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Photodetachment spectra of 4-CP QBS in various pump-control pulse delay 

  

Fig. S1. Pump-control pulse delay-dependent 

photodetachment spectra of 4-CP- QBS. 
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Photodetachment spectra of 4-CP QBS in various control pulse power 

  

Fig. S2. Control pulse intensity dependent photodetachment spectra of 4-

CP- QBS. 
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Details of the subtraction of direct detachment in photodetachment spectra 

 In the photodetachment spectrum, the direct detachment by one-photon transition 

reveals stepwise feature at electron affinity (EA) as seen in Fig.1. On the other hands, the 

stepwise feature from the direct detachment also could be revealed near the most FC-active 

vibrational state of the DBS or QBS [1]. Since the direct detachment cross-section usually 

follows the FC-factor, stepwise feature could be revealed when the excitation pulse exceeds 

the energy of the most FC-active vibrational mode in neutral electronic ground state. 

Because of the loosely bound nature of the DB- or QB-electron, the geometry of the 

DB or QB is barely differed from the neutral ground state geometry [2]. Those makes the 

stepwise feature located to the blue-side of the most FC-active DBS vibrational peak, shifted 

with the almost same amount of that of EA. For the DBS or QBS with low binding energies, 

the vibrational peak of DBS or QBS could be overlapped to the stepwise direct detachment. 

This makes the vibrational peak to be more asymmetric to the blue side, consequently makes 

hard to exact estimation of the extent of ponderomotive shift and broadening. For the 4-CP- 

QBS and 4-BP- DBS (to be referred below), which have small electron binding energy similar 

to the picosecond bandwidth (~20 cm-1), the most FC-active vibrational peaks have quite 

asymmetric peak shapes because of aforementioned stepwise feature overlapped to the 

vibrational peak. We carefully eliminate this feature by fitting in order to evaluate the extent 

of the ponderomotive shift more precisely. We used error-function to represent the stepwise 

direct detachment;  

erf(𝑧) =
2

√𝜋
 ∫ 𝑒−𝑡2

𝑑𝑡
𝑧

0

 Eq. S1 

To be specific, the direct detachment cross-section is usually expressed by the Wigner’s 

threshold law, which is proportional to the √eKE. However, the Wigner’s threshold law could 

not represent the vibrational aspect of the direct detachment cross-section as mentioned above, 

rather usually being adopted to the ‘electronic’ detachment cross-section. In the very narrow 

energetic range compared to the ‘electronic’ detachment cross-section, error-function could 

be reasonable to represent the stepwise feature originated from the vibration. 
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Fig. S3 (a) is the extracting procedure of the 4-CP- QBS 12’1 vibrational peak from the 

direct detachment. We subtracted error function in two points: EA and EA+E(v12). This 

eliminates the stepwise direct detachment features at the EA and the most FC-active 

vibrational state. Resultant photodetachment spectra are described in Fig. S3 (b). Note that the 

pump only spectrum has quite symmetric structure after the subtraction of the direct 

detachment, and the shift and broadening are more clearly observable when the various 

control pulse intensity was used (Fig. S3 (c) and (d)). Note that we also corrected the position 

of the error functions as amount of the full-ponderomotive shift (free electron ponderomotive 

shift) when the control pulse was used (Fig. S3 (c)), because the detachment threshold would 

be shifted as same as full-ponderomotive shift. Fig. S4 shows the Gaussian fittings of the 4-CP 

QBS direct detachment-subtracted spectra in various control pulse intensity. This analysis 

gives better fit to the Gaussian fittings and broadening trends as the intensity of the control 

pulse increased. 
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Fig. S3. Subtraction procedures of the direct detachment features of 4-CP- QBS 

photodetachment spectra. (a) Pump only spectrum and error functions representing the 

stepwise feature at (red) EA and (blue) the most FC active 12’1 mode, respectively. (b) 

Resultant vibrational structures of the 4-CP- QBS. (c) Pump + control pulse (at 95.9 GW/cm2) 

photodetachment spectrum and error functions to be subtracted. Note that the positions of 

the error functions were blue-shifted as the amount of the full(free-electron)-ponderomotive 

shift. (d) Resultant vibrational structures of the 4-CP QBS in the presence of the strong control 

pulse. 
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Fig. S4. Stepwise direct detachment feature-subtracted spectra of 4-CP QBS 

and their Gaussian fitting at (a) pump only (without control pulse) and (b-

f) with control pulse in various intensity. 
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Measurement of the laser intensity 

In order to evaluate the laser intensity on the laser-ion interaction region, we 

measured laser power before and after the picosecond pulse passes through a couple of the 

CaF2 windows. From the measured power differences, we could calculate the laser power at 

the laser-ion interaction region by considering the transmittance of a couple of CaF2 windows. 

P = Pfront × √
Pback

Pfront
 Eq. S2 

Beam waist at the laser-ion interaction region was calculated using following equation; 

ω(z) = 𝜔0√1 + (
𝑧𝜆

𝜋𝜔0
2)

2

 Eq. S3 

, where z is the position of the laser-ion interaction region from the focus, ω0 is the initial beam 

waist, and λ is the wavelength of the laser. Because of the low number density of the anion in 

the ion packet, we loosely focused control laser pulse away from the focal point. The peak 

power density of each laser shot was calculated by assuming the 1.7 ps pulse width Gaussian 

beam with 1 kHz repetition rates at 1/e2 (~13.5 % of peak) beam diameter. 

P1/𝑒2 =
1

2
𝜋𝐼0𝜔0

2(1 − 𝑒2) Eq. S4 
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