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Photoelectron imaging spectroscopy of Ag3
− in the S0 and S1 states 1 

Yuta Suzuki, Tasuku Nishizato, Kazuaki Matsumoto, Yuta Ushiki, Yuma Aoki, 2 

Akira Terasaki,a) and Takuya Horioa) 3 
 4 

Department of Chemistry, Faculty of Science, Kyushu University, 744 Motooka, Nishi-ku, Fukuoka 819-0395, Japan 5 

 6 

We explore laboratory-frame photoelectron angular distributions (LF-PADs) originating from the 7 

outermost two orbitals, u (the highest occupied molecular orbital: HOMO) and g (HOMO−1), of the 8 

silver trimer anion (Ag3
−) in the S0(1g

+) state. The experiment was performed by our novel 9 

photoelectron imaging technique using a high-repetition-rate tunable laser [T. Horio et al., J. Chem. 10 

Phys. 162, 026101 (2025)]. The LF-PAD for u is found to be highly energy-dependent in a 11 

photoelectron kinetic energy (PKE) range from 0 to 1.57 eV; an isotropic LF-PAD with an anisotropy 12 

parameter  ~ 0 is observed at the detachment threshold, exemplifying the Wigner threshold law, 13 

whereas  value decreases down to  = –0.4 at 0.46 eV, followed by an increase up to  = 0.6 at 1.57 eV, 14 

as PKE increases. A small dip discernible in the PKE range of 1.2 – 1.3 eV suggests an influence of the 15 

autodetachment process on the  value, which is via bound electronic state(s) embedded in the D0(2u
+) 16 

+ e− continuum. On the other hand, the LF-PAD for g exhibits a strong anisotropy parallel to the laser 17 

polarization with  of ~1 in 0 – 0.39 eV. These contrasted trends are qualitatively reproduced by 18 

theoretical modeling of LF-PAD that accounts for photoelectron partial waves allowed for each 19 

photodetachment process. Furthermore, two-photon detachment spectra via the excited S1(1u
+) state are 20 

presented, where the relative band intensities for the two detachment channels, D0(2u
+) + e− ← S1(1u

+) 21 

and D1(2g
+) + e− ← S1(1u

+), are discussed in terms of their leading electronic configurations. 22 

_____________________________ 23 
a)Authors to whom correspondence should be addressed.  Electronic mail:  horio@chem.kyushu-univ.jp, terasaki@chem.kyushu-univ.jp 24 
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I. INTRODUCTION 27 

The silver trimer anion, Ag3
−, has been receiving continuous attention over the past decades. A 28 

simple Hückel model1–3 and ab initio calculations 4 predicted that the equilibrium geometry of Ag3
− in 29 

the ground electronic state is linear, i.e., S0(1g
+), where four valence electrons including the excess 30 

charge occupy the outermost molecular orbitals (MOs), u (the highest occupied MO: HOMO) and g 31 

(HOMO−1), created mainly by Ag 5s orbitals. The high-resolution photodetachment spectroscopy by 32 

Lineberger and coworkers5 found that the D0(2Σu
+) + e− ← S0(1Σg

+) transition (i.e., the detachment of an 33 

electron from HOMO) occurs at 2.43 ± 0.01 eV, which corresponds to the vertical detachment energy 34 

(VDE). At the same time, Ganteför et al.6 reported a VDE value of 2.452 eV using zero-kinetic-energy-35 

electron (ZEKE) spectroscopy of jet-cooled Ag3
−; the authors pointed out that the slightly larger VDE is 36 

likely due to the internal temperature of the samples lower than that in ref. 5. A theoretical estimate of 37 

2.455 eV by Bonačić-Koutecký et al.4 is in excellent agreement with these experimental VDEs. The 38 

electron binding energy for the D1(2Σg
+) + e− ← S0(1Σg

+) transition (i.e., the detachment of an electron 39 

from HOMO−1) has been reported to be 3.62 eV by Handschuh et al.7 This anion also served as a 40 

precursor for demonstrating negative-to-neutral-to-positive (NeNePo) spectroscopy that explores time-41 

resolved dynamics in the neutral state.8,9 42 

Recently, we conducted photodestruction action spectroscopy of Ag3
− in the photon energy range of 43 

2 – 5 eV using an ion trap to investigate its excited electronic states,10 where photodestruction signals 44 

(i.e., depletion in the number of Ag3
− anions in the trap) were obtained through detachment of the excess 45 

electron and/or fragmentation of Ag3
− upon photoirradiation. It was found that the spectrum exhibits a 46 

relatively sharp resonance due to the S1(1Σu
+) ← S0(1Σg

+) transition at 2.39 eV, i.e., just below VDE, 47 

which is followed by a broad hump around 3.8 eV. 48 

 These studies have motivated us to further advance the continuous investigations on Ag3
−. The 49 

objective of the present study is twofold. First, we attempt to characterize HOMO (u) and HOMO−1 50 

(g) of Ag3
− in S0(1Σg

+) from energy-dependent laboratory-frame photoelectron angular distributions 51 
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(LF-PADs). To this end, we employ our novel photoelectron velocity-map imaging (VMI) setup that 52 

utilizes a tunable femtosecond (fs) laser at a 100 kHz repetition rate. The technique was demonstrated 53 

very recently by measuring two-dimensional (2D) projections of photoelectrons detached from Ag3
− at 54 

various photon energies.11 Here, we provide a full account of the observed images along with a 55 

theoretical modeling of LF-PAD using the ezDyson program.12,13 Second, taking advantage of tunable 56 

and short pulses from the 100-kHz laser system, we attempt to obtain one-color, two-photon detachment 57 

spectra via the S1(1Σu
+) state of Ag3

− to gain insight into the electronic configuration of this transient 58 

state. 59 

 60 

II. EXPERIMENTAL AND COMPUTATIONAL METHODS 61 

The whole experimental setup including the photodetachment light source has been described in our 62 

recent reports.11,14 A continuous beam of Ag3
− was produced by combination of a magnetron-sputtering 63 

ion source and a quadrupole mass filter (QMF). The Ag3
− anions were delivered from the exit lens of 64 

QMF to a potential switch (PS) with octopole ion guides driven by radio-frequency (rf) generators 65 

operated at a frequency of ∼1 MHz. At the PS, the continuous beam of Ag3
− was chopped into 100-kHz 66 

anion bunches by +0.4-kV pulses synchronized with laser pulses from an Yb:KGW (ytterbium-doped 67 

potassium gadolinium tungstate) regenerative amplifier. The light source produced ~210 fs, 100 J, and 68 

1030 nm pulses with linear polarization at a 100 kHz repetition rate; 80% of its output (i.e., 80 J/pulse) 69 

was used to pump an optical parametric amplifier that generated fs pulses tunable from near infrared 70 

(NIR) to visible (VIS) (620 – 2600 nm). For generating wavelengths shorter than 620 nm, we used an 71 

additional beta-barium borate (-BBO) crystal for frequency doubling the NIR and VIS pulses. 72 

The bunched Ag3
− beam focused with an einzel lens was admitted to an assembly of photoelectron 73 

extraction lenses optimized at low extraction fields15 for achieving the VMI condition.16 For examining 74 

LF-PADs, we measured two-dimensional (2D) projections of photoelectrons ejected by the fs pulses into 75 
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three dimension. The photon energy was varied from 2.43 to 4.00 eV to observe one-photon detachment 76 

from HOMO (u) and HOMO−1 (g) of Ag3
− in S0(1Σg

+), whereas it was tuned at the resonance to the 77 

S1(1Σu
+) ← S0(1Σg

+) transition in one-color, two-photon detachment experiments. The peak laser power 78 

at the laser-anion interaction region was estimated to be 108 – 109 W/cm2. 79 

A dual microchannel plate (40 mm) coupled with a phosphor screen (P43) was used to visualize 80 

photoelectron 2D projections. In our previous studies,11,14,17,18 we used a frame-based (i.e., conventional) 81 

digital camera for obtaining photoelectron images, where intensities of bright spots on the phosphor 82 

screen were recorded for 500 ms and the measurements were repeated until an accumulated image 83 

reached an acceptable signal to noise ratio. In the present study, we have installed a new digital camera 84 

(SilkyEvCam HD, 1280×720 pixels, CenturyArks Co., Ltd.) equipped with an event-based vision sensor, 85 

which enables us to perform event counting of bright spots on the phosphor screen (see Supplementary 86 

Information for further details). Since some of the bunched Ag3
− anions emitted low energy electrons 87 

upon collision with the VMI electrodes, an image of such background electrons was recorded with the 88 

photodetachment laser turned off (a laser-off image), which was subtracted from a laser-on image to 89 

remove the backgrounds. The 2D projection thus obtained was analyzed by the polar onion-peeling 90 

(POP) method19 to reconstruct the original 3D distribution of the detached photoelectrons, which yielded 91 

photoelectron-kinetic-energy (PKE) distributions (i.e., photoelectron spectra) and LF-PADs. 92 

The electronic-structure calculations were performed with the Q-chem 5.4 package20 to simulate 93 

energy dependence of LF-PADs using ezDyson 5.0.12,13 The equilibrium geometry of Ag3
− in the 94 

S0(1Σg
+) state was optimized by the coupled-cluster single and double (CCSD) theory with the aug-cc-95 

pVDZ-PP21,22 basis set, which has found that the most stable structure is linear with the Ag–Ag bond 96 

lengths of 2.67 Å. The equation-of-motion ionization potential CCSD (EOM-IP-CCSD) methodology 97 

with the same basis set was further performed to calculate Dyson orbitals, which were used for ezDyson 98 

to simulate LF-PADs. For comparison, we also calculated LF-PAD using Kohn–Sham orbitals with 99 

BP8623,24 functional and LanL2DZ25 basis set with the corresponding effective core potential. EOM-EE-100 
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CCSD theory calculations were also used to estimate vertical electron excitation energies (VEEs) of 101 

optically allowed transitions from the gerade state of S0(1Σg
+) to ungerade states. 102 

 103 

III. RESULTS AND DISCUSSION 104 

A. Energy dependence of LF-PADs from u and g orbitals 105 

Figure 1 shows 2D slice images of photoelectrons detached from Ag3
− in the S0(1Σg

+) state, obtained 106 

for the photon energies of (a) 2.43, (b) 2.53, (c) 2.64, (d) 2.76, (e) 2.89, (f) 3.02, (g) 3.18, (h) 3.35, (i) 107 

3.45, (j) 3.65, (k) 3.77, and (l) 3.88 eV; the original projected images before transformed to these 2D 108 

slices are shown in Fig. S3 in Supplementary Material. Isotropic distributions are observed at (a) 2.43 109 

and (b) 2.53 eV. The images gradually become anisotropic with more photoelectrons emitted 110 

perpendicular to the laser polarization direction ( in Fig. 1(a)) with increasing the photon energy from 111 

(c) 2.64 to (e) 2.89 eV; the ring diameter increases accordingly, which is proportional to the 112 

photoelectron velocity. The perpendicular anisotropy turns to be less prominent at (f) 3.02 eV. Then the 113 

LF-PADs return to be nearly isotropic at (g) 3.18, (h) 3.35, and (i) 3.45 eV. These photoelectrons 114 

Figure 1. 2D slices of photoelectron distributions for Ag3
− obtained at (a) 2.43, (b) 2.53, (c) 2.64, (d) 

2.76, (e) 2.89, (f) 3.02, (g) 3.18, (h) 3.35, (i) 3.45, (j) 3.65, (k) 3.77, and (l) 3.88 eV. The direction of the 

polarization vector, , of the photodetachment laser is indicated by a double arrow in (a). The original 

projected images before transformation to these 2D slices can be found in Fig. S3 in Supplementary 

Information. 
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originate from the lowest-energy detachment channel, D0(2Σu
+) + e− ← S0(1Σg

+). The image indicates a 115 

significant change at (j) 3.65 eV, showing an additional component at the center. The inner component 116 

is assignable to the second detachment channel, D1(2Σg
+) + e− ← S0(1Σg

+). As manifested in Figs. 1(j), 117 

1(k), and 1(l), the photoelectrons for this channel exhibit a strong anisotropy parallel to . 118 

In single-photon detachment from randomly oriented samples with a linearly-polarized light, LF-119 

PAD is proportional to 1 + P2(cos),26 where , , and P2(x) are the polar angle with respect to the 120 

laser polarization vector (), the photoelectron anisotropy parameter ranging from −1 to +2, and the 2nd 121 

order Legendre polynomial, respectively. The  parameters obtained by POP are plotted in Fig. 2(a) as a 122 

function of PKE for the photoelectrons both in the D0(2u
+) + e− ← S0(1g

+) (circles) and in the D1(2g
+) 123 

+ e− ← S0(1g
+) transitions (squares). The  values for the former transition vary significantly from 124 

negative through positive as a function of PKE, whereas those for the latter transition are less energy-125 

dependent, although the data points are limited; the estimation of errors in the  parameters is described 126 

in Supplementary Material. 127 

 128 

 129 

 130 

 131 
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 132 

Figure 2. (a) Photoelectron anisotropy parameters, , evaluated from the photoelectron images for the 

D0(2u
+) + e− ← S0(1g

+) (circles) and D1(2g
+) + e− ← S0(1g

+) transitions (squares) of Ag3
− as a 

function of photoelectron kinetic energy. The results of simulation are superimposed by the solid and 

dashed curves, which are obtained by ezDyson 5.0 using EOM-IP-CCSD/aug-cc-pVDZ-PP and 

BP86/LanL2DZ level of calculations, respectively (see the text). (b) and (c): Partial wave analyses for 

photoelectrons ejected via the D0(2u
+) + e− ← S0(1g

+) and the D1(2g
+) + e− ← S0(1g

+) transitions, 

respectively, obtained by the EOM-IP-CCSD/aug-cc-pVDZ-PP level of calculations.  
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The EOM-IP-CCSD theory calculation with aug-cc-pVDZ-PP basis sets performed in the present 133 

study has found that the former and the latter transitions can be well described by detachment of an 134 

electron from the outermost two MOs, u and g, respectively. The corresponding valence electron 135 

configurations of D0(2u
+) and D1(2g

+) are therefore approximated as (g)2(u)1 and (g)1(u)2, as 136 

illustrated in Fig. 3. The calculation also evaluated the VDE and the second electron binding energy to 137 

be 2.33 and 3.59 eV, respectively, which reasonably reproduce the experimental values of 2.43 (ref. 5) / 138 

2.452 (ref. 6) and 3.62 eV.7 139 

Due to its ungerade symmetry, single-photon detachment from the u orbital results in emission of 140 

photoelectron partial waves only with gerade symmetries (i.e., s, d, g, …). According to the Wigner 141 

threshold law,27 the photodetachment cross section is proportional to El + 1/2, where E and l denote PKE 142 

and the angular momentum quantum number of the detached electron, respectively. This indicates that s-143 

wave (l = 0) is dominant when E is close to zero, leading to  = 0. As manifested in Fig. 2(a), our 144 

experimental result obtained for the photodetachment from the u orbital (i.e., D0(2u
+) + e− ← S0(1g

+)) 145 

Figure 3. The leading electronic configurations of S0, S1, D0, and D1 states for anionic and neutral silver 

trimers along with the iso-surface plots of g, u, and g
* MOs formed mainly with 5s atomic orbitals of 

silver atoms. The plots were obtained by the BP86/LanL2DZ level of calculation. 
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exemplifies this threshold law. On the other hand, photodetachment from the g orbital gives rise to 146 

emission of photoelectron partial waves only with ungerade symmetries, (i.e., p, f, h, …), indicating that 147 

the  value does not fall off to zero even at the threshold, which is consistent with the present 148 

observation as far as PKE is greater than ~0.04 eV (the first data point for the D1(2g
+) + e− ← S0(1g

+) 149 

channel in Fig. 2(a)).  150 

 151 

B. Theoretical modeling of LF-PADs by ezDyson 152 

The solid and dashed curves in Fig. 2(a) present theoretical  parameters evaluated from LF-PADs 153 

obtained with the EOM-IP-CCSD/aug-cc-pVDZ-PP and BP86/LanL2DZ levels of calculations, 154 

respectively. As mentioned in Section II, the former level of calculation provided the Dyson orbitals for 155 

the D0(2u
+) + e− ← S0(1g

+) and D1(2g
+) + e− ← S0(1g

+) photodetachment processes, whereas the latter 156 

produced the Kohn–Sham orbitals shown in Fig. 3, which were used as substitutes for the corresponding 157 

Dyson orbitals; either Dyson or Kohn–Sham orbitals were used for the evaluation of  parameters. In 158 

both cases, we assumed a plane wave for the photoelectron wave function with the maximum angular 159 

momentum quantum number of 5 (i.e., h-wave). The trends in the energy dependence of the 160 

experimental  parameters are reproduced by both theoretical approaches qualitatively; the simulations 161 

either underestimate in the D0(2u
+) + e− ← S0(1g

+) channel or overestimate in the D1(2g
+) + e− ← 162 

S0(1g
+) channel. 163 

Figure 2(b) shows partial wave decompositions for photoelectrons ejected from the D0(2u
+) + e− ← 164 

S0(1g
+) transition, as obtained by the EOM-IP-CCSD/aug-cc-pVDZ-PP level of calculation. It is 165 

obvious that s-wave (red curve) is dominant at the threshold, which reconfirms the Wigner threshold law. 166 

As PKE increases, the contribution of d-wave (green curve) shows up, which results in interference 167 

between s- and d-waves. In the plane-wave approximation, where interaction of an outgoing electron 168 

and a residual neutral core is ignored, the s- and d-waves exhibit destructive interference along the laser 169 
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polarization axis.28,29 This leads to negative  values (see the solid line in the lower part of Fig. 2(a)) 170 

from the threshold to around 0.7 eV with the minimum value of −1, followed by a monotonic increase, 171 

as the contribution of d-wave becomes dominant above 0.9 eV. Although this scenario qualitatively 172 

explains the energy dependence observed for the  values, the experimental data exhibit a minimum 173 

with  = –0.4 at 0.46 eV. The underestimation of  values in the ezDyson calculations is ascribed to the 174 

assumption that outgoing photoelectrons are described as a plane wave. Figure 2(c), on the other hand, 175 

shows similar partial wave decompositions for photoelectrons in the D1(2g
+) + e− ← S0(1g

+) transition. 176 

The leading contribution of pz-wave in this channel, which is dominant even just above the threshold, 177 

explains the high  values ( > 1) as presented in the upper part of Fig. 2(a). The partial-wave 178 

decomposition analysis is thus qualitatively in line with the symmetry considerations discussed above. 179 

 180 

C. Comparison with LF-PADs for Na3
− 181 

Herein, we compare our experimental results for Ag3
− with those observed for Na3

−. The equilibrium 182 

geometry of Na3
− in the S0 state is also linear with the bond lengths of 3.581 Å.30 Therefore, the valence 183 

electron configuration is expected to be (g)2(u)2 as well, which are created by the interaction of Na 3s 184 

orbitals. Using an excimer-laser-pumped dye laser generating VIS and ultraviolet pulses with 1.64 – 185 

4.28 eV photon energies, Bartels et al.31 investigated Na3
− by measuring energy-dependent LF-PADs for 186 

photodetachment from u and g orbitals. Due to the tuning range of the detachment laser with respect 187 

to the VDE of Na3
− (1.158 ± 0.010 eV),32 the minimum PKE of the measurement for the u orbital was 188 

0.48 eV, where isotropic distribution ( ~0) is observed. As PKE increases, the measured  value rises 189 

and reaches ~1.8 at PKE = 3.1 eV. Although the absolute values of  are different from those obtained 190 

for Ag3
−, the upward trend in  values above ~0.5  eV is common to these two clusters. As for LF-PAD 191 

from the g orbital, the  values obtained for Na3
− are 1.2 – 1.3 in the PKE region of 0.0 – 0.4 eV, 31 192 
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which are comparable with those for Ag3
−. Thus, the present study has shown that Na3

− and Ag3
− are 193 

valence iso-electronic systems in terms of the photoelectron angular anisotropy. 194 

 195 

D. Excited states below and above the photodetachment threshold 196 

Closer examination of Fig. 2(a) reveals a small dip in the experimental  values around 1.2 – 1.3 eV 197 

for the D0(2u
+) + e− ← S0(g

+) channel (circles). To discuss this point, we refer to the photodestruction 198 

action spectrum of Ag3
− in Fig. 4 (blue triangles) cited from ref.,10 which was obtained using an ion trap 199 

cooled at 100 K. A sharp resonance signal is observed at 2.39 eV, just below VDE (the vertical dashed 200 

line in the figure), which is assignable to the S1(1Σu
+) ← S0(1Σg

+) absorption; a tail extending toward a 201 

lower energy region is attributed to hot bands that are unresolved in our measurements;10 the harmonic 202 

vibrational frequencies of the symmetric stretching, bending, and anti-symmetric stretching modes were 203 

Figure 4. Photodestruction action spectra (blue triangles) of Ag3
− obtained at an ion trap temperature of 

100 K,10 along with the  values for the D0(2u
+) + e− ← S0(1g

+) (circles) and D1(2g
+) + e− ← S0(1g

+) 

transitions (squares) plotted as a function of photon energy. The vertical dashed line shows the VDE, 

while the dash-dotted line indicates the second detachment threshold.  
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estimated to be 110, 39, and 179 cm−1, respectively, by the CCSD/aug-cc-PVDZ-PP level of calculation. 204 

Such an asymmetric profile due to hot bands is seen also in the photodetachment spectra of Ag3
− in ref. 5 205 

and in the present study (see Fig. S5 in Supplementary Information). 206 

We confirmed that the photodestruction signal corresponding to the S1(1Σu
+) ← S0(1Σg

+) transition is 207 

induced by one-photon process. This sharp resonance is followed by nearly structureless absorption with 208 

its onset at the VDE. This manifests that the transition from S0(1g
+) to the D0(2u

+) + e− continuum 209 

indeed starts around this energy, yielding the structureless absorption from the detachment threshold. 210 

Another feature discernible in the spectrum is a broad hump observed around 3.8 eV. As summarized in 211 

Table S2 in Supplementary Information, the present EOM-EE-CCSD/aug-cc-pVDZ-PP calculation 212 

predicts that optically allowed states lie at 2.45 (1u
+), 3.23 (1u), 3.42 (1u

+), 3.57 (1u
+) , 4.01 (1u), 213 

and 4.97 (1u) eV. The lowest one corresponds reasonably to the S1(1Σu
+) state. The photoabsorption 214 

from S0(1Σg
+) to the 1u

+ state at 3.57 eV and/or the 1u state at 4.01 eV could account for the 3.8-eV 215 

hump, which slightly modifies our former assignment proposed in ref. 10. Another broad band seen in 216 

3.1 – 3.5 eV, which is rather unnoticeable most likely due to overlap of the D0(2u
+) + e− ← S0(1g

+) 217 

continuum absorption, may be a signature of two other states below 3.5 eV. 218 

Here, we superimpose the experimental  values on the photodesctruction action spectrum, which 219 

are already presented in Fig. 2(a) but are replotted as a function of photon energy in Fig. 4. The result 220 

reveals that the variation of the  values associated with the D0(2u
+) + e− ← S0(1g

+) channel (circles in 221 

Fig. 4) is relatively smooth up to ~3.6 eV, where the  values turns to a significant drop. Concomitantly, 222 

the sharp, intense rise in the photodestruction spectrum due to the aforementioned 1u
+ and/or 1u ← 223 

S0(1g
+) absorption shows up. Therefore, the dip in the  values around 3.7 eV is suggestive of 224 

autodetachment process(es) via these bound excited states embedded in the D0(2u
+) + e− continuum. It 225 

would be highly probable that the  values obtained for the D1(2g
+) + e− ← S0(1g

+) channel (squares in 226 
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Fig. 4) are also affected by these bound electronic states. The present study has demonstrated that 227 

photodestruction action spectroscopy greatly assists the interpretation of energy-dependent LF-PADs. 228 

 229 

E. Two-photon detachment via the S1(1u
+) state 230 

By tuning the photon energies at the S1(1u
+) ← S0(1g

+) transition, we carried out single-color, two-231 

photon detachment experiments, as schematically illustrated in Fig. 5. Figure 6(a) shows photoelectron 232 

spectra obtained with laser pulses at 2.35, 2.39, and 2.43 eV, where the intensity is normalized to unity 233 

at the most intense bands in the vicinity of PKE = 0 eV (the original photoelectron images obtained by 234 

2.35- and 2.39-eV irradiation are displayed in Figs. S6(a) and S6(b), respectively, in Supplementary 235 

Material). In addition to the intense 0-eV components, the spectrum measured by laser pulses at 2.35 236 

(2.39) eV exhibits two other peaks at 2.22 (2.30) and 1.09 (1.18) eV. Table 1 lists these values along 237 

with those expected for two-photon detachment leading to the neutral final states of D0(2u
+) and 238 

Figure 5. An energy diagram of the two-photon detachment via the S1(1u
+) state of Ag3

−. 

   
    

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t. 

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I:

10
.10

63
/5.

02
70

71
1



14 

 

D1(2g
+). Agreement between the peak PKEs observed and those expected confirms that the final states 239 

for the higher and the lower energy peaks in Fig. 6(a) are assigned as D0(2u
+) and D1(2g

+), respectively. 240 

As for the 2.43-eV spectrum, the two-photon detachment signals are significantly weaker than the 241 

former two cases because the photon energy exceeds the S1(1u
+) ← S0(1g

+) resonance energy (see Fig. 242 

4). 243 

 244 

Figure 6. (a) Photoelectron spectra of Ag3
− obtained by the detachment laser at 2.35 (blue circles), 2.39 

(red squares), and 2.43 eV (black triangles). (b) A photoelectron spectrum of Ag3
− obtained at 3.88 eV. 

The intensity is in arbitrary units. 
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First, we discuss the origins of the 0-eV bands. One should note that the 0-eV band profiles of the 245 

2.35- and 2.39-eV spectra are different from that of the 2.43-eV spectrum, as manifested in Fig. S7 in 246 

Supplementary Material magnifying the 0-eV bands of Fig. 6(a). These features in the spectral profiles 247 

suggest that the 0-eV photoelectrons upon 2.35- and 2.39-eV irradiation are yielded via detachment 248 

processes different from that for the 2.43-eV photodetachment case; the latter allows direct one-photon 249 

detachment because the photon energy is just at the VDE. Here, one should further note that the 0-eV 250 

signals upon 2.35- and 2.39-eV irradiation are generated in a one-photon process as well, as confirmed 251 

by the measurement of the laser-power dependence of their intensities (see the inset of Fig. S7), 252 

although the photon energy is slightly below the VDE. This odd behavior may be explained as follows: 253 

since vibrationally-hot Ag3
− anions are prepared in our cluster source, one-photon absorption from 254 

vibrationally-hot S0(1g
+) state into vibrationally-hot S1(1u

+) that is energetically above the VDE 255 

become possible. Thus, we suppose that the 0-eV components in the 2.35- and 2.39-eV spectra are due 256 

to autodetachment from such vibrationally-hot S1(1u
+) states into the D0(2u

+) + e− continuum via one-257 

photon processes. 258 

Figure 6(b) shows a photoelectron spectrum obtained by one-photon detachment at 3.88 eV, where 259 

two peaks assignable to the D0(2u
+) + e− ← S0(1g

+) and D1(2g
+) + e− ← S0(1g

+) transitions are 260 

observed. The intensities of the two peaks are almost comparable, which is in contrast to Fig. 6(a), i.e., 261 

two-photon processes. In one-photon detachment, both the transitions are allowed in terms of the frozen-262 

orbital approximation, where only one electron is removed upon photodetachment without altering the 263 

configuration of the rest of the electrons (see the electron configurations in Figs. 3 and 5). In two-photon 264 

detachment, on the other hand, this approximation readily implies that the D0(2u
+) + e− ← S1(1u

+) ← 265 

S0(1g
+) process corresponding to the removal of g

* electron from S1(1u
+) is allowed, whereas the 266 

D1(2g
+) + e− ← S1(1u

+) ← S0(1g
+) process is forbidden, which requires rearrangement of two electrons 267 

upon photodetachment. This accounts for why the D1(2g
+) band around 1 eV appears so weakly 268 
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compared with the D0(2u
+) band in Fig. 6(a). Therefore, our experimental result qualitatively supports 269 

that the leading electronic configuration of the S1(1u
+) state is (g)2(u)1(g

*)1 as shown in Fig. 3. 270 

Similar arguments were demonstrated in time-resolved photoelectron spectroscopy for isolated 271 

molecules,33,34 where resonantly-enhanced multiphoton ionization via their excited electronic states was 272 

employed. Relative intensities of the observed photoelectron signals were discussed by considering the 273 

leading electronic configurations of the transient electronic states. 274 

 275 

IV. CONCLUSION 276 

We have presented photoelectron imaging spectroscopy of Ag3
− in the S0(1g

+) and S1(1u
+) states. 277 

Our novel photoelectron imaging apparatus using a 100-kHz tunable fs later system has enabled fast 278 

data acquisition of energy dependence of LF-PADs from the outermost two orbitals, u (HOMO) and g 279 

(HOMO−1) of Ag3
−. Highly energy-dependent LF-PAD was obtained for the u orbital in the PKE 280 

range of 0 – 1.57 eV. An isotropic LF-PAD  ( ~ 0) was observed at the photodetachment threshold, 281 

which exemplifies the Wigner threshold law, whereas the LF-PAD gradually became anisotropic with 282 

more photoelectrons perpendicular to the laser polarization (i.e., negative anisotropy) as the PKE 283 

increased. The corresponding  parameter exhibited a minimum (–0.4) at 0.46 eV, and thereafter it 284 

Table 1. Photoelectron kinetic energies expected for two-photon detachment from S0(1g
+) to 

D0(2u
+) and D1(2g

+) states with 2.35- and 2.39-eV photons along with the observed peak positions 

in Fig. 6(a). 

a Obtained from the two-photon energies (4.69 or 4.79 eV) and the electron binding energies for the D0(2u
+) + e− ← 

S0(1g
+) and the D1(2g

+) + e− ← S0(1g
+) transitions (2.43 and 3.62 eV, respectively). 
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increased up to ~0.6 at 1.57 eV, with a small dip discernible at 1.2 – 1.3 eV, suggesting autodetachment 285 

via bound electronic state(s) embedded in the D0(2u
+) + e− continuum. On the other hand, the 286 

photodetachment from the g orbital exhibited a strong positive anisotropy ( ~1) in 0 – 0.39 eV. The 287 

simulations of LF-PADs by the ezDyson software qualitatively explained the contrasted trends of the 288 

energy-dependent  values, where the photoelectron partial waves with gerade / ungerade symmetries 289 

are responsible for the LF-PADs for the u / g orbitals, respectively. 290 

 Taking advantage of fs pulses from the 100-kHz tunable light source, we also obtained photoelectron 291 

images by two-photon detachment via the S1(1u
+) state of Ag3

−. The relative band intensities for the 292 

D0(2u
+) and D1(2g

+) final states reflected the leading electronic configuration of the transient state, 293 

which eventually decays into vibrationally hot S0(1g
+) state and/or undergoes Ag–Ag bond dissociation 294 

in a finite lifetime. We plan to explore such decay dynamics by applying the present photoelectron 295 

imaging spectroscopy to time-resolved measurements. 296 

 297 

 298 

SUPPLEMENTARY MATERIAL 299 

See the supplementary material for details on acquisition and analysis of photoelectron images, error 300 

estimation of anisotropy parameters, and experimental and calculated results that support the discussion 301 

of the main text. 302 
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