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 By solving the three-dimensional, time-dependent Schrödinger equation, we have 

demonstrated that the ultrafast charge-transfer process in ion–atom collisions can be 

mapped out with attosecond extreme UV (XUV) pulses. During the dynamic-charge 

transfer from the target atom to the projectile ion, the electron coherently populates the 

two sites of both nuclei, which can be viewed as a “short-lived” molecular state. A 

probing attosecond XUV pulse can instantly unleash the delocalized electron from such a 

“transient molecule,” so that the resulting photoelectron may exhibit a “double-slit” 

interference. On the contrary, either reduced or no photoelectron interference will occur if 

the attosecond XUV pulse strikes well before or after the collision. Therefore, by 

monitoring the photoelectron interference visibility, one can precisely time the ultrafast 

charge-transfer process in atomic collisions with time-delayed attosecond XUV pulses.  

 

PACS numbers: 33.80.Rv, 32.80.Rm, 34.70.+e  

 

 The generation of attosecond extreme UV (XUV) pulses [1–3] through high-

harmonic generation [4,5] from atoms/molecules driven by intense few-cycle pulses 
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(FCP’s) [6] has opened an active research field of attosecond sciences [7–11]. Working 

much like a strobe light that can help capture stop-action photographs of racing horses, 

attosecond XUV pulses can freeze the even-faster motion of electrons within atoms and 

molecules. In the past several years, attosecond XUV pulses have been used to measure 

the ultrafast Auger decay of atoms [12] in real time, the electric-field oscillations within 

an FCP [13], and the dynamic electron tunneling within molecules [14], and also to 

explore electron correlations inside atoms and molecules [15–19]. 

 It is well known that electrons released by intense optical pulses can scatter off 

their “parent” atoms/molecules, thereby leading to the so-called “target self-imaging” 

with intense FCP’s [20–25]. Most recently, it has also been shown that instantly 

“unleashed” photoelectrons from molecular targets, when struck by intense attosecond 

XUV pulses, can elucidate the transient molecular structures by resembling a “double-

slit” interference [26–28]. This kind of “attosecond photoelectron microscopy (APEM)” 

may find a variety of applications for imaging ultrafast processes in nature. In this Rapid 

Communication, we will demonstrate that the ultrafast charge-transfer process in atomic 

collisions, occurring at a time scale of hundreds of attoseconds, can be mapped out with 

APEM. Namely, by striking the ion–atom colliding system with time-delayed attosecond 

XUV pulses, one can monitor the photoelectron interference visibility to timing the exact 

moment when the charge transfer occurs. This would enable us not only to explore such 

ultrafast processes but also to gain further control of collisional reactions in physical and 

chemical systems.  

 To investigate the feasibility of attosecond timing the ultrafast charge-transfer 

process in atomic collisions [29], we numerically solve the three-dimensional (3-D), 
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time-dependent Schrödinger equation (TDSE). As an example, the atomic collision of a 

deuterium ion (D+) with a target hydrogen atom (H) is considered here. Under the 

straight-line approximation [30] for the projectile ion D+, the TDSE governing the 

collisional electron dynamics and the attosecond XUV probing can be written as [atomic 

units (a.u.) used throughout] 
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where the projectile D+ having a kinetic energy Ek starts at (x0,y0,z0) with a velocity of v  

moving toward the positive x axis, while the target H-atom on its ground state is located 

at the origin. The probing attosecond XUV pulses, linearly polarized along the x axis, 

may strike the colliding system at any given instant. The XUV pulse field E(t) has a 

Gaussian-like envelope with a pulse duration of 100 attoseconds and a photon energy of 

ħω≈200 eV. The peak field strength is about ~3.7 a.u. To solve Eq. (1), we have 

employed the finite-element discrete-variable-representation (FEDVR) scheme combined 
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with the real-space-product (RSP) propagator [31,32]. The RSP-FEDVR code has been 

applied for studying atomic and molecular dynamics when exposed to intense optical and 

XUV pulses [22,26,33], as well as for exploring three-body electron–ion recombinations 

[34] and electron–Rydberg atom collisions [35]. 

 For the fast projectile D+ with an energy of Ek = 10 keV and its initial position at 

(x0 = –25, y0 = 3, z0 = 0), we freely evolve the ion–atom colliding system from t = 0 fs up 

to t = 2.4 fs until the collision ends. Without the XUV pulse probing, the collision 

dynamics is illustrated by the upper panels of Fig. 1 for times (a) t = 0.9 fs, (b) t = 1.3 fs, 

and (c) t = 1.7 fs, respectively. These electron-probability density contours on the x–y 

plane show the dynamic process of charge transfer from the target H atom to the 

projectile D+ ion. In Fig. 1(a), the D+ ion has still not yet collided with the H atom, while 

Fig. 1(b) captures the close-collision moment when the electron starts “hopping” around 

the two nuclei. It is also interesting to note in Fig. 1(h) the existence of a collision-

induced vortex (at the edge of the red-spot), which was recently discovered by similar 

time-dependent calculations [36]. In Fig. 1(c), most of the electron-wave packets have 

been captured by the D+ and moved away from the target site (the origin). Now, if the 

attosecond probing pulse strikes at the individual times shown by the middle panels of 

Fig. 1, the electron will be photoionized with certain probabilities. Allowing the 

photoionized electron-wave packets to freely propagate for about 100 attoseconds after 

the end of the XUV pulse, we plot the spatial distribution of electron probability density 

on the x–y plane in the lower panels [(g)–(i)] of Fig. 1, corresponding to the probing 

times at Figs. 1(d)–1(f), respectively. It is clearly seen that the photoelectron exhibits the 

double-slit–like interference patterns in Fig. 1(h) for the case when the attosecond XUV 
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strikes exactly at the time (t = 1.35 fs) of close D+–H collision. Before or after the 

moment of such close collision, the released photoelectron has either no or much less 

interference, shown by Figs. 1(g) and 1(i).  

 As has been well understood, the photoelectron waves coherently coming out 

from each site of a diatomic molecule can interfere with each other, when the 

photoelectron’s de Brogile wavelength becomes less than the internuclear separations. 

Such interference leads to the double-slit–like patterns in the photoelectron angular 

distribution [26–28]. For the D+ + H collision system considered here, a “short-lived” 

molecule (“HD+”) is transiently formed at the close-collision instants (e.g., at t ~ 1.35 fs) 

when the electron is coherently populating the two sites of both H+ and D+. Such a 

transient HD+ “molecule” can be frozen and captured by the attosecond XUV probing 

pulse, so that the instantly released photoelectron shows the double-slit–like interference 

patterns. Well before the charge transfer occurs, the photoelectron essentially comes only 

from the H atom, thereby leading to the absence of interference. On the other hand, if the 

attosecond pulse strikes well after the charge transfer is completed, the photoelectron 

interference significantly decreases, as is shown by Fig. 1(i). This is because the two sites 

are now well separated and the electron populations on the two sites are unbalanced [see 

Fig. 1(c)]. 

 Performing the Fourier transform of the spatial photoelectron wave function, we 

obtain the momentum distribution of the outgoing photoelectron. Results are shown in 

Fig. 2 for the attosecond pulse probing at (a) t = 0.95 fs, (b) t = 1.15 fs, (c) t = 1.35 fs, and 

(d) t = 1.75 fs during the D+ + H collision. In Fig. 2(a), the D+ has not yet collided with 

the H atom, so the XUV-pulse–released electron comes solely from the H atom. 
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Therefore, there is no interference at all in the energy-conservation “momentum circle.” 

The peak shift away from Py = 0 on the left half circle (Px < 0) is due to the Coulomb 

focusing effect [37] on the outgoing electrons by the approaching D+. At a slightly later 

time of t = 1.15 fs, Fig. 2(b) shows that the interference patterns start to appear as the 

collision begins. We now observe two additional subpeaks emerging in the momentum 

circle, specifically in the left-half momentum circle in Fig. 2(b). The complete double-slit 

interference is clearly seen in Fig. 2(c), exactly when the charge-transfer process occurs. 

After the charge-transfer process ends, Fig. 2(d) shows the reduced interference patterns 

of the photoelectron that is released at t = 1.75 fs. It is noted that the photoelectron 

momentum circle in Fig. 2(d) is overall shifted toward the positive px axis by ~0.45 a.u. [. 

v of D+] because the captured electron-wave packets are now moving with the projectile 

D+ ion. Again, the Coulomb focusing effect is also seen in Fig. 2(d) in the left-half 

momentum circle but is now due to the H+ at the origin.  

Considering the few-cycle nature of the attosecond XUV pulse [see Figs. 1(d)–1(f)], a 

broadband frequency is expected for the XUV pulse field, so that the photoelectron has 

also a broad momentum distribution on the energy-conservation “rings,” indicated by 

Fig. 2. Integrating the photoelectron probability density along each angle, we can plot the 

angular distributions in Fig. 3, which respectively correspond to the cases depicted by 

Fig. 2. As we discussed above, the photoelectron interference visibility exactly tracks the 

charge-transfer dynamics. Figure 3(c) illustrates the clear “three-lopes” interference 

patterns, while the others have either reduced or no interference. We may define the 

photoelectron interference visibility (PIV) as, PIV=(AP-AV)/AP, where the peak 

amplitude (AP) and the amplitude at the “valley” (AV) are measured from the 



 7

photoelectron angular distribution. Specifically, we have chosen the peak around θ ~ 

180° and its adjacent valley (θ ~ 160°) for the evaluation of PIV. For the different 

striking times of the probing attosecond XUV pulses, we plot in Fig. 4 the PIV with the 

blue circles (guided by the dashed line). The red solid line represents the charge-transfer 

probability as a function of the collision time. Figure 4 elucidates that the PIV peaks 

exactly at the time when the charge-transfer probability passes through ~50%. Before the 

charge transfer occurs (e.g., t = 0.75 fs and 0.95 fs), the PIV’s are all zero. After the 

collision occurs, the photoelectron interference visibility decreases since most of the 

electron-wave packets are captured by the D+ and move away from the target site. Since 

the attosecond timing of the charge transfer process is not based on the absolute contrast 

of these interference patterns, the proposed probe should also work for the situations 

having “unbalanced electron-density” like in multiply-charged ion-atom collisions.   

Next, we briefly discuss the possible “blurring” issue when different impact 

parameters are considered in experiments. For this purpose, we have performed 

calculations by scanning the impact parameters from y0 = 1 a.u., 2 a.u., 3 a.u., 4.5 a.u., 6 

a.u.,  to 12 a.u., with the same attosecond probe at t=1.35 fs as used in Fig. 1(e). The 

results are summarized in Fig. 5. We found that the charge transfer probability peaks at y0 

= 2~3 a.u., for which similar charge distribution is around the target atom and the 

projectile ion during the attosecond probing. This can be seen from Figs. 5(a) and 1(b).  

While, for large impact parameters (y0 = 4.5 a.u. and 6 a.u.) Figs. 5(b) and 5(c) show 

“unbalanced” electron probability densities. Attosecond pulse strikes result in high-

contrast and intense photoelectron interference patterns for the balanced electron-density 

cases (see Figs. 5(d) and 1(h) at y0 = 2 a.u. and 3 a.u.); while unbalanced electron 
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densities give much low-contrast and weak interference features indicated by Figs. 5(e) 

and 5(f).  For the two extreme cases at y0 = 1 a.u. and 12 a.u., there are no interference 

features. Overall, the interference patterns are dominated by the probable charge transfer 

at y0 = 2~ 3 a.u.. Now, if we superpose all the calculated results for these different y0, we 

can still see the interference pattern that is shown in Fig. 5(g). The final photoelectron 

momentum contour plot in Fig. 5(h) indeed illustrates the interference peaks. Finally, we 

briefly discuss how one may synchronize the atomic collision process with the probe 

pulse. Energetic and monochromatic ions, emitted from the back surface of a thin-foil 

driven by intense laser pulses, have been experimentally demonstrated in recent years 

[38]. If one split such an intense pulse into two pulses, of which one pulse is used to drive 

the ion production and the other is to produce the XUV attosecond pulse, then the 

synchronization of between ion-atom collisions and the probe pulse can be realized. 

Other synchronization methods may also be stimulated by the proposed attosecond probe. 

 In summary, we have demonstrated that the ultrafast charge-transfer dynamics in 

atomic collisions can be mapped out in real time using time-delayed attosecond XUV 

pulses. As the projectile ion approaches the target atom, the atomic electron “hops” 

around the nuclei, which can be viewed as a “transient molecule.” Being struck by an 

intense attosecond XUV pulse, the delocalized electron can be instantly photoionized 

from both the projectile and target sites. Such outgoing photoelectron waves will interfere 

with each other and double-slit–like interference patterns can be formed in the 

photoelectron angular spectrum. If the attosecond XUV pulse strikes well before or after 

the collision, there will be either reduced or no photoelectron interference. Therefore, the 

visibility of photoelectron interference is a timing indicator of the dynamic charge-
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transfer process in atomic collisions. Peeking into such ultrafast collisional processes 

would enhance our understanding on basic atomic physics, which may further benefit the 

temporal control of collisional reactions in physical and chemical systems.  
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Figure captions 

 

FIG. 1. (Color online) The upper panels show the electron-probability density on the 

x−y plane during the D+ collision with H atom at times (a) t = 0.9 fs, (b) t = 1.3 fs, and 

(c) t = 1.7 fs, respectively. The middle panels indicate the probing attosecond XUV 

pulses striking at times (d) t = 0.95 fs, (e) t = 1.35 fs, and (f) t = 1.75 fs, respectively. The 

lower panels [(g)–(i)] show the corresponding electron-probability density at 

100 attoseconds after the probing XUV pulse strikes.  
 

FIG. 2. (Color online) The photoelectron momentum distribution on the Px–Py plane, for 

the attosecond XUV pulse probing at different times during the collision. 
 

FIG. 3. (Color online) The photoelectron angular distribution corresponding to the cases 

depicted by Fig. 2. 

 

FIG. 4. (Color online) The photoelectron interference visibility (blue circles guided by 

the dashed line) as a function of the attosecond probing times, which peaks at the time 

when the charge-transfer probability (red solid line) rises.  
 

FIG. 5. (Color online) The snapshots of electron probability densities (at t=1.3 fs) for 

field-free D+ (10-keV) collisions with H-atom at different impact parameters (a) 2 a.u., 

(b) 4.5 a.u., and (c) 6 a.u., respectively. The middle panels (d)-(f) show the corresponding 

electron-probability density (at t=1.5 fs) after the attosecond probing pulse strikes. The 

total electron probability density from superposing different impact-parameter 

calculations is plotted in panel (g). Panel (h) shows the corresponding momentum 

distribution. 












