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Abstract. Extreme ultraviolet radiation emitted from highly-charged dysprosium ions was measured at the
National Institute of Standards and Technology. The ions were created, trapped, and excited in an electron
beam ion trap (EBIT), and the spectra were recorded with a flat-field grazing-incidence spectrometer in the
wavelength range 3 nm to 17 nm. Tuning the electron beam energies between 1.2 keV and 2.0 keV resulted
in a selection of Rb-like Dy?°* to Ni-like Dy®*" ions. Identification of strong n = 4-n = 4 transitions was
achieved by collisional-radiative modeling of the EBIT plasma. A total of 64 spectral lines were recorded,

including 54 new identifications.

1 Introduction

Identification of intense sources of extreme ultraviolet
(EUV) radiation in the 6.6-6.8 nm wavelength region is
crucial to the future of next-generation lithography and
a research priority for the semiconductor industry. EUV
emission from 4d-4f and 4p-4d transitions in highly ion-
ized gadolinium and terbium ions in laser produced plas-
mas have been extensively investigated with a view to op-
timizing emission at the peak reflectivity of LaN/B and
LaN/B4C multilayer mirrors [1-6]. Strong emission aris-
ing from these n = 4-n = 4 unresolved transition arrays
(UTAs) moves to shorter wavelengths with increasing nu-
clear charge, Z [7-10]. From Figure 1 of reference [11],
it can be inferred that the calculated peak reflectivity
of LaN/B4C mirrors is approximately 70% between 6.6
and 6.8 nm (using measured optical constants [12]). Here
we propose to couple the emission from a single nar-
row strong transition of a highly charged Dy ion with
LaN/B,C multilayer mirrors. This will increase conversion
efficiency by significantly reducing band emission and de-
bris, both undesirable properties of current UTA sources
such as tin, gadolinium and terbium.

Since the 1980’s a large number of measurements
of EUV radiation emitted from highly charged dyspro-
sium ions in laser-produced plasmas and tokamak de-
vices have been reported. These include Cu-like [13-19],
Zn-like [13,17-21], Ga-like [17,19,21] and Ni-like [22,23]
during the investigation of potential X-ray lasers. Seely
et al. [16] performed multiconfiguration Dirac-Fock
(MCDF) calculations of wavelengths and energy levels of
the Cu isoelectronic sequence with the Grant code [24].
Sugar et al. [18] and Kim et al. [25] followed these with
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calculations using the MCDF Desclaux code [26] where
the latter included quantum-electrodynamic (QED) cor-
rections. Brown et al. performed similar calculations for
the Zn isoelectronic sequence using the Hebrew University
Lawerence Livermore Atomic Code (HULLAC) [27,28].
Ab initio atomic structure calculations of Ga-like dyspro-
sium using the parametric potential code RELAC, the
relativistic version of MAPPAC [29,30] were presented
in reference [19]. For Ni-like dysprosium, Scofield and
MacGowan [22] carried out relativistic multi-configuration
Hartree-Fock calculations, while Daido et al. [23] em-
ployed the general purpose relativistic atomic-structure
program (GRASP) code [31].

In this work we used the electron beam ion trap
(EBIT) at the National Institute of Standards and
Technology (NIST) to identify spectral lines in Dy?*-
Dy38+. This is a continuation of a previous series of mea-
surements on n = 4-n = 4 EUV transitions in tungsten,
hafnium, tantalum, gold, and gadolinium [32-35].

2 Experiment

A detailed description of the NIST EBIT is presented in
reference [36]. For the present work, the electron beam
energy was varied between 1.20 keV and 2.90 keV, with
beam currents in the range of 18.5 mA to 80 mA. A su-
perconducting Helmholtz-pair magnet provided a 2.7 T
axial magnetic flux density, which compressed the elec-
tron beam to a radius of ~30 pm, giving a high current
density. Dysprosium ions were produced in a metal vapour
vacuum arc (MEVVA) [37] ion source and subsequently in-
jected into the EBIT. A vacuum of typically 3.2 x 108 Pa
was maintained in the EBIT. The trap of depth 220 V was
emptied every 10 s to prevent the buildup of contaminat-
ing ions.
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Fig. 1. Experimental spectra of Dy ions. Nominal electron
beam energies (in eV) are shown in the upper left corners.

The spectra in the wavelength range 3 nm to 17 nm
were recorded with a flat-field grazing-incidence spectrom-
eter [38]. The spectrometer houses a gold-coated-concave
variable-spaced reflection grating with groove spacing of
approximately 1200 lines mm™!, and a liquid-nitrogen-
cooled back-illuminated charge-coupled device (CCD) ar-
ray having a matrix of 2048 pixel x 512 pixel. The slit
width was approximately 600 ym and the resolving power
was about 350. The Zr filter which is used to block visible
light was removed in order to improve the signal. Each
spectrum consisted of 10 exposures each lasting 60 s. A
bias offset of 7400 counts/column was subtracted from
all spectra and spurious signals from cosmic rays were
removed. The spectrum counts are the CCD analog-to-
digital units (ADU) which result from hardware-binning
each column prior to readout to improve the signal-to-
noise ratio.

The measured spectra of Rb-like (Dy?°*) to Ni-like
(Dy®**) ions of dysprosium are shown in Figures 1
and 2. The vertically shifted curves show the second or-
der lines. Well known reference lines of Xe, Ba, Ne, Dy,
and O [18,39,40] were used to calibrate the spectra. The
observed lines were fitted with a statistically-weighted
Gaussian profile. The statistical errors in line positions
were less than 0.001 nm. A fourth degree polynomial was
used to fit the measured line positions to the known wave-
lengths. The final wavelength for each line is a weighted
average of the wavelengths measured at various beam en-
ergies. The quadrature sum of the calibration uncertainty
and the statistical uncertainty in fitting the dysprosium
line centers results in a final uncertainty of ~0.003 nm.
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Fig. 2. Experimental spectra of Dy ions. Nominal electron
beam energies (in eV) are shown in the upper left corners.

3 Collisional-radiative modeling
of Dy spectra

The recorded spectra were compared to simulated spectra
produced by modeling the EBIT plasma using the non-
Maxwellian collisional-radiative (CR) code NOMAD [41].
This code uses atomic data generated with the Flex-
ible Atomic Code (FAC) [42] including energy levels,
rates of radiative decay, electron-impact (de)excitation,
ionization, and radiative recombination cross sections.
Charge exchange recombination with the background neu-
tral atoms was included as a free parameter. About eight
ion stages were typically included in each simulation, with
the electron density taken to be N, = 10'2 cm 3. The cal-
culated ionization energies for the dysprosium ions agree
with the NIST recommended values [40] to within 1 eV.

The calculation of atomic data for a specific ion was
performed in two steps as described in detail in previous
works [33,34,43]. First, the relevant atomic data was calcu-
lated for all singly-excited (up ton = 6, 7, or 8, depending
on ion complexity) and some doubly excited configura-
tions. Second, an energy level calculation was performed
adding all excitations within the n = 4 complex. The en-
ergy levels of the lowest configurations were then updated
in the CR simulation with these new values. The resulting
wavelengths of the simulated spectra agreed much better
with the experimental spectra, while the intensities were
unaffected. The calculated spectral lines were broadened
with a Gaussian instrumental profile and convolved with
the spectrometer efficiency curve.
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Fig. 3. Simulated normalized spectra based on the CR code
NOMAD for the n = 4-n = 4 transitions in dysprosium ions.
Each charge state is indicated by its isoelectronic sequence.

Identification of spectral lines was achieved by compar-
ing calculated line positions and intensities with spectra
measured at several electron beam energies. The simulated
Rb-like to Cu-like spectra are presented in Figure 3. One
can notice two groups of lines: one near 6.5 nm, the po-
sition of which is almost independent of the ion charge,
and another moving from about 8.5 nm for Kr-like ion to
above 9.2 nm for the Cu-like ion. The shorter-wavelength
lines are primarily due to 4p;/p-4d3/5 electron jumps, for
instance, the 4p°® 'Sp-4p°4d (1/2,3/2); line at ~6.4 nm in
the Kr-like ion. The Zn- and Cu-like ions, without 4p elec-
trons in the ground state, do not have strong 4p-4d tran-
sitions in the low-density plasma of EBITs. The longer-
wavelength lines are due to several types of transitions:
primarily 4ps/o-4ds /o for lower ions and then 4s; /5-4p3 /o
in higher ions (Ga-, Zn- and Cu-like), where the ground
configuration has no 4ps electrons. The presence of two
groups of lines is well confirmed by the measured spectra
shown in Figures 1 and 2.

Comparison of experimental and calculated spectra
is exemplified in Figure 4, where the measurements at
1.65 keV are shown along with calculations at 1.58 keV.
The lower energy used in the calculations reflects the
effect of space charge on the beam electrons. The rel-
ative intensities of the calculated lines agree well with
the measurements below 10 nm; however, calculations re-
sult in significant underestimate of intensities for longer
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Fig. 4. Comparison of the measured spectrum at 1.65 keV and
calculated spectrum at 1.58 keV. The second order spectrum
is shifted vertically. Strongest lines are indicated by the corre-
sponding isoelectronic sequences. The Xe and O impurity lines
are also indicated in the spectrum.

wavelengths. This may result from uncertainty of the effi-
ciency curve.

4 Line identifications

The strongest line identifications along with current and
previous experimental and calculated wavelengths are pre-
sented in Table 1. These are given in the jj-coupling
scheme as calculated with FAC. Notation /4 corresponds
to the total angular momentum of j = [ £+ 1/2. The
numbers in brackets following the configurations are the
assigned energy level number within the ion, where the
ground state is level 1 and the first excited state is level 2
and so on. The level identifications show only the largest
component of the wave function. In some cases this proce-
dure is not unique due to strong mixing. Consider, for
instance, the upper levels 12 and 16 for the 6.728 nm
and 6.363 nm lines in the Ge-like ion. For both states
the largest component is 4s4p? ((4s4,4p_)1, (4p2 )2)1 that
contributes about 40% and 51% to the wavefunctions of
levels 12 and 16, respectively. The next component for
both levels is 4s%4p_4d_ at 35% and 38%. A similar
strong mixing is observed for levels 37 and 32 in Rb-like
ions where the leading component 4p®4d? (4p_, (4d>)2)s /2
contributes 42% and 40%, whereas the squared expan-
sion coefficients for the next component 4p®4f_ are 41%
and 21%, respectively.

There is good agreement between the present and pre-
viously measured wavelengths to within the combined un-
certainties. Note that we have included in the calibra-
tion the previously identified Zn-like 8.9600 + 0.0005 nm
and 16.5953 4+ 0.0005 nm, and Cu-like 9.2603 += 0.0005 nm
and 15.7414 + 0.0005 nm lines of dysprosium reported in
reference [18].

The derived energy levels for ten ions from Dyt to
Dy38+ are presented in Table 2. Several levels can only be
determined with the aid of calculated values for the lower
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Table 1. Wavelengths of spectral lines of highly-charged ions of dysprosium. The uncertainties of other experimental results
are given in units of the last significant digit. The FAC level numbers are given in square brackets in the “Conf.” columns.
References: a — [18], b — [27], ¢ — [15], d — [25], e — [14], f — [21], g — [16], h — [19], i — [20], j — [13], k — [44], 1 — [23],
m — [22].

Lower level Upper level Aexpt (nm) Atheor (nm)

Ton/Seq Conf. State Conf. State Current Previous Current Previous

35 [Ga] 4s4p [2] (4p4)s)2 4s4p* [5] ((4s1,4p_)1,4p4)s/2  16.864 16.8342

33 [As] 4s?4p® [3] (4p_,(4p7)2)s/2 4s74p°4d [7] (4d_)3/2 16.837 16.8268

36 [Zn]  4s® [1] (452 )0 4s4p (3] (454 ,4p-_ )1 16.595 16.5953(5)* 16.4753 16.6392%, 16.5575"

34 [Ge] 4s%4p? [2] (4p—4p4 4s4p°> [6] (454 ,4p4 )2 16.243 16.2632

38 [Ni]  3d%4s [3] ((3d%)s/2,451)2  3d4p [6] ((3d%.)52,4p—)2 16.212 16.2200

35 [Ga] 4s%4p [1] (4p_)1/2 4s4p? [3] (451)1/2 16.110 16.0651

38 [Ni]  3d%4s [5] ((3d%)3/2,454)2  3d4p [8] ((3d%)3/2,4p— )2 16.087 16.0792

38 [Ni]  3d%4s [3] ((3d5)s/2.451)2  3d4p [7] ((3d5.)5/2,4p— )3 15.995 15.9764

38 [Ni]  3d%4s [2] ((3d%)s/2,451)s  3d4p [6] ((3d3)5/2,4p—)2 15.892 15.8764

37 [Cu]  4s [1] (454)1)2 4p [2] (4p—)1/2 15.743 15.7414(5) 15.6861 15.6889°, 15.741¢

38 [Ni]  3d%4s [2] ((3d%)s/2,451)s  3d°4p [7] ((3d%.)52,4p—)3 15.689 15.6430

34 [Ge] 4s%4pdd [9]  (4p—,4d_)>  4s?4pdd [26] (4p+,4d4 )2 15.533 15.4030

35 [Ga] 4s%4p [2] (4p4)3)2 4s4p? [6] ((4s4,4p—)1,4p4)3/2  14.856 14.7775

34 [Ge] 4s%4p? [3] (4p—,4py )2 4s4p® [7] (4s4,4p4)1 14.578 14.5103

35 [Ga] 4s%4p [2] (4p4)3/2 4s4p? [7] ((4s4,4p_)1,4p4)1/2  14.362 14.2415

29 [Rb] 4p°®4d [2] (4d4)s)2 4p°4d? [6] ((4p%)3/2, (4d% )2)7/2  10.611 10.5643

35 [Ga] 4s%4p [1] (4p—)1/2 4s4p? [4] ((454,4p_)o,4p4)3/2  10.352 10.3738

33 [As] 4s%4p® [1] (4p4)3/2 4s4p* [6] (4s4,(4p7)2)5/2 10.142 10.1651

31 [Br]  4p° [1] (4p% )32 4p*4d [5] ((4p%)2,4d_ )52 10.013 10.013

30 [Kr]  4p% [1] (4p%)o 4p°4d [3] ((4p%)3/2,4d )1 9.962 9.9350

33 [As] 4s%4p® [3] (4p_,(4p%)2)s/2 45%4p>4d [15]  ((4p—.,4p4)2,4d_)7/2  9.900 9.8925

32 [Se] 4s24p* [1] (4p%)2 4p>4d [8] (4p1,4d_)2 9.758 9.7532

32 [Se] 4s24p* [1] (4p7)2 4p>4d [10] (4p1,4d_)3 9.706 9.6906

37 [Cu]  4s [1] (454)1)2 4p [3] (4p4 )32 9.261  9.2603(5), 9.261(3)°, 9.2453  9.2538°, 9.260%,

9.2652(15)° 9.237F

36 [Zn]  4sdp [3] (454,4p_)1 4p* [8] (4p— 4p4)2 9.206 9.2003

37 [Cu]  4p [3] (4p4 )32 4d [5] (4d4)s)2 9.112 9.1162(15)° 9.1097 9.10458%

35 [Ga] 4s24p [1] (4p—)1/2 4s4p§ [6] ((454,4p_)1,4p4)a/2  9.084  9.090(20)F, 8.910(1)", 9.0683 8.950f, 8.771"

34 [Ge] 4s%4p? [1] (4p%)o 4s4p® [7] (4s4,4p4)1 9.085 9.0642

36 [Zn]  4s® [1] (4s3)0 4s4p [5] (454 ,4p4)1 8.961  8.9600(5)%, 8.9591(10)" 8.9111  8.9280*, 8.902°
8.965(2)', 8.9606(20)" 8.9137, 8.9032"

35 [Ga] 4s%4p [1] (4p—)1/2 4s4p® [7] ((4s+,4p_)1,4p4)1/2  8.895 8.8636

33 [As] 4s%4p® [1] (4p4)3)2 4s4p* [9] (454,(4p%)2)3/2 8.883 8.8505

32 [Se] 4s24p* [1] (4p%)2 4s54p® [12] (454,(4p% )3 /2)1 8.812 8.7809

36 [Zn]  4sdp [5] (454 ,4p4)1 4s4d [14] (454 ,4d )2 8.777 8.7580

33 [As] 4s%4p® [1] (4p4)3/2 4s5%4p?4d [10] (4d4 )52 8.648 8.6238

35 [Ga] 4s%4p [2] (4p4)3/2 4s4p? [11] (4s4,(4p3)2)3/2 8.607 8.5624

32 [Se] 4s%4p* [1] (4p2)2 4s5%4p®4d [13] (4p+,4d4 )2 8.612 8.5820

32 [Se] 4s%4p* [2] (4;{)0 4s5%4p®4d [15] (4p4,4d4 )1 8.528 8.4915

29 [Rb] 4p°®4d [1] (4d_)3,2 4p®4d® (23] (((4p%)3/2,4d_)2,4d4)5/2 8.500 8.4526

34 [Ge] 4s%4p? [2] (4p—,4p4 )1 4s54p® [16] ((4s4,4p_)1,(4p3)2)1  8.435 8.3603

32 [Se] 4s24p* [1] (4p%)2 4s%4p34d [14] (4p1,4d )3 8.412 8.3804

31 [Br]  4p® [1] (4p% )32 4p*ad [13] ((4p%)2,4d4 )32 8.399 8.3627

29 [Rb] 4p®4d [1] (4d—)3/2 4p®4d® [25]  (((4p7)3/2,4d_)3,4dy)3/2 8.352 8.3020

31 [Br]  4p® [1] (4p%)3/2 4p*ad [14] ((4p%)2,4d )52 8.287 8.2468

30 [Kr]  4p® [1] (4p%)o 4p°4d [9] ((4p%)32,4d 4 )1 8.195 8.1385

29 [Rb] 4p®4d [1] (4d—)3/2 4p®4d® [28] (((4p7)3/2,4d_)3,4dy)1/2 7.959 7.8952

29 [Rb] 4p°®4d [2] (4d4)s5/2 4pS4f [33)] (Af1)7)2 7.801 7.7451 7.767%

29 [Rb] 4p®4d [1] (4d—)3/2 4p°4d? [32] (4p—.(4d%)2)5/2 7.449 7.4084

37 [Cu]  4p [2] (4p—)1/2 4d [4] (4d—)3/2 6.905 6.9080(15)° 6.9035 6.9037¢8

29 [Rb] 4p®4d [1] (4d—)3/2 4p°4d? [38] (4p—.(4d%)2)5/2 6.803 6.6802

35 [Ga] 4s%4p [1] (4p—)1/2 452%4d [9) (4d—)3/2 6.750 6.750(1)" 6.7343 6.674"

34 [Ge] 4s%4p? [1] (4p%)o 4s4p® [12] ((4s4,4p_)1,(4p3)2)1  6.728 6.7093

33 [As] 4s%4p® [1] (4p4)3)2 4s%4p®4d [20]  ((4p—.,4p4)1.4d4)s/2  6.613 6.5862

34 [Ge] 4s%4p? [1] (4p%)o 4s4p® [13] ((4s4,4p_)1,(4p2)0)1  6.534 6.5141

32 [Se] 4s%4p* [1] (4p%)2 4s%4p®4d [29] ((4p—,(4p3)2)s5/2.4d_)s 6.545 6.5015

32 [Se] 4s%4p* [1] (4p%)2 4s%4p®4d [30] ((4p—,(4p7)2)3/2.4d_)2 6.512 6.4670

31 [Br]  4p° [1] (4p% )32 4p*ad [24]  ((4p—,(4p%)3/2)2,4d—)1/2 6.517 6.4602

31 [Br]  4p° [1] (4p )32 4p*4d [25]  ((4p—,(4p7)3/2)2,4d—)3/2 6.497 6.4526

31 [Br]  4p° [1] (4p} )32 4p*ad [27]  ((4p—,(4p7)3/2)2,4d_)5/2 6.457 6.4048

30 [Kr]  4p% 1] (4p%)o 4p°4d [13] (4p_,4d_): 6.435 6.3689

33 [As] 4s%4p® [1] (4p4)3)2 4s%4p®4d [22]  ((4p—.4p4)1,4d_)3/2  6.416 6.3834

38 [Ni] 3d%4p [12] ((3d})s/2,4p4)1  3d”4d [35] ((3d%)3,2,4d_)o 6.409 6.41(2)" 6.2094 6.406', 6.406™

34 [Ge] 4s%4p? [1] (4p%)o 4s54p® [16] ((4s4,4p_)1,(4p3)2)1  6.363 6.3273

29 [Rb] 4p°®4d [1] (4d_)3/2 4p°4d? [45) (4p—,(4d%)2)3/2 6.271 6.2163 6.147%

38 [Ni] 3d%4p [9] ((3d%)s3/2,4p—)1 3d°4d [35] ((3d)3/2,4d_)o 5.858 5.85(2)" 5.6931 5.856', 5.857™
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4s%4p34d
45%4p3
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4s4p*
4s%4p24d
4s4p*
4s524p24d
4s5%4p24d
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4s%4p®4d
45%4p?
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4524p®
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4s4p®
4s4p®
4s4p®
4s%4pad

4s5%4p
4s%4p
4s4p?
4s4p?
454p?
454p*

Table 2. Energy levels of highly-charged ions of dysprosium.

((4p3 )3/2,4d-)

(4p—.4d-)

(45+,(4p% )3/2)
(4p+,4dy)
(4p+74d+)
(4p+74d+)

((4p—,(4p% )2)52,4d )
((4p—,(4p2 )2)3/2,4d-)

dp+
(4177 7(4pi)2)
(45+7(4p2+)2)
4d_
(451,492 ))
Ad,
((4p—,4p+)2,4d—)
((4p—,4p+)1,4dy)
((4p—,4p+)1,4d-)

((4s4,4p-)1,(4p3 )2)

((4s4,4p-)1,(4p% )o)

((45+,4p-)1,(4p%)2)
(4p+74d+)

dp_

dp+

4S+
((4s4,4p—)o,4p+)
((4s+,4p—)o.4p+)
((48+ 74p*)1 74p+)

J
3/2
5/2
5/2
5/2
3/2
1/2
5/2
7/2
5/2
3/2

1/2
3/2
5/2

WHE WNHFH WD OoON

[\V]

3/2
5/2
5/2
3/2
3/2
5/2
7/2
5/2
3/2

o= =N =N O

[\]

1/2
3/2
1/2
3/2
5/2
3/2

Level No. (FAC)

1

2

6
23
25
28
32
33
38
45

1
3
9
13

1
5
13
14
24
25
27

1
2
8
10
12
13
14
15

Energy (cm™)
0

80 600 +x

1 023 000 +x
1176 500
1197 300

1 256 400

1 342 500

1 362 500 +x
1 469 900

1 594 600

0
1 003 800
1220 300
1 554 000

0

998 700

1 190 600
1206 700
1 534 400
1 539 200
1 548 700

0

60 060 +x

1 024 800

1 030 300

1 134 800
1161 200

1 188 800
1232 700 +x
1527 900

1 535 600

0

480 070 +x
986 000

1 074 000 +x
1125 700

1 156 300

1 490 200 4+ x
1512 200

1 558 600

0

386 100

414 700

1 001 750
1100 700

1 388 800 +x
1 486 300

1 530 500
1571 600

2 032 600 +x

0

427800
620 700
966 000

1 020 900
1 100 800

Unec. (c

FAC
300
400
400
500
500
500
600
700

300
400
700

300
400
400
700
700
700

FAC
300
300
400
400
400
400
700
700

FAC
300
200
400
400
450
700
700

220
160
600
400
FAC
700
700
700
400

300
120
300
400
400

mfl)
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Table 2. Continued.

Ion/Seq  Conf. State J
35 [Ga]  4sdp®  ((4s4,4p-)1dpy) 1/2
35 [Ga]  4s%4d 4d_ 3/2
35 [Ga]  4s4p? (45+,(4p%)2) 3/2
36 [Zn] 45> 45% 0
36 [Zn] 4s4p (4s4+,4p-) 1
36 [Zn]  4sdp (4s4,4p+) 1
36 [Zn]  4p? (4p—4p+) 2
36 [Zn] 4s4d (4s4+,4d4) 2
37 [Cu] 4s 4sy 1/2
37 [Cu] 4p dp_ 1/2
37 [Cu] 4p dp4 3/2
37 [Cu]  4d 4d— 3/2
37 [Cu]  4d 4dy 5/2
38 [Ni] 34" 3d5. 0
38 [Ni]  3d%4s  ((3d})s/2.45+) 3
38 [Ni]  3d%4s  ((3d})s/2.45+) 2
38 [Ni]  3d%4s  ((3d)s/0.4s4) 2
38 [Ni]  3d%4p  ((3d%)s/2dp-) 2
38 [Ni]  3d%p  ((3d})s/2,4p-) 3
38 [Ni]  3d°4p  ((3d2)aj2dp-) 2
38 [Ni]  3d%p  ((3d2)s/s,4p-) 1
38 [Ni]  3d%4p  ((3d})s2dps) 1
38 [Ni]  3d°4d  ((3d®)32,4d-) 0

level of a transition. Since the lower level is not known
experimentally in these cases, the energies are given with a
“+x”. In most cases the reference energies were calculated
with FAC; however, for the Ni-like ion we made use of
the more accurate energies calculated with the relativistic
many-body perturbation theory (RMBPT) [45].

The experimental spectra were used to confirm iden-
tification of some newly identified lines using the Ritz
energies. Using the Ni-like ion as an example, the
lines 15.689 nm, 15.892 nm, 15.995 nm and 16.212 nm,
connect levels 2 and 3 with level 6 and level 7 (see Tab. 2).
It is obvious that the energy difference between levels 2
and 3 calculated from the differences of wavenumbers for
two pairs of transitions should be the same. Indeed, the
2-6 and 3-6 lines give AEN;(2-3) = (12420 4 170) cm ™1,
and the 2-7 and 3-7 transitions result in a close value of
(12190 + 170) cm™!. A similar analysis for the spectral
lines connecting levels 1 and 2 with levels 6, and 7 in the
Ga-like ion also confirms our identifications. Our measured
value of AEG,(1-2) is (427800 4 300) cm™!. The semiem-
pirical result of 427670 cm~! [46] and the RMBPT value
of 428015 cm ™! [47] both agree well with our result. How-
ever, the MCDF energy of 426 675 cm ™! [48] significantly
differs from the measurement.

5 Conclusion

EUYV spectra from highly charged ions of dysprosium were
recorded at the NIST EBIT. Forty nine new lines were
identified in Rb-like to Ni-like ions. Several strongest lines

Level No. (FAC)

Energy (cm™")  Unc. (em™!)

7 1124 200 400
9 1 481 500 700
11 1 589 700 840

1 0

3 602 600 110

5 1115900 400

8 1688800 600
14 2255 200 1100

1 0

2 635 200 120

3 1079800 350

4 2083400 1000

5 2177300 1000

1 0

2 9099 200+x  Ref. [45]
3 9 111 600 +x 170

5 9413 650+y  Ref. [45]
6 9 728 500 + x 120

7 9 736 700 + x 150

8 10 035 300 +y 120

9 10 058 300+2z  Ref. [45]
12 10 205 000 + z 1100
35 11 765 300 + 2 900

lie in the 6.6 nm to 6.8 nm wavelength region proposed for
next generation lithography. Of note is the strongly emit-
ting Rb-like dysprosium line at 6.803 nm which could be
coupled with highly reflective LaN/B4C multilayer mir-
rors. An alternative EUV source could be based on a sim-
ilar Rb-like gadolinium line which was previously found to
emit strongly at 6.827 nm. These transitions could be op-
timized in a laser-produced plasma source for future next
generation EUV lithography.

This work was supported by Science Foundation Ireland un-
der Principal Investigator research Grant 07/IN.1/I1771 and in
part by the Office of Fusion Energy Sciences of the US Depart-
ment of Energy. We are grateful to U.I. Safronova for providing
the RMBPT energies from reference [45].
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