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ABSTRACT

We have made new observations of the spectrum of singly ionized chromium (Cr1r) in the region 2850-37900 A
with the National Institute of Standards and Technology 2 m Fourier transform spectrometer. These data extend our
previously reported observations in the near-ultra-violet region. We present a comprehensive list of more than 5300
Cru lines classified as transitions among 456 even and 457 odd levels, 179 of which are newly located in this work.
Using highly excited levels of the 3d*(°D)5g, 3d*(°D)6g, and 3d*(°D)6h configurations, we derive an improved
ionization energy of 132971.02 4 0.12 cm™! (16.486305 =+ 0.000015 V).
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1. INTRODUCTION

Chromium has the third highest cosmic abundance of the iron
group elements. Its complex spectrum is densely distributed
from the vacuum ultraviolet (VUV) to the near-infrared (NIR).
Although spectral lines of singly ionized chromium (Cr1) are
prominent in the spectra of a wide variety of astrophysical
sources, until recently the only comprehensive study of the Cr 1t
spectrum in the scientific literature was the six decade old work
of Kiess (1951). More than 450 additional energy levels were
located by S. Johansson of Lund University and included in a
compilation of energy levels of the iron group elements (Sugar &
Corliss 1985), but Johansson’s spectral observations were never
published. As a result no classified lines had been reported for
60% of the known energy levels and the uncertainty of the level
values could not be reliably determined.

About 10 yr ago we made careful measurements to obtain
accurate wavelengths for spectral lines emitted by Pt/Cr—Ne
hollow cathode lamps in the VUV spectral region (Sansonetti
et al. 2004). Lamps of this type are used for wavelength calibra-
tion of the Space Telescope Imaging Spectrograph (Woodgate
et al. 1998) on board the Hubble Space Telescope. Among our
results were new wavelengths for about 200 Cr 11 lines between
1170 A and 1822 A. In connection with that work we also ob-
served Cr—Ne lamps to obtain comparison spectra. These spectra
contained many additional lines of Crir. In a recent publica-
tion (Sansonetti et al. 2012) we combined these grating mea-
surements in the VUV with new measurements in the region
1552-3954 A made by Fourier transform (FT) spectroscopy to
produce a list of more than 3600 classified Crit lines. These
data were used to obtain optimized values for 651 Cr11 energy
levels.

New ground-based astronomical spectrometers, such as
the Cryogenic High-resolution InfraRed Echelle Spectrograph
(Kaufl et al. 2004) and the Apache Point Galactic Evolution
Experiment (Allende Prieto et al. 2008), are increasingly target-
ing the NIR spectral region. Observations in the H-band region
(1.4-1.7 pm) allow the study of dust-obscured objects, such
as stars in the Galactic bulge, that cannot be studied at visible
wavelengths. The APOGEE experiment is currently obtaining
spectra of 100,000 stars with a resolving power of 22,500 in
this wavelength region, including stars in the Galactic bulge, in

order to obtain a description of the chemical and kinematical
evolution of the Galaxy. The NIR atomic data needed to interpret
these spectra are frequently unavailable.

In addition to these ground-based instruments, space-based
spectrographs on the Spitzer Space Telescope and the forth-
coming James Webb Space Telescope allow the observation of
infrared forbidden lines and allowed lines of iron-group ele-
ments from distant objects that have been redshifted into the
IR region. To interpret these spectra, accurate wavelengths and
energy levels covering wavelengths from the ultraviolet to the
infrared are required.

In the case of Crii, there are no lines in the literature
with wavelengths longer than 7311 A. Wavelengths for some
lines in the infrared can be calculated from optimized energy
levels, but these Ritz values have much lower accuracy than the
astronomical data. Other transitions expected to be important
in astrophysical objects, such as those between high angular
momentum states, cannot be predicted because the necessary
levels have no observable transitions in the visible and UV
regions and remain unknown. Fe I transitions of this type have
been identified in the solar spectrum (Schoenfeld et al. 1995).

We have now extended our region of observations with
new chromium spectra spanning the region 285055000 A. By
combining these new data with our previous results in the UV
we present a consolidated line list with more than 5300 Cru
lines classified as transitions among 456 even and 457 odd
levels. Of these levels, 179 are newly located in this work. A
global optimization of the Cr1I levels is made using the entire
body of spectral data, and the improved level values are used
to calculate Ritz wavelengths for all observed Cr 11 lines. Newly
located levels of the 3d*(°D)5g, 3d*(°D)6g, and 3d*(°D)6h
configurations and a quadrupole-polarization model are used
to derive a value for the ionization energy of singly ionized
chromium. This value is consistent with the previously reported
value, but has an uncertainty reduced by a factor of 80.

2. EXPERIMENT

Our new observations of the chromium spectrum were made
using a demountable water-cooled hollow cathode lamp with
a solid chromium cathode and flowing neon buffer gas. The
lamp was of the design described by Danzmann et al. (1988).
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Table 1
Experimental Parameters for Spectra Measured for This Work
Spectrum Identifier Spectral Range Resolution Beam Splitter Detector
(em™h (em™1)

1 Cr061011.007 11800-35000 0.02 Fused Silica Si Photodiode
Cr071012.003 1850-17760 0.005 CaF InSb

32 Cr041112.003 1850-19000 0.01 CaF InSb
Cr041112.004 1850-19000 0.01 CaF InSb
Cr041112.005 1850-19000 0.01 CaF InSb

Note. ? Three interferograms were co-added to produce spectrum 3.

We determined empirically that good excitation of Cru was
obtained at a current of 2.0 A and a neon pressure of 400 Pa
(3.0 torr). All new spectra analyzed in this work were recorded
at this current and pressure.

We observed the spectrum with the NIST 2 m Fourier Trans-
form Spectrometer (FTS). Three spectra with observing param-
eters as shown in Table 1 were measured for this work. Several
additional spectra were recorded and used as comparison spec-
tra. The spectrum of a radiometric standard tungsten ribbon lamp
was recorded immediately before or after each chromium spec-
trum so that we could obtain an accurate calibration of relative
intensities in the chromium spectra.

Lines in the FT spectra were measured using the interactive
computer program Xgremlin (Nave et al. 1997). For the two
spectra that extended into the IR (2 and 3), an underlying
continuum background was subtracted from the spectrum. In
general the lines were measured by fitting a Voigt profile
model to the observed line shapes. The fitting determined the
line position, half-width, peak intensity, and equivalent width.
Lines that exhibited partially resolved structure or asymmetry
suggesting the presence of a blend were fit with multiple Voigt
components. In this way we obtained accurate measurements
for lines whose separation was smaller than the resolution of the
spectrum. For a small number of lines with low signal-to-noise
ratio (S/N), the line position was set manually or calculated as
a center of gravity (COG).

The multiplicative calibration factors required to place the
FT spectra on accurate absolute wave number scales were de-
termined by using selected chromium lines as internal stan-
dards. For spectrum 1, Ritz wavenumbers derived from the en-
ergy levels of Sansonetti et al. (2012) for 75 Cru lines with
S/N > 50 provided a calibration with a relative uncertainty of
3 parts in 10°. The calibration was extended to spectra 2 and
3 by using classified lines of Cr1 and Cr11 that appeared in the
region of overlap with spectrum 1. The calibration factors for
these spectra have relative uncertainties of 8 and 4 parts in 10°
respectively. These uncertainties attributable to propagating the
calibration through overlapping spectra do not add significantly
to the underlying uncertainty of the initial standards, which we
estimate as 2.0 parts in 108,

Individual uncertainties were estimated for each observed
line. First, following the considerations of Davis et al. (2001),
the line-finding uncertainty for each FTS measurement was
calculated as

3 = v/ Rw;/S;, (D

where R is the resolution of the spectrum, wj is the FWHM of
line i and S; is its S/N. For purposes of this determination the
S/N was limited to 200 to avoid unreasonably low uncertainties.
The resulting statistical uncertainty in the line position was

combined in quadrature with the calibration uncertainty to
produce the final uncertainty for each measurement.

All of the measurements were then combined with all lines
observed in our previous work (Sansonetti et al. 2012) into a
single sorted list. Multiple measurements of the same line were
averaged, with each measurement weighted by the reciprocal of
the square of its uncertainty:

ow =Y 0677y 87 )

Here o,y is the weighted average derived from the individual
wave number measurements o;. The uncertainty of o,, was
calculated as

Aoy = \/[Z(m—oﬁv)zaﬁ] [le-v3 7] ®

where 7 is the number of measurements averaged. The uncer-

tainty was constrained to be not less than v1/ )", §; 2 to prevent
obtaining an unreasonably small uncertainty resulting from the
coincidentally good agreement of a small number of measure-
ments. As a final step the uncertainties of a small number of
the most accurately measured lines were increased so that no
line had a final relative uncertainty of less than 2.0 parts in
108, a reasonable lower limit on the accuracy of our absolute
calibration.

For each of our FT spectra, the instrumental response func-
tion was determined by comparing the recorded spectrum of the
tungsten ribbon lamp to its calibrated radiance. Relative inten-
sities for emission lines, which are proportional to photon flux
from the chromium lamp, were determined as the measured
equivalent width divided by the response function. Using Cr1t
lines with high S/N in the overlap region between spectrum 1
and our previous observations (Sansonetti et al. 2012), we de-
rived a multiplicative factor to place our new observations on
a common intensity scale with the earlier data. The intensities
for spectra 2 and 3 were similarly adjusted using lines in their
region of overlap with spectrum 1. For lines with multiple ob-
servations, the final intensity was taken from the observation
with the highest S/N.

Buffer gas lines of Ne1 and Ne 11 were removed from the line
list by comparison with comprehensive compilations of data for
these species from the NIST Atomic Spectra Database (ASD;
Kramida et al. 2013). Lines of Cr1 were identified using the
line lists of Kiess (1953) and Wallace & Hinkle (2009) and by
comparison with predicted wavelengths calculated from the Cr1
energy levels reported in ASD. Numerous impurity lines of Fe 1,
Al1, Al1, and H were also identified by reference to ASD.

In the process of rationalizing the intensity scales for our
three FT spectra, we noticed that the intensity ratio of Cr1r to
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Figure 1. Enhancement of Cr11 lines due to hydrogen impurity in the hollow cathode lamp.

Cr1 was significantly higher in spectrum 3 than in spectrum 2
(Figure 1, right panel). For reasons that were not apparent at
the time the spectra were observed, the hollow cathode lamp
voltage required to maintain a current of 2.0 A was 650 V for
3 as compared to only 560 V for 2. When we compared the
recorded spectra, we found that hydrogen appeared as a strong
impurity in 3 but was virtually absent in 2 (Figure 1, left panel).
The presence of the hydrogen impurity was apparently the cause
of the higher operating voltage and the relative enhancement of
the lines of Cr11 in spectrum 3.

In an attempt to further enhance the Cri excitation, we
recorded additional spectra in which we introduced a small
amount of hydrogen in the buffer gas. We found that the lamp
voltage rose with increasing hydrogen concentration and that
the ratio of Cru to Cr1 showed a corresponding increase.
Unfortunately, the overall noise level in the spectrum also
increased so that the S/N of the Cr11 lines did not improve and
we were not able to detect weaker Cr 11 lines. The spectra taken
with added hydrogen were not measured, but they provided a
means to distinguish lines of Cr 11 from Cr1 in the green to NIR
wavelength region. This proved to be very valuable in our later
attempts to extend the analysis of CriI by locating high-lying
high angular momentum states.

3. ANALYSIS AND RESULTS

Lines of Crur were initially identified by comparison to the
line list of Kiess (1951) and to predicted wavelengths based on
the optimized energy levels from our previous work (Sansonetti
etal. 2012) and the preliminary level values of Johansson (Sugar
& Corliss 1985). From these identified lines, a new set of

optimized levels was made by using the computer program
ELCALC,! which employs an iterative procedure weighting
each transition according to the inverse square of its uncertainty.
Lines that exhibited large residuals in this least-squares fitting
procedure were re-examined to determine whether they should
be omitted from the optimization or whether their proposed
identifications should be removed. Oscillator strengths from
the semi-empirical calculations of Kurucz (2012a) were very
helpful in evaluating questionable line classifications. The
revised level values were used to calculate a new set of predicted
wavelengths, and additional line identifications were made. This
process was repeated until no further lines could be classified as
transitions among the previously known energy levels. At this
point approximately 3900 lines remained unclassified. Most of
these lines undoubtedly belonged to Cr1 and Crii, although a
few may have been due to unidentified impurities.

Using the unclassified lines we undertook a systematic search
for new Cru energy levels. The lines were summed and
differenced with the known levels of each parity to search
for coincident results that might represent previously unknown
levels. In a spectrum as complex as this, where the number of
lines and known levels are large, spurious coincidences occur
with high probability. We made extensive use of the semi-
empirical calculations of Kurucz for the energy levels (Kurucz
2012b) and spectrum (Kurucz 2012a) of Cr 11 to guide the level
search and evaluate potential levels.

' The program ELCALC was written by L. J. Radziemski, Jr. The way level
uncertainties are calculated is defined in the reference (Radziemski &
Kaufman 1969).
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Table 2
Classified Lines of Crit
Int? Wavelength® Unc. Wavenumber Unc. Lower Upper Classification Ritz" Unc.
Level Level Lower Level Upper Level Wavelength

A) &) em™)  (@em™)  (em™h) (em™) &) A)
18  6636.4488 0.0008 15064.1397 0.0017 90725.8123 105789.9509 3d*(CDy4d e*F 7 3d*CDyAf 2[41° o 66364493 0.0004
3 6645778 0.003  15042.993  0.008  92653.2667 107696.2552 3d3(*P)4sdp(PP°) xP° 5  3d*CD)5Sd °D o5  6645.7801 0.0006
10 6656.1265 0.0011 15019.606  0.003  90512.5109 105532.1138 3d*CDy4d e*F 3 3d*CD)Af 221° sp 66561277 0.0006
8 6753.882  0.003 14802214 0.006  92653.2667 107455.4808 3d>(*P)4sdp(PP°) x°P° 5,  3d*CD)5Sd °F o5, 6753.8818 0.0006
7 67593199  0.0015 14790.305  0.003  92234.942 107025.2469 3d>(*P)4sdp(PP°) x°P° 35,  3d*CD)Sd  °P s 6759.3199  0.0017
7 6785.662  0.003 14732.800 0.006  92653.2667 107386.1583 3d*(*P)4sdp(*P°) xOP° 1,  3d*CD)5Sd °F 7, 6785.6610 0.0006
12 6802.3385 0.0014 14696.771  0.003  92417.9556 107114.7267 3d3(*P)4sdp(CP°) x®P° 5, 3d*CD)5d °P 7, 6802.3383 0.0008
6c#t  6892.809  0.002 14503.872  0.004  93444.1417 107947.9960 3d*(CD)5p °F°  9n  3d*CD)sd  ‘F o, 68928174 0.0003
5 6913.021  0.003 14461.467 0.006  92653.2667 107114.7267 3d>(*P)4sdp(PP°) x°P° 7,  3d*CD)5Sd °P 7, 6913.0240 0.0006
I1c 7085.5541 0.0015 14109.332 0.003  93276.8352 107386.1583 3d*(CD)5p 6F° 75 3d*CD)sd SF 7, 7085.5587 0.0004
23 7111.4780 0.0006 14057.8990 0.0012 93643.3797 107701.2794 3d*CD)5p °F° i 3d*CD)sd  °F 11, 71114776 0.0004
6 7114.024  0.002  14052.868 0.005  93643.3797 107696.2552 3d*(CD)5p °F° i 3d*CD)sd °D 9 7114.0201  0.0004
16 7135.1100 0.0011 14011.338  0.002  93444.1417 107455.4808 3d*(°D)5p °F°  9n  3d*CD)sd SF o 71351097 0.0004
9 7170.748  0.003  13941.704  0.006 103199.801 117141489 3d3C*F)asdp('P°) s*G° op  3d*(CD)6d *G op 7170.756  0.003
25  7201.5415 0.0006 13882.0900 0.0011 93047.2873 106929.3776 3d*(CD)5p SF° 35 3d*CD)sd  °G s 7201.5413  0.0004

Notes.

% The codes following the intensity describe the line character as follows:
a: asymmetric;

c: blend with a line of Crr;

h: blend on high side;

1: blend on low side;

n: blend with a line of Ne1;

p: perturbed by close line;

w: wide;

X: extrapolated;

#: omitted from level optimization;
*: multiply classified.

b Wavelengths shorter than 2000 A and longer than 20000 A are in vacuum. Wavelengths between 2000 A and 20000 A are in standard air.

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.)

In this way we located many new levels between
103,000 cm~! and 116,000 cm™'. Most of these could read-
ily be designated as levels of the 3d*4d configuration while
a smaller number were found to belong to the 3d*5s, 3d*4f,
3d*5d, and 3d*5g configurations. The new line classifications
supporting these levels were added to the line list, and the level
values were again optimized. By targeted searching, we were
then able to find missing levels of partially known LS multiplets
or jK pairs in these configurations and some missing levels of
the 3d*5f and 3d*6g configurations.

A particularly interesting aspect of the analysis was the
search for levels of the 3d*6h configuration. No levels of this
configuration were known. Its strong transitions to 3d*5g were
predicted to lie in the previously unobserved infrared region
near 5400 cm™'. Because these high angular momentum states
display very pure jK coupling, most 3d*6h levels have only a
single strong radiative transition, making them difficult to find.

The results of Kurucz provide little help in locating these lev-
els, because their accuracy is too low to allow the identification
of individual spectral lines. We found, however, that it was pos-
sible to empirically modify the Kurucz results to dramatically
improve their accuracy. First, all predicted levels belonging to
the 3d*(°D)6h configuration were identified from the label as-
signed to them in Kurucz (2012a), n(5D)6. The jK designation
for each predicted level could then be unambiguously assigned
by examining the calculated transition rates to levels of 3d*5g,
whose jK designations were well established.

For the set of levels based on each 3d4(5Dj) core state,
the statistically weighted COG was calculated. The levels for

each core state were then corrected by an additive constant
such that the COG of the 3d*(°Dy)6h [5]; levels was shifted
to 120,773 cm~', the hydrogenic value for singly ionized
chromium, and the COGs for levels based on higher D ; core
states were placed at the separation of the 3D intervals in Cr 111
This procedure is justified by the well-known fact that valence
electrons with high orbital angular momentum, such as 64, do
not significantly penetrate the core. The quantum defects for
the 3d*6h levels are, therefore, primarily attributable to core
polarization and are extremely small (Edlén 1964).

Using these modified predictions for the 3d*(°D)6h levels
and the calculated oscillator strengths for the 3d*(°D)5g to
3d*(°D)6h transitions (Kurucz 2012a), we plotted the predicted
spectrum and compared it directly to a plot of the unidentified
observed lines in the same spectral region that exhibited Crit
excitation character. In this way the classifications for many
lines became apparent by pattern recognition. The fact that the
6h levels lie in tight jK pairs made it possible to find additional
levels, and ultimately 39 of the 50 3d*CD ;)6h levels were
located.

At the completion of the analysis, 5362 lines had been
classified as transitions among 456 even and 457 odd levels.
About 1760 of these lines had not been previously reported. Of
these, 725 are in the near IR region that was not observed in
earlier work. The remaining lines are newly classified in the UV
and visible regions by energy levels found in this work.

All classified lines of Cri are presented in Table 2. The
intensities in the first column are on a scale consistent with
the results of Sansonetti et al. (2012), as described above,
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Table 3
Optimized Energy Levels of Crix

Configuration Term J Level Unc. Num. Notes®
(cm™) (cm~!) Lines
3d*CDy)4Af 2[51° 11/2 105898.0144 0.0020 10 d
9/2  106045.4619 0.0020 13 d
3d*(a3F)4d 4G 5/2  105923.4402 0.0020 13 n
7/2  106030.911  0.002 10 jd
9/2  106148.7354 0.0020 13
11/2  106293.4380 0.0020 11 n
3d*(CD)6s ‘D 1/2  105923.441  0.003 3
3/2  105980.4488 0.0020 6 n
5/2  106095.6095 0.0020 17
7/2  106275.1752  0.0020 15
3d*CH)4d FA 0 11/2 1061452311 0.0020 8 d
13/2  106342.8956  0.0020 2 d
3P (CH)4s4p(PP°) t2H° 11/2 106163.04 0.05 3
9/2  106165.342  0.012 4
3d*(D)5d 4P 3/2 106627.164  0.003 9 n
5/2  106722.557  0.002 11 n

Notes.

4 n: new level;

d: revised designation;

j: revised J value;

t: typographical error in Sugar & Corliss (1985) corrected;

u: previously reported level not observed in this work.

(This table is available in its entirety in a machine-readable form in the online
journal. A portion is shown here for guidance regarding its form and content.)

and range from 1 to 10,000. The codes that accompany the
intensities provide a subjective description of the character
of lines measured on photographic plates and identify lines
that are multiply classified, blended, or were omitted in the
energy level optimization. The wavelengths, vacuum wave
numbers, and their uncertainties are given in columns two to
five. Wavelengths in standard air were calculated by using
the three-term dispersion formula of Peck & Reeder (1972).
The uncertainties are reported at the one standard error level,
representing a 68% confidence interval. Results have been
rounded so that the uncertainty in the last digit does not
exceed 20. The lower and upper energy levels are given in
columns six and seven followed by their classifications in the
form configuration, term, and J-value. Finally, in the rightmost
columns, the Ritz wavelength calculated from the optimized
energy levels and its uncertainty are presented. The uncertainties
are calculated as the square root of the sum of squares of the
statistical component of the level uncertainties. This produces
an upper limit on the one-standard-deviation uncertainty of the
Ritz wavelength, since the covariance of the combining levels
is not considered. The final uncertainty was constrained to be
not less than the 2 x 107% relative uncertainty of the overall
calibration. Note that the Ritz wavelengths were calculated
from the unrounded optimized energies and then rounded to a
number of significant figures consistent with their uncertainties.
This procedure provides the best value for the Ritz wavelength
because it avoids the cumulative error that can arise from
rounding three times in the course of the calculation.

Our optimized level values are presented in Table 3. The en-
ergies have been rounded so that the uncertainty in the final
digit is not greater than 20. The uncertainties are reported at the
one standard deviation level. In most cases they are the values

SANSONETTI & NAVE

determined by ELCALC (Radziemski & Kaufman 1969). How-
ever, the ELCALC uncertainties are based principally on the
statistics of the level optimization and do not adequately reflect
the global calibration uncertainty intrinsic to the FTS data. To
account for this non-statistical contribution, we increased the
uncertainties as required to ensure that no level has a relative
uncertainty with respect to the ground state that is less than the
2 x 1078 relative uncertainty of the calibration. In the right-
most column, the number of transitions that contributed to the
energy level optimization is given. Some levels are determined
by only one or two transitions. For these levels no other lines
are predicted in our region of observation that are expected to be
strong enough to observe. For completeness, we have included
in Table 3 five levels given by Sugar & Corliss (1985) for which
we have observed no transitions. These levels require confirma-
tion. Several other previously reported levels are not included
because they have been replaced with new values located in this
work. Newly located levels, levels for which we have changed
the designation or J value, and levels for which we have found
no transitions are identified in the notes column.

The level designations assigned in Table 3 were guided pri-
marily by the semi-empirical calculations of Kurucz (2012b).
For most previously known levels these designations are un-
changed from those given in (Sugar & Corliss 1985), whose lead
we followed in labeling repeating terms of the 3d* core alpha-
betically. The most obvious exception is our use of jK coupling
notation for the 3d*n f levels. The leading eigen-components for
these levels in LS coupling have low purities (Kurucz 2012b),
and both the distribution of the levels and relative intensities of
the supporting transitions argue for the adoption of jK designa-
tions.

The configurations of Crir are complex with many levels
spread over a wide range of energies. Only three low config-
urations are nearly complete. In the 3d> ground configuration,
33 of 37 expected levels are known. Two terms, a 2P and a 2D
predicted to lie near 63,400 cm™! and 67,400 cm™! respectively,
were not found. These are the highest expected levels and have
only a few strong predicted transitions to known levels. In the
3d*4s configuration 60 of 63 expected levels are known and
in 3d*4p 172 of 180 levels are known. In both of these con-
figurations it is again high-lying doublet terms that have not
been found. All our present levels of these configurations were
included in Sugar & Corliss (1985), and despite targeted search-
ing we were unable to locate any of the missing levels.

In the 3d*4d configuration, 155 of 276 expected levels
are known. Of these, 100 are newly located. Levels based
on the 3d*(°D), (@*P), CH), CG), and (a>F) core states are
substantially complete with only a few missing levels. Only
fragmentary levels based on higher states of the core have
been found. For all other 3d*nl configurations, known levels
are largely limited to those based on the 3d*(°D) core. These
are substantially complete for the 3d*5s, 6s, Ts, 5p, 5d, 6d, 4f,
5f, 5g, and 6h configurations.

The situation is less satisfactory for configurations built on the
3d? core. For 3d*4s?, only the *F and * P terms are known. The 12
levels of six doublet terms expected to lie between 67,000 cm™!
and 102,000 cm ™" are predicted to have transitions of moderate
strength in the near UV, but we were unable to locate them.
For the 3d*4s4p configuration, 116 of 213 possible levels are
known. Only the levels based on the 3d3(*F) and (*P) cores
are substantially complete. We had little success in extending
this configuration, adding only the four levels of the high-lying
3d3(CF)4s4p(CP)*D term.
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Table 4
Quadrupole Moment, Dipole Polarizability, and
Tonization Energy Results for Cru

Configuration 0 Pair of Configurations o ITonization Energy
(ead) (@) (em™)
3d*(’D)5g  —0.180(5) 3d*(°D)5g-34*(D)6g 15.7(8) 132969.9(11)
3d*(PD)6g  —0.151(4) 3d*(PD)5g-34*CD)6h 16.2(3) 132970.93(17)
3d*CD)6h  —0.157(3) 3d*(°D)6g-34*CD)6h 16.6(3) 132971.11(15)

Weighted average 132971.02(12)

There remain more than 3000 unidentified lines in our
observations. Some of these undoubtedly belong to Cr1, but
many can be assigned with reasonable certainty on the basis of
their excitation characteristics to Cr 1. In the even parity system
a significant number of low-lying doublets in the 3d° and 3d>4s>
configurations are not known. In the odd parity system, many
levels of 3d34s4p, some of which are also low-lying, are missing.
This suggests that a substantial transition array that is coupled
only weakly to the known levels remains to be found.

4. IONIZATION ENERGY

The best available value for the Crir ionization energy,
132,966(10) cm™!, is quoted by Sugar & Corliss (1985) from
unpublished work of S. Johansson. It is derived from the first six
members of the 3d*(°D)ns °Dy, series. We have made a new
determination based on highly excited high angular momentum
states using the quadrupole polarization model of Schoenfeld
et al. (1995).

For highly excited states of the 3d*(°D)5g, 3d*(°D)6g, and
3d*(°D)6h configurations, the valence electron couples only
weakly with the core, and the levels fall in five narrow groups
separated by the fine structure intervals of the 3d*(°D) term of
Cru1. Within these groups the levels form close J.K pairs with
centers of gravity E(nlJ.K). These COG energies are described
in the quadrupole polarization model as

E(nlJ.K)=IE+ E(J.) — Re;ZX(1/n? + a(r )
— (AB/D)Q(r™)u) )

where E(J,) is the energy of the 3d*(°D);, level in Criu, Re;
is the Rydberg constant for Cri (109,736.1579 cm™ ), Z, is
the charge of the core, (r—3),; and (r—*),; are the hydrogenic
expectation values for inverse powers of the radius of an nl
electron in atomic units, and A, B, and D are constants calculated
from the angular momentum quantum numbers as defined by
Schoenfeld et al. (1995).

Equation (4) contains three unknown quantities that can
be determined from the experimental values of the energy
levels—the ionization energy IE, the dipole polarizability o and
the quadrupole moment of the core Q. Rearranging Equation (4)
we obtain a linear equation in standard form with slope Q and
intercept (IE — aRCTZf(r_“),,,):

E(lJ.K)+ ReiZ} [n® = E(Je) = QR ZA(AB/D)r )
+(E — aRc: Z2(r %) ). )

We plot E(nlJ.K) + Rc: Z2/n* — E(J..) versus Re;Z>(AB/ D)
(r’3),,1 for each configuration, as shown in Figure 2, and fit
linear equations to each set of data to obtain numerical values
for Q and the intercepts. The intercept values derived from the
Sg, 6g, and 6/ configurations constitute three equations in the
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Figure 2. Determination of the ionization energy of Crit from the 3d*(>D)5g,
3d*(OD)6g, and 3d*(°D)6h levels. The intercept for each configuration is
IE — aRce Z2(r ™).

(A color version of this figure is available in the online journal.)

two variables IE and «. Solving these equations in pairs we
obtain three determinations of the dipole polarizability o and
ionization energy IE. The results are shown in Table 4. We
adopt the weighted average of the three determinations of IE,
132971.02 £ 0.12 cm™! (16.486305 % 0.000015 eV),? as the
ionization energy of singly ionized chromium.

5. CONCLUSIONS

We have observed the spectrum of Cri1 as emitted in high
current hollow cathode lamps in the region 2850-39,000 A
using the NIST 2m FTS. By combining data from these new
observations with our previously reported results at shorter
wavelengths (Sansonetti et al. 2012) we made a substantial
extension of the Cri1 energy levels. More than 5300 lines have
been classified as transitions among 456 even and 457 odd
parity energy levels, 179 of which are newly located in this
work. Using levels of the 3d*(°D)5g, 3d*(°D)6g, and 3d*(* D)6h
configurations, we derived an improved ionization energy with
uncertainty reduced by a factor of 80 from the best previous
value.

Our results provide the first accurate experimental data for
the NIR spectral region, which is of increasing importance for
both ground and space based astronomical observations. Of
particular significance are newly found levels of highly excited
high angular momentum states, which are difficult to observe in
laboratory sources, but can be expected to produce prominent
lines in low density astrophysical sources.

This work was partially supported by the National Aero-
nautics and Space Administration (NASA) under interagency
agreement NNH10AN38I.
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