PHYSICAL REVIEW A

VOLUME 23, NUMBER 3

MARCH 1981

Photoionization spectrum of the *P ground state of neutral carbon

Alberto M. Cantu, Massimo Mazzoni, Marco Pettini, and Gian Paolo Tozzi
Osservatorio Astrofisico di Arcetri, Unitd di Ricerca del GNA del Consiglio Nazionale delle Ricerche, Largo E. Fermi 5, Firenze, Italy
(Received 8 July 1980)

The atomic absorption of C 1 has been studied in the 1100 -385-A spectral region, using the flash-pyrolysis method
to produce the absorbing layer and a BRV as a continuum. source. Thirty-four lines belonging to the
25?2p? 3P — 252p’np *D° series converging to the 2s2p® *P ionization limit have been observed and for the first time
resolved in fine structure. In addition, energies of np D9, , are deduced from these observed lines. Three new lines
have been observed and identified as simultaneous excitation of the two outer electrons to the final state
252 3pnd *D°. The relative photoionization cross section of the ground state *P, as measured in the same range of
wavelengths, is found to be consistent with theoretical predictions.

I. INTRODUCTION

Carbon has repeatedly been the subject of ex-
perimental spectroscopic interest since 1923.! Up
to now the most complete analysis has been made
by Johansson.? He summarized all the previous
works and considerably extended the knowledge of
C1 spectrum by a list of 450 observed lines and
301 computed wavelengths, ranging from the in-
frared down to the 2s%2p2P° ionization limits.

Through data recorded during a solar flare by
the Naval Research Laboratories (NRL) spectro-.
graph on Skylab, the list of predicted wavelengths
has been almost completely confirmed and further
extended.® Esteva et al.? used an original absorp-
tion technique to observe a few autoionized lines
in the photoionization continuum. Mainly because
of experimental difficulties these are the only ob-
servations of this kind carried out so far. In fact,
the C1I atomic-emission spectra with low-excita-
tion light source, are strongly blended with molec-
ular bands, while a higher-excitation energy dis-
sociates the molecules but produces ionized car-
bon. On the other hand, in absorption the tradi-
tional laboratory techniques are not able to disso-
ciate the carbon compounds.

This paper discusses absorption spectra of CI
obtained by the method of flash pyrolysis, which
turned out to be the right tool in order to disso-
ciate and vaporize the sample and at the same
time to produce clean atomic spectra. The ex-
amined region is between the first ionization limit
at about 1100 and 385 A, the lower limit of effi-
ciency of our grating. The relative analysis al-
lows us to identify 34 lines, practically all new.
They are 2s%2p* 3P-2s2p?np °D° series converging
to the 2s2p®*P ionization limits. For the first
time the fine structure has been resolved. Fur-
thermore three new features have been observed
and identified as double excitation transitions from
the ground state to 2s%3pnd 3D° levels converging
to 2s23p2P° limits. The photoionization cross

section is cmeasured in the same wide region
1100-385A, supporting experimentally what was
formerly known only by theoretical means.

II. EXPERIMENT

The absorption spectra of CI have been obtained
with the pyrolysis technique in the spectroscopy
laboratory of the Arcetri Observatory employing
the instrumentation previously used in the experi-
ments concerning the spectra of litium,® silver,®
and gold.” Spectra are recorded by a two-meter
normal incidence spectrograph equipped with a
holographic grating whose dispersion is 4.17
Amm™,

The absorbing vapor is produced with the flash-
pyrolysis system consisting of a xenon flash lamp
powered by low-inductance 120-uF capacitor oper-
ated up to 9kV. As a sample we had 99.99% pure
graphite with grains of about 30-pm size. After
a delay of about 120 us we fired the continuum
source, a modified BRV® powered by a 2.5-uF
capacitor charged to 20-22 kV. The continuum
radiation was focussed by a toroidal mirror which
enabled us to record one spectrum with a single
shot on Kodak 101-05 plates or Kodak 101-01 film,
using 15-pm-wide slit. '

Because of the large cross section of the graph-
ite powder in the vacuum ultraviolet, even a
small quantity of such grains remaining in the
cloud of carbon atoms absorbed most of the back-
ground continuum so that low-intensity spectra and
hence poor information on CI resulted. For this
reason we have used the pyrolysis system with
which it is possible to heat the sample to about
5000°C, a temperature slightly higher than that
needed for graphite dissociation. Good results
have been achieved with a preheating of the graph-
ite powder by means of a low-powered flash shot.
In this way gases trapped in the grains are re-
leased and a fragmentation of the grains them-
selves is produced. For measurement of the
photoionization cross section we cut off the sec-
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ond-order radiation of the grating by means of
rare gases acting as filters. Moreover Ar, Kr,
and Ne absorption lines have been used as stan-
dards to calculate the wavelengths of carbon lines.

A reasonable number of spectra were obtained.
From these the best two or three using each kind
of gas were analyzed in order to increase the re-
liability of the weak lines and to give internal con-
sistency on all results. For well defined lines we
have a precision of the order of 0.01 A. Spurious
absorption and emission lines, mainly of neutral
and ionized carbon, oxygen, and uranium, orig-
inating in the continuum source, sometimes re-
duced the accuracy of our measurements.

It is evident from our data that for the absorp-
tion spectrum of carbon the pyrolysis technique
is superior to previously used ones. While we
observed no substantial difference between the
pyrolysis and induction furnace spectra in our
studies of elements like Ag and Au (Refs. 6 and 7),
it is clear that traditional methods (King furnace,
etc.) cannot supply the high temperature needed
for the evaporation of carbon.

III. ANALYSIS OF THE SPECTRA
A. Resonances

The electronic configuration of CI is 1s225%2p2,
According to Moore (Ref. 9), 3P,, °P,, 'D,, S,
lie, respectively, 16.42, 43.42, 10192.66, and
21648.02 cm™ above the ground P, level. The
absorption of photons with a wavelength shorter
than 1100 A by neutral carbon atoms in the ground
state might give rise to bound-free transitions of
one electron or to autoionizing transitions of one
or more electrons.

These transitions are well studied from a theo-
retical point of view because of their great inter-
est in astrophysics and in the atomic structure.
A recent theoretical work by Carter and Kelly,?
predicted the trend of the continuum photoioniza-
tion cross section with superimposed autoionized

lines originating in transitions from the ground ,

levels 3P to 2s2p*(*P,2P)np3D°, 3p°, 35°,
25%3s3p3P°, and 2s?3p3d *D°, *P°. They com-
puted also, for all these lines, the resonance en-
ergy and the Fano parameters I' and ¢, predicting
also the series 2s2p%(*P,2P)np 3S° to be very weak
with respect to the others and consequently very
difficult to be observed experimentally. Other
important theoretical works are those of Taylor
and Burke'! and Burke and Taylor,'? where a dif-
ferent computational approach is used. They
evaluated energies of 2s2p*(*P)np resonances and
calculated continuum cross sections which are in
good agreement with values given by Carter and
Kelly,'® while discrepancies there are in other

values of Fano parameters. Burke and Taylor!?
also computed the energies of limits for the ion
in the 2s2p%2D, 2P, 25, and 2p%%S°, 2D°, 2P° con-
figurations. Rydberg series converging to such
limits are expected to be very weak and therefore
hardly observable. )

The first experimental results in this region
came from works of Edlén*® and Boyce and Rieke.*
They all observed the three emission lines corre-
sponding to transitions from the fine structure of
the ground state to 2s2p%3S¢ level. Esteva et al.,*
using a vacuum spark to generate the absorption
medium, observed and measured lines due to tran-
sitions from the ground state to 2s2p*(*P)np °D°,
with » ranging from 3 to 7 and to np 3S° with »
=2,3. Nevertheless, for both the poor homoge-
neity of absorbing vapor and for the low-resolving
power of the spectrograph, no fine structure has
béen detected. '

In our experiment we observed 37 lines, which
are shown arranged in series in Tables I and II.
These tables give, for each measured line, the
principal quantum number #, the intensity I,
which is a visual estimate on a scale from one to
nine, the wavelength A, the wave number v, and
the effective principal quantum number »*.

- It should be noted that the value of A represents
the wavelength of the absorption peak, which is not
coincident with the resonance wavelength in the
case of an autoionized line with asymmetrical pro-
file. In our observed lines we have a negative
profile index ¢ implying that A (rvesonance) <i
(measured). This may explain the systematic
rise with # of the quantum defect §=# - n*, re-
sulting especially for the most extended series.
The bulk of lines observed are identified as tran-
sitions from the ground state 25%2p*°P, , to
252p*(*P)np®DY , sand are shown in Table I(a)-I(f).
The values of the *P limits are derived from ex-
cited C I levels.® According to the selection rules
we may expect six lines in each multiplet. In our
spectra we may resolve all six lines only in the
transition with =4, corresponding to the maxi-
mum of separation among *D}{ , ; levels. For
lines with »=3 we observe a strong broadening
due to autoionization completely masking any fine
structure.

The multiplet corresponding to =5 is shown in
Fig. 1, where it is possible to distinguish only
five lines and to see on the lower wavelengths
side, the typical asymmetrical profile with the
“window” of minimum cross section emerging
over the continuum. From Fig. 1 it is easy to
understand that, because of the proximity of multi-
plet lines, it is impossible to measure the true
profile of lines to deduce Fano’s parameter I' and
g and the exact A of the resonance.
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TABLE 1. Absorption series to 1s22s2p%4P limits,

@) 25%2p?°P~2s2p%p DJ. Limit *P,;, 133823.72 cm~!

@) 2s22p23P,~252p%p °D3. Limit Py, , 133823.72 cm~!

n I A @A) viem™) n* n I A Q) viem™1) n*
2 1560.3095% 64089.8 1.254 2 1561.3668% 64046.4 1.254
3 (2)® 869.3 115035.1 2.417 3 (?)® 869.3 115035.1 2.419
4 3 803.15 124 509.7 3.432 4 3 803.37 124 475.6 3.434
5 5 780.13 128183.8 4.411 5 6 780.40 128139.4 4.411
6 4 769.08 130025.5 5.406
7 3 762.69 131114.9 6.416
8 2 758.76 131794.0 7.433
(b) 2322p2 3Pl_2szpznp 3D‘;. Limit 4P1/2 133823.72 cm—l 9 1 756.31 132220.9 8.388 ‘
n I &) »(em-1) n* () 2s%2p23P,~252p%p °DY. Limit *Pg;, 133 845.72 cm!
2 1560.7088% 64073 .4 1.254 n I MA) v(em™) n*
3 (P 869.3 115035.1 2.418 2 1561,3400% 64 047.5 1.254
4 3 803.24 124495.8 3.433 3 (@)P 869.3 115035.1 2.418
5 5 780.24 128165.7 4.410 4 7 803.00 124 533.0 3.441
6 3 768.93 130050.8 5.405 5 5 779.93 128216.6 4,432
g g Zgggﬁ ig: 513;‘:::3 S:‘gf () 2s22p?°P,~2s2p"np °D3. Limit *P5/, 133874.02 cm™?
9 2 756.17 132245.4 8.382 n I &) viem™Y) n*
10 1 754.39 132557.4 9.370 -
11 753.08 132788.0  10.376 2 ,  o6L.43s2 64043.5  1.254
12 1 752.13 132955.7 11,352 3 @ 869.3 115085.1 2.416
13 1 751.42 133081.4  12.295 4 4 802.71 124 578.0 8.444
5 6 779.68 128257.7 4.437
6 3 768.57 130111.8 5.432
7 4 762.35 131173.3 6.426
8 4 758.51 131837.4 7.420
() 25%2p23P—2s2p%p °DY. Limit *Py;, 133845.72 cm™? 9 3 755,96 132282.1 8.418
- 10 2 754,21 132589.1 9.401
n I AA) viem™) n* 11 1 752.93 132814.5  10.392
2 1560.6820% 64074.6 1.254 12 1 751.99 132980.5  11.361
3 ) 869.3 115085.1 2.416 13 1 751.24 133113.3  12.368
4 5 802.81 124562.5 3.441 14 1 750.68 133212.6  13.324

% From Johansson (Ref, 2).

b Very broad and fine-structure blended; accuracy is +0.2 A.

Table III reports energies of 2s2p*(*P)np°D3 , o
levels as deduced from observed lines. For the
other two possible series 25%2p?3P-252p?(*P)np P°,
3S° converging to the same limits as the previously
considered series, we observe only three very
weak lines at about 945 A, corresponding to tran-
sitions to 3S¢ from the three ground-state levels
8Pg, 1,2 These lines are not reported in Tables I
and II because they are already well known,%!3:14

TABLE II. Double-electron transitions 2s22p%3p—
2s23pnd °D°. Limit %P 222552.2 cm~!,

” I rA) (cm™Y) n*

3 4 485.58 205939.3 2.570
4 3 468,37 213506.4 3.483
5 2 460.81 217 009.2 4.449

An impurity absorption line, due to the continuum
source, similar to that identified by Esteva et al.*
as the 25%2p%3P-2s2p*(*P)3p 3S° carbon line oc-
cupied the same position on our spectra. Since
we have used the continuum source essentially of
the same kind as Esteva et al.,* we think they also
observed the impurity line instead of the identified
carbon line. For the resonance transitions 3P-3p°
predicted by Carter and Kelly*® and Burke and
Taylor,'? in positions corresponding to n=3,4,

we find larger absorption features of the source

stronger than any possible carbon line. For n>4
no evidence of lines exists, nor is there evidence

- of any other possible transitions,. except for the

three lines shown in Table II and, for one of these,
also in Fig. 2. These lines are identified as dou-
ble-electron transitions from the ground state to
2523p(2P°)nd *D° because they fit in a series con-
verging to the limit 2523p 2P° whose energy is de-
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FIG. 1. Profile of optical depth of inner-shell transi-
tions. Absorption increases with A7. The adjacent con-
tinuum corresponds to A7=0. On the side of shorter
wavelengths the window of minimum cross section is
easily visible.

rived from values of the C H excited level.® From
an observational standpoint these lines are new,
We believe that our line at energy 25.53 eV, having
n=3, corresponds to the line at 26.35 eV predicted
by Carter and Kelly'® with the same excited core.
No fine structures have been resolved for these
lines, but we think that the splitting of almost
ground °P levels surely broadens lines even if
there is not any fine-structure evidence. Since
each of these three lines is a merging of six

lines, no measurement was carried out from

Fano’s parameters.

B. Photoionization cross section

The relative photoionization cross section has
been determined in the wavelength range 1100—

TABLE III, Energy levels of 1s%2s2p%p D° (cm™?).

*ng *D D
2p 64 089.8 64 090.7 64 086.9
3p 115 035° 115035 115035
4 124 513.7 124 577.7 124 621.4
5p 128182.9 128260.1 128301.2
6 130068.1 130155.2
(/) 131159.5 131216.8
8p 131 834.3 131 880.8
9 131263.1 132325.6
10p 132 573.9 132 632.5
11p 132804.4 132 857.9
12p 132 972.2 133 023.9
13p 133097.8 133156.7
14p 133256.0
2 Blended.

-0.2} ——
282 2p2 ap_zszsp 3d aDo

-01}F

Ar

01k

0.2F

] 1 1

. 1 ]
484 485 486 487
X (A)

FIG. 2. Profiles of optical depths of double-electron
transitions. Absorption increases with AT and this has
the same scale as Fig. 1. Although the profile is a
blend of six lines, the asymmetry of the profile is
easily visible.

385 A by subtracting from the atomic-carbon con- '
tinuum-absorption spectrum the background radia-
tion of the BRV souree. '

In case of plane one-dimensional purely absorb-
ing medium the optical depth 7(1) is defined by

7(A)=1In[I,(A\)/I(N)] , @)

where I,(A) and I()) stand, respectively, for the
incident and emerging intensities in the absorption
cell at any wavelength \. Moreover, 7(\) is re-
lated to the atomic photoionization cross section
a(A) by

)= [ SOIN d1=0(A)(N),, I, @)

where N is the atomic density and [ is the thickness
of the medium. Both intensities I,(\) and I()) have
been measured in relative units, and I(A) has been
scaled so that the coefficient 7()) is zero at wave-
lengths longer than the first ionization limit, i.e.,
for A >1101.07 ﬁ, where no photoionization from
3P may occur. This scaling has been done to take
into account the scattering mainly caused by the
residual graphite grains which is reasonably inde-
pendent of X in this spectral region. To be sure
that we were recording just the pure first-order
continuum, we have taken several plates with con-
venient amounts of different noble gases in the ab-
sorption cell. In this way the contribution of
higher-orders continuum was cut out by Ar at
AS786 A, by Ne at A>575 A, and by He at A >504
A. For shorter wavelengths no gas was needed
due to the already mentioned very low reflectivity
of the grating.



Each spectrum has been scanned with a computer
controlled microphotometer, so that digital read-
ings were directly stored in files. The coefficient
7(A) was derived with high resolution in a semi-
automatic way by means of the calibration curve,
derived by using several meshes with known trans-
missions. Special care was taken to account for
the different amounts of stray light on each spec-
trum which may indeed by a problem for measure-
ments in regions with high transparency. In this
way we obtained the 7()) profile. Since T(A) from
relation (2) is proportional to o()), it is possible
to derive that value of the proportionality constant
(N),,1 through which it is possible to match the
experimental T7(A) curve and the 7()) curve theo-
retically predicted by Carter and Kelly and Burke
and Taylor. The best agreement of the computed
o(7) with the ratio T(A)/(N),,! was found with
(N),,! value equal to about 10'® atoms cm™=. Ob-
vious deviations from one spectrum to the other,
were observed with about the same quantity of
graphite, but order of magnitudes are maintained.
Figure 3 shows the photoionization cross section
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in absolute units of the ground states 3P, as well
as the resonances and the marked step on thresh-
old 2s2p%*P. In this figure the cross section pre-
dicted by means of the R-matrix method!? is shown
as a dot-dashed curve, while theoretical results
from the many-body perturbation theory'® are dis-
played as the dotted line (length form) and dashed
line (velocity form).

There is consistency with an experiment carried
out with a wall-stabilized arc by Hofmann and
Weissler!® as regards absolute results in the range
1101-980 A, In Fig. 3 there are represented sam-
ples of these measures (dots); intermediate values
lie on the joining segment, with a gap between
about 1090-1025 A, due to spurious lines. Al-
though values are slightly high around the thresh-
old, the agreement is within the estimated experi-
mental errors. A check on the reliability of the
(N),,1 value has been made on the basis of known
oscillator strength of the CI multiplet at A~ 1280
A. This structure, easily visible in our spectra,
arises from the transitions from the ground levels
to 25%2p4s3P°. Its total oscillator strength is

PHOTON WAVELENGTH (A)

1000 900 800 700

600 500 400

Mb 24 2f2p%PLimiT 2s2fP Limit

18

n=3 4 567

|1 1l »2s2p%(*P)np *0°

2s2p°%P LimiT

| 11 »2s23p(3P)nd 30°
n=3 45

1 ! 1 1 1

0 1 1 1 1
12 14 16 18

1
22 24 26 28 30 32

PHOTON ENERGY (eV)

FIG. 3. The measured relative photoionization cross section is shown as a full line in comparison with the theoreti-
cal predictions made by the R-matrix method (dot-dashed line), and the.many-body perturbation theory [dotted line
(length form) and dashed line (velocity form)]. The three dots are from previous measurements using a wall-stabilized
arc. The jump of the cross section at the 2s2p24P limit is clear together with the converging resonances; only those
with » up to seven have been reported. At shorter wavelengths there are three observed resonances from double-

electron excitation transitions,
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known with an uncertainty of about 10% from mea-
sures of Brooks ef al.!® The profile of the six
lines forming the multiplet can be described by
means of six Doppler profiles, because in our
conditions (7'~ 5500 °K, (N),,l~ 10'® atoms cm"?)
the damping contribution is negligible. We as-
sumed that f-value ratios are the ones according
to LS coupling rules. The theoretical intensity
I.(\) is given by

I,(A\)=1,(2) exp (—- ;; £,9,AXN),, l) , (3)

where g; are the statistical weights of the levels
from which transitions start and o;(A) is the Dop-
pler-broadened cross section for the jline of the
multiplet

with 2,; resonance wavelengths of lines, f, their
oscillator strengths, and Ax, the Doppler width,
equal about to 0.01 é, while other symbols have
the usual meaning. In order to reproduce the ex-
perimental shape of multiplet lines we must con-
volve the function (3) with the instrumental profile
T(A). The latter is evaluated by normalizing the
profile of some sharp line appearing in the spec-
tra. The absorption profile, in relative units, is
thus

. (\)=In Zﬁ—#’mﬂ), (5)

where I, is constant in the wavelength interval of
the multiplet and it has to be matched with the ob-
served one by adjusting ( N),,I. The agreement
between the values of (N),,!, obtained with this
and the previously described method, turned out
very well. Since (N),, =~ 10" atoms cm™ and the
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geometrical depth is roughly equal to 10 cm, (N),,
=~ 10'5 atoms cm™3,

Sources of errors are estimated to be (i) the
nonperfect reproducibility of the intensity slope
versus wavelength of the BRV which is evaluated
on a statistical basis, (ii) the impurities present
in the absorbing vapor, (iii) the different re-
sponses of the photographic emulsions for different
wavelengths, and (iv) the neglect of photoionization
absorption arising from !D,. An evaluation of this
last effect can be made by deducing the population
ratio of D, and P ground levels supposing that
collisions are the dominant process, being (N),,
~10'® atom cm™. Therefore levels have Boltz-
mann population. The fine structure of 3P is pop-
ulated according to degeneration because of their
small splitting energy with respect to k7. For

the !D, we have
xp<_AE)g 0.038. ®)

N('D,) g(*D,)
(SP) g(°P)
The photoionization cross section for !D, at the
limit 2s®2p2P° is measured from Hofmann and
Weissler!® to be about 9.5 Mb, With the popula-
tion ratio (6) the contribution to the absorption
from 'D, is 0.4 Mb, equivalent to an error of
about 2.5%. The overall uncertainty of the pres-
ent result on o()) in Fig. 3 is estimated to be
about 30%.
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