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ABSTRACT 
In this work we present accurate values for the fine-structure intervals in the 3 P  ground state of neutral 

atomic carbon-12 and carbon-I3 as obtained from laser magnetic resonance spectroscopy. The rigorous 
analysis of 13C hyperfine structure, the measurement of resonant fields for 13C transitions at several additional 
far-infrared laser frequencies, and the increased precision of the 12C measurements permit significant improve- 
ment in the evaluation of these energies relative to earlier work. The J = 2 c 1 interval is 809.3435(9) GHz in 
12C and 809.3489(10) GHz in I3C, while we find values of 492.1611(12) GHz and 492.1628(20) GHz, respec- 
tively, for the J = 1 c 0 splittings. These results will expedite the direct and precise measurement of these 
transitions in interstellar sources and should assist in the determination of the interstellar 12C/l 3C abundance 
ratio. 
Subject headings: atomic processes - interstellar: abundances - line identifications 

I. INTRODUCTION 

Transitions within the 3 P  ground-state fine-structure levels of neutral atomic carbon (C I) are expected to contribute substantially 
to the cooling of interstellar molecular clouds. In addition, the relative abundances of CO, C I, and C 11 are important probes of the 
chemistry and long-term dynamics of these clouds. The detection of 12C I in the interstellar medium (ISM) by Phillips et al. (1980) 
was facilitated by the prior observation and analysis of the same fine-structure transitions in the laboratory by laser magnetic 
resonance spectroscopy (LMR) (Saykally and Evenson 1980). Phillips et al. found strong C I lines deep within regions exhibiting 
strong C O  emission, in contrast to the predictions of several chemical models existing at that time. This and subsequent work 
provide important evidence on which to base revised models of carbon chemistry in these sources (Frerking et al. 1986). 

It would be useful to measure the 12C 1/I3C I abundance ratio in the ISM, since this information is expected to clarify the reason 
for the high C I abundance in inner regions of molecular clouds and to characterize regions of star formation further. In the original 
laboratory study (Saykally and Evenson 1980), the 12C I spectrum was analyzed, and an estimate of the 13C I transition energy was 
also given, but no rigorous treatment of the 13C hyperfine structure was presented at the time. Additional measurements of both 
carbon isotopes have subsequently been obtained, and for each a more rigorous analysis has been performed, using these results in 
combination with the original data and correcting one of the original field measurements. In this paper we present accurate values 
for the fine-structure splitting of each of these isotopes in their ground states with the intent of facilitating the observation of I3C I 
and analysis of the carbon isotope ratio in the ISM. 

11. THEORY 

The effective atomic Hamiltonian contains three terms: 
A = fi0 +az + A M ,  

where A, is the fine-structure term, A, the Zeeman interaction, and A, the magnetic hyperfine structure contribution. TO we 
assign eigenvalues E; corresponding to the energy of the unperturbed fine-structure level. The atomic Zeeman Hamiltonian is 
written (Miller and Freund 1971) 

Hz = CPe(Ss3 + g L  O - /INg,(l - a)fl * B - B2 - zA T'"(B, B) .T"'(L, L )  , ( 2 )  
where B is the magnetic flux density, pB is the Bohr magneton, pN is the nuclear magneton, u is the nuclear diamagnetic shielding 
constant, and the isotropic and anisotropic diamagnetic susceptibilities are represented by x ,  and x A ,  respectively. The first term in 
this expression, evaluated in an LS coupled basis I L S J M ,  I M , )  and neglecting diamagnetic effects, yields the diagonal terms 
p g g J  M j  - p N g l (  1 - a ) M ,  E and off-diagonal terms, effectively (LSJ  & 1 M ,  1 pg(gs - gL)$, B I LSJM,) .  The off-diagonal matrix 
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elements are given by the expression 

The factors g J  are approximated reasonably well by the values obtained from application of the Wigner-Eckart theorem : 

which gives g J = I  z g,=2 4 3/2 for a ’ P  atom. Small deviations from equation (4) arise from LS-coupling breakdown, nuclear 
motion, and relativistic effects (Abragam and Van Vleck 1953). In the case of the carbon atom, the g J  factors have been measured by 
atomic beam spectroscopy to a precision exceeding that required for our analysis (Wolber et al. 1970), and these values are 
employed here. The diamagnetic effects in equation (2) are below our resolution, but were included in the analysis for completeness. 
Further discussion of these diamagnetic contributions for the case of the isoelectronic species N 11 is available elsewhere (Cooksy, 
Hovde, and Saykally 1986). 

I has no nuclear hyperfine interaction, and in ”C I it is limited to that resulting from magnetic interactions of first order. since 
the nuclear spin I = 9. The hyperfine Hamiltonian used here is identical to that employed by Harvey (1965) in his studies of “0 and 
I9F: 

( 5 4  A, = 29, p i { < r ; ’ ~ L  f j  + < r ; ’ > t [ ~  + IXS * 4 - 3 C  * QL * f j  - 3<L * fxC $1 + fn I W) I’(S * 4) , 
where 

(21 + 1 )  - 4 s  ‘ = S(21 - 1x21 + 3x2L - 1) ’ 

The matrix elements of this Hamiltonian, given in alternate form in the Appendix, are 

(LSJ’M’JM; I AM I L S J M j  I M , )  = (- 1)J’+J+1+L+S-MJ’-Mf’+’2JL(L + 1X2L + l ) I ( I  + 1x21 + 1)J(2J’ + 1)(2J + 1) 

where cj9.j is the coeffcient appearing before g 1 p ; ( r i 3 )  in the expressions for the constants A j , , j  (e.g., for C I, c I , l  = c 2 , 2  = 1, 
c 2 . 1  = 1/3’12, and c , , ~  = 2(2/3)”’; see eqs. [8] and [lo] below). In the approximation that J is a rigorously good quantum number, 
equation ( 5 )  may be substantially simplified to the form 

A, = ~ , f -  f ,  (7) 
where A j  A j , j .  The A j  coefficients may then be written in terms of the radial integrals in equation (9, yielding 

A1 = s,~iC(r;~> - (r;’)  + & I  W)121 A2 = sI~iC(r;’> + +(ri3) + &II(0)121 . (8) 
These A j  coefficients have also been measured for I3C by atomic beam spectroscopy (Wolber et al. 1970; eq. [ 5 ]  of Wolber et al. is 
corrected in eqs. [8], [lo] of this paper). 

There are also off-diagonal terms in J from equation (5) proportional to the constants A J ,  J -  defined in Harvey’s work (1965) by 
the equation 

(9) 
The matrix elements between states of different M, and M j  are, in general, also nonzero. These hyperfine effects off-diagonal in J 
are, at best, poorly resolved by LMR, but their inclusion improves the quality of the data fitted by a small margin. The magnitudes 
of these constants were estimated using theoretical values (Schaefer, Klemm, and Harris 1968) for ( r ; ’ ) ,  ( r ; ’ ) ,  and I $(O) 12, and the 
expressions obtainable from equations ( 5 )  and (9): 

(10) 

(JMJIM,Ifi ,IJ  - 1 M j I M I )  = M , J m A  J J . J - I  * 

= Jfgrp:C2(r;3) - ( r i3)  - ~ I J / ( O ) l 2 1  , = J ~ I P ~ C ( ~ ; ’ >  + !Ari3> - !nIIL(O)l21 . 
The values of these constants for I3C, as well as those of the other relevant constants used in the fit, are given in Table 1. 

111. RESULTS AND DISCUSSION 

The experimental apparatus (Evenson 1981) and conditions (Saykally and Evenson 1980) used in this work were described 
previously. The data obtained from these measurements were fitted to the complete Hamiltonian using standard diagonalization 
and least-squares fitting routines, yielding accurate values for the zero-field fine-structure transition energies of ’C I and ”C 1. 
Those are given in Table 2, and are illustrated for I3C in Figure 1. Comparison with the original data shows substantial 
improvement in the uncertainty of the J = 2 c 1 ”C splitting, due to the inclusion of more precise field measurements and the 
correction of an earlier, incorrectly recorded measurement (the resonant field for the J”, M ;  = 1, - 1 transition at 783.4860 GHz is 
12352.4 G). This value is therefore more accurate as well. The value for the J = 1 c 0 splitting in ”C obtained from LMR is now in 
better agreement with the more precise value found by heterodyne spectroscopy of the ISM (Frerking et al. 1986). It is likely that the 
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TABLE 1 
CONSTANTS IN ANALYSIS OF LMR SPECTRUM OF 

'P "c  I AND '*c I - i- - --- 
Parameter Value 

.................. .................. 

.4 JLJC) ..................... 
.......................................... 

.......................... 
........................ 
........................ 

6 ............................................ 

1.501122' 
1.501109. 
1.40439Eb 
2.838 MHP 

149.055 MHZ 
73.5 MHz' 
88.0 MHz' 
2.72 M H Z ~ G ' ~  
1.632 M H Z ~ G Z ~  
2.6073 x 

a Wolber er al. 1970. The g, values have been corrected for an improved 
value of pB. 

Royden 1954. 
From the calculated results of Schaefer, Klemm, and Hams 1968. 
Schaefer and Klemm 1970. 

J = 2 t 1 transition in both isotopes will soon be observed with comparable precision, since Jaffe et al. (1985) have now observed 
this line in the ISM, and further studies are planned. The I3C splittings are now known to nearly the precision of the splittings, 
and with greater accuracy than the values cited in the original work as a result of the complete analysis of hyperfine effects. The I3C I 
J = 1 t 0 is not a convenient candidate for interstellar searches because the small hyperfine splitting and smaller isotope shift place 
these lines within 5 MHz of the "C I transition frequency. 

Veseth's (1985) recent detailed theoretical calculations of the isotope shifts in the neutral atomic carbon fine structure encouraged 
us to determine the experimental uncertainty in the shift directly by least-squares analysis. The observed shifts [E('3C)-E('2C)] are 
5.q1.3) MHz and 1.7(2.5) MHz for the 2 t 1 and I t 0 transitions, respectively, where the uncertainties cited are two standard 
deviations. Veseths a b  initio calculations place these values at -4.5 MHz and -3.1 MHz, respectively. His results give excellent 
agreement with the observed shifts in neutral oxygen, chlorine, and bromine, but even this thorough treatment is insufficient for the 
cases of singly ionized neon and argon. Hence, this small discrepancy between the theoretical and experimental carbon data is not 
surprising. 

An accurate knowledge of the abundance of "C I relative to "C I will be quite valuable in the analysis of cold interstellar sources, 
particularly in regions of star formation, where this ratio can be profoundly influenced by the expelled products of intrastellar 
nuclear synthesis. The improved values for the rest frequencies of the transitions in the ground-state carbon atom should facilitate 
studies of the chemistry and dynamics of these and other interesting sources. Moreover, the recent measurement of the fine-structure 
interval in the 'P ground state of C 11 by LMR (Cooksy, Blake, and Saykally 1986) will permit the same type of measurement to be 
made for the singly ionized form of carbon as well. 

TABLE 2 
FINE-STRUCTURE I N E R V A L S  AND TRANSITION FREQUENCIFS DEERMINED BY LMR 

A. 

Interval This Work Original Work' Astronomical Datab 

[ I C .  
A€,o  (GHz) ...... 492.1611(12)c 492.1623(9)' 492.1607( l)d 

.. A€zl  (GHz) ...... 809.34339)' 809.3446(36)' ... 

A€,,, (GHz). ..... 492.1628(20p 492.164(2)d ... 
A&, (GHz). ..... 809.3489(10)c 809.346(4)d ... 

1 3 ~ .  

B. 

"C Transition Frequencies v (GHz) Relative Intensity' 
~~ ~~~ 

J', F' - J", F": 
I ,  +-o,+ ................. 492. 1600(20)d 33.3 

................. 492.1642(20)* 66.1 

................. 809. 1282(10)c 33.3 

................. 809.1240(10)' 6.7 

................. 809.496qIO)F 60.0 
~~ ~~~~ ~ ~~~ 

a Saykally and Evenson 1980. 

' Uncertainties cited a n  95% confidence limits. 
Frerking et 01. 1986. 

Uncertainties cited are estimated. 
Townes and Schawiow 1955. 
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FIG. 1.-Zero-field energy level diagram for ’ 
determined by Wolber et a/. (1970). 
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3P I3C ZERO-FIELD ENERGY LEVELS 
I, illustrating the fine-structure separations evaluated in this work along with the hyperfine interactions 
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An alternative form of 

APPENDIX 

quation (6) which gives the matrix elements of H ,  in more explicit form is 

x [l( l  + 1x21 + l)]”Z(”J’/IT‘L’(BJ)IILSJ) , ( A l a )  

where BJ is the magnetic field strength at  the nucleus due to the electrons. The reduced matrix element is given by 

L + S + J + I  ” (LSJ’IIT‘’’(BJ)//LSJ) = 2/.4~[(2J’ + 1X2J + 1)]”’[(rT3)(- 1 )  { ,.}CL(L + 1X2L + 1)I’’’ 

+ ( r ;3 ) (  L(L + l)(-l)L+S+J’+I 
J‘  ,}[W + 1x2s + 1)1”2 { 

S L Y  
1 J L  

h 
- 3- l ) L + s + J + ‘ {  } [ L ( L  + 1M2L + 1)]i’2[J’(J‘ + 1 )  + J ( J  + 1 )  - 2L(L + 1 )  - ?S(S + I ) ]  

By straightforward application of equations (7) and (9), one may then use the results of the above expressions to relate the 
coefficients A j f . j  to the parameters ( r r 3 ) ,  ( r i 3 ) ,  and I $(O) 1’. This has been done for the case of 3P atoms in equations 181 and (10). 
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