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ABSTRACT 

Two-photon absorption is employed to record sub-Doppler molecular-beam spectra of oxygen 

(16O2), excited to the υ' = 1 level of its (X 2Πg) 5dπ 1Σ+
g Rydberg state above 95 130 cm–1 and 

detected by photoionisation in a time-of-flight instrument. A nonlinear-optical source generates 

single-longitudinal-mode pulses of coherent ultraviolet light at ~210 nm with sufficiently 

narrow optical bandwidth to enable more detailed lineshape measurements of rovibronic 

features than had been achieved in an early investigation [Pratt et al., J. Chem. Phys. 1990; 93: 

3072–84]. A spectral width of 0.59 ± 0.02 cm–1 is derived by Lorentzian and Beutler-Fano 

lineshape fits to the prominent PQ13(0) feature, nominally at ~95 133.7 cm–1 in that spectrum; 

our estimated width is significantly narrower than the previously reported width of ~1.0 cm–1. 

Likewise, the adjacent RQ11(2) feature, nominally at ~95 143.8 cm–1, is found to be markedly 

broader (2.2 ± 1.5 cm–1), which is consistent with the supposed effects of J′-dependent 

predissociation arising from overlap between the (X 2Πg) 5dπ 1Σ+
g Rydberg manifold and other 

dissociative states. The dependence of the O2
+ and O+ ion signals on acceleration voltages, O2-

jet stagnation pressure, ultraviolet pulse energy and optical polarisation are also examined. 
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1. Introduction 

There have long been extensive investigations of the spectroscopy and energetics of 

molecular oxygen (16O2), which sustains our terrestrial environment and its atmospheric 

photochemistry. Strong absorption in the B 3Σ–
u ← X 3Σ–

g Schumann-Runge (SR) band system 

at 175–205 nm in the vacuum ultraviolet (UV) is notable. The high-energy B 3Σ–
u electronic 

manifold is widely affected by predissociation, arising from rovibronic interactions with 

various repulsive electronic states that correlate with two separated ground-state oxygen atoms 

(O 3P). Such predissociation effects in O2 have been of scientific interest for more than eighty 

years [1,2]. Spectroscopic linewidths associated with predissociation in the B 3Σ–
u electronic 

manifold have therefore attracted much attention with regard to their fine-structure and 

rotational-state dependencies [3–5]. Other fine-structure-resolved studies of the SR bands have 

examined collisional self-broadening [6] and lineshape asymmetries due to destructive 

quantum interference [7–9]. 

This paper is concerned with rotationally resolved predissociation effects in gerade-

symmetry Rydberg states of O2, populated by two-photon excitation (TPE) at rovibronic 

energies well above the bound states of the B 3Σ–
u manifold. Within the same context, the (X 2Πg) 

nsσg 1,3Πg Rydberg states of O2, based on the (X  2Πg) O2
+ core with n = 3, 4 or 5, have been 

critically re-examined in 1999 [10,11] and experimental observations used to optimise a 

coupled-channel Schrödinger-equation model. More recently, (2 + 1) resonance-enhanced 

multiphoton ionisation (REMPI) has been applied [12,13] to velocity-map imaging of O(3P) 

and O(1D) photodissocation fragments generated by TPE of O2 to the υ' = 0 and υ' = 1 

vibrational levels of its (X 2Πg) 3sσg C 3Πg Rydberg manifold at UV wavelengths λUV of 303.5–

305.5 nm and 294.5–297.5 nm, respectively. We note also earlier velocity-map 

photodissocation imaging experiments performed on O2 with single-photon absorption in the 

Herzberg continuum region [14,15]. 

Of particular relevance to the experiments reported in this paper is the work of Pratt et 

al. [16], in which wide-ranging UV TPE spectra were recorded for weakly allowed transitions 

of form (X 2Πg) (n + 1)s / nd 1Σ+
g (υ') ← X 3Σ–

g (υ" = 0), where n > 2 and the upper vibronic (υ') 

levels are complicated, ‘hybridised’ 1,3Πg Rydberg states [17–19]. The spectra of interest [16] 

were recorded by REMPI, based on an upconverted pulsed dye laser system which yielded UV 

TPE spectral features with a uniform full-width-half-maximum (fwhm) of ~1 cm–1 (~30 GHz). 

Our current experiments employ a more elaborate tunable nonlinear-optical system with a 
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much narrower UV optical bandwidth that is capable of ~20 times higher resolution; this has 

enabled us to make more highly resolved measurements of the lineshape of individual features 

in the O2 Rydberg spectrum and to reveal rotational-state-dependent predissociation processes. 

2. Experimental methods 

The experimental details described in this section are: the distinctive tunable nonlinear-

optical system used to record UV TPE spectra of O2; the REMPI TOF molecular-beam 

apparatus; essential instrumental factors in the present UV TPE measurements of O2 spectra, 

compared to our previous mass-selective atomic-beam investigations of Xe.  

2.1 Tunable UV laser-spectroscopic system 

The versatile high-performance laser-based UV spectroscopic system used in our 

experiments is based on narrowband operation of a pulsed optical parametric oscillator (OPO) 

that is injection-seeded by a continuous-wave titanium:sapphire (cw Ti:S) ring laser, generating 

tunable narrowband single-longitudinal-mode (SLM) near-infrared (IR) pulses (at λIR ≈ 840 

nm, with ~25-ns duration and ≤5-μJ energy). This SLM pulsed oscillator stage provides the 

high peak power and narrow optical bandwidth needed for subsequent multi-stage 

amplification and nonlinear-optical coherent fourth-harmonic upconversion to mid-UV 

wavelengths (λUV) of ~210 nm. Our all-solid-state pulsed UV tunable light source has been 

used previously for high-resolution atomic spectroscopy, most recently sub-Doppler TPE of 

xenon (Xe) at 205–213 nm [20,21]. Earlier developmental applications have included studies 

of krypton (Kr) at ~212.5 nm [22] and cesium (Cs) at ~822.5 nm [23,24]. It has been 

demonstrated by spectroscopic measurements [20,21] that our pulsed nonlinear-optical system 

produces tunable coherent SLM UV output at ~210 nm with a TPE-spectroscopic bandwidth 

ΔνTPE of ~0.006 cm–1 (~180 MHz); this is sufficiently narrow for reliable lineshape 

measurements of individual predissociation-limited features in the O2 Rydberg spectra of 

interest. The wavelength λseed of the cw Ti:S seed laser is monitored by a fiber-coupled 

wavelength meter (HighFinesse, model WS7; specified accuracy: ± 60 MHz = ± 0.002 cm–1). 

The OPO cavity is actively locked to λseed, so that “mode-pulling” of its pulsed output frequency 

at λIR is expected to be no more than ~60 MHz (~0.002 cm–1), with relatively little effect on 

the tolerance of λUV (= λIR / 4); the corresponding shift of the two-photon energy νTPE would be 

~0.48 GHz (~0.016 cm–1). 



4 
 

We have used (2 + 1) REMPI for the 5p5 10p [5/2]2 TPE resonance of Xe (with centroids 

at λIR = 840.498 nm, λUV = 210.125 nm and ν0
TPE = 95 181.66 cm–1 [20,21]) to check the 

frequency calibration of the overall spectroscopic system. This measurement yields 

λIR = 840.4964 nm, λUV = 210.124 nm and ν0
TPE = 95 181.85 cm–1, indicating a discrepancy of 

~0.2 cm–1 in ν0
TPE for Xe. On this basis, it is likely that our measured scale for two-photon 

energy νTPE in our REMPI spectra of O2 is accurate to ±0.2 cm–1 (±6 GHz). We note that the 

absolute accuracy claimed [16] for νTPE in previous TPE-spectroscopic measurements of O2 is 

no better than ±1 cm–1. The corresponding spectral peak centers from those earlier spectra will 

be identified by their nominal two-photon energies νTPE, as previously reported [16]. 

2.2 Time-of-flight TPE spectrometer 

As in our recent experiments on mass-selective TPE spectra of Xe [21], we employ an 

atomic/molecular-beam apparatus comprising a pulsed supersonic slit-jet valve together with 

a time-of-flight (TOF) mass spectrometer, adapted from instrumentation originally used [25] 

for ground-state Lamb-shift studies at ~120 nm of the 1 1S → 2 1S two-photon transition of 

helium (He).  

Propagating horizontally along the long axis of the vacuum chamber, the pulsed UV 

beam (with pulse energy typically ~100 μJ at λUV ≈ 210 nm, usually vertically polarised) crosses 

the O2-jet expansion zone with a focused optical beam waist of ~0.1 mm. The horizontally 

directed ~50-μs free-jet pulse of O2 gas (BOC industrial grade, >99.5% purity) emanates from 

the slit aperture (0.5 mm high × 5 mm wide) of a pulsed solenoid valve (General Valve with 

Iota One driver), with its axis orthogonal to the UV beam. Various stagnation pressures P of 

neat O2 gas have been used, but ~100 kPa is found to be optimal. A turbomolecular pump 

(Pfeiffer model TMU 521 P), mounted directly opposite the pulsed valve, is used to maintain 

an intra-chamber vacuum of ~3 × 10–5 Pa (~2 × 10–7 Torr) at low stagnation pressures. 

The TOF ion-detection system, depicted in Fig. 1, is based on the classic Wiley-McLaren 

design [26]. The repeller plate and primary extraction-grid (EG) electrode define a 12-mm-

high photoionisation zone (1, with adjustable potential difference V1 between them). Above 

that (but not shown explicitly in Fig. 1) is a 25-mm-high acceleration zone (2, with adjustable 

potential difference V2) beneath a secondary electrode grid held at ground potential. Beyond 

these two zones is a 90-mm field-free drift zone (3, V3 = 0) terminated by a double 

microchannel-plate (MCP) detector (Del Mar Photonics, model MCP 34-10). The electronic 

readout unit for the MCP produces a signal output in mV. The vertical TOF axis extends 
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upwards from the intersection point of the UV and molecular beams, with their common plane 

1–2 mm above the repeller plate. The MCP signals are processed digitally and logged together 

with readings of λIR (whence λUV = λIR / 4) from the wavelength meter and UV photodiode 

output (IUV, proportional to shot-to-shot UV pulse energy) to generate UV TPE spectra. It is 

estimated that any Doppler frequency shift due to possible non-orthogonality between the UV 

beam and the slightly divergent molecular slit-jet beam should be no more than 0.05 cm–1. 

 
 

Fig. 1.  Schematic diagram of the ionisation zone in the TOF ion-detection system, where the 
O2 slit jet and focused UV beam cross 1–2 mm above the repeller plate and 11–10 mm below 
the extraction grid (with potential difference V1 between them). Above these (but not depicted 
here) is a 25-mm acceleration zone (with potential difference V2) below a grounded secondary 
electrode grid, a 90-mm field-free drift zone and a microchannel-plate detector to monitor O2

+ 
and O+ ions after they have propagated along the vertical TOF axis. 

2.3 Context of these experiments 

It is topical at this stage to compare the contrasting degrees of difficulty associated with 

our current UV TPE measurements of molecular O2 with those of our previous mass-selective 

investigations of atomic Xe [21], which were more challenging in terms of the mass resolution 

required to discern its seven most abundant isotopes and the need to resolve hyperfine structure 

as well as isotope shifts. On the other hand, our current UV TPE experiments on O2 entail 

higher degrees of instrumental difficulty on several fronts:  

• As is usual in molecular beam experiments, partition-function effects tend to diminish 

spectroscopically resolved signal strengths relative to those of atomic beam experiments.  

• Moreover (and most significantly), the “forbidden” singlet–triplet character of the O2 

(X 2Πg) 5dπ 1Σ+
g ← X 3Σ–

g rovibronic transitions studied in the present molecular context 
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[16] have UV TPE cross sections that are substantially smaller than those that were 

investigated in our studies of Xe Rydberg states [20,21]. 

• A further limitation to the signal strength of the rovibronic features of interest in our UV 

TPE spectra of O2 is that they are necessarily subject to predissociation (i.e., the process 

that provides the central research theme of this project), causing them to be affected by 

J′-dependent line broadening and depletion of spectral amplitude. In particular, we note 

that the O2 (X 2Πg) 5dπ 1Σ+
g ← X 3Σ–

g REMPI spectrum (published in Fig. 6 of [16]) has a 

substantially lower signal-to-noise ratio (SNR) (with apparently stronger J′-dependent 

predissociation) than is found in the corresponding (already weak) 4dπ REMPI spectrum 

in Fig. 5 of [16]. 

• In view of the above three limitations, the observed signal levels in our current UV TPE-

spectroscopic experiments on O2 are at least an order of magnitude weaker than those 

experienced in our previous study of Xe [21]; this tends to restrict the modes of electronic 

detection and signal processing that are available to us. 

3. Results and discussion 

3.1 Optimisation of O2
+ and O+ REMPI TOF signals 

Fig. 2 shows REMPI signals in three representative TOF plots (a), (b) and (c) for a 

molecular beam of neat O2 with the ~210-nm UV wavelength λUV tuned to the peak of the 
PQ13(0) rovibronic feature in the (1 – 0) vibrational band of the (X 2Πg) 5dπ 1Σ+

g ← X 3Σ–
g system 

(as shown at a nominal two-photon energy of 95 133.7 cm–1 in Fig. 6 of [16]). These plots have 

been recorded with an O2-jet stagnation pressure P = 100 kPa (at which SNR is found to be 

optimal) and the following pairs of acceleration voltages (V1, V2): (a) (3.0 V, 41.0 V); (b) 

(4.0 V, 40.0 V); (c) (5.0 V, 39.0 V). Each TOF plot comprises four characteristic features 

labelled A (at 7.9–8.4 μs), B (with an apparent satellite B', at ~10 μs), C (at 12.4–13.6 μs) and 

D (broad, at ~14–15 μs). The spectroscopic resonances in REMPI measurements mean that all 

four features are associated with UV-TPE selection of O2 (5dπ 1Σ+
g) molecules. 

The characteristic UV TPE signals that are most useful for REMPI spectroscopy are the 

TOF features A and C in Fig. 2. On the basis of their dependence on the voltages V1 and V2 

they are attributed to the ions 16O+ and 16O2
+, respectively. In previous TPE-spectroscopic 

studies of O2 Rydberg states [16,18], it was found that either O+ or O2
+ ion signals could be 

used for REMPI detection, but that the latter was generally more favorable.  
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Fig. 2.  Representative TOF plots for REMPI of O2 with the UV TPE wavelength λUV at ~210 
nm tuned to the peak of the PQ13(0) rovibronic feature in the (1 – 0) band of the (X 2Πg) 5dπ 
1Σ+

g ← X 3Σ–
g system. The plots have been recorded with an O2-jet stagnation pressure P of 100 

kPa and different pairs of acceleration voltages (V1, V2) – all with (V1 + V2) = 44.0 V as 
specified in Sec. 3.1. Each plot of REMPI photoion signal (mV) against TOF (μs) comprises 
characteristic features labelled A, B (with a “satellite” B'), C and D, as discussed in Sec. 3.1. 
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A kinematic analysis, consistent with formulae in [26] and taking account of the kinetic-

energy release (KER) for specific mechanistic steps, agrees well with the observed (V1, V2)-

dependence of the features A (O+) and C (O2
+) in a range of measured TOF scans, such as those 

in Fig. 2.  

It is evident that (2 + 1) REMPI with λUV ≈ 210 nm (for which the corresponding single-

photon energy is hν ≈ 5.90 eV) can generate O2
+ TOF signals consistent with either of the 

following two possible single-photon ionisation steps after promotion of O2 by TPE to its 5dπ 
1Σ+

g Rydberg state [16,27–29]: 

O2 (5dπ 1Σ+
g)  +  hν  →  O2

+ (X 2Πg)  +  e–  +  (KER = 5.62 eV), (1) 

O2 (5dπ 1Σ+
g)  +  hν  →  O2

+ (A 2Πu)  +  e–  +  (KER = 0.65 eV). (2) 

It is also possible that (2 + 1) REMPI at ~210 nm could produce O2
+ (a 4Πu), as follows:  

O2 (5dπ 1Σ+
g)  +  hν  →  O2

+ (a 4Πu)  +  e–  +  (KER ≈ 1.53 eV). (3) 

However, this path to quartet states of O2
+ is tentative because it would be dependent on the 

strength of singlet-triplet mixing by spin-orbit coupling within the 5dπ 1Σ+
g Rydberg state. 

Production of O+ ions requires more energy than is provided by (2 + 1) REMPI, so that 

TOF feature A in Fig. 2 entails a further 210-nm UV excitation step, i.e., by (2 + 1 + 1) REMPI:  

O2
+ (A 2Πu)  +  hν  →  O (3P)  +  O+ (2D)  +  (KER = 0.88 eV). (4) 

This final step requires 5.02-eV [27–29] to photodissociate O2
+ (A 2Πu), after its formation as 

in Eq. (2), into O and O+ sharing a total KER of 0.88 eV with kinematics corresponding to the 

TOF feature A in Fig. 2. Such a mechanism was previously considered by Park et al. [18]. 

In addition to their dependence on acceleration voltages V1 and V2, the observed REMPI 

TOF signals have been characterised with regard to several other key instrumental factors: 

stagnation pressure P of neat O2 supplied to the pulsed valve; direction of linear polarisation 

of the UV light; UV pulse energy, proportional to photodiode signal IUV. These help assign less 

regular features B, B' and D, as briefly identified below and further addressed in the Appendix. 

Compared to features A and C, the TOF feature D is less useful for REMPI spectroscopy, 

because the P-dependence of its TOF profile indicates that the flight time of O2
+ ions is 

broadened by their non-reactive collisions with residual O2 gas in the vacuum chamber. 

As is explained in the Appendix, the most likely mechanism for the irregular TOF feature 

B, which has a (IUV)2 dependence on UV pulse energy and is insensitive to V1, is understood to 

entail rapid (lifetime τ < 10 ps) predissociation of O2 (5dπ 1Σ+
g) Rydberg molecules. Resulting 

O atoms, with well-defined kinetic energy, then undergo UV-independent ionisation to O+ later 
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in their trajectory towards the MCP detector, without any V1-dependent acceleration (i.e., not 

until they have reached the extraction grid EG, as portrayed in Fig. 1). 

The Appendix also explains the supposed mechanism for another peak, labelled B', that 

appears to branch out from peak B towards lower TOF values when V1 ≥ 4.5 V, as in Fig. 2(c). 

Feature B' is shown to arise from O+ ions that initially propagate backwards and are then 

electrostatically reflected before they collide with the repeller plate, so that they then propagate 

towards the MCP detector; this is effectively a delayed, “turned-back” partner of feature A. 

3.2 High-resolution lineshape measurements in predissociated UV TPE spectra of O2 

Having optimised conditions for REMPI measurements of UV TPE spectra of high-

energy predissociated Rydberg states of O2, we now turn to the spectra of interest themselves. 

For the (1 – 0) vibrational band of the (X 2Πg, Ω+ = 3/2) 5dπ 1Σ+
g ← X 3Σ–

g system, measured as 

a UV TPE spectrum with λUV ≈ 210 nm (as in Fig. 6 of [16]), the most prominent feature in 

that spectrum is designated PQ13(0), using the notation {ΔN}{ΔJ}F' F"(J"), where, for instance, 

{ΔJ} is “Q” if J' = J", the superscript {ΔN} is “P” if N' = (N" – 1), and the subscripts F' and F" 

designate upper- and lower-state fine-structure components (e.g., “1, 2 or 3” for F1, F2 or F3 in 

triplet states). Here, in the Hund's case-(b) representation [30], N is the nuclear rotational 

quantum number with angular momenta related by N = (J – S), where electron-spin quantum 

numbers are S'' = 1 and S' = 0. This unblended PQ13(0) line, at a nominal two-photon energy 

νTPE = 95 133.7 cm–1 [16], arises through a rovibronic transition, with J' = J" = N' = 0 and N" = 1 

from the F3 fine-structure component of the υ" = 0, X 3Σ–
g lower level of O2 up to its F1, υ' = 1, 

Ω+ = 3/2 ion-core spin-orbit component of the 6s/5d Rydberg complex. We have also examined 

the relatively weak 5dπ RQ11(2) feature in the same UV TPE spectrum of O2 at a nominal two-

photon energy νTPE of 95 143.8 cm–1 (as estimated from Fig. 6 of [16]). This 5dπ RQ11(2) 

rovibronic transition has J' = J" = N' = 2 and N" = 1 with F1 fine structure. 

The prominent 5dπ PQ13(0) feature has been re-measured at higher resolution, as shown 

in Fig. 3. The spectral lineshape has been recorded by step-tuning the wavelength λUV of our 

optical UV source [20,21], with its TPE-spectroscopic bandwidth ΔνTPE of ~0.006 cm–1, to 

successive stable SLM settings of νTPE. At each of these νTPE settings, a REMPI-signal data 

point, shown in arbitrary units (a.u.), has been recorded as the average of 128 UV-laser shots. 

The TOF detection system has been gated to record O2
+ signals corresponding to peak C in 

Fig. 2. Each data point has been normalised to the third power of the pulsed UV photodiode 

output IUV, to correct for point-to-point variations in UV power. The wavelength meter has 
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been used to log the seed-laser wavelength λseed (which falls within ±0.002 cm–1 of λIR); νTPE is 

then related precisely to λIR via its corresponding wavelength λUV / 2 (= λIR / 8). The abscissa 

of Fig. 3 is thus based on measurements by our wavelength meter. The error bars for each data 

point denote the scatter of individual UV TPE signal readings; these have been used to weight 

the lineshape fits appropriately. Also, residuals (Res.) are plotted on a different scale. 

 
 

Fig. 3.  Lorentzian fit to the prominent PQ13(0) rovibronic feature in the (1 – 0) band of the 
(X 2Πg, Ω+ = 3/2) 5dπ 1Σ+

g ← X 3Σ–
g UV TPE spectrum of O2. Each REMPI-signal data point is 

the average of 128 UV laser shots, normalised to the third power of the pulsed UV photodiode 
output IUV, with a stable SLM setting of two-photon energy νTPE and effective TPE-
spectroscopic bandwidth ΔνTPE ≈ 0.006 cm–1. The Lorentzian fit to this J' = 0 feature, nominally 
at 95 133.7-cm–1 [16], has a peak two-photon energy ν0

TPE = 95 133.022 ± 0.004 cm–1 and fwhm 
= 0.577 ± 0.015 cm–1, as discussed in Sec. 3.2. 

 
A second set of UV TPE lineshape measurements has been made for the same prominent 

PQ13(0) rovibronic feature as shown in Fig. 3. These were performed independently on a 

separate day, at a stage when normalisation to IUV
3 had not been implemented. The residuals 

for a Lorentzian fit suggested that this J' = 0 feature is slightly asymmetric and that, with its 

extensive wings, it would be realistic to make a Beutler-Fano fit [31], as in Fig. 4. Mechanistic 

implications of lineshape asymmetry, as per the Fano parameter q, are discussed in Sec. 3.3. 

Various other lineshape fits for this J' = 0 5dπ PQ13(0) UV TPE feature have been made 

to the data plotted in Figs 3 and 4, using either Lorentzian or Beutler-Fano shapes with and 

without an adjustable non-interacting background term. Not surprisingly, the Beutler-Fano fits, 

with their increased degrees of freedom, yield reduced residuals compared to simple Lorentzian 

fits. The fits shown in Figs 3 and 4 have values of peak two-photon energy ν0
TPE differing by 

~0.06 cm–1, with fwhm values that are in close agreement. On this basis, our best estimates of 



11 
 

fit parameters (including the ±0.2-cm–1 systematic uncertainty in our νTPE calibration and 

combining ν0
TPE and fwhm estimates from Figs 3 and 4) are: ν0

TPE = 95 133.0 ± 0.2 cm–1, fwhm 

= 0.59 ± 0.02 cm–1 and (from Fig. 4 alone) q = 10 ± 1. The measured value of ν0
TPE for this 5dπ 

PQ13(0) feature is ~0.7 cm–1 less than previously reported (95 133.7 ± 1 cm–1) [16].  

 
 

Fig. 4.  A second lineshape measurement of the same prominent PQ13(0) rovibronic feature as 
in Fig. 3, in the (1 – 0) band of the (X 2Πg, Ω+ = 3/2) 5dπ 1Σ+

g ← X 3Σ–
g UV TPE spectrum of O2. 

Experimental conditions are similar to those in Fig. 3, except that the data points have not been 
normalised to IUV

3. The wings of this slightly asymmetric J' = 0 feature are sufficiently 
extensive to allow a Beutler-Fano fit [31] to be made; this fit yields a resonance energy of 
95 132.993 ± 0.008 cm–1 and a fwhm of 0.611 ± 0.016 cm–1, with Fano parameter q = 10 ± 1. 

 

 
 

Fig. 5.  Lorentzian fit to the relatively weak RQ11(2) rovibronic feature in the (1 – 0) band of 
the (X 2Πg, Ω+ = 3/2) 5dπ 1Σ+

g ← X 3Σ–
g UV TPE spectrum of O2. Each REMPI-signal data point 

has been recorded as in the context of Fig. 3. The Lorentzian fit to this J' = 2 feature has fwhm 
= 2.2 ± 1.5 cm–1 – significantly broader than for the J' = 0 feature observed in Figs 3 and 4.  
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Lineshape measurements, as portrayed in Fig. 5, have also been made for the relatively 

weak 5dπ RQ11(2) rovibronic feature in the same UV TPE spectrum of O2 [16]. The Lorentzian 

fit to this feature has ν0
TPE = 95 142.4 ± 0.2 cm–1, which is ~1.4 cm–1 smaller than the nominal 

peak νTPE value of 95 143.8 ± 1 cm–1 (as estimated from Fig. 6 of [16]). The IUV-normalised 

plots in Figs 3 and 5 have similar noise levels, but the peak signal amplitude is ~24 times less 

in the case of Fig. 5 – insufficient to allow a reliable Beutler-Fano fit. It is significant (in terms 

of predissociation effects, as will be discussed in Sec. 3.3) that the ~2.2-cm–1 fwhm of this 

J' = 2 feature is ~3.7 times broader than that of the J' = 0 feature (as observed in Figs 3 and 4). 

3.3 Interpretation of spectroscopic results for predissociated Rydberg levels of O2 

At the outset, we note three significant aspects of the previously reported spectroscopic 

measurements [16] which have been re-visited in Sec. 3.2 above, as follows:  

• Simulations of previous UV TPE spectra.  Using spectroscopic constants from [16], the 

spectroscopic simulation program PGOPHER [32] provides an excellent fit to two-

photon energies νTPE for the (1 – 0) band of the (X 2Πg, Ω+ = 3/2) 5dπ 1Σ+
g ← X 3Σ–

g TPE 

spectrum of O2, as shown in Fig. 6 of [16]. As expected, PGOPHER indicates that the 
PQ13(J") sub-band arises from the T0

0 spherical-tensor component of the TPE transition 

moment, that the RQ11(J") sub-band (with J" ≥ 2) has contributions from both T0
0 and T2

0, 

and that the PO11(J") and RS13(J") sub-bands are associated with T2
0. However, the peak 

amplitudes observed in (X 2Πg, Ω+ = 3/2) ndπ 1Σ+
g ← X 3Σ–

g TPE spectra of O2 (with n = 

4–6) [16] TPE spectra [16] do not match relative line strengths predicted by the basic 

version of the PGOPHER program [32] with any realistic choice of effective rotational 

temperature Trot and the ratio T0
0 / T

2
0 of TPE transition-moment contributions. If more 

extensive observed data were available, PGOPHER might then be adapted to simulate 

the spectral amplitudes by allowing empirically for J'-dependent predissociation effects. 

• J'-dependence of rovibronic line strengths in previous UV TPE spectra.  We note that 

Fig. 6 of [16] shows a pronounced depletion of TPE line strength as J' increases within 

the (1 – 0) band of the (X 2Πg, Ω+ = 3/2) 5dπ 1Σ+
g ← X 3Σ–

g TPE spectrum of O2. The 

relative peak heights for three characteristic features are: PQ13(0) : RQ11(2) : RQ11(4) = 1.0 

: 0.19 : 0.03; the first two entries agree with our measured ratio of 1.0 : 0.15 ± 0.05 for 

our REMPI signal strengths, normalised to IUV and profile-integrated, in Figs 3 and 5. 

However, such apparent relative line strengths are far from what can be predicted 
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realistically simply by varying Trot and the T0
0 / T

2
0 ratio. Meanwhile, the (1 – 0) band of 

the (X 2Πg, Ω+ = 3/2) 4dπ 1Σ+
g ← X 3Σ–

g TPE spectrum of O2, as in Fig. 5 of [16], shows a 

much less pronounced J'-dependent depletion of line strength; the corresponding relative 

peak heights are 1.0 : 0.57 : 0.03. These trends are attributed to a much greater J'-

dependence of predissociation-induced depletion of observed rovibronic line strengths 

for the Rydberg state at the higher energy (5dπ) than at the lower energy (4dπ). This 

appears to contravene the usual trend, in Rydberg manifolds that are less markedly 

affected by J'-dependent predissociation, that linewidths vary as (n*)–3, where n* is the 

effective principal quantum number (including a quantum defect δ = n – n*). 

• Linewidths in previous UV TPE spectra.  Observed spectroscopic fwhm values have been 

estimated for features in the UV TPE spectra that were reported for υ' = 1 levels of the 

(X 2Πg, Ω+ = 3/2) ndπ 1Σ+
g Rydberg states of O2 with principal quantum number n = 4, 5 

and 6, as in Figs 5–7 of [16]. Those figures would probably have been traced by a 

draughtsman before publication. Nevertheless, we deduce that each ndπ spectrum has a 

uniform fwhm which is apparently independent of spectroscopic feature or the value of 

J'. Within the Ω+ = 3/2 ion-core spin-orbit component of the (n + 1)s / nd Rydberg 

complexes, fwhm values vary with values of n as follows: for n = 4, ~0.7 cm–1; for n = 5 

4, ~1.0 cm–1; for n = 6, ~1.5 cm–1. This trend in fwhm values indicates a steady increase 

in predissociation-induced broadening for each ndπ Rydberg state with increasing n. 

Such a trend, in which predissociation linewidths increase with n (and n* ≈ n + 0.06 [16]), 

is again contrary to the (n*)–3 rule that is often found [10] in less markedly predissociated 

Rydberg manifolds. The early experiments [16] employed an upconverted dye laser 

based on a design [33] that would, at best, have resulted in SLM optical bandwidths of 

~0.02 cm–1 at ~630 nm and (after third-harmonic generation) ~0.06 cm–1 at ~210 nm; the 

resulting TPE-spectroscopic bandwidth ΔνTPE would therefore have been at least 0.12 

cm–1 (and probably more than that, depending on how readily the upconverted dye laser 

could be tuned continuously without mode hops). 

Our high-resolution UV TPE lineshape measurements have extended the above three 

aspects of the previous wide-ranging spectroscopic study [16]. As explained in Sec. 2.1, the 

wavelength meter can be used to calibrate the scale of two-photon energy νTPE via (2 + 1) 

REMPI TOF spectra of Xe; this yields a likely systematic uncertainty of ±0.2 cm–1. On that 

scale, the 5dπ PQ13(0) and 5dπ RQ11(2) peaks in Figs 3 and 5 have been measured respectively 

to be at 95 133.0 cm–1 and 95 142.4 cm–1, each with the above systematic uncertainty of ±0.2 
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cm–1. These are respectively ~0.7 cm–1 and ~1.4 cm–1 smaller than the corresponding nominal 

values of peak two-photon energies ν0
TPE of 95 133.7 ± 1 cm–1 and 95 143.8 ± 1 cm–1, as 

estimated from Fig. 6 of [16]. Our Figs 3–5 have linear νTPE scales spanning a few cm–1 around 

each spectral peak; these are derived from the wavelength meter, which is specified to be highly 

accurate (±0.002 cm–1). Moreover, as already mentioned in Sec. 2.2, any Doppler shift, arising 

from non-orthogonal crossing of the UV and molecular beams, should be small (≤0.05 cm–1). 

The above discrepancy of –0.7 cm–1, between our measurements of the peak νTPE value 

for the PQ13(0) feature and that in [16], is best regarded as a systematic difference that is within 

the ±1-cm–1 absolute uncertainty of those previous measurements. However, the larger 

discrepancy of –1.4 cm–1, between present and past measurements of the peak νTPE value for 

the RQ11(2) feature, deserves more serious consideration as it seems to add a further discrepancy 

of –0.7 ± 0.2 cm–1. A hypothetical explanation of this discrepancy (at least in part) could be 

that, in recording the spectrum portrayed in Fig. 6 of [16], there might have been an 

unrecognised discontinuity or irregularity of ~0.2 cm–1 in the dye-laser wavelength scan 

between νTPE values of 95 134 cm–1 and 95 142 cm–1. Such a change in the separation between 

the PQ13(0) and RQ11(2) peaks would then have affected the value of the upper-state rotational 

constant B', which can be estimated from the upper-state rotational term energy B' J' (J' + 1). 

For the PQ13(0) transition, this term energy is independent of B', since J' = N' = 0; however, it 

equals 6 B' for the RQ11(2) transition where J' = N' = 2. According to our hypothesis, B' would 

therefore change by approximately (–0.2 cm–1) / 6 and therefore shift from 1.814 cm–1 [16] to 

~1.78 cm–1. This would yield a value of B'(υ' = 1) that is more plausible in terms of conventional 

anharmonic-oscillator trends, with values of B' for υ' = 0, 1 and 3 becoming 1.80, 1.78 and 1.73 

cm–1, respectively; this would effectively eliminate the previous υ' = 1 outlier of 1.814 cm–1 as 

in Table II of [16]. Although our hypothetical proposition is somewhat speculative, it does offer 

reconciliation of apparent anomalies, accounting for a portion (but not all!) of our unexpected 

νTPE-calibration discrepancies and tentatively explaining the previous irregularity of B'(υ' = 1) 

for O2 in its ndπ 1Σ+
g Rydberg manifold [16]. 

The absolute calibration of νTPE should not detract from our principal results, concerning 

the apparent effect of J'-dependent predissociation-lifetime broadening on fwhm values from 

high-resolution lineshape measurements for the 5dπ PQ13(0) and 5dπ RQ11(2) UV TPE features 

(as in Figs 3–5). This is facilitated (as explained in Sec. 2.1) by the narrow TPE-spectroscopic 

bandwidth provided by our nonlinear-optical system [20,21] which generates SLM pulses of 

coherent UV light at ~210 nm and offers a 20-fold enhancement of spectral resolution relative 
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to previous experiments [16]. This effective spectroscopic bandwidth ΔνTPE is sufficiently 

narrow to enable our detailed lineshape measurements for the rovibronic features of interest. 

In particular, lineshape fits (as in Figs 3 and 4) indicate that the prominent 5dπ PQ13(0) 

peak has a fwhm of 0.59 ± 0.02 cm–1 (significantly narrower than the previously reported fwhm 

of ~1.0 cm–1 [16]); the corresponding predissociation lifetime is τ = 8.9 ± 0.3 ps. On the other 

hand, the adjacent, weaker 5dπ RQ11(2) feature has a markedly broader fwhm (2.2 ± 1.5 cm–1, 

corresponding to τ ≈ 2.4 ps). Whereas there was no indication of such J'-dependent variations 

in fwhm from the earlier work [16], our lineshape fits suggest that J'-dependent predissociation-

lifetime broadening causes the relatively weak 5dπ RQ11(2) feature with J' = 2 (as in Fig. 5) to 

be about four times broader than the prominent 5dπ PQ13(0) feature with J' = 0 (as in Figs 3 and 

4). This contrast may be understood simply in terms of the fact that Rydberg levels with J' > 0 

in the (X 2Πg, Ω+ = 3/2) 5dπ 1Σ+
g Rydberg manifold have access to a wider range of 

predissociative coupling channels (e.g., involving interactions with dissociative valence states 

[10,11,34]) than the level with J' = 0. 

More explicitly, the level with J' = 0 in the 5dπ 1Σ+
g Rydberg manifold can be coupled 

directly only by spin-orbit interaction to any 3Πg (Ω = 0) or 3Σ–
g states that happen to overlap it. 

The 1999 survey by Morrill et al. [10] indicates that linewidths for (X 2Πg) nsσg 3Πg Rydberg 

states with n > 5 are unlikely to contribute as much as the ~0.6 cm–1 of predissociation width 

that is observed in Figs 3 and 4. Indirect contributions by as-yet unobserved (X 2Πg) nd 3Πg 

Rydberg states, via Rydberg-valence coupling to 3Πg dissociative states, are considered more 

likely sources of the observed predissociation width. On the other hand, (X 2Πg, Ω+ = 3/2) 5dπ 
1Σ+

g Rydberg levels with J' > 0 are amenable to additional coupling channels, including strong 

rotational interactions with the 1Πg complex members, providing a possible predissociation 

channel through the subsequent 1Πg Rydberg-valence interactions involving dissociative states. 

Moreover, the 1Σ+
g manifold can couple strongly with the 3Σ–

g manifold, which is also 

rotationally coupled to the 3Πg manifold, leading to a less direct predissociation channel via the 
3Πg Rydberg-valence interactions. Any of these interactions are likely [10,11,34] to provide a 

mechanism for the 5dπ RQ11(2) J' = 2 feature (as in Fig. 4) to be substantially broader than the 

5dπ PQ13(0) J' = 0 feature (as in Fig. 3). 

It should be noted that asymmetric lineshapes are not at all exceptional in spectra that are 

affected by predissociation, where Beutler-Fano lineshape effects [31,35,36] can arise within 

a superposition of interfering quantum states, such as a discrete level and an overlapping 
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continuum. For instance, such effects have been observed in SR bands of O2 at lower excitation 

energies [7–9]. Nevertheless, the present instance of lineshape asymmetry for an isolated J'-

resolved Rydberg rovibronic level of O2 is noteworthy. The extensive wings of the UV REMPI 

data plotted in Fig. 4 reveal an asymmetric lineshape, for which the Fano parameter q is 

estimated to be 10 ± 1. The fitted Beutler-Fano profile is believed to arise from interaction 

between the discrete J' = 0 1Σ+
g level and the quasicontinuum associated with the broad wings 

of the likely resonant interaction that causes predissociation via the 3Πg valence manifold. 

In addition to the central theme of exploring J'-dependent predissociation linewidths in a 

high-energy Rydberg rovibronic manifold, our REMPI experiments reveal two irregular TOF 

processes, of which TOF-plot dependences on (V1, V2), UV pulse energy and UV polarisation 

have been considered in more detail in the Appendix, as follows: 

• UV-independent predissociation and ionisation effects.  The tentatively proposed 

mechanism for the V1-independent, (IUV)2-dependent feature B in Fig. 2 is not that of a 

conventional REMPI process. It is understood to entail detection of O+ ions formed, 

without photoionisation or V1-dependent acceleration in zone 1, from O atoms arising via 

rapid (< 10 ps) predissociation of TPE-generated O2 (5dπ 1Σ+
g), with possible schemes as 

in Eqs (A1)–(A5). We note that, although there are many instances of O2 predissociation 

studies in which O atoms are actively probed (e.g., by REMPI in velocity-map imaging 

experiments [14,15,37,38]), there are fewer cases where atoms from predissociation of 

UV-excited O2 are detected quasi-spontaneously (e.g., by luminescence from O (1D) 

atoms produced by SR-band photodissociation [39]). It could be informative to use 

velocity-map imaging to further examine the processes that have yielded feature B. 

• Reflection of backward-ejected O+ ions.  TOF values for the peak B' that appears in Fig. 

2(c) – but not at lower values of V1 in Figs 2(a) and (b) – are well modeled in terms of 

O+ ions formed by (2 + 1 + 1) REMPI as in the sequence of Eqs (2) and (4) and initially 

ejected backwards. If V1 ≥ 4.5 V, these anisotropically distributed O+ ions are 

electrostatically reflected towards the MCP, thereby avoiding destruction by impact with 

the repeller plate. 

4. Concluding remarks 

This work is primarily concerned with high-resolution measurements of the (X 2Πg, 

Ω+ = 3/2) 5dπ 1Σ+
g ← X 3Σ–

g UV TPE Rydberg spectrum of O2, with particular regard to J'- 
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dependent predissociation-lifetime broadening in the (υ' = 1, J' = 0 and 2) upper levels, 

determined from Lorentzian fits to lineshapes for the PQ13(0) and RQ11(2) features, as well as a 

Beutler-Fano fit to the asymmetric lineshape for the PQ13(0) feature. In that spectrum, we have 

measured those features to be at peak two-photon energies ν0
TPE of 95 133.0 cm–1 for PQ13(0) 

and 95 142.4 cm–1 for RQ11(2). Comparison with a previous spectroscopic study [16] reveals 

assorted mechanistic trends, not all consistent with our current observations. It is particularly 

significant that the J′ = 0 Rydberg level is observed to have a fwhm of 0.59 ± 0.02 cm–1, which 

is 3.7 ± 2.5 times narrower (and hence has a longer predissociation lifetime) than for the J' = 2 

Rydberg level (which is more amenable to coupling with overlapping dissociative states). 

Additional insight into the accompanying photo-excitation and ionisation processes has been 

gained by systematically studying and modeling the dependence of observed REMPI TOF 

signals on various experimental conditions.  

Appendix 

Observed REMPI TOF signals of the form shown in Fig. 2 have, as already outlined in 

Sec. 3.1, been characterised systematically with regard to several key instrumental factors: 

acceleration voltages V1 and V2; stagnation pressure P of neat O2 supplied to the pulsed valve; 

direction of linear polarisation of the UV light; UV pulse energy (proportional to photodiode 

output IUV). Kinematic analysis of the (V1, V2)-dependence of features A and C in Fig. 2 suffices 

to assign them to the ions 16O+ via (2 + 1 + 1) REMPI and 16O2
+ via (2 + 1) REMPI, 

respectively, as in the context of Eqs (1)–(4). However, additional key instrumental factors are 

required for mechanistic characterisation of the less regular features B, B' and D in Fig. 2.  

As already mentioned in Sec. 3.2, the relatively broad TOF feature D has a P-dependence 

consistent with collisional broadening of TPE-selected O2
+-ion signals by residual O2 gas. 

The linear polarisation of the UV light is usually vertical (i.e., with the electric vector 

parallel to the vertical TOF axis – see Fig. 1), as in the measurements of Fig. 2. With horizontal 

polarisation (i.e., where the electric vector is orthogonal to the TOF axis), the amplitude of 

feature B is undiminished and those of features C and D are reduced by a factor of ~3; by 

contrast, the O+ REMPI signals in feature A vanish, showing that the spatial distribution of O+, 

formed by photodissociation of O2
+ (A 2Πu) as in Eq. (4), is highly anisotropic.  

It should be noted that most of the KER in the processes that generate O2
+, as in Eqs (1)–

(3), is taken up by photoelectrons, but that the 0.88-eV KER in Eq. (4) is shared equally 
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between O (3P) atoms and O+ (2D) ions. With vertical UV polarisation, the anisotropically 

distributed O+ ions propagate initially in either forward or backward directions along the TOF 

axis; all of the backward-ejected O+ ions are likely to hit the repeller plate when V1 is low (< 

4.5 V) and none reach the MCP detector at any V1 with the orthogonal horizontal polarisation. 

UV-TPE TOF experiments have also been performed with the UV pulse energy 

(proportional to IUV) attenuated by a factor of 1.9. The TOF signals for features C and D of 

Fig. 2 are attenuated by a factor of exactly (1.9)3, consistent with (2 + 1) REMPI processes for 

O2
+ below optical saturation. Likewise, the O+ TOF signals, as in feature A of Fig. 2, are 

attenuated by a factor of (1.9)4, which is consistent with unsaturated (2 + 1 + 1) REMPI. On the 

other hand, the TOF-signal amplitudes for the V1-insensitive feature B of Fig. 2 vary as (1.9)2, 

which corresponds to UV TPE to the O2 5dπ 1Σ+
g Rydberg state and UV-independent ionisation.  

The irregular feature B of Fig. 2 is the only signal observed in our TOF scans when the 

potential difference V1 in the photoionisation zone 1 is zero. With an acceleration voltage V2 = 

41.5 V, this peak appears at a constant TOF delay of 9.78 ± 0.03 μs. With (V1 + V2) fixed at 

44.0 V and over a range of V2 from 38.5 V to 43.5 V, the measured (V1, V2)-dependence of the 

TOF delay for feature B is approximated by (14.75 – 0.12 V2). Features A and B are both 

attributed to formation of O+ ions after TPE of O2 (5dπ 1Σ+
g) molecules. However, the V1-

insensitivity and (IUV)2-dependence of the latter indicate that O+ ions are formed outside the 

UV-irradiation zone 1 (i.e., not before they reach the extraction grid EG, as depicted in Fig. 1).  

As indicated in Secs 3.1 and 3.3, spontaneous predissociation of O2 (5dπ 1Σ+
g) Rydberg 

molecules is a likely mechanism. We consider five possible schemes, as follows:  

O2 (5dπ 1Σ+
g / 1Πg)  →  O (1D)  +  O (1S)  +  (KER = 0.52 eV), (A1) 

O2 (5dπ 1Σ+
g / 3Πg)  →  O (3P)  +  O (1S)  +  (KER = 2.40 eV), (A2) 

O2 (5dπ 1Σ+
g / 1Πg)  →  O (1D)  +  O (1D)  +  (KER = 2.75 eV), (A3) 

O2 (5dπ 1Σ+
g / 3Πg)  →  O (3P)  +  O (1D)  +  (KER = 4.71 eV), (A4) 

O2 (5dπ 1Σ+
g / 1Πg or 3Πg)  →  O (3P)  +  O (3P)  +  (KER = 6.68 eV), (A5) 

where possible iso-energetic predissociative perturbations of the TPE-generated O2 (5dπ 1Σ+
g) 

Rydberg manifold, by overlapping repulsive potential curves for 1Πg or 3Πg valence states (as 

discussed in Sec. 3.3), are indicated after the “/” symbol. KER values are derived by subtracting 

relevant photodissociation energies [28] from the 11.795-eV TPE energy. Each of the resulting 

O atoms takes half of the KER (i.e., 0.26, 1.20, 1.37, 2.35 and 3.34 eV, respectively). It is 

apparent that (consistent with our UV-polarisation measurements) they have an isotropic 
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spatial distribution. The properties of feature B (in Fig. 2 and elsewhere) indicate that O atoms 

are not converted to O+ ions until they have left zone 1 (such that signals recorded by the MCP 

arise from an ionisation process that is both UV- and V1-independent). Moreover, TOF plots 

such as those in Fig. 2 show that ionisation is synchronous with TPE by each laser pulse.  

In order for the UV TPE spectral linewidth of feature B to match that recorded for feature 

C (as shown in Figs 3 and 4), the relevant predissociation process observed is expected to be 

rapid, with τ < 10 ps. As discussed in Sec. 3.3, such a predissociation efficiency is likely to be 

enhanced by spin-orbit coupling [10,11,34]. This would be most readily realised via 

perturbations from a repulsive 3Πg valence state, as envisaged in Eqs (A2), (A4) or (A5).  

On this basis, we have considered possible mechanisms for feature B in which some of 

the predissociated O atoms propagate directly along the TOF axis in zone 1 over a distance of 

~11 mm before interacting momentarily with the extraction-grid electrode EG where they form 

O+ ions. These ions are then accelerated in zone 2, with potential difference V2 over distance 

d2 = 25 mm, until they drift in the field-free zone 3 over d3 = 90 mm to the MCP.  

In our simplest kinematic calculations, the interactions at EG that convert O to O+ are 

assumed to be instantaneous, with electrons taking away virtually all of the kinetic energy and 

leaving O+ initially at rest. It is then estimated that, for 38.5 V ≤ V2 ≤ 43.5 V, a total KER of 

~1.5–1.7 eV is needed to achieve close agreement between observed and predicted values of 

tTOF. This hypothetical KER falls in between those of Eq. (A1), which is not directly amenable 

to spin-orbit coupling and overestimates the flight time tTOF by ~2.5–2.8 μs, and Eq. (A2), 

which can enhance predissociation by spin-orbit coupling and undererestimates tTOF by ~0.75–

0.95 μs. Spin-orbit coupling is also enabled by the more exothermic schemes in Eqs (A4) and 

(A5) but they underestimate tTOF by ~1.05–1.25 μs and ~1.4–1.6 μs, respectively. It therefore 

seems that the presumed ionisation mechanism for O atoms in the vicinity of EG is not 

instantaneous and is still open to speculation. Possible momentum transfers from the gas jet or 

from O to O+ at EG do not adequately explain these discrepancies, so that the formation of O+ 

ions at the surface of EG (before they are accelerated in zone 2 and drift to the MCP) remains 

poorly understood. 

Fig. 2(c) shows that, when V1 ≥ 4.5 V, another peak, labelled B', branches out from peak 

B towards lower TOF values. In fact, peak B' has a non-zero V1-dependence and is not a satellite 

of peak B. Our kinematic calculations attribute it to backward-ejected O+ ions formed by 

(2 + 1 + 1) REMPI as in the context of Eqs (2) and (4). When V1 < 4.5 V, these backward-

ejected O+ ions are removed by impact with the repeller plate. However, higher values of V1 
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cause the anisotropically distributed O+ ions that initially propagate backwards to be reflected 

towards the MCP before they reach the repeller plate. We estimate that, for V1 = 5.0 V and 

5.5 V, these O+ (2D) ions (with an initial backward kinetic energy of 0.44 eV) are decelerated 

to rest within distances of 1.08 mm and 0.98 mm, respectively, after which they are accelerated 

with total flight times tTOF of 9.55 μs and 9.40 μs, agreeing well with our TOF observations for 

peak B'. 
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