Raphaël Marion 
  
Kevin M Dunseath 
  
Mariko Terao-Dunseath 
  
Xavier Urbain 
email: xavier.urbain@uclouvain.be
  
  
Absolute cross sections and asymmetry parameters

Keywords: numbers: 32.80.Gc, 31.10.+z, 33.60+q

teaching and research institutions in France or abroad, or from public or private research centers.  

I. INTRODUCTION

The study of the photodetachment of negative ions, especially of open-shell systems such as carbon and oxygen, presents a double interest: they play an important role in astrophysics and atmospheric physics [1], and provide stringent tests for the description of electron correlation.

The electron affinity, or energy difference between the ground states of the negative ion and the residual atom, is indeed much smaller than the ionization energy of atoms and cations. While the variational principle applies independently for each system, it is much more difficult to guarantee a well-balanced calculation for both systems, and hence an accurate value for the electron affinity.

A comprehensive review of the knowledge of the structure and dynamics of atomic anions has been compiled by Andersen [2], who focused in particular on the decade between 1994 and 2004. In the case of O -, there was a long-standing discrepancy between experiment and theory, which was only recently resolved by new measurements using the Animated Crossed Beam technique to determine absolute total cross sections [3]. These are about 17% larger than the earlier data, and are in very good agreement with new theoretical results presented in the same publication. Since the most extensive set of experimental near-threshold photodetachment cross sections for C -( 4 S o ) dates back to 1962 and was normalized using the earlier data for O - [4], a direct measurement appears timely.

The carbon anion exists in two bound states: the ground state C -(1s 2 2s 2 2p 3 4 S o ), which has an affinity of 1.2621226 (11) eV with respect to the C(1s 2 2s 2 2p 2 3 P 0 ) ground level [5], and an excited state C -(1s 2 2s 2 2p 3 2 D o ) which is very weakly bound by about 33 meV [6]. In this work, we consider only photodetachment from the 4 S o ground state. At low energy, this results in the ejection of a 2p bound electron into the s or d wave, leaving the residual atom in its ground state: C -(1s 2 2s 2 2p 3 4 S o )+γ → C(1s 2 2s 2 2p 2 3 P )+e -(ℓ = 0, 2). is deflected by an electrostatic field and the current is In the second mode, the VMI spectrometer is turned 111 on while working at a higher pulse energy (250 µJ) with 112 much shorter anion packets (1 µs) in order to increase 113 the signal-to-noise ratio (SNR). The photoelectrons are 114 extracted perpendicularly by an electrostatic plate and 115 directed to the electrostatic lens designed following [12].
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The repeller electrode is split to correct the trajectory 117 of the anions as explained in [13]. Photoelectrons are 118 detected using a COBRA system [14], comprising three for the pulse starting at t = t p,Z is formally given by 152 ρ p (x, y, z, t; Z) = ρ(x, y, z; t p,Z )

× exp -σ x -∞ dx ′ v φ p (x ′ , y, z -Z, t - x -x ′ v ) .
The initial distribution of anions, ρ(x, y, z; t p,Z ), can be For a detector of neutrals located at a position x d far after the interaction zone, with an efficiency η and an active surface S d larger than the cross-sectional area of the anion beam, we can express the count of neutrals for a pulse p as

N p,Z = η dt S d dydz v ρ(x d , y, z; t p,Z ) × 1 -exp -σ x d -∞ dx ′ v φ p (x ′ , y, z -Z, t - x d -x ′ v ) . (1) 
If the argument of the exponential in Eq. ( 1) is small enough so that a first order expansion is sufficient, the neutral count N p,Z is proportional to the cross section σ.

After normalizing N p,Z with respect to the current I p,Z

and energy E p,Z and integrating over all laser offsets Z, the remaining integrals involve only φ and ρ, which result in a constant scale factor whose determination does not require any further assumptions about the beam profiles.

We obtain the ACB expression for the photodetachment cross section:

σ ACB pulsed = 1 η Z ∆Z n Z nZ p=1 ω E p,Z ev I p,Z N p,Z . (2) 
This highlights the major advantage of the ACB technique; the experimental cross section does not depend on the geometrical overlap of the beams, which is critical and difficult to measure accurately in standard beambeam interaction experiments.

For continuous lasers, the integration over pulse duration is irrelevant and the production rate R Z of neutrals is directly measured by the CEM and normalized to the power P Z of the laser beam at position Z instead of the pulse energy E p,Z , and to the anion current I Z :

σ ACB cont = 1 η Z ∆Z ω P Z ev I Z R Z . (3) 

Saturation effects from a pulsed laser

The ACB technique has been successfully implemented and used to determine absolute cross sections for many electron-ion [START_REF] Defrance | Atomic and Plasma-Material Interaction Data for Fusion[END_REF][START_REF] Muller | [END_REF][17] and electron-atom [18,19] interactions as well as for the photodetachment of H - [20] and O - [3,11]. The few necessary assumptions that are satisfied in the case of continuous lasers however do not always hold for pulsed lasers: as the peak intensity may become 

198 dt Z ω E p,Z 1 -exp -σ x d -∞ dx ′ v φ p ≡ σ v [1 -s p (σ)] .
Inserting this in Eq. ( 2) yields a self-consistent expression 199 for σ which must be solved by iteration, starting from 200 σ 0 = σ ACB , until a stationary value of the cross section 201 is reached:

202 σ i+1 = σ ACB 1 -s(σ i ) , (4) 
where s(σ) is the correction for saturation averaged over 

(-T p /2 ≤ t -t M ≤ T p /2) as 212 φ(x, y, z, t) = 2 T p 2 πw 2 0 cos 2 π t -t M T p × exp -2 x 2 + z 2 w 2 0 . (5) 
The factor by which σ ACB must be multiplied to correct for saturation effects is shown in Fig. 2. Its effect is to slightly increase the apparent cross section, particularly at lower photon energies. Since assumptions concerning the beam profiles are needed to estimate the saturation correction, it may seem that the main advantage of the ACB technique is somehow lost. The corrections however remain small and the whole procedure can be validated by comparison with measurements using a continuous laser, which is not subject to saturation, or obtained with a pulsed laser at lower energy and/or higher frequency, as will be shown in Sec. IV.

C. Differential cross section measurements

In the case of detachment by linearly polarized light, in the dipole approximation, additional information provided by the angular distribution of photoelectrons can be conveniently summarized using the asymmetry parameter β,

dσ dΩ = σ 4π [1 + βP 2 (cos θ)] , (6) 
relating the differential cross section dσ/dΩ to the total cross section σ, where P 2 is the second-order Legendre 

η = #(n ∧ e ∧ l) #(e ∧ l) ; Var[η] = η(1 -η) #(e ∧ l) ,
where the symbol # stands for the number of coinci-273 dences of a given type. This estimate can be used to cal- 

296 m = P [m d ≥ 1] = 1 -P [m d = 0] = 1 - mp P[m d = 0 |η, m p ] P[m p | m] =⇒ m = 1 -e -η m.
In the following, the quantity η m will be denoted by md .
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The background contribution to md is estimated by duplicating the coincidence time window with an arbitrary delay and applying the same Poisson correction to the total number b T of neutrals detected out of coincidence during the same n Z pulses. With these definitions, the mean rate and variance for neutral detection per pulse NZ entering Eq. ( 2) is given by NZ = md,Z -bd,Z ;

Var NZ = md,Z + bd,Z n Z .
with md,Z = -ln(1 -mZ ) and bd,Z = -ln(1 -bZ ).

For continuous light, we have improved the estimate of the background compared to our previous setup [3] by implementing a mechanical shutter to measure al- The contribution of the variance of the signal to the variance of the experimental cross section is given by

ternatively
Var[σ pulsed ] = p,Z 1 n Z ∆Z η ω E p,Z ev I p,Z 2 Var[ Np,Z ] Var[σ cont ] = Z ∆Z η ω P Z ev I Z 2 Var[ RZ ].
Sufficient internal statistical precision is usually obtained by one Z-scan for a continuous laser and by 5 Z-scans for pulsed light.

A final source of uncertainties arises from the observed fluctuations of measured cross sections over different runs, which might be due to variations of spatial distributions, especially in the laser beam. Fortunately, these variations average to zero so that increasing the number of runs (a repeatability test) is sufficient to improve the external statistics and reach the objective of 2% uncertainty for a pulsed laser and 0.5% for a continuous laser. The final values are obtained by calculating the weighted average over several runs: 

σACB pulsed = j σj Var[σ j ] j 1 Var[σ j ] ; (7) 
Var[σ ACB pulsed ] = 1 j 1 Var[σ j ] . (8) 
A summary of typical uncertainty values is presented 333 in Table I, following [START_REF]for Guides in Metrology, JCGM 100: Evaluation of Measurement Data -Guide to the Expression of Uncer-tainty in Measurement[END_REF] for the classifications and rules 334 for combining experimental uncertainties. 

Asymmetry parameters 336

To the best of our knowledge, there are no reliable 337 statistical estimators for asymmetry parameters. Here

338

we propose one such estimator for N events.

339

We start from a general probability distribution in 340 spherical coordinates with azimuthal symmetry:

341 P(v, θ, φ) = p(v) 4πv 2 L ℓ=0 β ℓ P ℓ (cos θ) , (9) 
normalized so that The right hand side of this equation can be interpreted as the expectation value E[X [ℓ] ] of X [ℓ] = (2ℓ + 1)P ℓ (cos θ)

with respect to the probability distribution P (v, θ, φ).

We can also define the variance of X [ℓ] as

Var[X [ℓ] ] = E[(X [ℓ] ) 2 ] -E[X [ℓ] ] 2 = (2ℓ + 1) 2 L ℓ ′ =0 ℓ ℓ ℓ ′ 0 0 0 2 β ℓ ′ -β 2 ℓ . ( 11 
)
We now consider an experiment providing N independent observations θ i , i ∈ {1, . . . , N }, of the polar angle

θ. The sample mean βℓ = 1 N N i=1 X [ℓ] i = 2l + 1 N N i=1 P l (cos θ i ), (12) 
is then an unbiased estimator which, following the Central Limit Theorem, converges to β ℓ as N → ∞. The experimental variance for large sample sizes is Var[X [ℓ] ]/N , which vanishes as N → ∞ so that the estimator is consistent. We note that the presence of the Wigner 3-j symbol in Eq. ( 11) implies that the precision of βℓ is blurred by all the even distributions P ℓ ′ (cos θ) with ℓ ′ even between 0 and 2ℓ.

In the specific case of photodetachment by linearly polarized light, the dipole selection rules lead to the expression (6) for the differential cross section, which involves only ℓ = 0 and 2. Since β 0 = 1, β 2 is known as the asymmetry parameter commonly denoted β. For the same reasons, the upper limit of the summations over ℓ or ℓ ′ in Eqs. ( 9) and ( 11) is L = 2. The statistical precision for the estimation of β, from Eq. ( 11) with ℓ = 2, only contains contributions from ℓ ′ = 0 and 2, leading to

5 N + 10 β 7N - β2 N . (13) 
These results, however, cannot be directly applied to our data since the spherical distribution itself is not known experimentally, only its projection. The Abel inversion provided by the maximum entropy (MAXENT) approach [22] gives an estimate of the distribution in an un-normalized form:

P(v, θ, φ) = 1 4πv 2 [Q 0 (v) + Q 2 (v)P 2 (cos θ)] . (14) 
Integrating Eq. ( 14) over the velocity space gives the total number of events N = Q 0 (v)dv, while direct comparison with Eq. ( 9) yields an estimate β

(v) = Q 2 (v) Q 0 (v).
The dependency of β on v, which arises from the unavoidable dispersion associated with the limited precision of the experimental setup, prevents a direct determination of the best and unique value of the asymmetry parameter and its precision from Q 0 (v) and Q 2 (v), even for cases with a single detachment channel. Following Eq. ( 10), we define the experimental esti-385 mate of β as the expectation value of X [2] with respect 386 to the probability distribution (14) normalized by the 387 factor 1/N :

388 β = E[5P 2 (cos θ)] = 5 N ∞ 0 π 0 2π 0 dv dθ dφ v 2 sin θ ×P 2 (cos θ)P(v, θ, φ),
which yields

389 β = 1 N Q 2 (v)dv = Q 2 (v)dv Q 0 (v)dv . ( 15 
)
In practice, the definition of the limits of the integrals 390 over v requires some prior information about the phys- closed. Such a solution only exists for a negative energy that must be found numerically by an iterative approach.

In the weak field regime considered here, the photodetachment cross section can be evaluated using perturbation theory: it is proportional to the modulus square of the dipole matrix element between the initial bound state of C -and a final continuum state of the neutral atom and an ejected photoelectron. This collisional wave function is determined at each photoelectron energy by matching at the boundary a the amplitude of the solutions of the inner and outer regions using the inverse log-derivative matrix. Full details of the R-matrix method are given in [START_REF] Burke | R-matrix Theory of Atomic Collisions: Ap-866 plication to Atomic[END_REF], in particular chapter 8 which treats photoionization.

In the spectral range covered by our experiment, we The challenge is to optimize a finite set of orthonormal orbitals while taking into account all these physical effects.

In Table III, we present the parameters of the ten Slater-type orbitals chosen to describe carbon in our Rmatrix calculations. The In Table IV [30].

487

The electron affinity of the carbon ground state is cal- 

IV. RESULTS AND DISCUSSION

A. Total cross sections

The absolute cross sections for photodetachment of C -( 4 S o ) from our experiment are presented in Fig. 3 and compared with those by Seman and Branscomb [4] and Haeffler et al. [31]. Other data in the threshold region by Feldmann [6], Hall et al. [32] and Brandon et al. [33] are not reproduced here as they are not absolute and cover a very limited range of photon energies. Further discussion of their work can be found in the review by Andersen [2].

We first note that the cross section does not fall to zero below the photodetachment threshold of C -( 4 S o ), which indicates that some anions are produced in the 2 D excited state. Several control measurements from threshold to a photon energy of 2.7 eV were conducted using the VMI spectrometer to determine the branching ratio between each channel. We found that the branching ratio is almost constant at 2% throughout the controlled range, except around 1.38 eV, just above threshold, where it reaches at most 4%. As this quantity depends on both the population and the cross section of each state entering the beam composition, the problem is not experimentally constrained. We will address this in future work, but some insight can be gained from the theoretical study by Zhou et al. [34], which suggests that the cross section for photodetachment of C -( 2 D) is of a similar order of magnitude to that for photodetachment of C -( 4 S o ) over the energy range considered, with a small peak above the 4 S o photodetachment threshold. This in turn suggests that the population of C -( 2 D) in our anion beam is very small and that the measured cross sections are relatively unaffected by the presence of this state. Even in the worst case, near threshold, the estimate of the error obtained by combining the measured branching ratio and the theoretical cross section is of the order of 1.5%, 545 less than the experimental uncertainty.

546

Just above threshold, the cross section increases as 547 √ E, where E is the photoelectron energy, since the dom-548 inant channel is C(1s 2 2s 2 2p 2 3 P ) + e -(ℓ = 0). Beyond 

575

We also note the very good agreement between our measurements using a continuous laser and using a pulsed laser taking into account the saturation effect, validating the developments leading to the correction coefficients of Fig. 2.

In Fig. 4, the current absolute cross sections for photodetachment of C -( 4 S o ) are compared with the results of our R-matrix calculation and those by Zhou et al. [7].

Other theoretical studies undertaken before 2004 [37][38][39] have been thoroughly discussed in [2,7], and since the agreement with experiment tends to be less good, they are not reproduced here. The differences between the cross sections obtained using the length and velocity representations of the dipole matrix are very small, less than 2% over the energy range considered, which is generally a good, but not sufficient, indication of the accuracy of a calculation.

The agreement between calculation and experiment is excellent over the whole range of energy covered by the experiment. The overall agreement with the results by Zhou et al. [7] is also very good. The main difference is in the region just above the first photodetachment threshold where our values for the total cross section, experimental and theoretical, increase monotonically, without the narrow peak due to a slightly larger contribution from the C(1s 2 2s 2 2p 2 3 P ) + e -(ℓ = 0) channel in the calculations of [7].

Since the objective of [7] was to study photodetachment from threshold up to 13 eV, only one orbital occurs at a slightly higher energy than in [7]. 729 FIG. 7. Asymmetry parameter β for the photodetachment of C( 4 S o ). Experiment: circles, present measurements; full square, Hall et al. [32]; open lozenge, Calabrese et al. [48]; open triangle down, Brandon et al. [33]. Theory: black full line: current R-matrix results, length form; red full line: current R-matrix results, velocity form; the thickness of the lines corresponds to the variation of results for different values of the calculation parameters, see text for details; dashed line: Zhou et al. [7], length form. Vertical dotted lines: positions of the C( 3 P ) and C( 5 S o ) thresholds.

V. CONCLUSION

  109measured with a Faraday cup.

  110
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  stacked microchannel plates (MCP), a phosphor screen, a 120 metal-oxide semiconductor (CMOS) camera and a wave-121 form digitizer. 122 Data acquisition as well as fast digital control are 123 achieved using a field-programmable gate array (FPGA) 124 board while the whole setup is supervised by a LabVIEW 125 application. 126 B. Absolute cross section measurements 127 1. The ACB technique 128 The absolute measurement of the cross section is based 129 on the Animated Crossed Beam (ACB) technique [10], in 130 which the laser beam is periodically swept through the 131 perpendicular anion beam. The laser is characterized by 132 its frequency ω, pulse duration T p and, in a reference 133 frame whose origin is fixed at the beam intersection in 134 the center of the interaction zone, by the flux density 135 of photons φ p (x, y, z -Z, t) in the direction of propaga-136 tion. Z is the offset of the laser beam as it is swept 137 across the anion beam. The normalized photon flux den-138 sity, φ(x, y, z, t), is assumed to be constant from pulse to 139 pulse while the energy E p,Z may substantially vary for 140 each pulse p of the n Z laser shots (typically 120 for good 141 statistics) carried out at each offset Z: 142 φ p (x, y, z -Z, t) = E p,Z ω φ(x, y, z -Z, t). The C -anions, produced in a duoplasmatron source 143 with a bias potential -V S , have a nominal velocity v = 144 2eV S /M C -, where M C -is the mass of C -and e is 145 the elementary charge. At any instant during pulse p, 146 as the velocity v ≪ c, the laser illuminates an almost 147 static distribution of anions ρ(x, y, z, t), governed by the 148 equation 149 ∇ • j + ∂ρ ∂t = -σφρ, where j = ρ v is the anion current density and σ the pho-150 todetachment cross section. The solution of this equation 151

153

  factorized into a normalized distribution ρ(x, y, z) valid 154 for all pulses and a fluctuating magnitude related to the total current I p,Z = eρvdydz delivered by the source to the entrance of the interaction zone at the time of the laser shot: ρ(x, y, z; t p,Z ) = I p,Z ev ρ(x, y, z).

203

  the n Z laser pulses, taking into account the fluctuations 204 of energy shown in Fig. 2. 205 Unfortunately, assumptions concerning the beam pro-206 files are now unavoidable. Provided that the Rayleigh 207 length is greater than the diameter of the circular an-208 ion beam, which has a waist w 0 ∈ [250, 300] µm and 209 a pulse duration T p ∈ [7, 9] ns, we can expand the 210 laser profile about the coordinates of its maximum t M 211

polynomial and θ 1 .

 1 photoelectron cloud which, in the absence of aberrations, is independent of the location where photodetachment took place.Outside the lens, the velocity of the photoelectrons depends on the kinetic energy release (KER) of the photodetachment channel and on the bias potential applied to the repeller electrode. The photoelectrons therefore travel on expanding Newton spheres that are projected onto the detector screen. Assuming an azimuthal symmetry, it is possible to reconstruct from the 2D image the 3D angular distribution of the photoelectrons by an inverse Abel transform, for which many computational techniques are available. In this work, we use the MEVELER algorithm based on a Bayesian approach, developped in[22].

  272

274

  ibrate new detectors or to compensate for ageing, with an 275 accuracy of about one percent, depending on the number 276 of events. For the present experiment we have observed 277 a quite stable value of η = 95 ± 0.5% during the whole 278 process. To test the method, we have analysed the effi-279 ciency of another CEM detector, older and smaller, and 280 obtained a value of η = 90 ± 1%. 281 In ACB measurements with pulsed lasers, two or more 282 events detected during the same laser-neutral coincidence 283 time window will be counted as one. Under normal con-284 ditions, with a weak anion current and low photodetach-285 ment rates, the probability of such a counting loss is 286 small. We expect the number m p of neutrals effectively 287 produced in a pulse to follow Poisson statistics, charac-288 terized by a mean value m: 289 P[m p | m] = mmp m p ! exp(-m), and the number of detected neutrals m d to follow bino-290 mial statistics : 291 P[m d = y |η, m p ] = m p y η y (1 -η) mp-y . The value of m may be deduced from the total number 292 m T of counted neutrals for n pulses by noting that the 293 apparent rate per pulse m = m T /n ( m < 1) is the com-294 plement of the probability of no detection, yielding the 295 relation:

  the signal and the background n s times at each offset Z of the laser beam during the whole sweep time, rather than only at the beginning and at the end of each experimental run. With a switching delay T s leading to durations of direct and background measurements T m = T b = n s T s , during which m T and b T neutrals are respectively counted, the detection rate RZ entering Eq. (3) is estimated by RZ = Rm,Z -Rb,Z ; Var RZ = Rm,Z + Rb,Z n s T s , with Rm,Z = m T,Z /T m and Rb,Z = b T,Z /T b .

  335

  v 2 sin θ P(v, θ, φ) = 1, where p(v) is the radial velocity distribution normalized 343 so that p(v)dv = 1 and P ℓ is the Legendre polynomial 344 of degree ℓ. The coefficients β ℓ are then given by 345 β ℓ = (2ℓ + 1) dφ v 2 sin θ ×P ℓ (cos θ)P(v, θ, φ).(10) 
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  Photodetachment cross sections and asymmetry pa-412

  figuration interaction approach, for describing electron correlations in the inner region, delimited by the spatial extension of the most diffuse target state. The inner region therefore does not need to encompass the entire charge distribution of C -(1s 2 2s 2 2p 3 4 S o ). The orbitals must of course reproduce as accurately as possible not just the energy levels of the residual atom but also its electron affinity, which is very sensitive to the polarization of the target in the presence of the extra electron.

3 P

 3 and 5 S o configurations arising from the main configuration 1s 2 2s 2 2p 2 with excitation of up to two electrons from the n = 2 shell are included in the basis and the respective hamiltonian matrices are diagonalized. The spectroscopic 1s, 2s and 2p orbitals are Hartree-Fock orbitals[27]. The other orbitals are optimized using the CIVPOL computer code[28]: 3s, 3p, 3d and 4f are optimized on the ground state energy of C( 3 P ), 4s, 4p and 4d are optimized on the ground state polarizability.

488

  culated using the program STGB in the UK APAP suite 489 of codes[24]. This uses a perturbative treatment of the 490 long-range potentials in the R-matrix outer region combined with an iterative search over negative energies to find bound state solutions for the (N +1)-electron system.The value of the electron affinity will thus depend of the size of the R-matrix inner region and the number of continuum orbitals used (a larger inner region requires more continuum orbitals to ensure convergence). In addition, we found that it was necessary to include excitation of at least two electrons from the 1s 2 2s 2 2p 3 base configuration in order to obtain a bound state of C -. For the results reported below, we in fact included excitation of up to 3 electrons. For an inner region size varying between 25 a 0 and 35 a 0 and the number of continuum orbitals between 25 and 50, we obtained values of the electron affinity ranging from 1.2575 eV to 1.2613 eV, which compare favourably with the value of 1.2658 eV corresponding to the energy difference between the weighted average of the experimental fine structure levels of C( 3 P ) and the C -( 4 S o ) ground state [5]. The electron affinity in the calculation by Zhou et al. [7] is 1.21 eV.

549 1 eV

 1 , it increases slightly with photon energy before a 550 small dip in the vicinity of the C(1s 2 2s2p 3 5 S o ) thresh-551 old, followed by a steep increase due to the opening of 552 the C( 5 S o ) + e -(ℓ = 1) channel.

FIG. 3 .

 3 FIG. 3. Experimental cross sections for photodetachment of C -( 4 S o ) as a function of the photon energy. Full circle: present work with a pulsed laser and correction for saturation; open circles: present work with a pulsed laser without correction for saturation; full square: present work with a continuous laser. Error bars for the pulsed laser correspond to one standard deviation as estimated by expression (8). Open triangles: Seman and Branscomb [4]; crosses: Haeffler et al. [31]. Vertical dotted lines: positions of the C( 3 P ) and C( 5 S o ) thresholds.In the wake of their pioneering work on the photode-554

  Both calculations are completely ab initio, all coupled angular momenta are included and no energy shift was introduced. The radius a of the inner region is defined by the most diffuse atomic orbital, but as mentioned earlier, we have verified the stability of our results by performing calculations with different values of a from 25 a 0 to 35 a 0 , varying the number of continuum orbitals between 25 and 50, obtaining electron affinities between 1.2575 eV and 1.2613 eV. The cross sections resulting from these parametric tests are summarized in Fig. 4 by the thickness of the lines corresponding to the current R-matrix calculations. More precisely, two curves following the largest and smallest values of the calculated cross sections are plotted, and the area between them is shaded.

( 639 FIG. 5 .

 6395 FIG. 4. Experimental and theoretical photodetachment cross sections of C -( 4 S o ) as a function of the photon energy. Full circles: present work with a pulsed laser and correction for saturation. Black full line: R-matrix method, length form; red full line: R-matrix method, velocity form; the thickness of the lines corresponds to the variation of results for different values of the calculation parameters, see text for details. Dashed line: Zhou et al. [7], length form. Vertical dotted lines: positions of the C( 3 P ) and C( 5 S o ) thresholds.
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[ 33 ]

 33 is very good. The agreement with the R-matrix cal-718 culations is also excellent over the whole range of photon 719 energies considered. The small difference in the region 720 of the minimum at 2 eV with the calculation by Zhou et al. [7] reflects the differences at low energies in the ℓ = 0 722 and ℓ = 2 partial cross sections shown in Fig. 5. Above 723 the C(1s 2 2s2p 3 5 S o ) threshold, the ℓ = 1 channel gives 724 a constant contribution of β = 2, and is therefore not 725 shown in Fig. 7. As in the calculations by Zhou et al.

TABLE I .

 I Typical values for experimental uncertainties using the ACB technique.

	Uncertainties Type A (statistical):	
	Detector efficiency	0.5 %
	Correction for saturation	1 %
	Statistical uncertainties with pulsed laser	2 %
	Statistical uncertainties with CW laser	0.5 %
	Combined uncertainties type A:	
	Pulsed laser	2.3 %
	CW laser	0.7 %
	Uncertainties Type B (systematic):	
	Powermeter / Energymeter	3.1 %
	Resolution	0.5 %
	Calibration	3 %
	Electrometer	1.1 %
	Resolution	0.5 %
	Calibration	1 %
	Vertical displacement Z	2 %
	Combined uncertainties type B:	3.8 %
	Final combined uncertainties:	
	Pulsed Laser	4.5 %
	Continuous Laser	3.9 %

TABLE II .

 II Typical values for experimental uncertainties in the asymmetry parameters.

	Systematic errors:	
	Circularization and Abel inversion	∆β = 0.01
	Background filtering	∆β = 0.01
	Statistical uncertainties:	∆β = 0.007

TABLE III .

 III Parameters of the ten Slater orbitals optimized on the energy and polarizability of the C(1s 2 2s 2 2p 2 3 P ) ground state using the computer code CIVPOL[28].

		C jnℓ I jnℓ	ζ jnℓ	C jnℓ I jnℓ	ζ jnℓ
	1s 23.64032 1 5.43599	2p 0.31061 2 0.98073
		4.04776 1 9.48256	1.58145 2 1.44361
		0.00110 2 1.05749	2.92085 2 2.60051
		-0.00583 2 1.52427	1.27982 2 6.51003
		0.07620 2 2.68435 0.15955 2 4.20096	3p 5.75621 2 1.55007
				-2.37862 3 1.36859
	2s -5.27596 1 5.43599 -0.62547 1 9.48256	4p 2.34572 2 0.51316
		0.10754 2 1.05749	-3.28476 3 0.68909
		2.48567 2 1.52427	1.03114 4 0.85291
		4.57346 2 2.68435 -6.16698 2 4.20096	3d 3.94743 3 1.89468
	3s	6.92570 1 2.34033	4d 2.78398 3 1.99721
		-20.83502 2 2.37260	-0.17968 4 1.07874
		2.68194 3 1.54022	
	4s	3.86042 1 1.25514	4f 5.90852 4 2.41065
		-16.39226 2 1.23475	
		17.35377 3 1.61817	
		-0.05982 4 0.91968	

TABLE IV .

 IV Energies of the 1s 2 2s 2 2p 2 3 P and 1s 2 2s2p 3 5 S o terms of carbon, together with those of the three polarized pseudostates included in the R-matrix calculations. The observed values are taken from the NIST Atomic Spectra Database[START_REF] Kramida | NIST ASD 874 Team[END_REF].

			Absolute	Relative Zhou et al. [7] Observed
			(a.u.)	(eV)	(eV)	(eV)
		3 P	-37.77831	0.0	0.0	0.0
		5 S o	-37.62867	4.07191	3.97679	4.17895
		3 P o	-37.40867	10.05842	
		3 D o	-37.31503	12.60649	
		3 S o	-37.26368	14.00380	
		values from NIST and those of an earlier calculation by
	478				
	479	combined with the Variable Phase Method (VPM) in the
	480	asymptotic region. The energy of the 5 S o level with re-
	481	spect to that of the ground state differs by 2.6% from
	482	the observed value and can be considered as sufficiently
	483	good for the purpose of this work. The full average polar-
	484	izability ᾱ of C(1s 2 2s 2 2p 2 3 P ) obtained by including 3 S o ,
	485 486	3 P o and 3 D o pseudostates is 11.58 a 3 0 , close to the value of 11.67 a 3 0 from an extensive coupled cluster calculation

477

Zhou et al.

[7]

, who used a similar R-matrix approach
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