
PHYSICAL REVIEW A VOLUME 48, NUMBER 2 AUGUST 1993
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The radiative-decay rates of the 2s 2p( P')-2s2p ( P) intersystem transitions of C+ ions have
been measured by recording the time dependence of the 233-nm emission. A cylindrical radio-
frequency ion trap was used to store electron-impact-produced C ions. The time-dependent signals
were analyzed by multiexponential least-squares fits to the data. The measured radiative-decay
rates to the ground term are 146.4(+8.3,—9.2) s for Pi~q, 11.6(+0.8,—1.7) s for Psych, and
51.2(+2.6,—3.5) s for Psyq Com. parison of the measured values with theoretical values is pre-
sented.
PACS numbers: 32.70.Fw, 95.30.Dr, 32.80.Pj

I. INTRODUCTION

The boronlike ions of carbon, nitrogen, and oxygen are
astrophysically abundant and their spectra are observed
in a large number of astronomical sources. The atomic
structure of the B-like ion leads to spin-changing, inter-
system lines, emitted by the decay of the fine-structure
levels of the 2s2p ( P) metastable term to the ground
term 2s 2p( P'). Often, all five lines of the intercom-
bination multiplet (UV 0.01) are measurable features in
these sources. Clr, NITER, and Orv lines are observed,
for example, in late-type giant stars [1—3], in the solar
chromosphere [4], the solar transition region [5, 6] and in
symbiotic stars [7, 8].

Because the rates for collisional excitation and deex-
citation of ions in the diffuse atmospheres of these ob-
jects are comparable with the radiative-decay rates for
intersystem and forbidden transitions, intensity ratios in-
volving intersystem lines within the multiplet [9, 10], or
with forbidden or allowed lines [ll], can be applied to
determine electron density and temperature. The line
ratios depend critically on the decay rates, i.e. , the tran-
sition probabilities (A values), and thus the accuracies
of the density and temperature diagnostic techniques de-
pend strongly on the completeness and accuracy of the
A-value data for the transitions involved. Until now, the
A values for the lines of multiplet (UV 0.01) of C ii, N iii,
and 0 iv were known only by theoretical means [12—15]
or, in the case of C ii, also by empirical estimates [10].
The present paper reports the first measurements of the
values of the radiative lifetimes for the J = z, ~, and ~
levels of the 2s2ps(4P) metastable term of C ii. Similar
measurements are underway on the N ?re multiplet.

II. EXPERIMENTAL METHODS

The 2s2p (4P) term of C+ ion has three fine-structure
levels and all three levels, Pigq, P3gq, and P5gq, decay

by electric-dipole spin-changing transitions to the ground
2ss2p(~P') term (Fig. 1). The emission consists of five
closely spaced lines at 232.54 nm, 232.88 nm, 232.42 nm,
232.76 nm, and 232.61 nm [16]. The radiative lifetimes
of the levels of the 4P term were obtained by measur-
ing the unresolved spontaneous emission from metastable
C+ ions stored in a cylindrical radio-frequency ion trap.
Since the ion trap is a low-density source and the intersys-
tem lines of this compact multiplet are intrinsically weak,
it was not possible with this experimental arrangement
to resolve spectroscopically the separate line components
of the emission. The photon signal from the unresolved
emission is expected to consist of three exponential de-
cay components which correspond to the radiative decay
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FIG. l. Energy-level diagram for multiplet (UV 0.01) of
Cii, 2s 2p( P')-2s2p ( P).
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of the fine structure Pig2, P3/2, and Psg2 levels of
the 4P term. A multiexponential function is used for
the data analysis. Similar analysis has been used on the
nearly analogous radiative decays in Si ii [17] of the fine-
structure levels of the 3s3pz(4P) metastable term to the
ground term 3s 3p( P'). We will discuss the analysis
of multiexponential decay components in some detail in
Sec. III A.

The apparatus and experimental method used in this
experiment are the same as that used for the measure-
ment of the A value of the 2s2(iSO)-2s2p(sPi ) intersys-
tem line of C iii [18]. The cylindrical ring electrode of the
ion trap was constructed from 30-gauge, 304 stainless-
steel mesh. A 2-cm-diam hole was cut from the mesh
facing the optics and was covered by a finer mesh to
permit 95% transmission of photons. The electrode of
radius ro ——1.67 cm defined the radial extent of the trap,
which was axially closed by two planar end caps sepa-
rated by 2ro. With the end caps grounded and electri-
cally insulated from the ring electrode, a time-varying
voltage V(t) = Uo + Vo cos(Dot) applied to the ring elec-
trode produced an effective potential well [19] that con-
fined an ion population to a central region bounded by
the electrodes. The measurements were carried out with
Ao/27r = 1.2 MHz, Vo = 400 V, and Uo = 30 V, yielding
pseudopotential near-spherical well depths of D, = 15.8
eV and D„= 19.0 eV in the axial and radial direc-
tions, respectively. Test measurements were made with
D, potential-well depths ranging from 2.5 eV to 15.8 eV
and no changes were observed in the radiative decay. No
photon signal was observed when the ion trap was ad-
justed so that C+ ions were excluded from the trap.

C+ ions were produced and excited during a 5-ms pe-
riod of electron bombardment of high-purity (99.97%)
CO gas with an unfocused pulsed electron beam from a
BaO dispenser cathode biased to —55 V. Immediately af-
ter the ions were created, the cathode was biased to +125
V. This bias inhibited the emission of electrons from the
cathode and eliminated continuous ion production. After
the production-excitation phase there was a 0.5-msec re-
laxation period, during which time all allowed transitions
decayed. This is followed by a long 410-msec photon de-
tection period.

Photons from the stored ions were collected by a fast,
f/I 4lens system. , composed of two Suprasil lenses with
a x1.5 magnification, spectrally filtered, and detected
by a solar-blind photomultiplier (EMR 541@-05M-13),
operated in the pulse counting mode. The photon signal
was binned and stored in an Ortec multichannel scalar
(MCA) at 0.4 msec per channel.

A narrow-band interference filter (Acton Research
Corp. ) with central wavelength at 232 nm and band-
width +10 nm was installed in the optical system to iso-
late the C lr emission. The filter attenuated most of the
ultraviolet blackbody radiation from the hot-electron gun
used in ion production.

The MCA operated in alternate add and subtract
mode that was synchronous with the ion trap's storage
and nonstorage cycles. On nonstorage cycles, the trap
was emptied after the ion production-excitation phase
but before the detection phase by application of a 14-

@sec, —75-V pulse to one of the end caps. This sequence
allowed background noise not associated with the stored
ions to be subtracted while maintaining the symmetry of
the creation and detection phases.

The pulsed electron beam's injection energy was var-
ied from 30 eV to 300 eV in preliminary tests and no
effect was observed on the radiative-decay rates. At the
higher electron energies a time-dependent background,
not associated with stored ions, was observed. We chose
a relatively low electron-injection energy of 55 eV for
production and excitation of C+ from CO because at
this energy no such background was observed. The ac-
tual electron-impact energy to create metastable C+ ions
could be much larger than 55 eV, because, after entering
the trap through the end cap, the electrons would gain
additional energy from the rf field, which has a maximum
of 400 V between the ring electrode and the end caps.

Specific ion trap parameters were chosen to optimize
the trapping of C+ and to exclude or to minimize the
storage of other ions produced by electron bombardment
of the CO source gas. Those ions are CO+, CO2+, 0+,
0 +, and C +. The storage characteristic, i.e. , the sta-
bility diagram of this trap, has been mapped by using
Nz+, N+, Ar+, and Ar + [20]. The stable trajectories
of the stored ions can be obtained from the solutions of
Mathieu equations. The corresponding Mathieu parame-
ters for trapped C+ ions were q, = 0.57 and a, = —0.086.
At these values both CO+ and C2+ ions were outside the
region of stability. Any CO2+ would be in quasistable or
short-lived states and would dissociate soon after produc-
tions [21—23]. Both 02+ (q/m = 8) and 0+ (q/m = 16)
ions were expected to be trapped since their Mathieu pa-
rameters a, and q, were within the stable region of the
trap. However, the production of 02+ required multiple
collisions and the production rate of 0 + is four orders
of magnitude smaller than that of C+ ions [24]. Time-
of-flight (TOF) spectra were recorded by the TOF mass
spectrometer installed behind one of the trap's end caps.
Figure 2 shows a time-of-flight mass spectrum of the ions
stored in the trap under the storage condition used in our
measurements. Only C+ ions are recorded. The absence
of an 0+ signal can be explained by several facts. At
the above trap settings for C+ ion, 0+ ions are not op-
timally stored because the Mathieu parameters for 0+
are q, = 0.43 and a, = —0.065 [20]. In addition, the 0+
ions are in a nonspherical potential well (D„= 16.71 eV
and D, = 6.86 eV). 0+ ions created near the ring elec-
trode may have energy exceeding the well depth along
the z direction and may leak out of the trap through
the shallower well along the z axial direction. Both 0+
and C+ ions were produced and detected under the same
trap condition when the electron-ejection energy was in-
creased well above 200 eV. In the case where small num-
bers of 0+ ions were present in the trap, their radiation is
not expected to affect our measurement because the de-
cay rates for the parity-forbidden 4S'-2P transition at
247 nm are more than two orders of magnitude smaller
than those measured for the C+ intersystem transitions
[25].

The energy intervals between the P5y& and P3/2, and
Psy2 and Piy2 levels are 28.3 cm and 22.0 cm [26],
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FIG. 2. Time-of-flight mass spectrum for the trapped
ions. Under trap conditions: f = 1.2 MHz, Vo = 400 V,
and Up = 30 V, C+ is the only trapped ion detected in the
spectrum with the low electron-injection energy of 55 eV. The
dashed line represents the ion signal with Up ——20 V in which
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case, 0 cons are also detected in the trap.

in which Ai = A( Pi/z ~ P' ) + A( P1/2 1/2

2 ( 3/2 ~ Pl/2) + A( P3/2 —+ P' ), and A3/2

( 5/Q Ps/2) are spontaneous decay rates for the
2Po 4P ~ ~

K K
transitions; M is the source gas number d 'ter ensi y;

2, and K3 are the quenching rate coefficients to the
ground term for the three rnetastable levels K
123 are the collisional mixing rate coefficient fcien s rom
eve x to level j among the fine-structure level of the 4P

term, with

respectively. Thus, collisional processes such as mixing
among fine-structure levels and deexcitation (quenching)
to the ground term can occur during periods comparable
to the radiative lifetime at high source gas density. To
minimize these efFects we kept the CO pressure at and
below 4.4x10 s Torr for the measurements. The lower
limit of CO pressure in the measurements was determined
by the signal-to-noise ratio. The CO pressure was mea-
sured by a Masstorr DX200 residual gas analyzer and a
Varian UHV-24 ion gauge.

III. DATA ANALYSIS

The data show (cf. Fig. 3) a multiexponential decay
of the photon signal, which is, of course, expected and
directly related to the population of the C n metastable
levels. We modeled the changes in the 4P populations by
a set of coupled rate equations describing the effects of
collisions with the source gas and radiative decay on the

Th
populations of the fine-structure levels of the 4P te erm.

e solution of the differential equations will give us the
time dependence of the population density of each fine-
structure level. We will use these solutions to determine
the radiative-decay rates to the ground term of the fine-
structure levels in the 4P term.
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A. Mathematical modeling

N2 = R N2"' &~.) E~.)
(1a)

The rate equations describing the changes in the popu-
lations Ni, N2, and N3 of metastable levels 4P P
and 4

) S 1/2) 3/2)
and P5/2, respectively, can be expressed by the follow-
ing differential matrix equation:

—4 I I I I l I I I

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Time (set. )

FIG. 3. Decay signals of C ri 233 nm emission as a func-
tion of time at 2.2x10 Torr of CO: (a) linear scale, where
only the counts below 2 x 10 per channel are displayed so
t at the low-count region of the signal can be shown more
clearly, and (b) logarithmic scale for the first 0.15 sec of the
same data set. The solid curves are the three-exponential fits
to the data. The residuals of the fitting are shown in (c).
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1 1

g2 gy

If the source gas number density M is relatively small,
and the condition

1 1—K23 ———K32 —= KP,
g3 g2

MK~ && ]AA; —At] (i, j, k, t = 1, 2, 3 and k P l), (4)

1 1—Kg3 ———Ksg =—K~,
g3 gz

where gy
——2, g2

——4, and g3 ——6 are the statistical
weights of levels Pq/2, P3l2 and P5y2, respectively.
The first-order linear differential equation (1a) has the
general solutions

is satisfied, then all the off-diagonal elements of the ma-
trix R. in (1b) may be regarded as small quantities and
be treated as, perturbations. The first-order solution for
Eq. (la) gives the rates rl, r2, and rs.

rl =Al+M(K1+g2Kn+gsKp) +bl+

Nq ——aqe "' + a2e "' + a3e r2 = A2 + M (K2 + gl Kn + gsKp) + 62 + (5a)

b e rxt + b -e-rqt + b e-r3t

N3 —c]e ""+c2e ""+c3e

(3) Ts —As + M (K3 + glKp + g2Kp) + 63 +

where bq, b2, and b3 are the first-order correction terms,
and they are

glg2(MK )2

(Al A2) + M [Kl K2 + (g2 gl)Kn + g3(Kp Kp)]

gl gs (MK~) 2

(Al —A3) + M [Kl Ks+ (g3 gl)Kp+ g2(Kn —KP)]
'

glg2 (MKn) 2

(A2 Al) + M [K2 Kl + (gl g2)Kn + g3(KP Kp)]

g2gs(MKp) 2

(A2 —A3) + M [K2 K3+ (g3 g2)Kp+ gl(Kn —K&)]
'

glgs(MK~)2
(A3 Al) + M [K3 Kl + (gl gs)Kp + g2(KP Kn)]

+ g2gs(MKp) 2

(A3 A2) + M [K3 K2 + (g2 g3)Kp + gl(Kp Kn)]

(5b)

Although the correction terms 61, 62, and 63 are nonlinear with respect to the number density of the source gas, these
terms may be ignored when condition (4) is satisfied.

The first-order solutions for the coefficients of each exponential term in Eqs. (3) are expressed by

al =Nl(0) —S12N2(0) —S13N3(0), a2 = S12N2(0), as —S13N3(0),

bl = S21N1(0), b2 = —S21N1(0) + N2(0) —S23N3(0), 63 S23N3(0) (Ga)

cl —S31N1(0), c2 —S32N2 (0), cs = —S31N1(0) —S32N2(0) + Ns (0),

where

1 1 MK
S12 — S21 =

gl g2 (Al A2) + M[K1 K2 + (g2 gl)Kn + gs(Kp Kp)]

1 = 1 MKp—Ss2 = ——S23
gs g2 (As —A2) + M[K3 —K2 + (g2 —gs)Kp + gl(K~ —Kn)]

'

1 1 MK~—Ss3 = ——S3&
gl g3 (Al A3) + M[K1 K3 + (g3 gl)Kp + g2(Kn Kp)]

(6b)
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and if the conditions of Eq. (4) are satisfied,

~S,, [
&& 1 (i, j, k = 1,2, 3), (6c)

I —r1t + I —rgt + I —V3t (8a)

where the intensity components corresponding to the
three-exponential decays are

Il ~ (Ai + A2S21 + A3S31)N1(0)
—A1S12N2 (0) —A]S13N3(0),

I2 = (A1S12+ A2+ A3S32)N2(0)

A2S21N1(0) A2S23N3(0) ~

I3 = (A1S13 + A2S23 + A3) N3 (0)
—A3S31N1 (0) —A3 S32N2 (0) .

(8b)

By using Eq. (Gc), and the fact that A2 may be much
smaller than Ai and A3, the intensity equations of (8b)
may further be simplified to

then in most cases the terms with S,~ can be ignored.
The total photon emission rate I for the 4P —+ 2P'

transition can be expressed by

I = A1N1 + A2N2 + A3N3 .

By substituting Eqs. (3) and Eqs. (Ga) into Eq. (7), the
time-dependent photon emission of the C+ ions has three
distinct exponential components:

exponential decay rates is different from the other by
factors of more than 3 (cf. Sec. IV) greatly improve the
reliability of the fit. Figures 3(a) and 3(b) show the sum
of the time-dependent signal at 2.2 x 10 Torr CO. The
result of the three-exponential fit is represented by the
solid curve. The residuals, defined by 6, = [y, y—(t, )]/cr, ,

are shown in Fig. 3(c), and are evenly distributed about
zero. The standard deviation for each data point, o, , was
used for the weighted fitting, and was determined from
the square root of the total number of counts for each
channel according to Poisson statistics. Those counts
include both photon signal counts, and the background
noise counts. The background noise was essentially time
independent. The background count per channel was de-
termined from the difference between the total number
of signal and noise counts recorded by the digital counter
and the total signal counts recorded by MCA divided by
the number of channels used in the measurement.

The above data-fitting procedure was performed for
each of the 29 data sets and the sum of data for each
CO pressure. The reduced y2, y2 (y2 = y /v, where v
is the number of degrees of freedom), of all fits for the
individual measurements were distributed around 1.00,
with 62%%up of them within the range of +0.04, 91%%uo within
+0.08, and all within +0.11, in excellent agreement with
the probability distribution function for y„[i.e. , P(y2) =
2.&,z( &

)v(y v) ~ (" ) exp( —y v/2), where v = 1018].

Ii = A1Ni(0),

I2 ~ (A1S12 + A2 + A3S32)N2(0) 1

I3 A3N3(0) .

(8c)
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Equations (8c) will later be used to verify the level as-
signment for each decay by comparing them with the
measured intensities of each component in the multiex-
ponential decay signals.

—3
—4

B. Data and data analysis

A total of 29 independent measurements were made at
the four CO pressures, 1.1, 2.2, 3.3, and 4.4xl0 Torr,
with each measurement corresponding to 1.5 x 105
cycles of add-subtract sweeps. Each data set y, (i = 1
to 1024) was fitted to a three-exponential decay function
consistent with the above model:

3 I

—2
—3

~ ( ~

(( ~

e ~ ~
~ Q J '~ + ~ '~ j o~ ~ ~ ~

eO~ ~
% ay Mp r rr ~ v

~( g ~ ~ ~ ~, ~ ~

1' ~

~%

(b)
\ ~

~ e
~ ~

3

y(t) = ) 3, exp( —r, t)

using the nonlinear least-squares method with s~ (j =
1,2, 3) representing the initial intensities, and r~ (j =
1,2, 3) representing the decay rates of each exponential
component. No parameter was used for background since
the background subtraction techniques were used in the
measurements and the model [Eq. (8a)] does not have
a time-independent background. The excellent signal-to-
noise ratio of the data and the fact that each of the three-

—4
5 I I I I I I

000 005 0 10 0 15 020 025 030 035 0.40

Time (sec)

FIG. 4. Residuals of fitting two-exponential decay mod-
els to the data. The fitting functions are (a) y'(t)

s(exp( —r(t) + c, and (b) y"(t) = Q. s~ exp( —r"t).
In both cases, the residuals exhibit time-dependent struc-
tures. The structures are depicted by the solid curves that
are y(t) —y'(t) in (a) and y(t) —y" (t) in (b), where y(t) is
the three-exponential decay function (six parameters) fitted
to the data.
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The excellence of the fits of the data to the three-
exponential model was also tested by comparing it with
fits to other multiexponential decay functions. First, we
used a two-exponential decay plus a background (five pa-
rameters) function:

2

y'(t) = ) s,'exp( —r,'t) + c,

and then a two-exponential decay without a background
(four parameters) function:

1.5

1.4

1.2

I,

I ',

1

I

~ multi —exponential fit
multi —exponential plus

background fit

Pressures
—8'l. 1 x'I0 Torr—8

2.2x 1 0 Torr—8
D. dx I 0 tot I'

—8
4.4x 'I 0 Tor r

2

y" (t) = ) s,"exp( —r,"t).
2

0 g dist

with 90% possibility

Channels
1 —350TT~0.5

0 4

0.3 $. 1

0.0

Channels
351—700

Channels
701 —1024

The residuals of both those fittings exhibited time-
dependent structures [see Figs. 4 (a) and 4 (b)], which
could be well depicted by the difference of the three-
exponential decay function and the two-exponential func-
tions, i.e. , y(t) —y'(t) and y(t) —y"(t), respectively. The
distribution of the residuals for the three-exponential
model is shown in Fig. 5(a) and is consistent with Pois-
son statistics where the theoretical distribution curve

0.9

0.8 l I

5 6
Number of Fitting Parameters

FIG. 6. y values of the fits to different multiexponen-
tial models. The three-exponential fit (six parameters) gives

values about 1.00 and satisfies the theoretical predic-
tion. The y„of the less-than-six-parameter fits (two- or one-
exponential) are beyond the possible distribution region rep-
resented by P(y ). The models with extra parameters, other
than the six needed for our three-exponential model, give no
improvement of y . The g of the three-parameter fit are
about 6—10. The lines joining the y values are visual aids
and only indicate equal CO pressure.
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residuals 0,

FIG. 5. Comparison of the Poisson distribution functions
of residuals with the residuals distributions as results of us-
ing difFerent models fitted to the data. The comparison is
made for each of three different periods of the decay. The
functions used in the fits are: (a) three-exponential without
background; (b) two-exponential plus a background; and (c)
two-exponential without background. The histograms are fre-
quency distributions of the residuals. The smooth curves are
frequency functions of the residuals according to the Poisson
statistics, which are Gaussian: P(A) = 1/~2vr exp( —A /2),
since the signal counts per channel exceeds a few hundred.

is Gaussian: P(E) = (1/+2vr) exp( —A /2), at signal
counts per channel exceeding a few hundred. The devia-
tion of the residuals distribution from Poisson statistics
for other multiexponential models is clearly revealed in
Figs. 5(b) and 5(c). The y2 of these fittings were as high
as 1.2 to 1.3 for five-parameter fits and 1.3 to 1.4 for four-
parameter fits. These y2 values are outside the possible
y2 distribution region (cf. Fig. 6). If we used more than
a six-parameter function, e.g. , a three-exponential decay
plus a background function or a four-exponential decay
function without a background, to fit our data, the y~
did not improve (see Fig. 6). In addition, no significant
changes of the three decay rates were observed by intro-
ducing the extra parameters. The function with least
parameters is the three-exponential one and this is con-
sistent with the model proposed in Eq. (7). We conclude
that the six-parameter three-exponential decay function
adequately describes the radiative processes of C+ in the
low-pressure environment chosen for the measurement.

The three decay rates for each CO pressure used could
be obtained by a weighted average of the decay rates de-
termined from each individual measurement at that pres-
sure or equally well obtained from the sum of the signal
at that pressure. The results obtained were essentially
the same. The statistical errors shown were estimated
from the Huctuations of the results from the separate
measurements, which were also in agreement with those
calculated with the nonlinear least-squares fitting algo-
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TABLE II. Measured and calculated radiative transition probabilities for the P'- P intersys-
tem lines of Crt.

A (sec ')

Transition
4 2 0

P1/2 ~ P]/2
4 2 0

+8
4 2 0

P3/2 ~ Py/2
4 2

P3/2 P3/2
gb

4 2 0
P5/2 ~ Ps/2

This work
1993

146.4(+8.3,—9.2)

11.6(+0.8,—1.7)
51.2(+2.6,—3.5)

LDHK'
1985

74.4
77.8

152.2
1.70

12.4
14.1
53.9

SLBJCWCd
1981

56.4
65.7

122.1
2.8
8.5

11.3
37.6

NS'
1981

55.3
65.5

120.8
1.71
5.24
6.95

43.2

DT'
1978

42.5
40.2
82.7
1.01
8.11
9.12

34.4

a . 4 2 0
P1/2 ~ P]/2, 3/2

b . 4 2 0
P3/~ ~ Pi/2, 3/2 .

'Calculated by Lennon et al. [12].
Empirical values derived from Nussbaumer and Storey [15] by Stencel et al. [10].

'Calculated by Nussbaumer and Storey [15].
Calculated by Dankwort and Trefftz [13].

moment. The 6nal results, including systematic uncer-
tainties and theoretical calculations, are shown in Table
II.

The measured values of Ai and Aq have uncertainties
of (+5.7,—6.3%) and (+5.1,—6.8%), respectively. Our
values are in good agreement with the values calculated
by Lennon et al. [12], but are about 20% larger than the
values of Nussbaumer and Storey [15] and of Stencel et
aL [10]. The uncertainty for the measured A2 value is
(+7,—15%). This value is 18% smaller than that calcu-
lated by Lennon et aL [12] and about 67%%uo larger than
that of Nussbaumer and Storey [15], and in agreement
with that of Stencel et aL [10].
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