of Gaussian
jection system attached to the EB[R1]. By varying the profiles to get accurate line positions using the computer
neutral gas pressure inside the EBIT the charge state distiéodeGFIT [29]. The typical full width at half maximum was
bution and dynamics can be manipulaf@d] due to shiftsin 2.5 data channels, corresponding to approximately 6 eV. The
the balance between ionization and recombination processestatistical uncertaintyone standard deviatipmof the line po-
The trap was dumped every 1.35 s to prevent a slovsition was typically 0.5 eV to 1.0 eV which, taking into
buildup of contaminating heavy ions, small amounts ofaccount the accuracy of the calibration, gives an uncertainty
which are present inside the EBIT despite the ultrahighof 1.7 eV for identified single lines. Since most of the lines
vacuum conditiongtypically ~10~ ' Pa. are blended with close-lying lines we quote 3.5 eV as an
Collisions of Kr atoms and ions with beam electrons leadestimate of the combined standard uncertainty of transition
to gradual ionization and excitation of the Kr ions. The energies. This value includes the statistical uncertdimty-
X rays emitted in the region of 0.3 keV to 10 keV were form distribution in the line position of 3.2 eV and the cali-
collected with a focusing x-ray opt{@3,24] and detected by bration uncertainty of 1.4 eV. The final energies that are
a neutron transmutation-doped germanium-based microcal@resented in Table Il are the averages from the four different
rimeter[10,20, where the increase of the temperature of themeasurements. The quoted uncertainty agrees well with the
detector, that is proportional to the energy of the absorbedtatistical deviation of transition energies from four different
photon, is recorded. The x-ray optic and detector were sepaneasurement@verage~ 2.5 e\) indicating that there are no
rated from the EBIT with a thif20 nm mylar window to  significant systematic deviations between different measure-
prevent contamination of the vacuum inside the EBIT. Thements. In Fig. 1, the part of the spectrum where the Kr lines
transmission characteristics of the x-ray optic and a descripappear is shown. This spectral structure contains lines of Al-
tion of the detector can be found in RE20]. Over the spec- to Be-like Kr ions. Most of the strong lines come from the
tral region where the analyzed Kr lines appear, the combinaAn=1 transitions between=2 andn=3 configurations I
tion of the total transmission of the optical components andransitions. The electronic structure of ions with many elec-
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TABLE Il. Measured and calculated energieskff, E2, andM1 transitions in B-like to Al-like Kr lons.

Lexp? Eexp@V) ® lp © En(eV) Lower level Upper level Leading
eigenfunction
contribution®

B-like (2s%2p 2P°;))

7 2230.3 1.9 2231.9 02 2Py, 2s52p3p (1,3/2), 89%

1.1 2229.5 (1,3/2), 90%
1 2223.9 0.7 2217.9 (0,3/2) 93%
22 2183.7 7.1 2187.8 B °Dgyy 100%
1 2126.1 0.5 2127.7 2p? Py 2s2p3d (0,5/2)%, 45%

1.1 2126.6 ? 2Py, 3d 2Dy, 100%
30 2089.1 2.4 2090.1 2p? 2Dy 2s2p3d (1,5/2)°%, 72%

1.4 2079.2 2Py 2s2p3d (1,5/2) %, 49%
18 2010.7 1.5 2010.1 Dy, 2s2p3s (1,1/2)° 81%
31 1995.7 0.8 2001.0 2Py

C-like (25?2p? 3Py)

53 2113.6 12.5 2118.6 o4 3P, 2p3d (1/2,3/2)° 99%
10 2060.1 0.8 2058.5 D, (1/2,5/2)% 98%
18 2010.7 0.6 2010.4 Bp (1/2,1/2), 99%
22 1875.6 0.8 1879.9 2p° 5De,

N-like (2s%2p® 4S°;,)

10 2060.1 2.7 2055.1 o' 43°,, 2p?(3P)3d (2,3/12), 48%
44 2047.8 4.2 2053.0 #(D)3d (2,3/2), 43%
2.9 2051.3 P%(P)ad (2,312), 26%
1 2035.8 1.1 2033.8 (1,3/2) 66%
0.7 2031.8 (1,3/2), 94%
18 2010.7 1.3 2012.0 2Dy, 2p?(*D)3d (2,512, 34%
31 1995.7 1.3 1995.2 #(¢P)ad (1,5/2), 81%
4.6 1994.9 4S°4 (0,5/2), 75%
0.6 1992.0 2Dy, 2p?(*D)3d (2,3/2), 43%
1 1986.4 1.6 1990.1 @ZcP)ad (2,312, 26%
0.8 1985.6 454 (0,3/2)y, 79%
1 1941.1 0.5 1942.7 #2(*D)3s (2,112, 51%
17 1788.2 0.8 1790.3 2p* Py 2p%(3P)3p (2,1/2)%), 30%

O-like (2s%2p* 3P,)

31 1995.7 0.7 1992.0 [oid °p, 2p3(°D°)3d 3s°, 63%
2.8 1991.0 3Py 2p3(?P°)3d 3D°, 47%
1 1986.4 0.9 1987.2 3P, 2p3(?D°)3d 3pe, 50%
2.9 1987.2 3pe, 59%
0.7 1986.6 D, 2p3(?P°)3d 3D°, 44%
0.7 1985.6 IFe, 49%
46 1981.5 7.5 1984.0 3P, 2p3(°D°)3d 3D, 50%
0.6 1979.3 3pe, 30%
1 1973.5 1.4 1968.6 3G°, 42%
12 1961.9 1.0 1966.1 SFe, 44%
1.1 1964.5 SFe, 41%
1 1941.1 0.7 1939.9 D, 2p3(?P°)3d 3Fe, 51%
32 1932.4 0.7 1935.4 3p, 2p3(?D°)3d 3pe, 50%
0.9 1935.4 3pe, 59%
6.7 1934.2 3P, 2p3(#s°)3d 3D, 26%
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TABLE Il. (Continued.

lexp? Eexg€V) ® (P Ewn(eV) Lower level Upper level Leading
eigenfunction
contribution®

1.2 1930.6 D, 2p%(®D°)ad IFe, 63%
38 1925.2 1.1 1927.3 p, 3pe, 30%
0.8 1926.7 D, 33°, 63%
2.2 1924.9 3p, 2p3(*s°)ad Do, 24%
0.9 1924.3 »3(°D°)3p 3k, 100%
42 1917.5 0.5 1918.3 #(“s°)ad D°, 51%
0.8 1917.1 Do, 39%
2.2 1917.1 %P, 5D, 45%
22 1875.6 0.6 1877.9 P, 2p3(?P°)3s 3pe, 59%
24 1861.5 2.7 1864.4 °p, 2p%(®D°)3s Do, 100%
0.6 1864.4 D, 2p3(?P°)3s 3pe, 59%
44 1854.1 1.3 1851.0 °p, 2p3(#s°)3s 53°, 40%
50 1803.9 1.3 1809.7 350, 40%
2.1 1803.9 5s°, 48%
0.6 1802.8 p, 2p3(?D°)3s 5D, 51%
1.1 1802.6 D, Do, 66%
36 1797.0 0.6 1799.2 3Dy 100%
F-like (2s22p° 2P°;),)
20 2025.3 0.7 2020.2 $2p° 2pey, 2s2p°3p (1,312, 82%
18" 2010.7 0.6 2009.8 (2,3/2) 50%
0.6 2007.5 (1,2/2), 74%
31 1995.7 0.8 1999.7 (2,312) 99%
0.6 1996.8 (2,3/2), 82%
46f 1981.5 0.6 1983.4 (2,1/2) 99%
42f 1917.5 10.0 1919.5 £2p*(*D)3d (2,3/2)), 64%
5.6 1918.0 (2,3/2), 36%
0.6 1914.8 (2,5/2), 80%
2.8 1914.8 (2,3/2), 60%
1f 1900.7 2.1 1903.6 £2p*CcP)ad (1,5/2),, 77%
2.3 1901.9 (1,3/2), 63%
22f 1875.6 0.6 1876.2 2p° 2s?2p*(*D)3d (2,52 51%
1.4 1873.4 (2,3/2), 30%
4.2 1873.1 2pey, 2s22p*(*P)ad (0,5/2), 47%
33f 1869.7 2.1 1869.4 (0,3/2) 41%
241 1861.5 0.9 1863.0 2p°), 2s?2p*('D)3d (2,3/2), 36%
6.8 1861.9 2pey, 2s%2p*(3P)3d (2,5/2), 68%
3.4 1858.2 (2,5/2), 57%
44t 1854.1 1.4 1853.8 (2,5/2) 56%
56f 1847.0 0.7 1842.0 2p° 281 2s2p°3d (1,3/2) %, 51%
16f 1783.1 1.7 1785.5 &2p° 2P°y, 2522p*(1D)3s (2,1/2), 78%
12f 17715 1.0 1771.4 £2p*(°P)3s (1,1/2), 99%
0.9 1769.9 222p*(°P)3p (2,1/2) %), 76%
1f 1735.6 0.6 1742.3 £2p*(°P)3s (0,2/2), 51%
0.5 1732.1 2p°,, 2s?2p*('D)3s (2,112), 74%
21f 1722.6 2.1 1724.1 2p°y), 2s%2p*(3P)3s (2,212), 75%
17° 1716.1 3.0 1719.1 (2,1/2) 79%
1.3 1718.9 22p° 281 2s2p°3s (1,1/2) %, 75%
1 1697.2 1.2 1699.3 (2,1/2)3 93%
7 1615.8 2.7 1611.2 £2p*(*D)3p (2,1/12)%, 32%
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TABLE Il. (Continued.

lexp?® Eexp€V) ® I © Ewn(eV) Lower level Upper level Leading
eigenfunction
contribution®

Ne-like (2s%2p® 13;)

1 2035.8 1.4 2034.8 v 15, 2s2p®3d D, 97%
12f 1961.9 3.1 1960.5 2p°3p Ipe, 76%
1f 1941.1 1.1 1945.4 3pe, 76%
44" 1854.1 28.0 1852.7 #3d Ipe, 53%
50" 1803.9 23.0 1803.4 3p°, 46%
12 17715 0.7 1772.7 #3p D, 47%
21 1722.6 0.7 1720.1 °p, 67%
31f 1705.5 6.7 1705.9 @°3s 3pe, 63%

1.3 1703.7 »°3p D, 53%
44" 1651.5 11.8 1652.4 ®3s pe, 63%

5.9 1649.1 3pe, 100%

Na-like (25?2p®3s 2S,),)

56 1847.0 14.4 1841.1 #3s %S 2p®3s3d (1,3/2) %, 43%
13f 1834.0 9.6 1836.8 (1,3/2)% 95%
17 1788.2 15.0 1790.3 (2,523 47%

7.3 1789.1 (2,512)5, 88%

Mg-like (2s%2p®3s? 1S;)
1 1822.5 25.0 1827.6 #3s2 15, 2p®3s23d (1/2,312)° 97%
16 1783.1 21.4 1778.5 (3/2,5/2)° 80%

Al-like (2s%2p®3s23p 2P°,,)
50 1803.9 6.8 1802.8 $33p 2P 2p°®3s23p3d (1,3/2), 90%

&Taken from data set I\{see Table)lin arbitrary units proportional to the number of photons.

PAverage of data sets I-I\see Table)l Estimated combined standard uncertainty is 3.5 eV.

Calculated with mode{Sec. IV) for data set Il. Intensities are in arbitrary units proportional to the number of photons/s.
dCalculated with relativistic parametric potential metHedLLAC code.

€Calculated with superposition-of-configurations metiiodwan code.

fldentified first by Burkhaltef16] or Gordon[17].

trons in an open @ shell is relatively complicated and re- n=4 configurations excluding all innershell excited configu-
sults in numerous closely spaced lines that we were not ablations. The electrostatic and configuration interaction pa-
to resolve experimentally. Because of the EBIT excitationrameters were scaled to 90% of theib initio values
mechanism, lines that have a strong electric dipdd)( whereas spin-orbit parameters were kept at 95% of teir
transition probability to the ground state dominate the specinitio values. It has been shown previou$B0] that these
trum. However, in the low-density environmefrtegligible  estimates predict level energies closer to the experimental
collisional deexcitationinside the EBITE2 (electric quad- ones. Line intensities were calculated using a plasma model
rupole and M1 (magnetic dipolg transitions are also ob- (see next sectignthat is based on a relativistic parametric
servable. The complexity of the spectfar example, a spec- potential calculation using theuLLAC code[31,32. The
trum of B-like Kr consists of more than one hundred qualitative behavior of the spectral lines under different ex-
2p®-2p°3l lines that are calculated to be stronger than 1/20@erimental conditions was used to support the identifications.
of the strongest linedemands additional tools for correct

line identifications. We used two different theoretical calcu-

lations as an additional aid. The transition energies were cal- IV. KR IONIZATION BALANCE

culated using the superposition-of-configurations method de-
veloped by R. D. Cowar30]. For energy-level structure
calculations we included ath=2 andn=3 configurations The ionization fractiorf ; of the Kr ions with charge is
except the configurations with an opers subshell, and given by

A. Basic Procedures
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= XXVl —— A= (47/3)n\d with N p= \kT.eo/n.g%€? being the Debye

1 ,_X’|WL| Xxxil ymibeti length for electron temperatufie, and densityn, . For typi-
o0 | XX Ixxx cal conditions inside the EBIT, lag=18. This collision time

T is about an order of magnitude less than the ionization and

X
recombination times, allowing us to put all ion temperatures
at the same value. Note that when a light ¢ag., oxygen
with significantly lower chargey is introduced to provide
evaporative cooling22], this inequality is not met. The cool-

40

Relative intensity

20 4

ant gas may then have a different temperature than the
— Zﬁﬂi’iry"ﬁtf:t'ic trapped ions, as indeed it must have in order to cool the trap.
A relevant objection to the foregoing is that the Debye
length is approximately an order of magnitude larger than the
EBIT electron-beam radius, and the plasma parameter should
more realistically be given by = (477/3)ne)\Dr§. The value
20

of logA is then=14, and our conclusions still hold.
o LW B. lonization, Recombination, and Loss Rates
1500, 1600, 1700 800 1900 2000 2100 2200 2300, 2400 Cross sections for electron-impact ionization are taken
Energy (eV) from Ref.[34] for levels up to then=3. The cross sections
are essentially identical to those coming from the Lotz for-
n[mula(see e.g., Ref35]). For the monoenergetic EBIT beam
R i he rates are formed by simply multiplying the cross section
Sec. IV. (&) equal charge state distributiotb) nonequal(iitted the electron velocity Rac?i?i/tive repc)ém%ination Cross sec-
charge state distribution including charge-exchange processes. RBy ken in th Iz ) - . Ref
man numbers mark lines belonging to the corresponding Kr specgggs ?/';? taken tIR t ed.retl.mers appLQXWPatl(mee €.9., t'e ) ¢
trum (e.g., XXVII marks Ne-like Kr etg. ]). We sum the radiative recpm ma Ion cros§ section to
each of then=2 andn=3 configurations to arrive at the
total cross section. Other worker35] have used a formula

80 4

60 -

40

Relative intensity

FIG. 1. Comparison of the experimentaet |, Table ] and
fitted synthetic spectra of Kr calculated with the model described i

df o S
d—tq:ne(lq—lfq—l—|qfq)+ne[(Rq+1+ Dg+1)fqe1—(Ryq due to[37] that sums the radiative recombinationrte.
This sum, however, includes only recombinatiorststates.
+ D) fgl+ Nk (Xg+1fge1—Xgfg)s (1) In our model we neglect the dielectronic recombination

because for the beam energies at which our spectra were
wherely,R,,Dq, and X, are the rates for electron-impact ta}ken (aro.und 6 keVv and_12 ke)v. it.is unli_kely that_any
ionization, radiative recombination, dielectronic recombina-di€lectronic resonances will exist in ions with ionization po-
tion, and charge-exchange recombination, respectively, fo£ntials in the range 1 keV to 4 keV.

the charge state, n, is the electron density and, is the Charge-exchange recombination with neutral Kr atoms in-

density of neutral Kr atoms in the trap. The calculation of theSide the trap are treated in a simple level crossing model. The

various rates is discussed in more detail below. Equation Potential of the ion-neutral system is writtén atomic units,
neglects charge exchange between ions and three-body r\g_here(:je= me=:]i:;) _asl\/=—|q+(.q|—1)/r;—_lo, wher:e
combination, the inverse of electron collisional ionization.'f;]"’ln lo arr:a the onization dpotennalsbofft e |c(r:1ftert e
The latter would scale asg and, although insignificant for charge-exchange procgsand neutral(before charge ex-

the EBIT beam, becomes important as the electron densit&hange’ respectively, angir is the ion-neutral distance.
increases. ence at a pseudocrossimg,=(q—1)/(14—1o), and the

The EBIT trap was emptied every 1.35 s. As we will Cross sectioq/izs given by, = WrgX’ subject tp the cgnstraint
describe below, the relevant ionization and recombinatioriN@trex=(29+1)/l, (see Ref[38] for details. During the
rates are~ 100 s %, allowing us to considerably simplify our EBIT runs described in this paper, it was not poss_lble to get
model by assuming a steady-state ionization balance, i.e2" accurate measurement of the neutral Kr density near the
putting the time derivatives in Eq1) equal to zero. Another taPped iondassuming that the charge exchange occurs be-

important simplification comes from the observation that the&€n highly charged trapped ions and neighboring Kr neu-
ion-ion collision time in the trap, given by Rei33], is trals) and so the above formulas were used to model the

relative charge-exchange rates for the various Kr ions, with
32 2 the absolute normalization left as a free parameter to vary
= 3 mi(kT)*4meo) ~10 3g (2)  when optimizing the model prediction to the observations.
ar nig*e*logA The rates for ion reactions with electrofismpact ioniza-
tion, radiative recombinatigmeed to be modified to account
for an ion densityn;~6x 10 m~2 (this is about 2% of the for the time that the ions spend outside the electron beam in
ion density required to fully compensate the space charge afdial excursions. We neglect the azimuthal drift imposed on
the electron beamwherem;, T;, andn; are the ion mass, the ion orbits by the magnetic field. The potential in which
temperature, and densitg, is the elementary charge, and the ions move is given by the solution to Laplace’s equation
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in cylindrical symmetry, subject to the boundary condition 80 Expermena 9o

that at a radius equal to the drift tube radiug,), the poten- — — model wio GE

tial is 300 V (the voltage applied to form the electrostatic 701 . model wih o= 2p°-2p°3d
trap). Then the fraction of time that an ion spends inside the 60

beam is given by

rpdr o dr rm dr
f:j—/f—+J—, 3
oV (Y r, U
wherer,, andr, are the electron-beam radius and maximum

ion radius, and>=v(r) is the ion velocity given byn,v?/2
=3kT;/2—qgeV. Evaluating the integralaisingr —r,<<ry in 10 J

2ps»2p535
50 4

40 +

30

Relative intensity

20

the secongwe arrive at the following expression ffir ; )
0 b \A_ ) Sl _
.r\/— LI I LI I LB I LI I LI I LI
f arcsiny z @ 1600 1650 1700 1750 1800 1850 1900
. . Mm/rp—1 Energy (eV
arcsin/z+ sinh™ 1| ——— ayiel)
Va+1ly

FIG. 2. Comparison of Ne-like Kr 2°—2p®3s and 20%-2p°3d
where 7=(qe|Q/1|)/6mekT; and rn=r,exg3kT mey/ lines (set IV, Table ). Charge exchange. Synthetic spectra are nor-

; : 6 o
X (qglQ/I|)—3] with Q/I being the charge per unit length of malized using p*-2p”3d lines.
the electron beam. This fraction is implemented in our model _ - o
neglecting the compensation of the trapped positive ions(,)f mqgm;ude lower thgn the collisional ionization and re-
consistent with an ion density of 610" m 3 assumed Ccombination rates and is neglected.

above.

The remaining process to be considered is that of ion C. Modeling and Fitting of Charge State Distributions

escape from the trap. We follow the treatment of R88), A charge state distribution was fitted to the experimental
assuming only radial escape to be important. They give a@ata by the following procedure. Model spectra for each Kr
expression for the ion loss rate ionization statg(Al- to Be-like) were computed for the rel-
dN evant EBIT beam parameters using theLLAC suite of
d—q: Vescapd Ng (5)  codes(Table lll). These calculate the energy levels and ra-
t diative decay rates using a parametric potential, and the elec-
tron impact excitation cross sections in the distorted-wave
approximation. The total synthetic spectrum is a sum of
gspectra of the tefAl- to Be-like) different Kr ions where
individual spectra are scaled with the relative charge state
fraction. This total spectrum was fitted to the data using the
2 KT, 7 /my _1 charge state fractions as the fitting parameters on the as-
Vescape~ _ _ Y =10°s™%, (6) sumption that electron-impact excitation was the sole excita-
rp(rge—rp) 1+(rqeB/m;) ; e .
tion process, and a charge state distribution was obtained.
which is derived from standard results for cross-field diffu-Generally the agreement between experimental and fitted
sion. For ions of chargg from 26 to 32,AN,/Ny< 102 synthetic spectra was not satisfactdRig. 1(a)]. In particu-
giving a maximum loss rate of order 10% This is an order lar, we noted a large discrepancy for the Ne-like and F-like

whereN,, is the number of ions of chargpand AN, is the
fraction of them with energfe>qge\,, andV, is the trap-
ping potential, i.e., the number of ions energetically allowe
to escape from the trap. The escape naig ,peis given by

TABLE lll. Configurations included for Kr ions imULLAC calculations.

lon Configurations

Li- 2s2p3s3p3d

Be- 2s? 2s2p 2p? 2s3s 2s3p 2s3d

B- 25?2p 2s2p? 2p® 25?35 25?3p 2523d 252p3s 252p3p 252p3d

C- 25%2p? 2s2p°® 2p* 25?2p3s 2522p3p 2522p3d

N- 25%2p°® 2s2p* 2p° 2522p?3s 2522p23p 25%2p?3d

O- 2s%2p* 2s2p° 2p® 25%2p®3s 2522p3p 25°2p33d

F- 25%2p® 2s2p® 2522p*3s 25?2p*3p 25°2p*3d 252p°3s 252p°3p

Ne- 2522p% 2522p°3s 25?2p°®3p 2522p°3d 252p®3s 252p°3p 252p83d

Na- 2522p®3s 25?2p83p 2522p®3d 2522p°®3s? 2522p®3s3p 2522p°®3s3d 252pB3s? 252p83s3p 252p®3s3d

Mg- 2522p®3s? 2522p®3s3p 2522p®3s3d 25°2p®3p? 2522p®3p3d 2522p®3d? 2522p®3s23p 2522p°3s%3d
2s52p%3s?3p 252p83s?3d
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TABLE IV. 3s/3d intensity ratios for some transitions in the Ne- and F-like Kr.

lon Level? Model Model ExpS®
w/o CEP with CEP

Ne-like 3s °pe, 0.11 0.38 0.5

3s 1p°, 0.44 0.60 0.9

3s 3p°, 0.24 0.34 0.4

F-like 2p*(*D)3s (2,1/2), 0.11 0.25 0.3

2p*(P)3s (2,1/2), 0.12 0.43 0.4

2p*(*D)3s (2,1/2), 0.18 0.26 0.3

4ntensity ratios have been calculated for transitions from these levels to the ground level relatil/®to 3
— ground level and g*(*D)3d (2,3/2),— ground level transitions in Ne- and F-like Kr, respectively.
®Charge exchangéCE), see discussion in text.

‘Both experimental and theoretical data have been taken for 6 keV, low présstle, Table ) conditions.
Other spectra showed qualitatively similar behavior.

charge states, where substantially more intensity was oliemperature as additional fitting parameters. The final fitted
served in the 8—2p lines relative to the 8—2p lines of  charge state distribution is presented in Table V.
these iongFig. 2). The observation that these intensity ratios
deviated more from the theory for the 6 keV Kr spectrum at V. DISCUSSION
high pressure than for the low pressure led us to suspect that
charge exchange might play a role in exciting these lines. ~ From Figs. 1 and 2 it can be seen that our modeling ap-
The fitted ionization balance was then matched with aproach gives a satisfactory account of the relative line inten-
model with suitable choices for the normalization of thesities, at least for the strong well detected lines, over a wide
charge exchange recombination rates and the ion temperatur@nge of charge states. We draw patrticular attention to the
in the trap. The emission spectrum from each ion was recakelative intensities in the Ne-like charge state Kr XXVII.
culated now including the effects of charge exchange, apFrom Fig. 2 it can be seen that irrespective of the inclusion
proximated by assuming that each level considered in thef charge exchange in our model, the intensity ratio between
target ion was populated according to its statistical weightthe 2p° 1S;—2p°3d3D, and the ° 1S,—2p°3d P, lines
followed by radiative cascading down. In this way the 3 agrees with our calculations. This is quite different from the
population in Ne- and F-like ions is boosted, since significanisoelectronic system Fe XVII, where discrepancies between
extra population cascades through these levels. In Fig. 2 thiheory and observations are well documented in the solar
strongest 3 and 3 lines are shown together with the calcu- physics literature[39-44, and are becoming apparent in
lated spectra; the numerical values are presented in Table I\%-ray observations of stellar coronae as wel#5] and ref-
The spectra from each ion iterated in this way were refit-erences therejn The ratios of »°—2p°3s lines to those
ted to the data treating the charge exchange rates and tfm the 206—2p°3d configurations, which are also prob-

TABLE V. Fitted and modeled charge state distributions.

lon 12 keV 6 keV(low pressurg 6 keV (high pressure
Fit @ Model® Fit Model Fit Model

Li- 0.010 0.021 0.024 0.011 0.003 0.0009
Be- 0.097 0.070 0.10 0.051 0.060 0.008
B- 0.17 0.14 0.16 0.13 0.091 0.032
C- 0.19 0.20 0.17 0.21 0.096 0.085
N- 0.16 0.20 0.13 0.23 0.14 0.15
O- 0.14 0.16 0.14 0.18 0.11 0.20
F- 0.087 0.010 0.10 0.11 0.17 0.21
Ne- 0.066 0.060 0.085 0.055 0.17 0.17
Na- 0.026 0.025 0.040 0.018 0.081 0.093
Mg- 0.019 0.008 0.022 0.004 0.044 0.037

Fitted ionization balances are determined by least-squares fits to experimental data, using theoretical line intensities for each ion, iterated as
described in the text to include the charge-exchange contribution.

®Model ionization balances are calculated by using the ionization and recombination rates described in the text, with the magnitude of the
charge-exchange rates adjusted to give the best match to the “fitted” ionization balance.
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lematic in solar and astrophysical spectra, are harder for us to ' ' ' '
check experimentally because of the problems of charge ex-
change in our experiment enhancing thg2 2p°3s inten-

sities.

These effects of charge exchange may however allow the
measurement of state selective charge-exchange cross sec-
tions, relative to those for electron-impact excitation or ion-
ization. As well as applications of neutral beam heating in
tokamaks, we expect such data to be very useful in interpre-
tation of cometary x-ray spectfd6—-48. Here, neutral ma-
terial outgassing from the comet nucleus encounters highly
charged ions in the solar wind. The ensuing charge-exchange
collisions populate highly excited states of the solar wind ; ; ; ;

. .. .. 17 18 19 20 21 22
ions, followed by x-ray emission as these states radiatively (g Log(Electron density in cm™)

decay. An astrophysically relevant experiment would require

trapped ions of C, N, O, or Ne, and the admission to the =~ =
EBIT chamber of the appropriate neutral gas, i.6QHCO,, T
etc. 100F 3

Among our line identifications are several lines with po- i ]
tential for electron-density diagnostics. The density sensitiv-
ity arises because the relative populations among the differ-
ent levels of the ground configurations varies with density. If
this results in higher population accumulating in a level of
higher angular momentunti.e., the 222p 2P, in Kr
XXXII, the 2s5?2p? 3P, in Kr XXXI, or the 2s22p® 2D, in
Kr XXX) than the ground level, then excitations to levels 1E
among then=3 configurations with higher angular momen- ;
tum than are possible from the ground state alone, result. L. oo KO XXX, 2113:6/2060.1

Intensity Ratio

—— Kr XXXIl 2183.7/2089.1
© Kr XXXIl 2183.7/2126.1

Intensity Ratio
o
!
i
1
1
‘l
I
1}
1

—— Kr XXX
- Kr XXX 2047.8/1998.7°

2047.8/2048.9"

Hence new lines from these high angular momentum level 12 13 14 15 18 7
.. . et (b) Log(Electron density in cm™)
states become visible at higher densities.
In Fig. 3(@) we show two line intensity ratios in Kr XXXI FIG. 3. Electron-density (logn,) dependence of line intensity

that vary as a result af=3, j =5/2 levels becoming excited, ratios at electron temperaturg,=2x 10’ K calculated with a
calculated for an electron temperature ok 20" K. The  model described in Sec. IV for selected transitions in Kr XXX-
electron densities over which this ratio varies is*®0 XXXII (identified in Table IJ.

—10% cm™3, which is the relevant density range for high Z

underdense plasma radiators. This should be very useful, VI. CONCLUSION
since the density diagnostic available in theksshell spec-
trum, the ratio of the &2 !S,—1s2p®P, to either of the We have demonstrated the value of using an EBIT plasma

1s? 1s,—1s2p? 3P, lines only becomes sensitive at densi- model for the analysis of complex and only partially resolved
ties greater than #dcm™3, i.e., higher than is usually x-ray spectra obtained with a broadband high-resolution
achieved in such experiments. One solution to this is to susc-ray detector. This approach can be applied in the determi-
pend pellets of material of slightly lowet in the Xe filled  nation of numerous physical characteristics of the EBIT
enclosure, so that the corresponding He-like transitions arglasma, such as measurements of important reaction rates
sensitive in the right range. This would be most appropriateynd the validation of diagnostic line ratios. In this paper we
in the hottest regions of the Xe enclosure, since Kr and simitgyve identified many new lines in the spectraLeghell Kr

lar ions will be ionized beyond the B-like charge state, butions, some with diagnostic potential applicable in other fields

elsewhere the B-like density diagnostic we discuss might bgf plasma physics, and have made progress towards under-
preferable. We note that previously discussedhell diag-  standing conditions in the EBIT trap itself.

nostics in Xe[6,49] for the electron temperature are still
dependent on the electron density, due to the density sensi-
tivity of the dielectronic recombination process and the ion-
ization balance itself in such experiments. The density diag-
nostic we identify is much less dependent on the electron The authors thank D. J. Alderson for his technical sup-
temperature, and would go some way towards resolving sucport. I.K. acknowledges support from the Swedish Founda-
ambiguities. tion for Cooperation in Research and Higher Education

Further density sensitive line ratios at the same electroigSTINT). J.M.L. was supported by NASA Contract W
temperature in Kr XXXI and Kr XXX are plotted in Fig. 19353(Applied Information Systems Research Programd
3(b), which may have applications to tokamak plasmas withONR/NRL 6.1 Research Option “Solar Magnetism and the
density in the range 18- 10" cm™ 3. Earth’s Environment.”
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