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To integrate a terahertz pump into an ultrafast electron diffraction (UED) experiment has attracted much attention due
to its potential to initiate and detect the structural dynamics both directly. However, the deflection of the electron probe
by the electromagnetic field of the terahertz pump alters the incident angle of the electron probe on the sample, impeding
it from recording structural information afterwards. In this article, we studied this issue by a theoretical simulation of the
terahertz-induced deflection effect on the electron probe, and came up with several possible schemes to reduce such effect.
As a result, a terahertz-pump-electron-probe UED experiment with a temporal resolution comparable to the terahertz period
is realized. We also found that MeV UED was more suitable for such terahertz pump experiment.

Keywords: terahertz pump, ultrafast electron diffraction, terahertz-electron interaction
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1. Introduction

The rapid development of strong terahertz sources[1–10]

opens up new opportunities for controlling and manipulat-
ing materials. Particularly, since the spectra of terahertz
covers various low-energy excitations such as phonons in
lattice,[11] rotations in molecular or hydration bonds in biolog-
ical systems,[12] there is a great hope that with its electric field
now exceeding 1 MV/cm, strong terahertz sources can directly
perturb the nuclei degrees of freedom and even induce a struc-
tural phase transition,[13,14] free from the mediation of elec-
tronic excitations induced by infrared or visible light. Then,
the subsequent structural dynamics can be monitored by a typ-
ical pump–probe experiment. Among various available probes
that can extract the transient response of nuclei, diffraction
methods such as ultrafast electron and x-ray diffraction tech-
niques stand out, because they can follow the subtle changes
of bond length or lattice constant together with the changes
of structural symmetry through samples’ diffraction finger-
prints with femtosecond temporal resolution.[15] So far, sev-
eral terahertz-pump-x-ray-probe studies have been carried out
which gain new insights of lattice dynamics.[14,16,17] However,
the terahertz-pump-electron-probe studies on this topic are
largely missing,[18] although terahertz sources have already
been utilized to accelerate[19–28] or manipulate[19,22,23,29–38]

electrons with many potential applications.
The main obstacle for combining UED with terahertz

sources lies in the fact that the electromagnetic field of the ter-

ahertz pump interacts strongly on the electron probe. Thus, if
the terahertz pump and electron probe encounter each other
before reaching the sample, the electron probe will be de-
flected preventing it from probing the structural dynamics af-
terwards. Figure 1 shows such deflection issue schematically.
Suppose the incident angle of the electron probe in UED is
initially set-up according to Bragg’s law

2d sinθ = λ0 (1)

to form diffraction patterns without terahertz-pumping. Here,
d is the lattice constant, θ is the diffraction angle, and λ0 is the
de Broglie wavelength of electrons. Then any pump-induced
change in d will lead to a change in θ causing a relative shift
in the position of the diffraction peak as ∆d/d = ∆θ/θ ac-
cording to Eq. (1). Meanwhile, the intensity of the diffraction
peak may also alter either due to ∆θ ,[39] or due to other lat-
tice dynamics such as lattice heating.[40] These fine structural
changes can be resolved from the subtle differences of diffrac-
tion peaks between with and without pumping recorded by
UED. However, if the electron probe encounters the terahertz
pump before probing the sample as shown in Fig. 1(a), the
pre-set incident angle (without pumping) is altered. Accord-
ingly, the diffraction patterns are also altered or even disappear
containing no information about lattice dynamics yet. As we
will show in details later, such artifact varies dynamically with
the probe’s time-delay according to the terahertz-pump, almost
impossible to be corrected actively in a pump-probe experi-
ment. And therefore, it must be carefully considered and elim-
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inated when designing a terahertz-pump-electron-probe exper-
iment. On the other hand, if such deflection happens after the
sample is probed by the electrons as shown in Fig. 1(b), the
diffraction patterns will still shift as a whole, yet the structural
information has been recorded. Then, it could be recovered,
in principle, even with improved temporal resolution since the
terahertz can work as a streak camera.[22,30–33,35,41]
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Fig. 1. The electron probe encounters the terahertz pump (a) before the
sample, which affects the probe’s pre-set incident angle, and (b) after the
sample, which does not.

In this article, we studied the terahertz-induced deflec-
tion effect on the electron probe of UED as shown in Fig. 1(a)
in details. We considered two colinear UED set-ups, namely
the observe set-up and reversal set-up, in which the electron
probe travels in the same direction as and in the opposite di-
rection to the terahertz-pump, respectively. We found that for
100-keV electrons, no matter the sample is highly reflected or
transmitted, significant deflection effect lasts so long that it is
very difficult to carry out a pump–probe experiment with the
observe set-up. To tackle this issue, we proposed two practi-
cal schemes by reshaping the terahertz waveform and by de-
signing a noncolinear set-up. On the other hand, for highly
reflected sample, a pump–probe experiment with the rever-
sal set-up is largely not affected by such deflection effect, al-
though the diffraction pattern will be shifted dynamically. It
inspires us to use a metal-mesh as the sample holder to screen
the terahertz pump for the reversal set-up. We also repeat all
the above simulations for 3-MeV electrons. In general, the de-
flection effect for 3-MeV electrons is much smaller than for
100-keV electrons. With some minor adjustment, a pump–
probe experiment can be realized in this case. We hope our
study could arise people’s attention to the terahertz–electron
interaction, and boost the multidisciplinary researches in both
terahertz and UED societies.

2. Methods
Taking into account both the electric and magnetic effects

of the terahertz field, the resultant force that acts on a single
electron can be written as

𝐹 =−e(𝐸+𝑣×𝐵), (2)

in which e= 1.60×10−19 C is elementary charge, 𝑣 represents
velocity vector of the electron, 𝐸 and 𝐵 represent electric and

magnetic terahertz field vectors, respectively. The acceleration
of electron can be calculated as

𝑎=
𝐹

m
, (3)

in which m = m0
/√

1− (v/c)2 represents the relativistic mass
of the electron (m0 = 9.11× 10−31 kg is its rest mass, and
c = 2.998×108 m/s is the velocity of light).

We considered two possible UED set-ups for terahertz-
pump–electron–probe experiment. In the obverse case as
shown in Fig. 2(a), the terahertz pump is focused on the sam-
ple by an off-axis parabolic mirror (OAP) with a horizontal
hole through which the electron beam travels in the same di-
rection as the terahertz pump. On the other hand, in the reverse
case as shown in Fig. 2(b), the terahertz pump and the electron
probe travel collinearly in the opposite direction. The sample
is assumed to be perpendicular to the electron beam.
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Fig. 2. Experimental layout. (a) The obverse set-up, in which the electron
moves in the same direction with focused terahertz pulse. (b) The reversal
set-up, in which the electron moves in the opposite direction to the focused
terahertz pulse.

The terahertz pulse is assumed to be linearly polarized
along x axis so that its electric field only has x-direction com-
ponent Ex. Accordingly, the magnetic field is along y axis with
a magnitude of

∣∣By
∣∣ = |Ex|/c, and the direction can be deter-

mined by the right-hand rule. The terahertz pulse is focused
on the sample whose center is defined as (0, 0, 0), and the
transverse beam profile of the terahertz pulse focused by OAP
is assumed to be a convergent gaussian shape. If we set time-
zero to be when the maximum of terahertz field arrives at (0, 0,
0), then, at a specific position and time (x, y, z, t), the electric
field can be expressed as

Ex (x,y,z, t) =
E0w0

wz
exp
(
−x2 + y2

w2
z

)
× cos

(
2πt fTHz

(
±z
c
−t
))

× exp

(
−8ln2 f 2

FWHM

(
±z
c
−t
)2
)
, (4)

where “±” takes “+” in the obverse case and “−” in the re-
verse case. In Eq. (4), E represents the terahertz electric field
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amplitude at (0, 0, 0, 0), which is the peak field of the terahertz
pump. w2

z = w2
0

[
1+(z/zc)

2
]

represents the beam transverse
radius on position (x, y, z), where w0 = clOAP/(π fTHzwOAP)

represents the beam waist, zc = πw2
0 fTHz/c represents the

Rayleigh length, wOAP represents the transverse beam radius
on the OAP, lOAP represents the focal length of the OAP. Thus,
(w0/wz)exp

[
−(x2 + y2)/w2

z
]

represents the transverse con-
vergence induced by OAP. fTHz represents the terahertz cen-
ter frequency and fFWHM represents the full width half maxi-
mum of the frequency spectrum. Figure 3 shows two terahertz
waveforms used in this study.
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Fig. 3. The terahertz spectrum and waveform for a pump centered at fTHz =

0.2 THz with fFWHM =
√

π2/(16ln2) fTHz in panel (a) and in panel (b), re-
spectively, and with fFWHM = fTHz/2 in panels (c) and (d), respectively.

If we substitute t ′ = (±z/c)− t, then the terahertz wave-
form used in our simulation can be written as

Ex
(
t ′
)
= E0 cos

(
2π fTHzt

′)exp
(
−8ln2

(
fFWHMt ′

)2
)
. (5)

Since the terahertz beam size (several millimeters even at the
focus) is much larger than the electron beam (several hundred
microns), we use a single electron initially at (0, 0, −∞) at
t = −∞ to characterize an electron pulse with finite trans-
verse size. Since 𝐸 is set along x axis in our simulation
(Ey = Ez = Bx = Bz = 0), the electron acceleration 𝑎(x,y,z, t)

can be derived according to Eqs. (2) and (3) as
ax (t) =−

e
m
(Ex (t)− vz (t)By (t)) ,

ay (t) = 0,

az (t) =−
e
m

vx (t)By (t) .

(6)

Then the electron velocity 𝑣(x,y,z, t) and position 𝑞(x,y,z, t)
can be calculated by integration

vx (t) = vx (−∞)+
∫ t
−∞

ax (t ′′)dt ′′,

vz (t) = vz (−∞)+
∫ t
−∞

az (t ′′)dt ′′,

qx (t) = qx (−∞)+
∫ t
−∞

vx (t ′′)dt ′′,

qz (t) = qz (−∞)+
∫ t
−∞

vz (t ′′)dt ′′.

(7)

In our simulation the integration is achieved through step by
step computing

vx (t) = vx (t−∆t)+ax (t)∆t,

vz (t) = vz (t−∆t)+az (t)∆t,

qx (t) = qx (t−∆t)+ vx (t)∆t,

qz (t) = qz (t−∆t)+ vz (t)∆t,

(8)

where ∆t represents the computational time step, which is set
to be 10−14 s. The calculation stops when electron arrives at
the sample. This time point is also defined as the delay-time
t0 of the electron probe according to the terahertz pump. Ac-
tually, the electron will not encounter terahertz pulse before
passing the OAP in the obverse case, therefore, the calculation
in this case was set to start at (0, 0, −lOAP, t =−lOAP/c−3τ)

(τ represents terahertz pulse duration). On the other hand, for
the reversal case, we start the calculation when the electron
encounters the terahertz pulse. For simplicity, we ignore the
influence of the OAP’s hole on the terahertz field, for its size
is much smaller than that of the terahertz pump.

All the parameters used in the simulation are listed in Ta-
ble 1. More specially, fTHz is taken as 0.2 THz, and fFWHM is
basically set to be fFWHM =

√
π2/(16ln2) fTHz . lOAP is 50 mm.

E0 is fixed at 300 kV/cm throughout the whole simulation pro-
cesses. Two electron energies 100 keV and 3 MeV are consid-
ered. We also take the reflection of the sample into account
by considering two extreme conditions with transmittance (T )
of 100% and 0% (or 1%). We simply ignore the absorption
of the sample due to its small thickness (several tenths of the
nanometer).

Table 1. Parameters used in the simulation.

Parameter Value

fTHz 0.2 THz
lOAP 50 mm

Electron energy 100 keV or 3 MeV
Transmittance (T ) 100%, 0% or 1%

E0 300 keV/cm
wOPA 40 mm
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3. Results
3.1. The obverse case

We first consider the case when the terahertz pump com-
pletely transmits through the sample (T = 100%). The corre-
sponding evolution of deflection angle α and deflection dis-
tance ∆x as a function of delay-time t0 of a 100-keV elec-
tron probe is shown in Fig. 4(a). Depending on where the
pump and probe encounter each other, their interaction can
be divided into three regions as shown in Fig. 4(b). It can
be seen that when the two beams overlap close to the sam-
ple (region I in Figs. 4(a) and 4(b)), electrons are strongly
streaked. The overall time scale of this region is roughly the
period of the terahertz pump. Also, in this region, only part
of the terahertz waveform contributes on α and ∆x, while
the other part encounters electrons after the sample, which
has no effect on α and ∆x. Since the waveform of the ter-
ahertz beam starts with a quarter period of negative electric
field followed by a half period of positive and another quar-
ter period of negative field, α first increases, then decreases
and increases again, accordingly. The streaking speed in the
quasi-linear range (between the maximum and minimum of
α) is about −3.69×10−5 rad/fs. Meanwhile, ∆x also changes
several tenth micrometers. In region II, the two beams meet
between the OAP and sample, so that the electron receives the
interaction from the whole period of terahertz pulse. Since the
terahertz beam is not focused transversely yet, the change of α

starts to decrease quickly. And between 100 ps and 130 ps, the
absolute change of α is about 2.7157×10−4 rad with an aver-

aged streaking speed about 9.05×10−9 rad/fs. On the other
hand, ∆x does not reduce like α in this region, because the
less focused terahertz beam the probe encounters, the longer
distance it must travel to the sample. So, the reduced change
in α is balanced by the increased travel distance. Finally, in
region III, the two beams meet each other close to OAP, where
only a portion of unfocused terahertz waveform encounters the
probe. And therefore, a “wrinkle” appears in both α and ∆x
just like in region I, but with opposite variation trend, because
the OAP cuts the wavefront with negative electric field first.

Next, we consider the case when the terahertz pump is
completely reflected by the sample (T = 0%). And the corre-
sponding evolution of α and ∆x is shown in Fig. 4(c). Since
the electric field of the reflection beam points to the opposite
direction of the original beam (see Fig. 4(d)), the deflection
effect is partially cancelled. Also, because the reflection beam
focuses tighter than the original beam when encounters the
electrons, the deflection effect from the former is larger, lead-
ing to a positive value of α and negative value of ∆x in both
regions I and II. In region III, electrons mainly encounter the
original terahertz beam cut by OAP. So, a wrinkle appears in α

and ∆x curves similar as the case of region III in Fig. 4(a). In
regions IV and V when the delay-time is long, electrons only
meet the reflection beam, so the general variation trends of
both α and ∆x curves are just opposite to the ones in regions II
and III in Fig. 4(a), respectively. Comparing with T = 100%
case, the reflection of terahertz beam makes the amplitude of α

and ∆x less but nonnegligible deflection effect lasts for longer
time-scale.
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Fig. 4. The deflection angle α and deflection distance ∆x as a function of the delay-time t of 100-keV electrons in the obverse case when the sample
transmittance T is (a) 100% and (c) 0%. The red solid line represents α , while the gray solid line represents ∆x. (b) and (d): schematic diagrams for
regions marked in panels (a) and (c).
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The continuous change in α and ∆x makes the above
observe set-up unfavorable for a pump–probe experiment to
study the transient structural dynamics in time domain. Ac-
cording to the two-beam dynamical diffraction theory under
the assumption of no absorption, the intensity of Bragg peak
can be described as[39,42]

I =
1

1+
(
ξgs
)2 sin2

(
πds

ξg

√
1+
(
ξgs
)2
)
, (9)

where I represents the Bragg peak intensity, ds is the thick-
ness of the sample, ξg is the extinction distance, and s is the
excitation error that characterizes the deviation from the exact
Bragg condition.[39] Since the electron probe always has cer-
tain transverse deviation, so the overall intensity of the Bragg
peak should be considered as an integration through a range of
s covered by the deviation angle of the electron probe. Consid-
ering the initial energy spread of the photoelectrons is about
0.5 eV, the transverse deviation angle of the final 100-keV
electron beam is about 0.002 rad, and this number decreases
to about 0.001 rad for MeV electron beam because its longitu-
dinal speed is doubled.

To quantitatively determine how the intensity of Bragg
peaks changes according to α is beyond the scope of this pa-
per (see the appendix for more details), so here we use a simple
criterion: if the change of α is comparable to the deviation an-
gle of the electron probe (in this case, 0.002 rad), the intensity
of the Bragg peaks are assumed to be attenuated to a degree
that it couldn’t reflect the real lattice structural dynamics any
longer. Judged by this criterion, region I in both Figs. 4(a) and
4(c) cannot be used for a pump–probe experiment because α

changes drastically. However, region I is usually not counted
in a pump–probe experiment, because the terahertz pump on
the sample is not completed yet. Accordingly, the minimum
delay-time of the electron probe should be at least one pulse
width of the terahertz pump, roughly the same time scale of
region I. And such streaking effect could be used for checking
the alignment and synchronization between the electron and
terahertz beam. Moving into region II, it can be seen that its
early stage still could not be used for such experiments un-
til about 50 ps, when the changing rate of α becomes much
smaller. Even at this stage, the overall change of α between

50 ps and 130 ps is still about 0.002 rad, comparable to the de-
viation angle of the electron beam. So, unless one can further
divide this time range into several small sections and re-align
the electron beam one section by one section, it is still diffi-
cult for a pump–probe experiment. All the other regions in
Figs. 4(a) and 4(c) are also hard to be used for a pump–probe
experiment due to the existence of the wrinkles in α and ∆x
curves. So, we may conclude that for the observe set-up, a
pump–probe experiment could only be carried out when t0 is
longer than 150 ps for T = 10% case, more than 10 periods of
terahertz oscillation, and even longer for T = 0% case when it
reaches about 500 ps.

To reduce the deflection from the terahertz pump in the
observe set-up, here we propose two experimental schemes.

The first one is to adjust the waveform of the terahertz
field to make the contribution from the positive and negative
fields cancel each other. For example, if we reduce the band-
width of the terahertz beam and make the wave package con-
tain several circles of oscillations, then the deflection from it
will be significantly reduced. Figures 5(a) and 5(b) show the
evolution of α and ∆x caused by a terahertz beam that has
roughly two circles of oscillations as shown in Fig. 3(d). It
can be seen that for both T = 100% and T = 0% cases, region
II can be used for pump–probe experiment in which the ampli-
tude of α is much smaller than the deviation angle of the 100-
keV electron beam. Another approach to obtain multi-cycle
terahertz waveforms is to use higher frequency terahertz pulse.
As shown in Fig. 5(c), the higher frequency the terahertz pump
has, the less it deflects the probe. For example, with the same
electric field strength, the magnitude of α is reduced by a fac-
tor of 592 for fTHz =10 THz compared to fTHz =0.2 THz. An-
other possible method to achieve the same goal is to change
the carrier-envelope offset phase (CEP) of the terahertz pump
to balance the positive and negative field strengths. For exam-
ple, if the carrier-envelope offset phase of the terahertz pump
shown in Fig. 3(b) is shifted about π/4, then the magnitude of
positive and negative fields will be close to each other leading
to a cancelation in α curve. Now terahertz sources with dif-
ferent carrier-envelope offset phases and frequencies are avail-
able through different generation methods.[43–45]

α
 (

ra
d
)

α
 (

ra
d
)

D
x
 (
m
m

)

D
x
 (
m
m

)

t0 (ps)t0 (ps)
-10 0 10 50 100 140 150

-0.02

-0.01

0

0.01

0.02

-60

-40

-20

0

20

40

60

-10 10 50 100 200 490135 145 400470

-0.001

0

0.001

-60

-40

-20

0

20

40

60

0.5 1.5 2.5 3.5 4.5

-0.025

-0.020

-0.015

-0.010

-0.005

0

 Maximum of α
 Maximum of Dα

M
a
x
im

u
m

 o
f 

α
 (

ra
d
) 

M
a
x
im

u
m

 o
f 
D
x
 (
m
m

)

-80

-60

-40

-20

0

10 2 1.0 0.6 0.4 0.3 0.23

fTHz (THz)

↼/fTHz) (ps)

(a) (b) (c)

IIIIII
IV VIIIIII

Fig. 5. The deflection angle α and deflection distance ∆x as a function of delay-time t0 for 100-keV electrons in obverse case when the waveform of terahertz
field shown in Fig. 3(d) is used with (a) T = 100% and (b) T = 0%. (c) The maximum of α and ∆x as a function of fTHz with the waveform of terahertz field
shown in Fig. 3(b) and T = 100%.

056103-5



Chin. Phys. B 31, 056103 (2022)

α
 (

ra
d
)

α
 (

ra
d
)

α
 (

ra
d
)

D
x
 (
m
m

)
D

x
 (
m
m

)

D
x
 (
m
m

)

t0 (ps)

t0 (ps) t0 (ps)

Electron

OAP

Sample

O

x

zy

Terahertz beam

(a)

Electron beam

Sample

O

x

zy

Terahertz beam

le

ds

 γ

(b)

Electron beam

Sample

O

x

zy
Terahertz beam

le

ds

 γ

(e)

-10 0 10 20 30

-0.008

-0.006

-0.004

-0.002

0

0.002

-4

-3

-2

-1

0

1

-10 0 10 20 30 40 50 60

-0.005

0

0.005

0.010

0.015

0

2

4

6

8

-10 0 10 20 30 40 50 60

-0.003

-0.002

-0.001

0

0.001

-40

-30

-20

-10

0

(c)

(d) (f)

Fig. 6. Noncolinear scheme in the obverse case: (a) the experiment layout with (b) a highlight of the sample location. The corresponding deflection angle α

and deflection distance ∆x as a function of delay-time t0 for 100-keV electrons in obverse case with (c) T = 100% and (d) T = 0%. (e) Schematic diagram for
a tilted sample. (f) The corresponding α and ∆x as a function of t0 for 100-keV electrons in the tilting sample scheme with T = 0% and γ = π/4.

To further increase the time window for pump–probe ex-
periment, we come up with a noncolinear scheme (Fig. 6(a)),
in which the OAP is tilted towards the sample so that the
pump and probe travels noncolinearly. In this respect, the spa-
cial overlap of the two beams is only achieved very close to
the sample location (mm scale), and therefore, the deflection
from the pump attenuated very quickly after about 10 ps. Fig-
ures 6(c) and 6(d) show the evolution of α and ∆x in such
noncolinear scheme for T = 100% and T = 0%, respectively.
In the simulation, the tilting angle of terahertz beam according
to electron beam (γ) is set to be π/4, while other parameters
are the same as used in Fig. 4. It can be seen that α returns
to zero about 10 ps and 20 ps for T = 100% and T = 0%, re-
spectively. Also, the maximal amplitude of ∆x is only several
micrometers. Comparing Fig. 6 with Fig. 4, the advantage of
noncollinear scheme on collinear one is clearly seen.

One potential issue for such scheme is that the projection
of the electric field on the z direction will accelerate or decel-
erate electrons dynamically so that both the central energy and
the energy spread of the probe will change as a function of t0.
However, if we only use the time domain when α is close to
zero, then, such effect is negligible. Another issue for such
scheme is that it will introduce the velocity and the geomet-
rical mismatch[46] that worsen the overall temporal resolution
as shown in Fig. 6(b), because now the sample is not pumped
and probed simultaneously along x axis. The overall temporal
resolution could be estimated by[46]

τtotal =
(
τ

2
pump + τ

2
probe + τ

2
mis + τ

2
jitter
)1/2

, (10)

where τpump and τprobe represent the longitudinal durations of
the terahertz pulse and electron beam, respectively. τjitter rep-
resents the timing jitter between the pump and the probe. And

τmis is the temporal smear due to the velocity and the geomet-
ric mismatch[46] as we just mentioned, which can be estimated
by

τmis ≈
ds

v
− ds cosγ

c
+

le sinγ

c
, (11)

where le is electron beam size, respectively. Assuming τpump =

1 ps, τprobe = 200 fs, τjitter = 0 ps, ds = 100 nm, le = 100 µm,
and even using γ = π/2, we get τtotal = 3.1 ps, not significantly
lengthened if comparing with the time scale of region I. But
as γ increases, the pumping area also increases as 1/cos(γ)
which decreases the pumping fluence, another factor one must
weight when designing the experiment.

We also considered the possibility to tilt the sample (see
Fig. 6(e)) rather than the pump. The difference between this
scheme and the noncolinear scheme is that the former only
reduces the spacial overlapping between the reflected pump
beam and the probe. Since the original pump beam also de-
flects the electron probe significantly, this scheme does not ex-
tend the usable time window too much. Figure 6(f) shows the
simulation result for this case with γ = π/4 and T = 100%. It
can be seen that in the first 20 ps (roughly region I in Fig. 4),
the deflection effect does reduce significantly if compared with
the noncolinear scheme. However, it lasts for a longer time
scale similar as the region II in Fig. 4(a) due to the contribu-
tion from the original pump beam. Also, the overall temporal
resolution is reduced by the velocity and the geometric mis-
match that can be estimated by

τmis ≈ le sinγ

(
1
v
− 1

c

)
. (12)

As a result, it is not an effective approach for 100-keV elec-
trons, But, as we will show later, it is very helpful for UED
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with 3-MeV electrons.

3.2. The reversal case

In the reversal case (Fig. 2(b)), the electron and the ter-
ahertz pulses travel in the opposite direction (γ = π) so that
they only meet each other once. Figure 7(a) shows the evolu-
tion curves of α and ∆x for T = 100%, and figure 7(c) shows
the two curves for T = 0% and 1%, respectively. Here, we
ignored the tiny τmis (less than 1 fs) in the simulation. For

T = 100%, the interaction between pump and probe is sim-
ilar to the situation described in Fig. 4(a) for the initial two
regions, and both two curves also look very similar in the two
cases. On the other hand, for T = 0%, both α and ∆x are not
affected by the terahertz beam because the pump and probe
encounter each other after the sample and it does not affect the
pre-set diffraction angle and probed position. For T = 1%, the
deflection is just 1% of T = 100% case confirming that only
the transmitted beam affects α .
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Compared with the obverse set-up, the reversal set-up
with T = 0% seems to be more situatable for a pump–probe
experiment. To enhance the reflection of terahertz beam in
this case, we proposed to use metal grid to hold the sample
as shown in Fig. 7(e). So long as the wavelength of the ter-
ahertz beam is much larger than the pitch size of the mesh,
terahertz wave will be screened out to achieve T =0%. In fact,
these metal grids are widely used for transmission electron mi-
croscopy. The drawback for the reversal set-up is that OAP can
block the diffracted electron beam. To solve this problem, one
may apply the noncolinear scheme (see Fig. 6(a)) but with a
negative titling angle.

3.3. Using higher energy electrons

According to Eqs. (6) and (7), both vx(t) and qx(t) de-
creases as v increases due to the relativistic effect, thus both
α and ∆x decreases around one order in magnitude for 3-MeV
electrons if compared with 100-keV ones as shown in Fig. 8
(also see Figs. 4 and 7 for comparison). For T = 100% of the
obverse set-up, the evolution of α curve mimics the waveform
of terahertz beam (see Fig. 3(b)), which is different from all the

curves for 100-keV electrons. This is because v now is very
close to the speed of light so that the electron interacts with
terahertz mostly in pace. On the contrary, for lower energy
(100 keV for example) electrons, terahertz beam surpasses
electrons from behind so that a large portion of its waveform
deflects electrons. At a first glance, this seems like a disadvan-
tage because it prevents the contributions from the negative
and positive field in one terahertz circle to cancel each other.
However, such disadvantage is compensated by the cancela-
tion between the forces from the electric and magnetic field,
as the latter one increases with v to a comparable magnitude
to the former (see Eq. (6)). So, comparing the α curve in
Fig. 8(a) with Fig. 4(a), its magnitude is largely reduced by
a factor of 16. Also, as shown in Fig. 8(d), the maximum
of α decreases when the energy of electron increases. Since
the velocity of MeV electrons are close to the speed of light,
α very quickly decreases to zero around one period of tera-
hertz, because longer than this time-delay, the terahertz beam
is always ahead of electrons and they do not encounter each
other any longer, another advantage for using MeV electrons
in a terahertz–pump–electron–probe experiment. For T = 0%
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in obverse set-up, considerable amount of α (in the order of
0.01 rad) persists to several tenth picoseconds due to the re-
flection of the terahertz pump (in this case, the forces from the
electric and magnetic field add up) which impedes a pump–
probe experiment. One possible method to solve this issue is
to tilt the sample instead of terahertz pump to reduce the de-
flection from the reflected terahertz pump only. But it will sac-
rifice certain temporal resolution due to the geometrical mis-
match (see Eq. (12)).

In the reversal case, both α and ∆x curves resemble those
for 100-keV electrons (see Figs. 7(a) and 7(c)) but with almost
one order smaller in magnitude, which make 3-MeV electrons
better than 100-keV electrons for such a pump–probe exper-
iment. But it still faces the blocking issue of diffracted elec-
trons by the OAP, which could be improved by using the non-

colinear pumping scheme (see Fig. 7(a)).
So far, we only consider the deflection effect of the ter-

ahertz pump on the intensity of Bragg peaks. In many UED
experiments, the transient change in lattice constants is also
monitored from the position shift of the Bragg peaks as a func-
tion of time, characterized by the relative peak position change
∆θ/θ . Then, it is more proper to use α/θ to characterize the
deflection effect on Bragg peak positions. Figure 8(d) shows
how the maximum of α/θ changes as a function of electron
energy in the obverse case. And we can see that the deflection
effect on Bragg peak positions starts to decrease rapidly when
the energy of electrons enters MeV range, making MeV UED a
better choice for such study, although the much smaller Bragg
angles in MeV UEDs may bring other challenges in resolving
Bragg peaks.
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3.4. The deflection from terahertz-induced non-propaga-
ting field

Up to now, we only considered a very ideal case, where
the sample is assumed to be perfectly flat and is perpendicu-
lar to the incident electron beam, so that the influence of the
sample on terahertz beam is simplified by the reflection and
negligible absorption. But in the real situation, the dielectric
constant, the geometry, and the local structure of the sample
and the sample mount can strongly attenuate the local E and
B fields. If such near-field is evanescent (immediately dis-
appears after the terahertz pump and roughly the same time-
scale as region I), we will show that its effect on the UED
experiment is not so important. First, we argue that the effec-
tive interaction length along z axis between such evanescent

near-field and electrons is much less than the wavelength of
the pump beam. This argument comes from several super-
resolution techniques such as near-field scanning optical mi-
croscopy, where a change in the local field in the order of
one tenth of the pump’s wavelength can be resolved. On the
other hand, the effective interaction length between electrons
and terahertz beam is around the Rayleigh length (in the or-
der of the terahertz wavelength under the condition that the
F-number of the OAP is around 1), within which the terahertz
beam is tightly focused. As a result, unless the near-field is
strongly enhanced such as in a terahertz resonator (then, it
is not evanescent), its deflection effect is negligible if com-
pared with that from the original and reflected beam. We think
this is probably the case for a typical TEM sample, where the
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length scale of its roughness or the wrinkles on it are both
much smaller than the terahertz wavelength, causing random
scattering of light only. It is also true for our proposal where
we use a metal grid as the sample holder as shown in Fig. 7(e),
where the terahertz wave is completely screened (reflected).

However, if such terahertz-induced field is not evanes-
cent, such as the dipole field due to the plasma,[47] the res-
onant field in a split-ring[48] and so on, the amplitude of such
local field can be very large and its effective interaction length
on electrons can be also significantly extended. As a result,
their deflection effect dominates. In fact, ultrafast electron
has already been used as a probe to map such transient field
in several cases.[48–51] But such sample conditions should be
avoided when designing a UED experiment.

Finally, we want to give only a qualitative analysis on how
such enhanced local field affects 3-MeV UED, for the cancel-
lation between E and B is only important for such high en-
ergy electrons. We assume that the field does not propagate in
pace with the electrons. Otherwise, the deflection effect will
enhance a factor of one hundred without the cancellation be-
tween E and B. Now, the interaction between terahertz pulse
and electron is very similar as for the low energy electron cases
but the deflection force reduces a factor of 5.74 due to the rel-
ativistic mass of 3-MeV electrons. Given the field strength
same as the terahertz pump and an effective interaction length
of the Rayleigh length, from Figs. 4(a) and 4(c), the maximal
change of α can be estimated to be about 0.001 rad. This is
also consistent with Fig. 8(b), where the maximal change of α

is doubled to 0.002 rad, because E and B are added in the re-
flected terahertz beam. Based on these estimations, if the field
can be localized in the length scale of at least one order less
than the Rayleigh length, it will not affect the diffraction pat-
terns significantly. However, if the strength of the local field is
enhanced, then it must be confined further to reduce the effec-
tive interaction length on electrons.

4. Conclusions
In this article, we theoretically studied the terahertz-

induced deflection effect on the electron probe of UED and
how it affects the incident angle and the probe location on the
sample. In general, when the electron energy reaches MeV
range, the terahertz-induced deflection becomes small enough
to realize a pump–probe experiment. However, for electron
probe with its energy around 100 keV or less, such experiment
is much harder to design, although this energy range is widely
used in electron microscopy, and is more suitable for some
fragile samples like 2D materials. Particularly, in the observe
set-up, both original pump beam and its reflection from the
sample deflects the electron probe significantly, while in the
reverse set-up, only the original beam contributes. We intro-
duced several schemes to tackle this issue. This first scheme

is to reshape the waveform of the terahertz pump, so that the
deflection from its positive and negative portion may cancel
each other. Since the available tools to manipulate the opti-
cal parameters of a terahertz pulse such as its frequency, band-
width and CEP are still sparce, the applicability of this scheme
mostly depends on how the terahertz pump is generated. The
other scheme is to use a noncolinear pump–probe set-up to
reduce the spacial overlap between the pump and probe. As a
result, the time-window suitable for a pump–probe experiment
extends significantly. However, due to the velocity and the ge-
ometric mismatch, the overall temporal resolution and the en-
ergy stability of the electron probe is worsened, and the field
amplitude of the terahertz pump is reduced. For the reverse
set-up, we proposed to use a metal grid as the sample holder
to screen the terahertz pump in order to eliminate the transmit-
ted pump. We hope our study could arise people’s attention
to the terahertz–electron interaction, and blend the merits of
terahertz and UED techniques.
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Appendix A
In this appendix, we would like to show how α affects the

intensity of Bragg peaks. The reason we use absolute angle in-
stead of relative angle is that we mainly consider the intensity
change of the Bragg peak due to the change of, which depends
on the product of ξ𝑔 and s. Let us assume that the UED is
initially perfectly aligned to obtain maximal diffraction inten-
sity with ξ𝑔s = 0. Then, according to Eq. (9), the diffraction
intensity will drop significantly when ξ𝑔s∼ 1 due to α .

Here, ξ𝑔 can be expressed as[42]

ξ𝑔 =
πVccosθ

λ0F𝑔
, (A1)

where Vc is the cell volume and F𝑔 is the F(θ) for reflection 𝑔

(i.e., F𝑔 is a special value of F(θ) when for F𝑔 for θ ). And λ0

can be expressed as

λ0 =
h√

2m0Ee

(
1+

Ee

2m0c2

) , (A2)

where h = 6.626× 10−34 J·s is the Planck constant and Ee is
the kinetic energy of the electron. F(θ) can be expressed as

F (θ) =
∞

∑
i

fi ei2π(hxi+kyi+lzi), (A3)
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and for the same 𝑔 (the same plane index), F (θ) ∝ f (θ),
where

f (θ) =
1+(Ee/m0c2)

8π2d

(
λ0

sin(θ/2)

)2

(Z− fX) , (A4)

where fX is the scattering factor for x-rays, and Z is the atomic
number. Again, if the same 𝑔 is detected, (λ0/sin(θ/2))2 is
fixed, then

f (θ) ∝ 1+
Ee

m0c2 . (A5)

From Eqs. (A1), (A2), and (A5), we have

ξ𝑔 ∝
1

λ0F𝑔
∝

√
Ee (1+Ee/2m0c2)

1+Ee/m0c2 , (A6)

which is plotted as a function of electron energy as shown in
Fig. A1. It can be seen that ξ𝑔 increases about a factor of
1.8 when the electron energy increases from 100 keV to MeV.
This means that the diffraction intensity for MeV UED drops
larger than 100-keV UED, given the same s. However, it does
not depend on θ .
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due to the terahertz pump.

On the other hand, from Fig. A2, we found that the rela-
tion between s and α can be written as

s
sinθ

=
g

sin(π/2−α−θ)
, (A7)

and therefore

s∼ gα ∝ α. (A8)

Then, from Eqs. (A6) and (A8), we may conclude that ξ𝑔s
only depends on α .

In this article, we used a simple criterion: if the change of
α is comparable to the deviation angle of the electron probe,
the intensity of the Bragg peaks is assumed to be attenuated
to a degree that it could not reflect the real lattice structural
dynamics any longer. The deviation angle for different ultra-
fast electron sources depends on many factors, which is hard
to quantify. To make a fair comparison, here, we just sim-
ply assume that the initial energy spread of the photoelectrons
(0.5 eV) is fixed. Since the velocity of MeV electrons is twice
of 100-keV ones, the resultant deviation angle for MeV elec-
trons is only half of 100 keV which balanced the factor of 1.8
in ξ𝑔 . So, our compassion between UEDs with different en-
ergy electrons based on this simple criterion is justified.
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