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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   An ultrafast cryo-electron microscopy (cryo-UEM) system based on an ultrafast laser was established.

■   Diffraction-intensity fading curves and critical doses of samples were measured under different conditions.

■   The radiation damage in soft-matter samples did not show any dependence on the imaging electron dose rates.

■   The pulsed electron beams cannot mitigate the radiation damage in room-temperature and cryogenic samples.

■   The physical mechanisms behind the experimental results of radiation damage were systematically analyzed.
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Whether  time-modulated  pulsed-electron  imaging  can  mitigate  sample
radiation damage is still controversial. The effectiveness of such mitigation
and  relevant  potential  applications  in  cryo-EM  remain  to  be  explored.
Herein,  we  built  an  ultrafast  cryo-EM  system  based  on  an  ultrafast  laser.
Using  such  system  and  the  saturated  aliphatic  hydrocarbon  compounds
(C44H90),  the  diffraction-intensity  fading  curves  and  corresponding  critical
electron  doses  (Ne)  of  samples  were  carefully  measured  under  different
imaging  modes,  temperatures,  imaging  dose  rates  and  pulsed  repetition
rates. Our experimental results demonstrate that the fading curves and Ne

values  of  C44H90 crystals  show  no  correlation  with  the  imaging  electron
dose  rates.  As  the  temperature  decreased,  the Ne values  of  the  sample
increased,  indicating  a  cryoprotective  effect  on  sample  radiation  damage.
Interestingly,  at  constant  temperature,  the  fading  curves  and Ne values  of
the  sample  in  multi-electron-packet  and  near-single-electron-packet
pulsed  modes  are  all  approximately  the  same  as  those  in  conventional
continuous  electron-beam  mode,  even  when  obtained  at  different  pulsed
repetition rates.  These results show that the time-modulated pulsed elec-
tron  beams  do  not  appear  to  mitigate  the  electron  radiation  damage  that
occurs  in  samples.  The  physical  mechanisms  underlying  the  radiation
damage  behavior  under  different  conditions  were  also  carefully  analyzed.
Our findings  provide  new  insights  and  an  experimental  basis  for  under-
standing sample  radiation  damage  under  electron  beams,  offering  guid-
ance and inspiration for elucidating the fundamental principles of radiation
damage.
 

INTRODUCTION
Cryo-electron  microscopy  (Cryo-EM)  has  revolutionized  the  research

progress in the field of life science through the “resolution revolution”,1-3 using
methods such as sample cryoprotection4,5 and low-electron-dose imaging6,7

to  mitigate  the  electron  radiation  damage  during  the  imaging  process.
However, electron radiation damage is still the main factor limiting the further
improvement  of  cryo-EM  resolution,  which  is  usually  caused  by  electron-
beam-induced atomic  displacement  and  electronic  excitation,  and  progres-
sively triggers a series of cascading reactions leading to electrostatic charg-
ing,  heating,  radiolysis  and  diffusion  events  through  inelastic  electron-elec-
tron  or  electron-phonon  scattering.8,9 The factors  and  mechanisms  associ-
ated with electron radiation damage are usually numerous and complex, with
radiolysis  originating  from  long-lived  electronic  excitation  being  the  primary
radiation  damage  mechanism  for  both  organic  and  biological  samples.10-12

Cumulative  ionization  damage  and  bond-breaking limit  the  structural  infor-
mation that  can be  obtained before  the  sample  is  destroyed.13 The ultimate
bottleneck  in  cryo-EM technology  is  inevitably  the  physical  nature  of  radia-
tion damage to biomolecules during imaging,  which is unavoidable by cryo-
EM technology and limits the ability to achieve atomic resolution.14-16

Despite  a  relevant  experiment  having  been  reported  recently,17 whether
ultrafast  pulsed  electron  imaging  can  mitigate  radiation  damage  in  soft
matter  remains  controversial.12,18-20 Experiments  by  Flannigan et  al. showed
that  the  radiation  damage  of  C36H74 crystals  in  ultrafast  single-electron-
packet pulsed mode was reduced by nearly 2 times, compared to continuous

electron-beam mode at  the  same dose rates.17 During radiation damage by
cumulative  ionization  damage  and  bond-breaking,  the  excitation  of  each
cascade reaction has its own characteristic temporal  window.21-23 Flannigan
et  al. believed  that  the  segmented  delivery  of  electrons  using  time-modu-
lated pulses would allow sufficient relaxation time and sample recovery time
for  the  cascade reaction  and subsequent  phonon excitation,24,25 intercepting
the  occurrence  of  damage  events  and  decreasing  adverse  synergistic  or
composite effects, thus reducing electron radiation damage to the sample to
a certain extent. It should be noted that in their study,17 the cumulative elec-
tron doses acting  on the  sample  were  very  low (<0.1  e–/Å2),  and the  critical
electron doses (Ne) of the sample were not obtained, which may be due to the
long data collection time of pulsed electron imaging with the ultrafast laser-
pulsed system.  Glaeser et  al. contested the validity  of  the  claim that  pulsed
electron  beams  could  mitigate  sample  radiation  damage  compared  to
conventional  continuous  beams  (at  the  same  electron  dose  rate).20,26 They
thought,  to  a  first  approximation,  the  average  time between electrons  could
be  arranged  to  be  the  same  whether  the  electrons  were  emitted  from  the
continuous sources or pulsed sources. As a result, simply reducing the inten-
sity of a standard continuous electron source,  rather than using an ultrafast
pulsed  source,  should  be  much  easier  to  provide  a  suitably  long  pause
between individual  inelastic  scattering  events  for  postulated  thermal  relax-
ation  and “repair”,  implying  that  dose-rate effect  should  correlate  with  elec-
tron radiation damage to the sample.  However,  this was not the case in the
experimental  results  of  Glaeser et  al.,27,28 which  showed  that  the  dose-rate
effect was independent of electron radiation damage.

Whether  the  dose  rate  correlates  with  radiation  damage  has  also  been
debated for decades, and experimental results are controversial in both cryo-
EM and X-ray crystallography.18 Experiments supporting the view that radia-
tion  damage  is  independent  of  the  dose  rate  found  that,  at  the  same  total
doses,  lower  dose  rates  were  not  conducive  to  high-resolution  imaging,27-32

where the fading of diffraction spots was only related to the total cumulative
electron  doses.  Experiments  supporting  the  opposite  view  suggested  that
there  was  dose-rate-dependent  damage  to  the  sample  and  that  the  critical
dose was positively correlated with the dose rates.33-35 Since the mechanism
of  radiation  damage  to  samples  is  still  not  clear,36 the  correlation  between
radiation damage and dose rate remains to be explored.

With  the  progress of  related technologies  and methods,  ultrafast  electron
microscopy  (UEM)  provides  new  opportunities  to  address  the  problem  of
conformational  changes in  biological  samples.37-41 The combination of  UEM
with  cryo-EM not  only  enables  ultrafast  dynamic  structural  characterization
of  biomolecules  on  multiple  time  scales,40,42-44 but  also  promises  to  be  an
effective  means  to  explore  the  electron  radiation  damage  behavior  of  low-
temperature  samples  through  ultrafast  pulsed  electron  imaging  modulated
by time and electron number.  On this basis,  by modifying the hardware and
software  of  conventional  cryo-EM  and  introducing  an  ultrafast  laser,  we
successfully  built  a  biological  ultrafast  cryo-EM  (cryo-UEM)  system
(Figure S1), and carried out a systematic study on whether the electron radia-
tion damage of soft matter has time-modulated mitigation effect and dose-
rate dependence.

Here,  we use cryo-UEM to study the radiation damage behavior of  C44H90
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crystals at different temperatures and imaging modes. By overcoming prob-
lems such as electron-dose fading and by collecting experimental data over
long periods, continuously and repeatedly, we obtained the diffraction-inten-
sity fading curves and Ne values of the samples at high cumulative electron
doses  under  different  imaging  conditions  (Table  1).  Comparative  analysis
showed that the fading curves and Ne values of C44H90 crystals do not change
at  different  imaging  electron  dose  rates,  indicating  that  their  radiation
damage  does  not  exhibit  a  dependence  on  the  dose-rate  effect.  Under
constant temperature, the fading curves and Ne values of C44H90 crystals are
essentially  the  same  in  both  conventional  continuous  and  ultrafast  pulsed
modes.  We  found  that,  different  from  the  recent  report,17 time-modulated
pulsed  electron  beams  do  not  seem  to  mitigate  the  electron  radiation
damage to our samples. 

MATERIALS AND METHODS 

Sample preparation
Preparation method for  saturated aliphatic hydrocarbon (C44H90)  samples:

the Cu grids loaded with carbon films (300 mesh, Beijing Zhongjingkeyi Tech-
nology  Co.,  Ltd,  the  thickness  of  carbon  films:  ~10  nm)  were  treated  with
glow  discharge  (O2,  Ar)  for  60  s  using  a  glow  discharger  (Gatan  SOLARUS
950). Subsequently, 3 µL of the supernatant of a saturated solution of C44H90

in n-hexane was dropped onto the grids and allowed to dry in air. As a result,
the  rhombic  C44H90 monocrystals  oriented  along  the  [001]  crystallographic
direction  and dispersed on  the  grids  were  obtained.  These  crystals  had low
intrinsic defect density and uniform monomolecular-layer thickness.13,45,46
 

Data collection
All  experiments  (conventional  continuous  and  ultrafast  pulsed  modes)

were  performed  on  a  200-kV  JEM-2100Plus  cryo-transmission  electron
microscope (JEOL) equipped with a Gatan OneView CMOS detector. The JEM-
2100Plus  was  equipped  with  a  LaB6 thermic  cathode  and  Wehnelt  cylinder.
To  generate  discrete  pulsed  electron  packets  through  laser-driven  (i.e.,
unheated)  emission,  an  additional  vacuum  chamber  together  with  optical
components was integrated into the TEM column near the anode for optical
access to the LaB6 cathode.47 Ultrafast laser pulses at a center wavelength of
1030 nm  were  generated  by  a  Yb-based  laser  amplifier  (Carbide  5W,  Light
Conversion  Inc.),  with  a  pulse  duration  ≤  300  fs  and  a  maximum  average
power of up to 5 W. The laser output was split into two pulses using a beam
splitter.  One  pulse,  for  driving  photoemission  (probe),  was  focused  on  the
TEM  cathode  after  being  converted  to  257  nm  by  fourth-harmonic genera-
tion  using  beta  barium  borate  (BBO)  crystals.  Diffraction  patterns  under
different temperatures and modes were recorded on a Gatan OneView CMOS
detector  using  a  camera  length  of  50  cm.  The  diameter  of  the  illuminated
area  was  5  µm  (circled  by  the  selected-area  aperture),  and  before  data
collection, a careful check was made to ensure that the electron beams were
fully  irradiated  on  the  crystal  areas.  Diffraction  patterns  were  automatically
saved using custom Matlab scripts. For both ultrafast pulsed mode and low-

dose-rate  (≤  10–5 e–/Å2/s)  continuous  mode,  the  exposure  time  of  each
diffraction-pattern image was 180 s. For data collection at higher dose rates (≥
10–4 e–/Å2/s)  in  continuous  mode,  the  exposure  time  per  diffraction-pattern
image decreased accordingly: 60 s at a dose rate of 10–4 e–/Å2/s, 20 s at 10–3

e–/Å2/s, and 10 s at 10–2 e–/Å2/s, with a 5-s interval between images. Gatan
Digital  Micrograph and Python software  were  used  for  data  collection  and
analysis, respectively (Script S1). Analysis of a set of data was performed by
measuring the intensity of four diffraction spots of the {110} index. 

Detector  reading  saturation  and  intensity  drift  of  dark  current  images:
Problems and solutions

When diffraction imaging is performed on the crystal in the focal plane, the
focused  central  transmission  spot  and  diffraction  spots  will  appear  very
sharp. The intensities of these spots will  be mainly concentrated in a few or
even one pixel on the detector, which may lead to saturation of the detector,
resulting  in  the  recorded  electron  intensity  being  lower  than  the  true  value
(Figure  S2).  To  solve  this  problem,  we  developed  the  following  strategy:  A
sample area on the TEM grid was selected for a pre-experiment. First, a real-
space image was acquired with a fixed exposure time in real-space imaging
mode,  from  which  the  total  electron  intensity  incident  on  the  sample  was
measured (Figure S2A). Then the imaging mode was switched to diffraction
and a diffraction pattern was taken with the same experimental parameters.
When  no  detector  saturation  occurred,  the  total  electron  intensity  in  the
diffraction  pattern  should  be  the  same  as  that  in  the  real-space  image.
However,  the  detector  saturation  events  (caused  by  the  focused  central
transmission  spot  and  diffraction  spots)  resulted  in  the  electron  intensity
recorded in the diffraction pattern being lower than that recorded in the real-
space image (Figure S2B). In this case, the diffraction pattern could be moved
away from the focal plane by changing the defocus values, so that the central
transmission  spot  and  diffraction  spots  were  slightly  diffused,  causing  their
intensity  to  be  borne  by  more  pixels  on  the  detector,  thereby  reducing  the
occurrence  of  reading  saturation  events  (Figure  S2C).  By  incrementally
increasing the defocus values, a condition where the total electron intensity in
the diffraction pattern matched that of the real-space image could be identi-
fied (indicating negligible saturation) (Figure S2D). Further defocusing beyond
this  optimal  range  was  avoided,  as  it  degraded  the  sharpness  of  diffraction
spots  and  complicated  intensity  quantification  during  data  processing
(Figures  S2E-F).  This  approach,  analogous  to  methods  described  in  Ref.45,
allowed  us  to  establish  defocus  conditions  suitable  for  reliable  diffraction
data  collection.  Note  that  diffraction  intensities  needed  to  be  carefully
screened  before  data  collection  was  performed.  We  found  that  even  in  the
pulsed  imaging  mode  (less  coherent  than  the  continuous  electron-beam
mode)  with  a  very  low  dose  rate,  saturation  of  the  detector  readings  would
occur if not handled properly.

An unexpected problem was that during the experiment, we found that the
intensity of the dark current images taken by the detector, in the absence of
electron radiation, did not remain stable near zero, but slowly drifted towards

L f

 

Table 1.  Statistics and comparison of Ne values of C44H90 crystals obtained under different imaging conditions

Temperature (K) Imaging mode Imaging dose rate (e–/Å2/s) Critical electron doses (Ne) (e–/Å2)

300

Continuous electron-beam mode × ×6.72 10–5 − 1.00 10–2 3.6 ± 0.1

200 kHz pulsed electron-beam mode
Multi-electron per pulsed packet 3.62

Near single electron per pulsed packet 3.67

100 kHz pulsed electron-beam mode
Multi-electron per pulsed packet 3.62

Near single electron per pulsed packet 3.58

200

Continuous electron-beam mode × ×8.23 10–5 − 5.28 10–3 5.8 ± 0.1

200 kHz pulsed electron-beam mode
Multi-electron per pulsed packet 5.76

Near single electron per pulsed packet 5.85

140

Continuous electron-beam mode × ×8.23 10–5 − 1.89 10–2 9.8 ± 0.1

200 kHz pulsed electron-beam mode
Multi-electron per pulsed packet 9.62

Near single electron per pulsed packet 10.04
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negative  values  over  time  (Figure  S3A).  Since  the  dark  current  image  was
taken to subtract background noise after completing sample data collection
(by  default,  the  intensity  of  the  dark  current  image  remained  constant
throughout the collection process), such drift effect would make the intensity
value of the sample image obtained too high, ultimately resulting in an over-
estimated cumulative electron dose. To address this problem, we developed
the  following  strategy:  Before  data  collection,  the  detector  was  first  used  to
continuously  record  images  in  the  open  holes  on  carbon  film,  and  dark
current images with the shutter turned off were recorded at 5-hour intervals.
When drift was observed to occur, the intensity of the dark current image was
corrected  once  by  the Gatan  Digital  Micrograph (GMS)  software.  After
approximately  30  hours  of  this  correction  cycle,  the  intensity  of  the  dark
current  image would be observed to stabilize around the zero value without
any drifting (Figure S3B). 

The effect of background scattering on crystal diffraction intensity: Esti-
mation and correction

Before statistical  analysis of the diffraction intensity data,  the background
scattering  noise  in  the  diffraction  intensity  values  was  estimated  and
corrected. A thorough evaluation of the potential impact of background scat-
tering (e.g., scattering from the support film) on the experimental results was
conducted (Figure S4):  Under the same imaging conditions,  three diffraction
patterns were acquired from the sample  area,  the pure  support-carbon-film
area, and the open-hole area, respectively. By referencing the position of the
crystal  {110}  diffraction  spots,  the  electron  intensities  of  corresponding
regions  across  the  three  patterns  (marked  by  green  lines  in Figures  S4A-C)
were  compared  and  analyzed.  We  noticed  that  compared  to  the  open-hole
area, the support carbon film did contribute excess electron intensities at the
location where  the  diffraction  spots  appeared  under  the  influence  of  back-
ground scattering (the intensity in open-hole area: 6.08 × 103; the intensity in
carbon-film area: 1.82 × 105). Compared with the sample, the statistical value
of  electron intensity  caused by the carbon support  film was relatively  minor
(1.37 × 107 vs. 1.82 × 105), accounting for about 1.33% of the crystal diffrac-
tion intensity.

To correct the crystal diffraction intensity by subtracting background scat-
tering  contributions,  we  implemented  the  following  procedure:  First,  two
regions  centered  on  the  crystal  {110}  diffraction  spot  were  marked  (Figures
S4D-E).  One  marked  region  (green)  precisely  encompassed  the  diffraction
spot  area,  while  the  other  marked  region  (orange)  covered  a  larger  area
(approximately  four  times  larger)  to  delineate  the  background  surrounding
the  diffraction  spot.  Subsequently,  a  script  was  developed  to  extract  the
diffraction  intensity  value  from  the  small  marked  region  (green)  (value A).
Next, the average electron intensity within the larger marked region (orange),
excluding  the  small  marked  area,  was  calculated via the  script  (Figure  S5).
Such average  intensity  represented  the  contribution  of  background  scatter-
ing at the diffraction spot. The average intensity value was then multiplied by
the  area  of  the  small  marked  region  to  determine  the  electron-intensity
contribution from background scattering at the diffraction-spot region (value
B).  Finally,  the  corrected  diffraction  intensity  was  obtained  by  subtracting
value B from value A (Figure S4F). We described the data processing meth-
ods  used  in  the  statistical  analysis  of  diffraction  intensities  (Script  S1),  and
the ND_spotI.py script  mentioned  in  the  description  contained  the  specific
algorithm for background scatter correction (Figure S5). 

The  solution  to  dose-rate  fading  problem  in  ultrafast  pulsed  electron-
beam mode

Data collection of fading curves in ultrafast pulsed mode usually requires a
long  time,  which  places  demands  on  the  stability  of  the  pulsed  electron
beams.  The addition of  ultrafast  laser  systems not  only  affects the vacuum
level of the TEM system, but also makes the pulsed electron beams particu-
larly  sensitive  to  environmental  conditions.  To  convert  the  thermally  excited
continuous  electron  beams  into  laser-excited  pulsed  electron  beams,  the
heating current of the TEM filament also needs to be reduced, which induces
a decrease in  the  filament  temperature.  The decrease in  TEM-vacuum level
and  filament  temperature  in  ultrafast  pulsed  mode  will  lead  to  the  gradual
adsorption  of  impurities  on  the  filament,  hindering  electron excitation  at  the
filament tip. We noted that during data collection in ultrafast pulsed mode, the

number of electrons in each pulse decreased quickly (Figure S6A), causing a
rapid decrease in  the electron dose rates and ultimately  losing the ability  to
perform diffraction imaging of  the  sample  (Figure  S6B).  To solve  the  fading
problem of electron dose rates, we applied a “photoexcitation-thermal excita-
tion-photoexcitation” experimental  strategy  when  the  electron  dose  rates  in
pulsed  mode were  too  low:  In  the  ultrafast  pulsed  mode of  photoexcitation,
when  a  significant  reduction  in  electron-beam  intensity  was  observed,  the
data collection was paused and the laser pulse was switched off  to exit  the
photoexcitation mode. Then the shutter on the sample holder was turned off
to protect the sample and the heating current of the filament was increased
back to thermal excitation mode to burn off impurities adsorbed on the fila-
ment for two minutes (without changing the sample position or other param-
eters of the TEM). Finally, the heating current of the filament was reduced to
the  level  used  for  photoexcitation  mode,  the  laser  pulse  and  shutter  were
turned  on,  and  data  collection  was  continued.  Here,  the  heating  of  thermal
excitation  was  used  to  clean  the  filament  and  increase  the  electron  dose
rates in  pulsed mode (electrons/pulse).  The repeated adoption of  this  strat-
egy during the experiment could effectively enhance the electron dose rates
of  pulsed  electron  beams  and  successfully  allow  us  to  obtain  the  fading
curves of diffraction intensity in the ultrafast pulsed mode (Figures S6C-D &
S7).

The above strategy still  had some new problems:  the electron dose rates
needed  to  be  adjusted  manually  frequently  to  maintain  the  collection  of
experimental data (Figure S7), which would greatly increase the data collec-
tion time. To improve the vacuum environment in the filament area and miti-
gate impurity adsorption on the filament, we added a new ion pump near the
filament  area  (Figure  S8).  During  the  subsequent  experiments,  we  observed
that  the fading of  pulsed-electron dose rates was effectively  mitigated after
the addition of the ion pump (Figure S9), although occasional manual adjust-
ments were still required. 

Measurement of the minimum tolerable temperature for TEM system
The impurities in the TEM chamber were not only adsorbed on the filament,

but  may also  be  adsorbed on samples  at  low temperatures,  which  required
determining the minimum tolerable temperature at which the vacuum in the
TEM  chamber  did  not  affect  the  sample.  After  lowering  the  temperature  of
the  samples  in  the  TEM  chamber  from  300  K  to  100  K  and  leaving  for  a
period of time, the samples at 100 K exhibited spontaneous fading of diffrac-
tion spots, the appearance of new amorphous rings and the disappearance of
morphological  information,  indicating  the  adsorption  and  condensation  of
impurities on the samples (Figure S10).

To  investigate  the  minimum  tolerable  temperature  at  which  the  current
vacuum in the TEM chamber did not affect the sample,  a new experimental
strategy  was  devised  in  which  the  incident  electron  intensity  (Iin)  was
collected  in  the  open  holes  in  real-space  imaging  mode,  followed  by  the
transmitted electron intensity (Iout) on the sample in diffraction imaging mode.
It  should  be  noted  that  imaging  the  focused  diffraction  pattern  here  (the
spots appeared very sharp) would saturate the detector readings, thus affect-
ing  the  ratio  of  incident  and  transmitted  electron  intensity  (Iin/Iout).  At  a
constant incident electron intensity (Iin), the saturation value of detector read-
ings would only show a strong sensitivity to the state of samples, and could
thus  be  used  to  monitor  whether  impurity  adsorption  and  condensation
occurred  on  the  samples,  which  was  ultimately  manifested  by  a  change  in
the Iin/Iout ratio.  By  measuring  the  change  in  the Iin/Iout ratios  of  samples  at
different temperatures over time while held in the chamber, it could be deter-
mined  whether  they  were  affected  by  impurities  in  the  chamber,  and  thus
determine the minimum temperature tolerable for the TEM chamber vacuum.
Our experimental  results showed that the Iin/Iout ratios changed over time at
temperatures  between 100 K  and 135 K.  However,  at  140 K  and above,  the
Iin/Iout ratios remained stable with the extension of placement time, indicating
that the minimum tolerable temperature for the TEM vacuum was about 140
K (Figure S11). 

Measurement of electron dose rates in ultrafast pulsed mode
The instability of the electron beams in ultrafast pulsed mode also made it

difficult  to  obtain  the  electron  doses  acting  on  each  image.  Here  we  used
Beer-Lambert’s law48,49 to calculate the electron dose rates acting on the last
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image:

Iin = Iout ×e
de

λin (1)

where Iin was the incident electron intensity, Iout was the transmitted electron
intensity, de was the effective thickness of the sample, λin was the mean free
path for inelastic electron scattering.

After completing the collection of the last image (from which the transmit-
ted  electron  intensity  (Ipulsed_out)  could  be  obtained)  in  ultrafast  pulsed  mode,
the shutter was turned off to protect the sample, followed by switching off the
laser pulse  and  increasing  the  heating  current  of  filament  back  to  conven-
tional  continuous  (thermal  excitation)  mode  and  allowing  it  to  stabilize  for
half  an  hour.  During  this  process,  the  sample  position  was  not  moved  and
other  parameters  of  the  TEM were not  changed.  A  diffraction pattern  and a
dark current image of the sample were taken in the conventional continuous
mode,  from  which  the  transmitted  electron  intensity  (Icontinuous_out)  was
obtained  (defocused  to  prevent  detector  saturation).  The  electron  beams
were  then  immediately  moved  to  the  open-hole  area,  a  blank  image  and  a
dark current image were taken in real-space imaging mode,  from which the
incident  electron  intensity  (Icontinuous_in)  was  obtained.  According  to  Beer-
Lambert’s law, for the same sample and the same electron acceleration volt-
age  (200  kV),  the  ratios  of  incident  and  transmitted  electron  intensities  in
continuous and pulsed modes should be the same:

Icontinuous_in

Icontinuous_out

= e
de

λin =
Ipulsed_in

Ipulsed_out

(2)

where Icontinuous_in and Icontinuous_out were  the  incident  and  transmitted  electron
intensities  in  conventional  continuous  mode,  respectively. Ipulsed_in and
Ipulseds_out were  the  incident  and  transmitted  electron  intensities  in  ultrafast
pulsed mode, respectively.

Therefore,  according to  the  ratio  of Icontinuous_in/Icontinuous_out and the  value  of
Ipulsed_out,  the  incident  electron  intensity  of  the  last  image  in  ultrafast  pulsed

mode (Ipulsed_in) was obtained. Based on the ratios of the electron intensity of
the latter image to that of the former image, the corresponding electron dose
rates for all images could be obtained sequentially:

Ipulsed_in_n - 1 = Ipulsed_out_n - 1 ×
Ipulsed_in_n

Ipulsed_out_n

(3)

Ipulsed_in_n - 2 = Ipulsed_out_n - 2 ×
Ipulsed_in_n - 1

Ipulsed_out_n - 1

(4)

· · · · · ·
· · · · · ·

Ipulsed_in_1 = Ipulsed_out_1 ×
Ipulsed_in_2

Ipulsed_out_2

(5)

where Ipulsed_in_n and Ipulsed_out_n were  the  incident  and  transmitted  electron
intensities  of  the  last  image  in  ultrafast  pulsed  mode; Ipulsed_in_n-1 and
Ipulsed_out_n-1 were  the  incident  and  transmitted  electron  intensities  of  the
second to last image in ultrafast pulsed mode; Ipulsed_in_n-2 and Ipulsed_out_n-2 were
the incident and transmitted electron intensities of  the third to last  image in
ultrafast pulsed mode; Ipulsed_in_2 and Ipulsed_out_2 were the incident and transmit-
ted electron intensities of the second image in ultrafast pulsed mode; Ipulsed_in_1

and Ipulsed_out_1 were  the  incident  and  transmitted  electron  intensities  of  the
first image in ultrafast pulsed mode.

Finally,  based  on  the  conversion  constant  (37)  between  the  imaging
contrast and electron counts of the detector we used, the electron dose rates
acting on  the  different  images  could  be  obtained.  To  facilitate  the  calcula-
tions,  we wrote  the  scripts  using Python for  corresponding data  processing
(Script S1).

The feasibility  of  the newly established data-processing method was first
verified by using the experimental data obtained in the conventional continu-
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Figure 1.  Experimental  procedures  for  ultrafast  pulsed  electron  imaging  on  C44H90 crystals. (A)  Schematic  diagram  of  pulsed  electron  imaging  driven  by  an  ultrafast  laser
system, with the radiated region on the rhombic crystal marked by the blue dashed lines in the lower-left inset. The real-space image and diffraction pattern of the crystal were
obtained in the conventional continuous electron-beam mode at 300 K. (B) Diffraction patterns of C44H90 crystals obtained in the ultrafast pulsed mode, with the four diffraction
points of {110} index used for the statistics of diffraction intensity marked by orange dashed lines. These diffraction patterns were obtained in the 200 kHz ultrafast pulsed elec-
tron-beam mode at 300 K.
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ous  electron-beam  mode.  The  diffraction-intensity  fading  curves  and Ne

values obtained by the newly established data-processing method were the
same  as  those  obtained  by  directly  reading  the  electron  dose  rates,  which
proved  the  validity  of  the  above  data  processing  method  based  on  Beer-
Lambert’s law. For consistency, the data processing of continuous mode also
used the same method based on Beer-Lambert’s law as the pulsed mode. 

RESULTS 

The development of biological cryo-UEM and experimental scheme
A  200-kV  biological  cryo-UEM  system  with  picosecond  stroboscopic  and

nanosecond  single-pulse  electron  mode  was  developed,  which  was  mainly
composed of an ultrafast laser system and a biological cryo-EM system inte-
grated  after  modification  (Figure  S1).  The  key  points  of  this  new  cryo-UEM
system included the modification of the cryo-EM electron source and sample
chamber,  the  precise  introduction  of  the  ultrafast  laser,  the  co-axis adjust-
ment in the pulsed mode, the search for the time-zero and ultrafast signals,
the precise monitoring and adjustment of the laser position, and the installa-
tion  and  debugging  of  the  direct  electron  detector.  The  cryo-UEM  could  be
used to study the ultrafast dynamic conformational  changes of photosensi-
tive proteins.  Here,  it  is mainly used to study the radiation damage behavior
of  soft  matter  represented  by  saturated  hydrocarbon  crystals  (C44H90)  (Text
S1) under time-modulated pulsed electron beams.

C44H90 monocrystals  were  prepared  using  the  drop-casting  method,
formed  flat  layers  on  carbon  films,  and  had  a  single-molecule-layer thick-

ness with a rhombic morphology (Figure 1). Diffraction patterns were inten-
tionally  defocused to prevent detector saturation.45 A dark current image for
the correction of diffraction intensity was taken by masking the sample with
shutter after each set of data was collected in both conventional continuous
and ultrafast  pulsed modes.  The fading curves and Ne values for  the C44H90

{110}  diffraction  spots  under  electron  radiation  were  statistically  analyzed
(Figure  1).  The Ne (critical electron  dose)  is  defined  as  the  cumulative  elec-
tron dose at which the diffraction intensity of the sample at given resolution
fades  to 1/e (~37%)  of  the  initial  value.50,51 This dose  determines  the  maxi-
mum electron dose that the sample can withstand without significant struc-
tural  degradation (at  the given resolution).  As a standardized parameter,  the
Ne has  been  widely  adopted  for  comparative  assessment  of  radiation
damage susceptibility across imaging modalities. For detailed definitions and
methodological explanations, see Text S2.

During the experiments, various problems such as the saturation of detec-
tor readings, the intensity drift of dark current images, the instability of pulsed
electron beams, and the temperature intolerance of samples in the cryo-UEM
system,  brought  difficulties  to  our  experimental  progress.  The  saturation  of
detector  readings  was  mainly  caused  by  the  focused  central  transmission
spot and diffraction spots being too “sharp”, resulting in the intensity of these
areas exceeding the detector reading range. This issue was solved by testing
the  defocus  conditions  required  for  the  detector  reading  to  be  unsaturated
before  data  collection (Figure  S2).  The intensity  drift  of  dark  current  images
meant  that  the  intensity  of  dark  current  images  (acquired  without  electron

 

Figure 2.  Electron radiation damage of C44H90 crystals in conventional continuous electron-beam mode and at different temperatures (300 K, 200 K and 140 K) (A) The fading
curves of diffraction intensity on C44H90 crystals measured at different electron dose rates at 300 K, which showed that the fading rate is independent of dose rate. (B) Ne values
obtained from the fading curves under different electron dose rates in (A). The Ne values do not change with increasing electron dose rates and have a value of 3.6 ± 0.1 e–/Å2

within the random error (standard deviation). (C-D) The fading curves of diffraction intensity measured at different dose rates at 200 K (C) and 140 K (D), with corresponding Ne
values of 5.8 ± 0.1 e–/Å2 and 9.8 ± 0.1 e–/Å2, respectively. The Ne values extracted from different fading curves in the figure, along with the average Ne values and standard devia-
tions obtained under each temperature, were systematically summarized in Table S1.
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radiation)  did  not  stabilize  around  zero  but  slowly  drifted  towards  negative
values over time. This was addressed by performing multiple corrections on
the  dark  current  image  for  its  drift  over  time  before  data  acquisition
(Figure S3).  Moreover,  to  avoid  noise interference from background scatter-
ing near the diffraction spots,  background signal  correction was also imple-
mented  (Figures  S4-S5).  The  instability  of  the  pulsed  electron  beams
presented two significant challenges: First, during pulsed data acquisition, the
intensity of the laser-excited pulsed electron beams would fade rapidly, losing
the  ability  to  perform  diffraction  imaging  of  the  sample.  This  issue  was
resolved through the installation of an additional ion pump near the filament
area and the adoption of a manually adjusted “photoexcitation-thermal exci-
tation-photoexcitation” experimental  strategy  (Figures  S6-9).  Second,  the
instability  of  pulsed electron beams also made it  impossible to directly read
the  electron  dose  acting  on  each  image.  To  address  this,  we  designed  an
experimental  and  calculation  method  that  used  Beer-Lambert’s  law48,49 to
obtain the average electron dose rate  acting on the last  image,  and iterated
forward  in  sequence  to  obtain  the  electron  dose  of  all  images.  During  the
experiment,  we also noticed that the degraded vacuum level in the modified
cryo-UEM  system  led  to  an  intolerance  of  samples  being  held  in  the  cryo-
UEM chamber to the low temperature of 100 K (Figure S10). By establishing a
monitoring method for the state of samples at different temperatures in cryo-
UEM, we finally confirmed that the lowest tolerable temperature for samples
within the cryo-UEM chamber was about 140 K (Figure S11). See the Materi-
als and Methods section for details. 

Radiation  damage  behavior  of  C44H90 crystals in  conventional  continu-
ous electron-beam mode

The  diffraction-intensity  fading  curves  of  C44H90 crystals  were  first
measured at room temperature (300 K) and in conventional continuous elec-
tron-beam  mode  (200  kV)  (Figures  2A & S12).  The  imaging  electron  dose
rates  were  controlled  by  modulating  the  cryo-UEM  filament  current.  After
each adjustment,  a  stabilization  period  was  necessary  to  ensure  the  equip-
ment reached  a  steady  state,  and  data  collection  commenced  upon  confir-
mation  of  the  stable  imaging  electron  dose  rates.  Experimental  results
revealed  that  across  a  range  of  imaging  electron  dose  rates  (6.72×10–5 to
1.00×10–2 e–/Å2/s),  the diffraction-intensity fading curves of the C44H90 crys-
tals were all essentially the same, exhibiting consistent decreasing trends and
curve  slopes.  The Ne values  obtained  from  the  fading  curves  of  diffraction
intensity at different dose rates were also statistically analyzed, and as shown
in Figure 2B and Table S1, the Ne values did not exhibit a correlation with the
electron dose rates, but remained constant at a value of 3.6 ± 0.1 e–/Å2 in the
conventional continuous electron-beam mode at 300 K.

Furthermore,  low-temperature  experiments  were  also  conducted.  Despite
the  increased  experimental  complexity,  the  related  experiments  have  the
following  advantages:  they  enable  both  a  lateral  analysis  of  the  diffraction-
intensity fading curves and the Ne values of samples across different modes
at the same temperature, as well as a longitudinal analysis of these parame-
ters in  the  same mode  at  different  temperatures.  This  can  not  only  investi-
gate the impact of temperature on the sample radiation damage under vari-
ous  modes,  but  also  provide  supporting  evidence  for  the  existence  or  non-
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Figure 3.  Electron radiation damage of  C44H90 crystals  in  ultrafast  multi-electron-packet  pulsed electron-beam mode at  different  temperatures (A-C)  The fading curves of
diffraction intensity in ultrafast multi-electron-packet pulsed mode at 300 K (A),  200 K (B) and 140 K (C),  with Ne values of 3.62 e–/Å2,  5.76 e–/Å2 and 9.62 e–/Å2.  (D) Ne-value
statistics of  C44H90 crystals obtained in multi-electron-packet  pulsed mode and conventional  continuous electron-beam mode at  different  temperatures,  among which the Ne
values in the continuous mode were derived from the average and standard deviation in Figure 2.
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existence of radiation-damage mitigation effect in the ultrafast pulsed mode.
At different electron dose rates in the range of 8.23×10–5 – 5.28×10–3 e–/Å2/s
and 8.23×10–5 – 1.89×10–2 e–/Å2/s,  the diffraction-intensity fading curves of
C44H90 crystals in the conventional continuous mode were measured at 200 K
and 140 K, respectively (Figures 2C-D). The experimental results showed that
the diffraction-intensity  fading curves of  C44H90 crystals  at  different  electron
dose  rates  were  also  essentially  the  same  at  200  K,  showing  the  same
decreasing trends and corresponding to  an Ne value  of  5.8  ±  0.1  e–/Å2.  The
fading curves  of  diffraction  intensity,  which  were  not  correlated  to  the  elec-
tron dose rates, were also observed at 140 K, corresponding to a Ne value of
9.8  ±  0.1  e–/Å2 (Table  S1).  These experimental  results  demonstrate  that  the
radiation  damage  of  C44H90 crystals  under  the  electron  beams  exhibits  no
dependence  on  the  imaging  electron  dose  rates,  but  only  a  correlation  with
the cumulative electron doses.

Moreover,  compared  to  those  at  300  K,  the  corresponding Ne values  of
C44H90 crystals at 200 K and 140 K were increased by about 1.61 (5.8 vs. 3.6)
and 2.72 times (9.8 vs. 3.6),  respectively  (Figure  2 & Table  1),  indicating the
mitigation effect of radiation damage in the samples at low temperatures. In
addition, we found that the fading curves of diffraction intensity at 200 K and
140 K showed a “first slow then fast” fading compared to those at 300 K. We
attributed  the “first  slow  then  fast” two-stage  form  of  fading  curves  to  the
“latent  dose” effect5,52 exhibited  by  the  samples  at  low temperatures:  at  low
temperatures, the molecular fragments were “frozen” and their diffusion rates
were suppressed. Only after reaching the latent dose, the stress generated in
the  crystals,  due  to  the  increasing  number  of  fragments,  would  lead  to  the

acceleration  of  the  diffusion  of  the  fragments  (due  to  the  cage  effect,53 the
molecular-diffusion  rates  were  still  lower  than  the  rates  at  room
temperature),  resulting  in  a  gradual  fading  of  the  diffraction  intensity.  We
believed  that  the  mitigation  effect  of  radiation  damage  at  low temperatures
was produced synergistically by the presence of latent dose and the decrease
in the diffusion rates of molecular fragments. 

Radiation damage behavior of C44H90 crystals in ultrafast pulsed electron-
beam mode (200 kHz)

Using  the  newly  established  experimental  strategy  and  data  processing
method  (Materials  and  Methods  section),  the  diffraction-intensity  fading
curves of C44H90 crystals in ultrafast pulsed electron-beam mode (laser repe-
tition  rate  of  200  kHz)  and  in  the  temperature  range  of  140 – 300  K  were
measured.  The temporal  modulation  of  the  imaging electron beams by  200
kHz  probe  laser  resulted  in  a  5  μs  time  interval  between  successive  pulsed
electron  packets,  to  allow  for  the  possible  potential  ground-state  recovery
and structural relaxation of samples. Figure 3 shows the experimental results
measured  in  the  ultrafast  multi-electron-packet  pulsed  mode,  where  the
number of electrons in each pulsed electron packet fluctuated between 1 and
8. More than three sets of data for each mode were measured independently
and compared with  the  experimental  results  in  the  conventional  continuous
electron-beam mode (Figure S13). It can be found that the diffraction-inten-
sity fading curves obtained at room temperature (300 K) were essentially the
same  for  the  multi-electron-packet  pulsed  mode  and  the  conventional
continuous mode. At 200 K and 140 K, similar results to those in the conven-
tional  continuous  mode  were  also  observed  in  the  ultrafast  multi-electron-

 

Figure 4.  Electron radiation damage of C44H90 crystals in ultrafast near-single-electron-packet pulsed electron-beam mode at different temperatures (A-C) The fading curves
of diffraction intensity in ultrafast near-single-electron-packet pulsed mode at 300 K (A), 200 K (B) and 140 K (C), with Ne values of 3.67 e–/Å2, 5.85 e–/Å2 and 10.04 e–/Å2. (D) Ne-
value  statistics  of  C44H90 crystals  obtained  in  near-single-electron-packet  pulsed  mode  and  conventional  continuous  electron-beam  mode  at  different  temperatures,  among
which the Ne values in the continuous mode were derived from the average and standard deviation in Figure 2.
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packet  pulsed  mode.  The Ne values  of  C44H90 crystals at  different  tempera-
tures  (300  K,  200  K  and  140  K)  and  different  imaging  modes  (conventional
continuous  and  multi-electron-packet pulsed  modes)  were  further  statisti-
cally  analyzed  (Table  1).  At  300  K,  the Ne values  of  C44H90 crystals  in  the
modes  of  conventional  continuous  and  multi-electron-packet  pulsed  were
about  3.6  e–/Å2 and  3.62  e–/Å2 respectively;  at  200  K,  the Ne values  were
about  5.8  e–/Å2 and  5.76  e–/Å2 respectively;  at  140  K,  the Ne values  were
about 9.8 e–/Å2 and 9.62 e–/Å2 respectively. These findings demonstrate that
the  multi-electron-packet  pulsed  imaging  mode  failed  to  mitigate  electron
radiation damage in C44H90 samples.

In recent years,  it  has been reported that the mitigation effect of radiation
damage in the ultrafast pulsed mode is related to the number of electrons per
pulse (controlled by the laser pulse power) at the laser repetition rate of 200
kHz.17 Therefore,  the  diffraction-intensity  fading  curves  of  C44H90 crystals  in
the near-single-electron-packet pulsed mode at temperatures of 300 K,  200
K, and 140 K were further measured (in this mode, the number of electrons in
each ultrafast  electron pulse was less than one (Figure S14),  and they were
also compared with the fading curves obtained in the conventional  continu-
ous electron-beam mode.  As shown in Figures 4 and S15,  the experimental
results showed that, whether at 300 K, 200 K, or 140 K, the diffraction-inten-
sity  fading  curves  of  the  samples  in  the  near-single-electron-packet  pulsed
mode were also essentially  the same as those obtained in  the conventional
continuous mode, with completely consistent curve shapes. The Ne values of
C44H90 crystals  in  the  near-single-electron-packet  pulsed  mode  and  the
conventional  continuous  mode  at  different  temperatures  were  also  further
statistically analyzed. At 300 K, the Ne values of C44H90 crystals in the modes

of conventional continuous and near-single-electron-packet pulsed were 3.6
e–/Å2 and 3.67 e–/Å2 respectively; at 200 K, the Ne values were 5.8 e–/Å2 and
5.85 e–/Å2 respectively; at 140 K, the Ne values were 9.8 e–/Å2 and 10.04 e–/Å2

respectively  (Table  1).  From  these  data,  once  again,  no  mitigation  effect  of
radiation damage was observed to occur. In order to verify the experimental
results,  we  repeated  the  test  more  than  three  times  for  each  mode.  These
experimental  results  indicated  that  the  ultrafast  pulsed-electron  imaging
method with time modulation did not seem to mitigate the electron radiation
damage  in  the  samples.  This  finding  is  consistent  with  the  experimental
conclusion of “the independence of radiation damage and Ne values on imag-
ing dose rates” obtained above. 

Experimental results at 100 kHz laser repetition rate and room tempera-
ture (300 K)

To investigate whether the mitigation effect of radiation damage would be
manifested  at  longer  time  intervals  between  pulsed-electron  packets
(controlled by the laser repetition rates), the diffraction-intensity fading curves
of  C44H90 crystals  at  300  K  and  in  pulsed  mode  were  measured  again  by
reducing the laser repetition rate from 200 kHz to 100 kHz. The 100 kHz laser
repetition rate corresponds to a temporal interval of 10 μs between succes-
sive  electron  pulses.  Compared  to  the  200  kHz  mode,  the  100  kHz  pulsed
mode  requires  longer  data  collection  time  and  lower  pulsed  electron  dose
rates. As shown in Figures 5 and S16, at 300 K the diffraction-intensity fading
curves  in  multi-electron-packet  and  near-single-electron-packet  pulsed
mode at 100 kHz were not different from the fading curves at 200 kHz,  and
the Ne values were 3.62 e–/Å2 and 3.58 e–/Å2, respectively. By statistical anal-
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Figure 5.  Electron radiation damage of C44H90 crystals at 100 kHz laser repetition rate and 300 K (A) The fading curves of diffraction intensity in ultrafast multi-electron-packet
pulsed mode, with a Ne value of 3.62 e–/Å2. (B) The fading curves of diffraction intensity in ultrafast near-single-electron-packet pulsed mode, with a Ne value of 3.58 e–/Å2. (C) Ne-
value statistics of C44H90 crystals obtained under different imaging modes and laser repetition rates at 300K.
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ysis  of Ne values  obtained  in  100  kHz  pulsed  mode,  200  kHz  pulsed  mode
and conventional continuous mode, it can be found that the Ne values under
the  three  experimental  conditions  were  basically  the  same  (Figure  5C  &
Table 1). These data showed that modulating the number of electrons in the
pulsed-electron  packet  and  the  time  intervals  between  the  pulsed  electron
packets did not affect the electron radiation damage in the samples. In other
words,  time-modulated  ultrafast  pulsed  imaging  did  not  appear  to  have  a
mitigation effect on radiation damage. 

CONCLUSIONS
In  conclusion,  we  constructed  a  cryo-UEM  device  based  on  an  ultrafast

laser system and investigated the radiation damage behavior of C44H90 crys-
tals under both conventional continuous and ultrafast pulsed electron beams.
Experimental results show that the diffraction-intensity fading curves and Ne

values of samples are not related to the imaging electron dose rates and do
not  show  any  dependence  on  the  dose-rate  effect.  As  the  temperature
decreased  (300  to  140  K),  the Ne values  of  the  samples  increased  by  2.72
times (3.6 to 9.8 e–/Å2), indicating a cryoprotective effect on radiation damage
to the samples.  At  the constant  temperature,  the diffraction-intensity  fading
curves and Ne values of the samples in both multi-electron-packet and near-
single-electron-packet  pulsed  modes  are  roughly  the  same  as  those  in
conventional continuous mode, even when the results are obtained at differ-
ent  pulsed  repetition  rates.  Our  experimental  results  suggest  that  the  time-
modulated pulsed electron beams do not seem to mitigate the electron radi-
ation  damage  occurred  on  samples,  which  is  consistent  with  the  views  of
Glaeser et  al.26 Such  results  indicate  that  ultrafast  pulsed  electron  imaging
with time modulation does not appear to be advantageous in developing into
an effective means to overcome the radiation-damage problem of samples in
cryo-EM  technology.  Our  findings  provide  new  insights  and  experimental
basis for the sample radiation damage under electron beams, offering guid-
ance  and  inspiration  for  elucidating  the  fundamental  principles  of  radiation
damage. 

DISCUSSIONS
The  dose-rate  effect  and  the  mitigation  effect  of  radiation  damage  in

pulsed imaging mode have long been controversial. Here, through long-term
and extensive  data  collection  and  repeated  verification,  we  have  carried  out
systematic  and  complete  measurements  of  the  diffraction-intensity  fading
curves  of  C44H90 crystals  under  different  experimental  conditions:  imaging
modes (conventional  continuous and ultrafast  pulsed),  temperatures (140 K
to 300 K), imaging dose rates (10–5 – 10–2 e–/Å2/s) and pulsed repetition rates
(200 kHz and 100 kHz), and obtained the corresponding Ne values (Table 1).
The  experimental  results  showed  that  the  electron  radiation  damage  of
C44H90 crystals  did  not  exhibit  a  correlation  with  the  imaging  electron  dose
rates, and no mitigation effect of radiation damage was observed in the ultra-
fast  pulsed  mode,  whether  at  room  temperature  or  at  low  temperature.  We
propose that the observed similarity in electron radiation damage caused by
time-modulated  ultrafast  pulsed  electron  beams  and  continuous  electron
beams may be attributed to the following factors:

(1) A single electron is sufficient to cause irreversible radiation damage to
samples,  such  as  bond  breakage.  In  the  recent  experimental  report,
Konieczny et  al.  designed  a  chemical  probe  for  free  radical-mediated  chain
reactions,  and  found  that  a  Dewar  benzene  crystal  underwent  up  to  90,000
reactions  per  incident  electron,  greatly  amplifying  the  ionization  effect  in
diffraction  mode.54 Moreover,  Isaacson et  al.  systematically  investigated the
interaction between  electrons  and  biomolecules  under  an  electron  micro-
scope  by  characterizing  the  changes  in  electron  energy  loss  spectra  and
electron  diffraction  patterns,  and  pointed  out  that  the  exponential  decrease
(just as shown in Figures S17) in the intensities of the energy-loss peak and
diffraction peak was consistent with the “single hit” model,55 i.e., the electron
radiation damage was produced by a single energy loss event rather than a
succession of events.56

(2) The radiation damage of samples is only affected by the energy density,
a  quantity  devoid  of  time  dimension.  In  many  books  on  X-ray  diffraction
physics,57,58 the  following  statements  and  related  rigorous  proofs  can  be
found: the diffraction of crystals arises from scattered photons, and the scat-
tering photons are exactly proportional to the energy density (photons/mm2),

which  has  no  time  dimension.  This  means  the  crystals  are  killed  by  energy
density  (cumulative  dose),  rather  than  time.59 Such statements  are  consis-
tent with the experimental results that the dose-rate effect does not exist, i.e.,
the crystal  quality obtained under the same cumulative dose is independent
of  the  speed  (electron  dose  rate)  of  the  applied  photons  (electrons).  On  the
other  hand,  as  the  oldest  and  most  explanatory  theory  of  the  radiation-
damage  curves,  the  hit  theory55 mentioned  in  (1)  first  applied  quantum
physics ideas  to  biological  problems.  It  is  based  on  two  physical  observa-
tions and one postulate: I, ionizing radiation transmits the energy in the form
of  discrete  packets.  II,  the  interactions  are  independent  of  each  other  and
follow a Poisson distribution. III, if a specified target has received a specified
number  of  hits,  the  response  under  investigation  will  occur.  It  is  clear  from
these statements that the hit theory, again, incorporates no time dimension.

(3)  Just  as  the  dependence  of  the Ne values  on  the  electron  dose  rates
(dose-rate effect) was not observed in our experimental results, time-depen-
dent cumulative effects,  such as thermal effects,  may contribute little to the
electron  radiation  damage,  implying  that  even  if  suitable  pulse  intervals  are
provided  to  allow  for  structural  relaxation  and  recovery  of  the  sample,  the
effect  on  the  sample  radiation  damage  is  negligible.  In  a  previous  study,
Thornburg et  al.  observed the warming of  samples under a 100 kV electron
beam by means of thin film thermocouples, and found that the temperature
rise of the samples under “typical” operating conditions was less than 10 K,
which  was  much  lower  than  the  empirical  values  previously  reported.  Even
under  extreme  beam  conditions  (100  μA),  the  temperature  of  the  samples
increased by only about 15 K.60

(4) If cumulative effects, such as thermal effects, predominate in the radia-
tion damage of saturated hydrocarbon samples, the mitigating effect of radi-
ation  damage  may  be  manifested  in  a  pulsed  electron  beam  with  suitable
time modulation.  However,  the  relaxation  and  recovery  of  radiation  damage
caused by thermal effects could not be accomplished within the time interval
of 200 kHz or 100 kHz pulses (based on our experimental results). In addition,
as  Glaeser  said,26 to a  first  approximation,  the  average  time  between  elec-
trons could be arranged to be the same whether the electrons were emitted
from a continuous source or a pulsed source. Simply reducing the intensity of
the  standard  continuous  source,  should  provide  a  long  enough  pause
between inelastic  scattering events to  allow for  the assumed thermal  relax-
ation  and  recovery.  It  means  that  if  there  is  a  radiation-damage  mitigation
effect  in  the  pulsed  electron-beam  mode,  then  the  mitigation  effect  should
also be observed in the continuous mode with low electron intensity, but this
is not the case.

(5)  The  radiation-damage  mechanism  of  samples  under  the  electron
beams is complex and may be affected by the synergistic effect of  multiple
damage  effects.  While  relevant  experimental  and  theoretical  reports  have
been emerging in recent decades, as Stenn and Bahr lamented in their early
reviews,61 we have to admit that we still  know very little about the radiation-
damage mechanism of samples due to the extremely complex cascade and
synergistic processes involved. Perhaps aside from the longitudinal cascade
responses that occur over time, there are also many lateral and cross-propa-
gating  cascade  responses  of  radiation  damage  to  the  sample  at  the  same
time. Given the difficulty of precisely monitoring the events occurring during
radiation damage to samples, it still  remains uncertain whether the intermit-
tent  cessation  of  the  electron  beams  on  the  microsecond  time  scale  could
lead to the mitigation or disappearance of damage effects such as chemical
bond breaking or free radical generation.

It  is  noteworthy  that,  with  the  comprehensive  advancement  of  relevant
software  and  hardware  in  recent  times,  the  issue  of  electron  radiation
damage  to  samples  has  emerged  as  a  significant  technical  bottleneck
hindering  the  further  enhancement  of  material-conformation characteriza-
tion  techniques  across  various  scientific  fields,  and  we hope  that  more  and
more  groups  will  join  in  the  systematic  study  of  the  electron  radiation
damage behavior  of  samples.  We believe that  it  is  meaningful  to reconsider
this  topic  now,  as  it  concerns  the  future  development  of  electron  imaging
technology in new application environments and a new round of “resolution
revolution”.  Here,  our research has opened up a new corner for the study of
sample  radiation  damage  under  electron  beams  and  the  integration  and
proposal  of  related  physical  mechanisms.  These  findings  underscore  the
intricate  nature  of  radiation  damage  processes  and  highlight  the  need  for
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further exploration  of  the  fundamental  principles  governing  damage  mitiga-
tion under different experimental conditions.

In  future  research,  leveraging  our  newly  developed  cryo-UEM  system,  we
will integrate advanced technical methods to establish a comprehensive TEM
imaging framework for observing biomolecular kinetics across femtosecond-
to-microsecond  timescales.  This  platform  will  enable  the  investigation  of
potential  intermediate  transition  states  in  photoexcited  photosensitive
proteins, providing detailed structural descriptions of ultrafast photochemical
events while elucidating their conformational pathways and molecular mech-
anisms.62 Unlike  X-ray  serial  crystallography,  cryo-UEM  has  significant
advantages  including  low  equipment  cost,  high  popularity,  requiring  only  a
small  amount  of  sample,  high  data  collection  efficiency,  mature  data
processing  technology,  and  the  potential  for in-situ real-space  imaging  of
amorphous samples, which is expected to advance the entire research field.
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