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Abstract
This publicationdescribes a re-analysis of previously published data onneutral carbon (C I).Weused
critically examined and improved values for the line energies of the absorption spectrumofmolecular
iodine to calibrate the transition energies of C I absorption lines originating from the 1s22s22p3s 3P°2
level and terminating onhighly excitedRydberg states of the 1s22s22pnp 3D3 series. This series converges
on thefirst excitedfine-structure level of the ionic ground configuration. Additional use of improved
energy values for the 1s22s22p3s 3P°2 level and for thefine-structure interval of the ionic ground state
togetherwithmodernfitting techniques lead to a newvalueof the ionization energy of neutral carbon
with 9 times the precision of previouswork, 90 820.348(9) cm−1 (equivalent to 11.260 2880(11) eV), as
well as a table of predicted values for the energies of unobserved states in the series.

1. Introduction

Accurate andprecise valuesofphotophysical quantities of atomsandmolecules are important as inputdata in anumber
offields, especially astrophysical calculationsofproperties, suchasopacities, andchemical kinetics.Thesepropertiesof
the species involved include transitionenergiesofboth allowedand forbidden transitions, transitionprobabilities,
dissociationenergiesofmolecules, and ionizationenergiesof theneutral and ionic species.Adetailed reviewof the scope
and importanceof accuratephotophysical dataoncarboncanbe found ina recentpaperby twoofus [1].

Atomic carbon is a particularly important species in organic chemistry and astrophysics. In this brief article
we describe a new determination of the ionization energy of neutral atomic carbon, based on the recent work [1]
and a related re-evaluation of data previously published by one of us [2].

A number of previous studies have yielded ionization energy valueswith varying precision [3–5]. As
measurement technologies have becomemore refined, it is the norm formeasured atomic properties to become
more accurate over time. A commonprecisemethodof determining ionization energies is tomeasure the energies
above the ground state for a large number ofmembers of one ormoreRydberg series of the species of interest.
Preferably, the series used shouldbe free of perturbations, eliminating theneed for amultichannel quantumdefect
theory treatment of the data. The evolutionof laser spectroscopic techniques, alongwith improved values of atlases
of calibration lines [6–8] (in this case the absorption lines ofmolecular iodine)hasmadenewmeasurements
possible, and also enabled the re-evaluation of older data to a higher degree of precision.

2.Discussion of previously published results

In our 1998work [2], we used nanosecond pulsedVUV+UV two-photon resonant excitation to produce
spectra of C I Rydberg atoms from [Be]2p2 3P0 ground state atoms prepared by laser ablation (henceforth, we
omit thefilled shells of the Be-like core 1s22s2 from the level designations in the text). That experiment utilized
VUV resonance through selected fine structure levels of the 2p3s 3P°J term (see the scheme of relevant energy
levels and transitions in figure 1) followed by single-photon Rydberg state excitation.

This second-step excitationwasmadewithwavelength-tunableUV light froma frequency-doubledprobedye
laser,whichwas energy-calibrated at the fundamentalwavelengthof theprobe laser by comparison to a
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simultaneously recorded spectrumof ground statemolecular iodine.This schemeproduced excitation selective in the
total angularmomentum Jof variousRydberg series converging to the 2P°1/2 and

2P°3/2fine structure levels of the
groundconfiguration2pof theC+ ion.Detectionof the excited atomswas accomplishedby collecting ions produced
through either pulsed electricfield ionizationor autoionization.The ionizationpotentialwas determined through the
use of theunperturbed2pnp 3D3 series,which converges to thefirst excited ionicfine-structure level

2P°3/2.A simple
fit of theobserved transition energies to aRydberg formulawith a constant quantumdefect gave an interval between
the intermediate state and the 2P°3/2 series limit of 30 490.54(3) cm−1with a quantumdefect of 0.673(10). Added to
thebest available (at the timeof the originalwork [2]) valueof the intermediate 2p3s 3P°2 level energy [5],
60 393.14(5) cm−1, the energy required to ionize the ground state atom to an ion in the excited 2P°3/2 statewas found
tobe 90 883.68(8) cm−1. At our level of precision, subtracting the value of the 2P°1/2−

2P°3/2 energy splittingof the
ionic ground configurationdetermined from far IR lasermagnetic resonance [9], 63.35 cm−1, fromour result for the
2P°3/2 series limit didnot increase theuncertainty and yielded a value of 90 820.33(8) cm−1 for thefirst ionization
limit ofC I. Thiswas in reasonable agreementwith the result of [5], but slightlymoreprecise.

3. Limitations of the accuracy of our previous result for the ionization energy

It should be noted that the precision of our result for the ionization energy could be improved in several ways.
First, themajor part of our uncertainty came from the value of the energy of the intermediate 2p3s 3P°2 level.
Since the time of ourwork, improved values for the resonance line energies have become available,making a
correction possible. Additionally, two of us [1] derived accurate values for low 2pnp 3D3 levels for n between 3
and 10. Including these levels in the fit would be expected to yield an improved series limit energy.

There are also several developments that allowus to improve the accuracy of our observedRydberg state
energies. Our original photon energy calibrationwas performed utilizing absorption lines energies of iodine
from the atlas of Gerstenkorn and Luc [10]. Since our earlier work, re-examination of the iodine spectrum [6–8]
has shown that aweakly energy-dependent systematic correction factor (≈−0.006 cm−1 at the probe laser
frequencies in our spectral region)must be applied to the energies of Gerstenkorn and Luc.We derived
additional corrections to the assumed energies of the observed iodine lines used for our calibration by
convolving our experimental probe laser bandwidthwith these improved values of the iodine lines to take
account of blended lines and hyperfine structure.While providing improved energies formany lines, this work
also determined that some blended lines were unsuitable for calibration at our level of resolution; therefore,
these lineswere not used in the process of re-calibrating our Rydbergwavenumbers.

Figure 1. Schematic diagramof two-step selective excitation of the C I 2pnp 3D3 levels.
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The scan rate thatwe used in our previous workwas such that each iodine line had only 5 to 7 data points on
it. This, combinedwith our noise level, madefitting of aGaussian lineshape to each line to determine its center
nomore, or perhaps even less, accurate than ‘eyeball’weighting the data points of the lines to determine their
centers. Random errors introduced by using the visual technique are expected to average out in the
determination of the energies of a large number of Rydberg states.

A further difficulty that we discovered later was that our linear actuator driving the grating of the probe dye
laser (a Thorlabs4 piezoelectrically drivenmicrometer)would occasionally behave non-smoothly, so that the
energy scan rate in small regions of the spectrum (over a range of several wavenumbers)would significantly
deviate from its nominal value. Sincewe calibrated the spectrum in pieces by using the iodine lines in a number
of regions of about 20 cm−1 width each,fitting the observed iodine energies over each region to a polynomial
function (generally second order), this led to relatively inaccurate values for a few of the carbonRydberg lines.

4. Recalibration of the Rydbergwavenumbers for the 3D3 series and redetermination of
the ionization energy

Due especially to the scan rate problemnoted above, it was decided to recalibrate the Rydberg transition energies
on an individual basis, using two or three iodine lines bracketing each carbon line and a linear fit of the iodine
line energies to data point numbers (datawere acquired in equal-energy steps, so their sequential numbers
provided a linear energy scale) to determine transition energies for each principal quantumnumber n. Thesefits
yielded revised Rydberg state transition energies; additionally, eachfit gave a scan rate that could be used to verify
the choice of iodine lines and identify the regionswhere scan rate disruptions occurred.We avoided the iodine
lines that were deemed unreliable in the calibration. The uncertainties in theRydberg state energies counted
from the 2p3s 3P°2 level, as derived from thesefits, were estimated to be approximately±0.03 cm−1 in the full
double-frequency photon energy. This estimate was based on the standard deviation of ourmeasured
wavenumbers from the fit of the four-termmodifiedRitz formula [11, 12]:

d = + - + - + -( ) ( ) ( ) ( )c c n c c n c c n c , 1n 0 1 0
2

2 0
4

3 0
6

where ci are fitted constants and δn is the quantumdefect describing an empirical correction to the principal
quantumnumber n required to satisfy the hydrogenic formula:

d- = -( ) ( )E E RZ n , 2n nI
2 2

where EI is the ionization energy,Z is the charge of the ionic core, andR is themass-corrected Rydberg constant
(for C I,R=109 732.299 04 cm−1).

We utilized all the available data (n=3 to 10 from [1] and our present results for n=40 to 69) in a four-
termmodifiedRitz formula using the RITZPL [11, 12] code to perform afit yielding the series limit energy with
its associated uncertainty. The residuals of thisfit are shown infigure 2 below.

Figure 2.Residual differencesΔE(obs–calc) between the observed and fitted Rydberg energies. The error bars correspond to the
measurement uncertainties. The points designated by squares were excluded from thefit (see text).
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Table 1.Observed and Predicted Energy Levels of the [Be]2pnp 3D3 (n=3 to 69) series of neutral carbon.

n Eobs
a (cm−1) Ecalc

a (cm−1) ΔE(obs−calc) (cm
−1) δcalc

a

3 69 744.0521(13) 69 744.0521(13) 0.0000 0.721 663 250(22)
4 80 834.6249(13) 80 834.6249(13) −0.0000 0.695 519 06(5)
5 84 985.0033(24) 84 985.0032(24) 0.0001 0.686 919 15(14)
6 87 002.31(3) 87 002.337(17) −0.027 0.682 9267(15)
7 88 135.84(4) 88 135.846(20) −0.006 0.680 7295(25)
8 88 836.15(4) 88 836.170(18) −0.020 0.679 387(3)
9 89 299.13(4) 89 299.099(15) 0.031 0.678 505(3)
10 89 621.09(4) 89 621.025(13) 0.065 0.677 895(4)
11 89 853.925(11) 0.677 455(4)
12 90 027.847(10) 0.677 127(4)
13 90 161.152(9) 0.676 876(4)
14 90 265.571(9) 0.676 679(5)
15 90 348.887(8) 0.676 523(5)
16 90 416.425(8) 0.676 396(6)
17 90 471.934(8) 0.676 292(7)
18 90 518.108(8) 0.676 205(8)
19 90 556.930(8) 0.676 132(8)
20 90 589.881(8) 0.676 071(9)
21 90 618.089(8) 0.676 018(10)
22 90 642.422(8) 0.675 972(11)
23 90 663.558(8) 0.675 933(12)
24 90 682.035(8) 0.675 898(14)
25 90 698.279(8) 0.675 868(15)
26 90 712.638(8) 0.675 841(16)
27 90 725.391(8) 0.675 817(17)
28 90 736.770(8) 0.675 796(19)
29 90 746.965(8) 0.675 777(20)
30 90 756.135(8) 0.675 759(22)
31 90 764.412(8) 0.675 744(23)
32 90 771.910(8) 0.675 730(25)
33 90 778.722(8) 0.675 72(3)
34 90 784.931(8) 0.675 71(3)
35 90 790.605(8) 0.675 69(3)
36 90 795.803(8) 0.675 69(3)
37 90 800.579(8) 0.675 68(3)
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Table 1. (Continued.)

n Eobs
a (cm−1) Ecalc

a (cm−1) ΔE(obs−calc) (cm
−1) δcalc

a

38 90 804.975(8) 0.675 67(4)
39 90 809.032(8) 0.675 66(4)
40 90 812.82(3) 90 812.784(8) 0.031 0.675 65(4)
41 90 816.24(3) 90 816.260(8) −0.023 0.675 65(4)
42 90 819.53(3) 90 819.486(8) 0.040 0.675 64(4)
43 90 822.46(3) 90 822.487(8) −0.029 0.675 64(5)
44 90 825.27(3) 90 825.282(8) −0.013 0.675 63(5)
45 90 827.87(3) 90 827.890(8) −0.016 0.675 63(5)
46 90 830.38(3) 90 830.328(8) 0.054 0.675 62(5)
47 90 832.56(3) 90 832.609(8) −0.045 0.675 62(5)
48 90 834.81(3) 90 834.747(8) 0.065 0.675 61(6)
49 90 836.77(3) 90 836.754(8) 0.013 0.675 61(6)
50 90 838.69(3) 90 838.640(8) 0.045 0.675 61(6)
51 90 840.39(3) 90 840.415(8) −0.025 0.675 60(6)
52 90 842.09(3) 90 842.087(8) 0.004 0.675 60(7)
53 90 843.57(10)b 90 843.664(8) −0.099 0.675 60(7)
54 90 844.96(10)b 90 845.153(8) −0.195 0.675 59(7)
55 90 846.39(10)b 90 846.560(8) −0.170 0.675 59(8)
56 90 847.88(3) 90 847.893(8) −0.009 0.675 59(8)
57 90 849.12(3) 90 849.154(8) −0.034 0.675 59(8)
58 90 850.34(3) 90 850.351(8) −0.016 0.675 58(8)
59 90 851.45(3) 90 851.486(8) −0.036 0.675 58(9)
60 90 852.54(3) 90 852.564(8) −0.024 0.675 58(9)
61 90 853.56(3) 90 853.589(8) −0.027 0.675 58(9)
62 90 854.56(3) 90 854.565(8) −0.005 0.675 58(10)
63 90 855.52(3) 90 855.494(8) 0.021 0.675 57(10)
64 90 856.38(3) 90 856.379(8) 0.003 0.675 57(10)
65 90 857.23(3) 90 857.223(8) 0.009 0.675 57(11)
66 90 858.06(3) 90 858.029(8) 0.027 0.675 57(11)
67 90 858.79(3) 90 858.798(8) −0.008 0.675 57(11)
68 90 859.52(3) 90 859.534(8) −0.015 0.675 57(12)
69 90 860.24(3) 90 860.237(8) −0.002 0.675 56(12)

a Observed energies (Eobs), calculated energies (Ecalc), and quantumdefects (δ) for the [Be]2pnp 3D3 (n=3 to 69) series, with their uncertainties (in parentheses, in units of the last decimal place of the value). All experimental energies,

except for levels with n�10, are from the present work;Eobs for n�10 are from [1]. In thefitting of the Ritz formula, the levels wereweighted by inverse squares of theirmeasurement uncertainties. See text for explanation of derivation of

theEcalc uncertainties.
b These levels were excluded from the fitting of the Ritz formula (see text).
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Thefit residuals are satisfactorywith the exception of those for n=53, 54, and 55. The energy region for
these transitions suffered fromboth a scan rate non-linearity and a paucity of useful iodine calibration lines.
After several unsuccessful attempts to calibrate these three lines, we concluded that they could not be calibrated
to the accuracy of the other lines. Theywere therefore taken as outliers, assigned larger uncertainties, and
removed from the data set for the fit for the series limit. Doing so led to a change in the resulting series limit
barely within the final statistical error range of the ionization energy.

Thefit was performed on a data set that consisted of themeasuredRydberg state transition energies added to
the intermediate state energy of 60 393.1693(14) cm−1 [1]. Thefit with a 4-termmodifiedRitz formula (see
equation (1b) in [12]) yields 90 883.743(9) cm−1 (with levels n=53, 54, and 55 excluded) for the interval
between the atomic ground state and the ionic 2P°3/2 excited state, where the uncertainty includes the following
contributions: the standard deviation of the fit with the given values of energies, 0.005 cm−1, the standard
deviation (0.006 cm−1) of 500fits (of the sameRitz formula)with the level energies randomly varied around
their nominal values with normal distributions of awidth corresponding to theirmeasurement uncertainties,
and a systematic uncertainty in themeasured n�6 energies, estimated to be 0.003 cm−1. It should be noted that
the original RITZPL code of Sansonetti [11]wasmodified by one of us [K] for estimating the uncertainty by
random trials. Subtracting from the limit value the ionic ground-state fine-structure interval 63.395 09(2) cm−1

[9] (withmore significant figures than in our earlier work) gives the ionization energy of C I from the ground
state to the ionic ground state as 90 820.348(9) cm−1. Table 1 below shows the results for observed and fitted
values of the Rydberg energies above the ground state of the neutral atom, as well as the calculated quantum
defects. Calculated values of unobserved energy levels are included, since they are accurate enough to be of use in
future studies involving photoabsorption spectrumof atomic carbon.Uncertainties of the calculated energies
Ecalc for n<6 are equal to the standard deviations of 500 random trialfits for each level. For higher n, the above
random-trial uncertainty estimate was combined in quadrature with the standard deviation of the fit for the
limit value, 0.005 cm−1, and an estimated systematic uncertainty of the observed n�6 levels, 0.003 cm−1.

5. Conclusions

Wehave re-analyzed our previously publishedRydberg energymeasurements for C I through re-assessment of
our observed 2pnp 3D3 series Rydberg transition energies, utilizing critically analyzed and improved energy
values for themolecular-iodine calibration lines to determine theRydberg transition energies, and recently
improved available data for associated energy intervals in the carbon atom.Our principal result is a new value for
the ionization energy of the neutral carbon atom, 90 820.348(9) cm−1 or 11.260 2880(11) eV in accordance with
the 2014CODATA recommended conversion factor 1.239 841 9739(76)×10−4 for cm−1 to eV [13], with a
precision about 9 times better than our previously published result. Our analysis shows that, in order to produce
themost accurate I2-based calibrations possible with probe lasers offinite linewidth, a great deal of caremust be
taken to treat complications in the iodine calibration spectrum such as blended lines and unresolved hyperfine
structure.

Acknowledgments

Kramida andHaris were partially supported by the Astrophysics Research andAnalysis programof theNational
Aeronautics and Space Administration of theUSA.Haris wasworking atNIST under aGuest Researcher
agreement 131227.

ORCID iDs

KHaris https://orcid.org/0000-0002-1341-6297
AKramida https://orcid.org/0000-0002-0788-8087

References

[1] Haris K andKramida A 2017Astrophys. J. Suppl. Ser. 233 16
[2] GlabWL,GlynnPT andRobicheaux F 1998Phys. Rev.A 58 4014
[3] HerzbergG 1958Proc. R. Soc.A 248 309
[4] KaufmanV andWard J F 1966 J. Opt. Soc. Am. 56 1591
[5] Johansson L 1966 Spectrum andTermSystemofNeutral CarbonAtomArk. Fys. 31 201
[6] KatoH,Kasahara S,MisonoMandMaasaki B 2000Doppler-FreeHigh Resolution Spectral Atlas of IodineMolecule 15 000 To

19 000 cm−1 (Tokyo: Japan Society for the Promotion of Science)
[7] KnöckelH, BodermannB andTiemann E 2004Eur. Phys. J.D 28 199

6

J. Phys. Commun. 2 (2018) 055020 WLGlab et al

https://orcid.org/0000-0002-1341-6297
https://orcid.org/0000-0002-1341-6297
https://orcid.org/0000-0002-1341-6297
https://orcid.org/0000-0002-1341-6297
https://orcid.org/0000-0002-0788-8087
https://orcid.org/0000-0002-0788-8087
https://orcid.org/0000-0002-0788-8087
https://orcid.org/0000-0002-0788-8087
https://doi.org/10.3847/1538-4365/aa86ab
https://doi.org/10.1103/PhysRevA.58.4014
https://doi.org/10.1098/rspa.1958.0246
https://doi.org/10.1364/JOSA.56.001591
https://doi.org/10.1140/epjd/e2003-00313-4


[8] SalamiH andRoss A J 2005 J.Mol. Spectrosc. 233 157
[9] CooksyA L, BlakeGA and Saykally R J 1986Astrophys. J. 305 L89
[10] Gerstenkorn S and Luc P 1979Atlas Du Spectre D’absorption de laMolecule D’iode 14 800–20 000 cm−1 (Paris: Laboratoire AiméCotton

CNRS II)
[11] Sansonetti C J 2005Computer Programs RITZPL private communication
[12] KramidaA 2013 Fusion Sci. Technol. 63 313
[13] Mohr P J,Newell DB andTaylor BN2016 J. Phys. Chem. Ref. Data 45 043102

7

J. Phys. Commun. 2 (2018) 055020 WLGlab et al

https://doi.org/10.1016/j.jms.2005.06.002
https://doi.org/10.1086/184691
https://doi.org/10.13182/FST13-A16437
https://doi.org/10.1063/1.4954402

	1. Introduction
	2. Discussion of previously published results
	3. Limitations of the accuracy of our previous result for the ionization energy
	4. Recalibration of the Rydberg wavenumbers for the 3D3 series and redetermination of the ionization energy
	5. Conclusions
	Acknowledgments
	References



