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Einstein wrote shortly afterwards: "I believe it is a first feeble ray of
light on this worst of our physics enigmas".

[{#) The Nobel Prize in Physics 1929
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C. Davisson, L.H. Germer "Reflection of electrons
by a crystal of nickel". Natuge 119 (1927). 558-56
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Fig. 29.5

G. P. Thomson
The diffraction pattern on the left was made by a beam of x rays passing through

thin aluminum foil. The diffraction pattern on the right was made by a beam of
electrons passing through the same foil.
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The most beautiful experiment in physics Xlééﬁi%)#
Voted by readers of Physics Today in 2002

V. C. Jonsson, Z.3Phys., 161(1961) 454
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Particle - wave duality
of matter particles

plays key role in quantum mechanics

electron Young’s double-slit experiment
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The most beautiful experiment in physics
Voted by readers of Physics World in 2002
C. Jonsson, Z. Phys., 161(1961) 454
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FIG. 2. Schematic representation of the experimental setup:
nozzle system and gas reservoir N; electron impact excitation
EE; entrance slit A, double slit B, and detector screen C;
secondary electron multiplier SEM (mounted together with C
on a translation stage). Dimensions: d =8 um, L =L'=64 cm;
slit widths: 51 =2 uym, s;=1 um.
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FIG. 4. Measured atomic intensity profiles in the detector
plane as a function of the lateral detector position x. The
profile is probed with the 2-um-wide single slit. Atomic wave-
length (a) Aqe=0.56 A and (b) Aqg=1.03 A. The number of
detected atoms during 10 min is plotted on the vertical axis.
The dashed line is the detector background, with the atomic
beam blocked in front of the entrance slit. The line connecting
the experimental data is a guide to the eye.
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Wave-particle duality NATURE | VOL 401 | 14 OCTOBER 1999
of Ggo molecules

Markus Arndt, Olaf Nairz, Julian Vos-Andreae, Claudia Keller,
Gerbrand van der Zouw & Anton Zeilinger
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Quantum interference of large organic molecules
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Gerlich, S. et al. Nature Commun. 2, 263 (2011). .
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Molecular double-slit interference

Coherent superposition of electrons emitted from two atoms in
diatomic molecules can be regarded as a molecular double-slit
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Molecular double-slit interference

Photoionization of N, and O,

NV
H. D. Cohen and U. Fano Phys. Rev. 150 30 (1966)
T T T sin(k,R,)
Bl O — Oy 1 +
| kR,

where o, is an atomic photoionization
cross section, k, is the electron-wave
vector and R, is the internuclear distance
at equilibrium,

50100 150 200 250 300 350 400 450
hv =1 (eV)
Such interference effects, arising from the coherent emission of electrons

from two indistinguishable atoms, lead to the energy- or angle-dependent
oscillations in cross sections.




Molecular double-slit interference

lonizations by heavy ions
. ‘60 MeV/u Kr*** -> H,
= 1.5 e Norm. Experiment |
- 0 Model Calculations 4
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Molecular double-slit interference

Photoionization of diatomic molecules

NV
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Einstein—Bohr recoiling double-slit
gedanken experiment performed at the
molecular level
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Molecular double-slit interference

Electron impact ionization of H,

Two Effective Center (TEC) approximation
Or
Plane Wave approximation
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Electron impact ionization of H,

1+sin(zR,)/ (zR,)
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The interference effect was revealed from the suppression or
enhancement of the forward (binary) or backward (recoil) scattering peaks
as compared to helium at same kinematics.
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Electron impact ionization of H, %
; & e
Can we observe Young-type interference 0=

In binary (e,2e)?

Binary (e, 2e) process

e"+ A (atoms, molecules, ...) >A" + e+ e,

d’c

dE,dQ,dO,

o J‘de ‘Wj ( p)‘z coincidence

X 1R 27




For ground state of H, molecule
p =515+ )
= o¥ = 2[l+sin(yR)/ (¥R,)]o"
@EMS: X¥=P-K=-q=p
= oo = 2[1+sin(pR,)/ (pR,)]o?

—> Interference factor

(3)

;’E“g) ~1+sin(pR.)/ (pR.)
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For ground state of H, molecule
R.~=Ryy=1l4a.u.

Interference factor

! L 1
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p(a.u.)
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We can directly observe the interference factor
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However, for H,, itis difficult.

(1) momentum range O ~ 3.5 a.u.

2 (2) intensity of EMS cross section
3 decreases very rapidly.
H, 1SGg
0 2 ela 8 2
pa.u,) g |

0.(3)

E“("??):1+sm(pR)/(pR) \ S—
20 0 2 4 6 8
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The oscillation period ~ 2n/R, 5
2
i E 1 / e
R, =4.0 a.u, the period ~ 1.6 a.u. I

R, =1.4 a.u, the period ~ 4.5 a.u. p(a.u.)




For CF,, R, =4.02 a.u.
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(e, 2e) of CF,

Detector

Retarding Ler
Gas Cell
Focusing Lens Non-COplanar
symmetric geometry
Ea = Eb
Electron Gun 0a = 0b = 45°

A high-sensitivity angle and energy dipersive multichannel electron
momentum spectrometer with 2z angle range

Tian et al Rev. Sci. Instrum. 82 (2011) 033110
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Electron Momentum Spectroscopy of CF,
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(e, 2e) of CF,

O ¢0dzELxs B

Observing the multicenter interference patterns with more periods
at extended momentum range

Oy (p) /Gsz(p) = const x[1+a, J,(PR-_¢) +a, ) ,(PR:_¢)]
PN S

@1, (@) 1t,
16.2eV —~ 4L °o Bp
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o }
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(e, 2e) of CF, FRAZLL*XS

-
-
-
o =
o 1e/at, W
E— -
= e
B -
-
-
-
_—
b c
107 s
_
@
€ 107
= X
X 3
S ool 2
> =
% ©
€ 10t

Momentum (a.u.)
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(e, 2e) of CF,
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> compare intereference factor at different internuclear distance

——R=14au
—R=11au

Interference factor

0 ' 2
p(a.u.)

To observe the movement of the interference fringe




Vibrationally resolved (e, 2e) of H, O ¢¥RAzLLxs BB

Angular and energy dispersive multi-channel
electron momentum spectrometer

Non-coplanar non-symmetric geometry: larger cross section

E, = 2500 eV +¢ , E, ~ 2354 eV , E, ~ 146 eV

REE /¥ AE ~0.60 eV
J.Chem.Phys. 125 (2006) 154307 &S HE: Ap ~0.10 a.u.
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Vibrationally resolved (e, 2e) of H,
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Vibrationally resolved (e, 2e) of H, ¢RAZEL*x s B

Experiemental momentum profiles for different vibrational states.
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Vibrationally resolved (e, 2e) of H, O ¢¥RAzLLxs BB

To highlight the differences, vibrational ratios of EMS cross sections

are plotted.
Tems (X) ens (X) X=H: y>8
h — — , ,
G-Er:/fg (lLl’ : 15) GEI\/?; (ILI, = 15) X =1L: Hu’ = O, 1, 2

1.5
(a) X=L (b) X=I (¢) X=H ‘L




Vibrationally resolved (e, 2e) of H,

)

(PV,ii]0v) = [ dRX S (R)X, (RIS (R)(p. R)

SY(R)¢(p.R) varies slowly in the range of nuclei coordinate R
V. G. Levin et al, J. Chem. Phys. 63, 1541 (1975).

S (R)(p,R) = S™ (R))e(p, Ry)

R, Is the equilibrium internuclear distance

0v,)=(9s)"* S (R)e(p, Ry)

< pV, i
This implies Franck-Condon principal.

, y 2
Jo =UdRX#,(R)XO(R) is the Franck-Condon factor.

Zhe Zhang et al. Phys, Rev. Lett. 112, 023204 (2014)
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Vibrationally resolved (e, 2e) of H,
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Oews (44 ) _ 9o’ — constant

!
Oems (14 ) &

1.5

(a) X=L

UEMS(X) / UL:MS(IS)

0.5 1.0 0.5 1.0
p (a.u.)

A deviations from Franck-Condon approximation.

Zhe Zhang et al. Phys, Rev. Lett. 112, 023204 (2014)
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Vibrationally resolved (e, 2e) of H,

)

The vibrationally resolved cross section can be approximated by

sin(pR)

1/2
oems (4') = o9 } Xo(R)dR

j(;”xﬂ,(R)[u

The vibrational ratio of cross sections can be approximated by

oems (14) _ 90° L+ o cos(pR ’)}
' H2

oems (142) 04° Ruz'

This formula clearly predicts that the ratio of vibrationally
resolved cross sections should oscillate around the quotient
of Frank-Condon factors.

— :

Zhe Zhang et al. Phys, Rev. Lett. 112, 023204 (2014)




Vibrationally resolved (e, 2e) of H,
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The turning points are adopted as the characteristic value R o
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3. Molecular frame (e, 2e) of H,

tRAzLLxE B

axial-recoil approximation (to determine the molecular orientation )

. Exp S P‘WiA

f“”z“ \ /

//\\

-<h)2ps .

(e, 2e+ion)

Takahashi et al, Phys. Rev. Lett. 94, 213202




3. Molecular frame (e, 2e) of H,

Experiments:

Reaction Microscope

Electrodes
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El
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i

Faraday-
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Ion-
detector

Electron-
detector

Projectile

Helmholtz-coils

E,=520eV E,=10eV
0,=10° , 20°

the molecular axis is restricted to this perpendicular plane




3. Molecular frame (e, 2e) of H, FRMAZRLEXS E}E

-90 0 2 180 270 Gl

U

270

Theory: 2)

Simple two-center interference model
Stia et al., Phys. Rev. A 66, 052709 (2002) :

6 b) 270
o®=__ 4% = 2091+ cos(x-R,)] f:
d0,dQ,dE,dQ, '- ;:
6, 90 44

interference factor

C) 270 | ?

0-(6) — 180 E

n(x-R.) =——g=1+cos(z*R.) I BE
ZO-H 6, 92 : gg

R, is the internuclear vector 0




3. Molecular frame (e, 2e) of H,

tRAzLLxE B

Multicenter distorted-wave (MCDW) method

d°c 1 kK
x (@, 8,7) =
Q,dO,dE,ded Bdy 27)° Kk,

Q=(a,p,7) Eulerangles

: | Tq(a, B,7) |2

Transition amplitude:

Tri(Q) = <k1‘P]§") (ko RGH )|V () | ko¥: (Rﬁl{r})),

Zhang et al, Phys. Rev. A 89 (2014) 052711




3. Molecular frame (e, 2e) of H,

tRAzLLxE B

0, = —20°

a) 270

180

Experimental result ——> 6

180 270 G,

90 0 90 ) ol

Xingyu Li et al, Phys. Rev. A 97 (2018) 022706
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3. Molecular frame (e, 2e) of H, FOBEZLLXE E@

Experimental result ——>

Two-center interference model

o®=20®1+cos(x*R,)] —>

180 270 G,

90 0 90 ) ol

Xingyu Li et al, Phys. Rev. A 97 (2018) 022706




3. Molecular frame (e, 2e) of H,

Experimental result [

Two-center interference model

o®=20®1+cos(y-R,)] —

MCDW calculation E—

180 270 emol

9099 0 90

Xingyu Li et al, Phys. Rev. A 97 (2018) 022706
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3. Molecular frame (e, 2e) of H, F¥ERAZEAL X G

T ~ Age'% + Ape'?

do'” o |T|” = A2 4+ A; + 24,4, cos (A)

270 5><10—4
(a) u
4
180 4x10
) 3x104
-]
g 90 I
Z, %107
_e.

0

Xingyu Li et al, Phys. Rev. A 97 (2018) 022706
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