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Reported here are measurements of the penetration depth

and spatial distribution of photoelectron (PE) damage excited

by 18.6 keV X-ray photons in a lysozyme crystal with a vertical

submicrometre line-focus beam of 0.7 mm full-width half-

maximum (FWHM). The experimental results determined

that the penetration depth of PEs is 5 � 0.5 mm with a

monotonically decreasing spatial distribution shape, resulting

in mitigation of diffraction signal damage. This does not agree

with previous theoretical predication that the mitigation of

damage requires a peak of damage outside the focus. A new

improved calculation provides some qualitative agreement

with the experimental results, but significant errors still

remain. The mitigation of radiation damage by line focusing

was measured experimentally by comparing the damage in the

X-ray-irradiated regions of the submicrometre focus with the

large-beam case under conditions of equal exposure and equal

volumes of the protein crystal, and a mitigation factor of

4.4 � 0.4 was determined. The mitigation of radiation damage

is caused by spatial separation of the dominant PE radiation-

damage component from the crystal region of the line-focus

beam that contributes the diffraction signal. The diffraction

signal is generated by coherent scattering of incident X-rays

(which introduces no damage), while the overwhelming

proportion of damage is caused by PE emission as X-ray

photons are absorbed.
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1. Introduction

Radiation damage is a limiting factor in macromolecular

crystallography because it constrains various aspects of X-ray

diffraction experiments (obtaining complete data sets from

small crystals, for large macromolecular assemblies and for

weakly diffracting crystals and for structure phasing, as well as

impacting the chemical interpretation of the structure). It also

limits the use of continuously improving synchrotron sources

in biological research. A practical method to mitigate it would

benefit structural biology and help to better utilize synchro-

tron radiation in biological research. A number of approaches

have been proposed and tried (De la Mora et al., 2011;

Warkentin et al., 2013; Borek et al., 2010; Bourenkov & Popov,

2010; Finfrock et al., 2010; Garman & Weik, 2011; Kmetko et

al., 2011; Sanishvili et al., 2011). One of the strategies is based

on a method suggested by Nave & Hill (2005), namely to

separate in space the crystal volume where the diffraction

signal originates from the crystal volume where radiation

damage occurs as much as possible. This is feasible since the

dominant primary radiation damage is caused by photoelec-

trons (PEs) emitted by absorption of the X-rays and it is

believed that their damage is typically distributed over

micrometre distances at the X-ray energies used in structure

http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lv5032&bbid=BB35
http://crossmark.crossref.org/dialog/?doi=10.1107/S0907444913009335&domain=pdf&date_stamp=2013-07-17


determination and accessible at synchrotrons. Since X-rays

from synchrotron sources are typically polarized horizontally

and the PEs are preferentially emitted along this direction,

the most efficient way to separate their damage is by focusing

X-rays to submicrometre vertical line focuses (Stern et al.,

2009; Finfrock et al., 2010). We have previously reported, using

a 2.3 mm (FWHM) line-focus beam, that the PEs generated in

lysozyme crystals by 18.6 keV X-rays travel 1.5 mm on average

(Finfrock et al., 2010). This experiment was limited by the

precision of the mechanical drive, the dimensions of the line-

focus beam and assumptions about the experimental condi-

tions. To estimate PE travel we resorted to a correction

procedure. We applied a devolution that assumed a para-

meterized shape of the PE spatial damage distribution

(Finfrock et al., 2010). The values of the parameters were

determined by the best fit to the measured data. Using this

approach we were able to fit the experimental data reasonably

well, but it resulted in underestimation of the PE penetration

depth. Here, we report more accurate experiments with a

high-precision mechanical system and a submicrometre-width

line-focus X-ray beam. Our new measurements have the

resolution to directly measure the spatial damage distribution

and have substantially improved the estimated PE penetration

depth and spatial damage distribution in protein crystals.

2. Experimental

Measurements were performed at the Structural Biology

Center (SBC) on the 19-ID beamline at the Advanced Photon

Source. The sample investigated was a large (100 � 200 �

700 mm) tetragonal lysozyme crystal (space group P43212,

unit-cell parameters a = b = 78.87, c = 36.84 Å) (reference

structure PDB entry 1lz8; Dauter et al., 1999) using 18.6 keV

X-rays with a single refractive line-focus lens transmitting

a flux of 2.7 � 109 photons s�1. The crystal contained 41%

solvent including 6.0%(w/v) NaCl. The protein crystal was

cryocooled with liquid nitrogen and for all data-collection

experiments it was kept in a dry nitrogen-gas stream at 100 K.

The crystal was illuminated with X-rays in two steps: a short

‘probing’ data set followed by longer exposed ‘damage’ data

set distributed over the same crystal volume. Diffraction

patterns were recorded on an ADSC Quantum 315r CCD

detector while the sample crystal was kept in a 100 K cryo-

stream flow. The sample-to-detector distance was 250 mm. The

crystal diffracted to atomic resolution with a high signal-to-

background ratio. Data were processed and scaled with HKL-

3000 (Minor et al., 2006).

The line-focus lens was fabricated in a [100] single-crystal

silicon wafer using microfabrication techniques (Evans-

Lutterodt et al., 2003). The lens opening is 34 mm and is about

2 mm long with an elliptical profile etched down perpendicular

to the [100] face to a depth of �100 mm. The 100 mm depth

produces the length of the line focus. Owing to imperfections

in the etching process, it is best to avoid using the top and the

bottom of the lens vertical line focus. To compensate for

beamline optics imperfections, a 12.5 mm horizontal by 10 mm

vertical slit was placed about 1 m upstream to act as the new

X-ray source. The refractive lens is designed to produce a

submicrometre line-focus mini-beam with a 60 mm focal

length at 18.6 keV X-ray energy. The alignment of the lens is

very sensitive to the vertical rotation axis perpendicular to the

X-ray beam, requiring an adjustment within a resolution of

�0.005� to attain the best focus.

The focused beam profile was characterized with a 30 nm

‘thin wire’ consisting of a 70 mm wide and 30 nm thick Cr

evaporated layer on an elevated ‘wall’ etched on a silicon

wafer and stepping its 30 nm thick layer through the focus with

a piezoelectric linear drive at a resolution of about 20 nm per

step. An NaI (Tl) scintillation detector was used to measure

the Cr fluorescence signal. The measured focused beam profile

had an FWHM of 0.70 � 0.05 mm and was 70 mm tall.

3. Measurements and results

3.1. Spatial dependence of PE damage

The standard definition of X-ray dose, as usually calculated

using the RADDOSE program (Paithankar & Garman, 2010),

is not used here since it is not appropriate when mitigation is

present, which makes the damage dependent on both dose and

mitigation. A different definition is used that is appropriate

when mitigation is present: X-ray dose is defined as the total

number of X-ray photons incident during exposure of the

diffracting crystal volume. The X-ray dose was calculated

based on X-ray flux measurements in prior experiments using

a dry-nitrogen-filled ionization chamber of active length
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Figure 1
Plots of the measured lens focus profile (black open circles), the spatially
dependent damage (red dots) and its fit (red line), the deconvoluted
spatially dependent damage (blue dashed line) and the spatially
dependent data with the probing damage removed (green short/long
dashed line).



100 mm as described previously (Rosenbaum et al., 2006) and

corrected for the decline in synchrotron current.

There are two steps in spatially dependent damage

measurement using the line-focus lens. Firstly, a probing data

set was collected from a fresh crystal with 1.5 s exposure time

per image and 0.5� oscillation over a 4� angle range: a dose of

12 s exposure. The crystal was damaged with a dose of expo-

sure time 200 s and the crystal was probed again. After initial

probing, the damage/probe sequence was repeated three times

for a total dose exposure of 648 s (a total dose of 1.75 �

1012 photons). The damage X-ray exposure was thus 54 times

that of a single probe. We used the relative B factor between

data sets as a measure of the global radiation damage to the

protein crystal (Garman, 2010; Holton, 2009; Kmetko et al.,

2006, 2011; Warkentin et al., 2011). The relative B factor is

proportional to the change in the isotropic mean-squared

atomic displacements �(u2) = B/8�2. The �(u2) decreases the

intensity of the Bragg spots by the Debye–Waller factor of

exp(�B/4rj
2) in the rj resolution shell. The total damage was in

the linear range in which the damage measured, as an increase

in the relative B factor between the data sets, remained

proportional to the X-ray dose as determined by our threefold

initial damaging and probing sequence and also agrees with

Holton (2009). Afterwards, the sample was moved away

relative to the damaged crystal volume to probe the spatial

dependence of global radiation damage outside the initial

highly damaged region. The step size was 0.5 mm from 0 to

3 mm, followed by 1 mm steps from 3 to 10 mm.

Fig. 1 plots the measured focused beam profile together

with the measured spatially dependent global damage induced

by the initial X-ray dose within the beam profile. The beam

profile is calibrated to the B-factor scale by setting the maxima

of both the profile and the B factor at the same point because

of the linear relation between B factor and dose. The spatial

dependence of both the extent and the intensity of the X-ray

dose within the focus shapes the profile. In addition, the

deconvolution of the spatial damage is plotted, which corrects

for the finite width of the focus and for the small cumulative

damage caused by probing, thus displaying the spatial damage

produced by a line focus of delta-function width. Note that the

damage caused by PEs extends beyond the irradiated region

by about 5 mm or so. This is called the PE penetration depth.

However, there is no sharp cutoff of the damage as a function

of distance, adding some uncertainty to the PE penetration

depth.

3.2. Mitigation of PE damage

The amount of structural information that can be obtained

from a given crystal is limited by radiation damage. A measure

of the amount of structural information obtained in an

experiment is the diffraction signal, namely the number of

diffracted photons, which is proportional to the X-ray dose.

The object of using a focused X-ray beam is to mitigate the

damage and thus increase the amount of structural informa-

tion that can be obtained from a given crystal.

Note from Fig. 1 that in a focused-beam experiment much

of the damage takes place outside the irradiated region.

However, the fact that the crystal has been damaged means

that limited further information can be obtained from it. Thus,

the region of damage contains both the irradiated region (the

beam profile) and the PE-damaged region outside the beam

profile. However, only the damage in the X-ray-irradiated

region within the beam profile degrades the diffraction signal.

The mitigation of radiation damage is defined as the ratio

between the damage sustained by a sample irradiated with

focused submicrometre and large beams of the same X-ray

dose per unit volume. The focused-beam measurements were

performed using the lens apparatus and 12.5 mm slits located

upstream. The beam height was determined by a vertical slit,

the height of which was adjusted to optimize the sharpness of

the focus. For the large-beam measurements the lens appa-

ratus and the 12.5 mm upstream slits were removed and the

beam was shaped by a horizontal slit and the same vertical slit.

The large-beam shape was measured using a 25 mm tungsten

wire and was found to be 70 mm high and 100 mm wide. Thus,

the damaged volume in the large-beam case was 70 � 100 �

300 mm (300 mm being the crystal thickness).

The damaged volume in the focused-beam experiment was

then 70 mm � 300 mm � the width of the damaged region. For

a single line focus the width of the damaged region is the

5 � 0.5 mm PE penetration depth. The lysozyme diffraction

data collection was performed using a fresh portion of the

same crystal and using the same experimental procedure as for

the focused case except that the exposure time and total

photon flux were different. The total absorbed dose is about

5.3 � 106 Gy in the focused case (as calculated using

RADDOSE Version 2.20; Paithankar & Garman, 2010). The

experimental details are shown in Table 1.

To compare global damage of the two cases requires scaling

the line-focused beam case to cover the same crystal area as

the large-beam case and for both to be irradiated with the

same X-ray dose (ion-chamber current). The ion-chamber

current measures the flux of X-rays incident on the sample.

The ion chamber was calibrated previously. The dose per unit

volume (DL) for an unfocused experiment is given by

DL ¼ FluxL=VolL ¼ 0:0064=ð70� 100� 300Þ ¼ 3:05� 10�9:

ð1Þ

Since the damage decreases approximately linearly, outside

the profile two neighboring line focuses about 5 � 0.5 mm

apart would approximately fully damage the region between

them. Only half of each line focus contributes to the damaged

sample region between them. Thus, the damaged region per
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Table 1
Focused and unfocused experimental details.

Experiment
Ion-chamber
current (A)

Sample dimensions
(mm)

Time of
exposure (s)

Relative B
factor (Å2)

Large beam 0.0064 (FluxL) 70 � 100 � 300
(VolL)

432.8 (TL) 0.22 (BL)

Focused 0.0018 (FluxF) 70 � (5 � 0.5) � 300
(VolF)

648 (TF) 0.42 (BF)



line focus is the region between, namely 5� 70� 300 mm. The

dose per unit volume (DF) for a focused experiment is

DF ¼ FluxF=VolF ¼ 0:0018=½70� ð5� 0:5Þ � 300�

¼ 1:71� 10�8: ð2Þ

The flux correction factor (F) is given by

F ¼ DF=DL ¼ 1:71� 10�8=3:05� 10�9
¼ 5:61: ð3Þ

The exposure-time correction factor T for the X-ray doses is

given by

T ¼ TF=TL ¼ 648=432:8 ¼ 1:50: ð4Þ

Correcting the unfocused experiment B factor to the same

X-ray dose as the focused experiment,

Blargebeam ¼ BL � F � T ¼ 0:22� 5:61� 1:50 ¼ 1:85;

Bfocused ¼ 0:42: ð5Þ

Therefore, the mitigation factor with the line-focused beam is

Blargebeam=Bfocused ¼ 4:4� 0:4: ð6Þ

3.3. Assessing site radiation damage with a line-focus beam

To assess the site radiation damage, three complete atomic

resolution data sets were collected from three fresh sectors

of a lysozyme crystal separated by 20 mm at 18.6 keV using

a different line-focus beam with a profile of FWHM 1.09 �

0.07 mm and a height of 70 mm. This beam had a mitigation

factor of 2.5. The vertical height of the crystal was smaller than

that of the X-ray beam (50 � 100 � 200 mm) and was aligned

so that no fresh crystal was exposed to the line beam during

data collection. The exposure times were 3 s deg�1 for data set

A, 6 s deg�1 for data set B and 10 s deg�1 for data set C, with

1.0–0.5� oscillation over a 90� angle range. The total X-ray

dose for each data set was 6.7 � 1011 photons for data set A,

1.32 � 1012 photons for data set B and 2.17 � 1012 photons for

data set C. The intensities were integrated and scaled with the

HKL-3000 program suite (Table 2; Minor et al., 2006). Struc-

tures were initially refined using phenix.refine (Afonine et al.,

2012). Further model building to complete the structure was

performed manually using Coot (Emsley & Cowtan, 2004).

The final refinement was carried out with PHENIX (Table 2).

The structures were refined to 1.40, 1.30 and 1.20 Å reso-

lution for data sets A, B and C, respectively. There are four

disulfide bridges in lysozyme and they are easily observed at

atomic resolution. The disulfide bridges are good indicators of

damage because the S atoms have the highest X-ray absorp-

tion and scattering cross-section in the structure. It has been

reported by a number of investigators that these bridges

deteriorate quite readily in lysozyme crystals upon radiation

damage (Weik et al., 2000; Shimizu et al., 2007; Wang et al.,
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Table 2
Data-collection and structure-refinement statistics.

Values in parentheses are for the highest resolution shell.

A B C

Space group P43212 P43212 P43212
Unit-cell parameters (Å) a = b = 78.92,

c = 36.87
a = b = 78.96,

c = 36.88
a = b = 79.02,

c = 36.91
Wavelength (Å) 0.6666 0.6666 0.6666
Resolution (Å) 27.91–1.40 27.92–1.30 27.94–1.20
Observed reflections 166458 207860 248889
Unique reflections 23590 29301 37196
Rmerge† 0.080 0.068 0.067
Completeness (%) 99.3 (97.2) 99.2 (96.2) 99.0 (99.8)
Multiplicity 7.1 7.2 6.8
hIi/h�(I)i 20.3 (2.6) 25.6 (3.2) 25.8 (2.7)
Phasing method MR MR MR
Rcryst/Rfree‡ 0.130/0.163 0.127/0.158 0.136/0.152
Solvent molecules 175 175 175
R.m.s. deviations

Bond lengths (Å) 0.005 0.015 0.008
Bond angles (�) 0.984 1.518 1.211

Average B factor (Å2) 12.84 12.50 12.31
Ramachandran plot, residues in (%)

Most favored regions 99.3 99.3 99.3
Additionally allowed regions 0.7 0.7 0.7

PDB code 4htq 4htn 4htk

† Rmerge =
P

hkl

P
i jIiðhklÞ � hIðhklÞij=

P
hkl

P
i IiðhklÞ, where Ii(hkl) is the intensity of

the ith observation of reflection hkl. ‡ R =
P

hkl

�
�jFobsj � jFcalcj

�
�=
P

hkl jFobsj for all
reflections, where Fobs and Fcalc are observed and calculated structure factors,
respectively. Rfree is calculated analogously for the test reflections, which were randomly
selected and excluded from refinement.

Figure 2
Electron-density maps (2Fo � Fc, blue; Fo � Fc, green for positive and red for negative density) contoured at 3� for the region near the Cys30–Cys115
disulfide bridge in three lysozyme structures determined from the data obtained with a line-focus beam at three different doses. This is the disulfide
bridge with the most visible damage in data set C. The total dose of X-ray photons is shown for each data set.



2007; Cianci et al., 2008; Carpentier et al., 2010; Petrova et al.,

2010; Borek et al., 2010). The integrity of the lysozyme disul-

fide bridges was inspected. Fig. 2 shows electron-density maps

for the Cys30–Cys115 disulfide bridges of three lysozyme

structures determined at three different X-ray doses. This

disulfide bridge shows the most visible damage in data set C.

The highest absorbed dose (5.3 � 106 Gy for data set C;

calculated with RADDOSE, which overestimates the dose by

the mitigation factor of 2.5 owing to the escape of PEs) was

similar to the dose that the crystal received during our damage

experiment and it corresponds to approximately one quarter

of the Henderson limit (Henderson, 1990). The middle dose

(3.18 � 106 Gy, data set B) corresponds to approximately one

sixth and the lowest dose (1.59 � 106 Gy, data set A) was

approximately one twelfth of the Henderson limit. Again, the

actual dose is overestimated by the mitigation factor of 2.5. In

all three cases the disulfide bridge is intact, with some residual

positive electron density indicating that some damage is only

observed at the highest dose. Similar behavior is observed for

all four disulfide bridges. The occupancy of the S atoms refines

to 1, with very comparable B factors (7.02–13.84 Å2) for all

atoms and data sets. It has been reported previously that in

lysozyme visible radiation damage to disulfide bridges occurs

at doses corresponding to one tenth of the Henderson limit

(Weik et al., 2000; Shimizu et al., 2007; Cianci et al., 2008;

Carpentier et al., 2010). The damage rates are different for all

four disulfide bridges and are independent of wavelength.

Specific damage to the Cys30–Cys115 disulfide bridge has also

been reported (Weik et al., 2000; Shimizu et al., 2007; Cianci

et al., 2008; Carpentier et al., 2010). Similar results at atomic

resolution have been reported previously for elastase crystals.

Significant damage was observed at low doses and when the

dose reached the Henderson limit, damage to the disulfide

bridges resulted, with the occupancies of sulfur varying from

0.75 to 0.34 (average occupancy of 0.60; Petrova et al., 2010).

When the dose was increased further, the occupancy values

remained almost unchanged. It has also been reported that

at low doses radiation damage is linear with dose (Teng &

Moffat, 2002; Sliz et al., 2003; Kmetko et al., 2006; Bourenkov

& Popov, 2010; Borek et al., 2010, Finfrock et al., 2010). For

lysozyme data collected with a line focus we observe S-atom

occupancies of 1, suggesting no damage. Difference electron-

density maps showed no damage to disulfide bridges Cys6–

Cys127 and Cys64–Cys80, although some residual damage was

indicated in data set C for Cys30–Cys115 and Cys76–Cys94.

4. Discussion

4.1. PE emission

For a given photon energy, the structural information

(diffraction signal) obtained is proportional to the X-ray dose.

It is generally assumed that the total amount of damage is

proportional to the total amount of energy deposited in the

crystal. However, with submicrometre focusing a new

phenomenon appears of PE-dependent damage occurring in

regions that do not contribute to the diffraction signal, giving a

spatial separation between the two. It is this separation that

allows the large mitigation factor of �4.

In Fig. 1 the separation is visible as the damage occurs

outside the beam profile that is depositing the X-ray dose.

Fig. 1 shows the measurement of relative B factors on the

right-hand side of the X-ray beam profile. However, the

damage is observed symmetrically on both sides of the beam

profile (data not shown). The total damage on the right

(positive) side (the volume outside the beam profile plus the

volume on the positive side of the profile) is determined by the

X-ray dose. However, the damage on the positive side of the

profile is only about one quarter of the total damage, while

when considering a larger beam case (>50 mm) essentially all

of the damage is contained within the irradiated volume and

deteriorates the X-ray signal. The use of a submicrometre line-

focus beam leads to mitigation of the radiation damage. In

general, the mitigation factor is given by the ratio of the total

damage area (profile plus PE exterior) divided by the profile

area. The total area is determined by the X-ray dose, while the

profile is determined by the lens. With a good lens the profile is

Gaussian and can be characterized by its FWHM. For a given

X-ray dose and energy the mitigation varies as (FWHM)�1.

4.2. Spatial damage distribution

We were at first surprised by the shape of the spatial

damage distribution since we did not expect a monotonically

decreasing shape. Our reasoning was that the damage should

initially increase with distance as the PEs slow down and their

stopping power (PE energy loss per unit distance) increases,

i.e. the interaction of the PEs with the protein electrons

initially increases and then drops as the PEs lose their energy

to the environment (Stern et al., 2009).

To understand the shape of the spatial damage distribution

requires a more complete analysis of the physics involved.

Synchrotron radiation is strongly polarized in the horizontal

direction. When an X-ray photon of the energies employed in

macromolecular crystallography is absorbed by a low-Z atom

such as C, N or O, the emitted PE has an initial angular

distribution approximately proportional to cos2�d�, where

d� is the unit solid angle proportional to sin�d� (Finfrock et

al., 2010). Thus, the angular distribution is�cos2�sin�d� and is

independent of ’. Here, � is the initial emission angle between

the PE and the polarization directions and ’ is the azimuthal

angle. The PE initial emission distribution has its maximum at

� = 35.3�, resulting in a preference for PE emission along the

X-ray polarization direction (Finfrock et al., 2010).

After emission, the PE begins scattering from its initial

direction as it interacts with the surrounding protein and

solvent atoms in the crystal. Because the line-focus beam

illuminates a planar sheet through the crystal, by symmetry

the only variable is the component of the PE path along the

polarization direction perpendicular to the sheet. The scat-

tering randomly spreads out the PE path about its initial

direction.

A program that includes scattering effects for a given initial

direction by a Monte Carlo procedure is CASINO (Hovington
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& Drouin, 1997), and it has been applied to our case with a

modification to allow integration over all initial PE directions.

We simulated the energy-loss distribution for a cubic sample

with a side length of 20 mm using 100 000 electrons and a

stoichiometry taken from our lysozyme sample including

6%(w/v) NaCl. The electron beam was set to 0.1 mm in

diameter with an initial energy of 17.35 keV. The physical

models used were as follows. The elastic scattering used data

based on ELSEPA calculations (Salvat et al., 2005). Inelastic

scattering was taken into account using an empirical formula

for the stopping power (Joy & Luo, 1989) which is based on a

modified Bethe approximation suitable for low-energy elec-

trons. Finally, the distribution was calculated by integrating

over the initial angle of the photoelectron with the correct

angular weighting.

Fig. 3 shows the results of the CASINO calculation inte-

grated over a solid angle with cos2�sin� weighting along with

the experimental results. There is appreciable signal near x = 0

coming from electrons initially carrying negative x (where

x is a unit vector along the X-ray polarization direction)

momentum. The measured curve has a small cumulative

probing damage. Its effect is visible at the longer distances

where the damage levels off above zero. In both the CASINO

calculation and during crystal structure measurements damage

caused by probing is not present. Thus, we show the damage

after removing the probing damage in both Figs. 1 and 3. The

CASINO calculation is normalized to have the same area as

the experiment so as to calibrate it to the experiment X-ray

dose. Note that there is a large discrepancy remaining between

CASINO theory and measurements. We have tried to under-

stand what could cause this discrepancy but have failed to do

so. The fact is that CASINO has only qualitative agreement

with experiment and thus the theoretical approximations are

not quantitatively adequate.

As discussed in x3.2, the damage in the larger beam case is

about four times that of the focused case even though both

were exposed to the same X-ray dose per unit volume. This

experimental result shows that the submicrometre focused

beam is significantly less damaging to the crystal than the

larger beam because of the new phenomenon of spatial

separation between X-ray dose damage and PE damage.

A recent publication (Sanishvili et al., 2011) provided

evidence that micrometre point focusing of X-rays also

reduces radiation damage in the irradiation region and has

a similar monotonic decrease in the spatial distribution of

damage. Our paper discusses the use of submicrometre line

focusing, which has advantages over point focusing for fabri-

cating a practical device to mitigate radiation damage and can

readily increase the irradiated crystal volume when multi-line

lenses are considered (Finfrock et al., 2010; see x5).

5. Design considerations to mitigate damage

Fig. 3 shows that the PE damage at 18.6 keV is contained

within 5 mm of the X-ray beam center (and is symmetrically

distributed on both sides). Since there is no sharp drop in the

PE damage distribution but only a gradual one, there is some

uncertainty as to the value that should be assigned to the PE

penetration depth. The gradual ending of the PE damage

distribution is a result of Monte Carlo scattering of the PEs. In

order to collect all of the diffraction information from a given

sample it is essential to maximize the volume of an undamaged

crystal that can be irradiated with X-rays and contribute to

the diffraction signal and maximize PE escape. The optimum

spacing is of the order of the PE penetration depth. Unfor-

tunately, using current technology it is not possible to fabricate

such an array, which requires etching the lens shape perpen-

dicular to the surface of a silicon wafer to a depth of the order

of 100 mm. An alternative solution is proposed to fabricate an

array of 4–10 lenses separated by �25 mm and to cover the

regions between the lenses by moving the array horizontally in

steps of �5 mm. If the height is greater than that of the line

focus its height can be moved vertically as necessary to cover

the remaining fresh areas.

6. Summary and conclusions

In summary, we find that the use of a submicrometre line-focus

lens provides a radiation-damage mitigation factor of greater

than 4, i.e. the damage in the irradiated region on focusing is

less than 25% of that in the large-beam case with the same

X-ray dose, diffraction signal and damaged crystal volume.

This effect is explained as a separation of the damage in space

between the region of the diffraction signal and PE damage

outside that region, as first suggested by Nave & Hill (2005).

A vertical line focus has several advantages. It most effi-

ciently directs the emitted PEs outside the irradiated region,
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Figure 3
Results of the CASINO calculation integrated over a solid angle (black
dashed line) compared with the experimental results (red dotted line),
the fitted curve (red line) and the fitted curve corrected for damage
caused by probing (blue dotted/dashed line) which is not present when
the damage is initially deposited.



minimizing damage and the degradation of the diffraction

signal. Also, the line-focus beam more efficiently utilizes the

crystal volume. By horizontally stepping a single or an array of

line beams by an appropriate distance of the order of the PE

penetration depth, a large volume of a crystal can be exposed

under mitigation conditions. In principle, this approach allows

four times more diffraction information to be collected from

the crystal compared with the large-beam case. The line-focus

PE damage distribution is in only the polarization direction,

allowing an accurate measurement of its spatial dependence

for the first time. This permitted a comparison with the

CASINO program (Drouin et al., 2007), exposing inadequacy

in the theoretical foundation of the program (see Fig. 3). The

measured spatial damage varies monotonically without any

peak (Fig. 3).

Finally, we have shown that submicrometre line focusing

can be used to collect high-quality atomic resolution data from

protein crystals with significantly reduced radiation damage.

This approach will be very useful in macromolecular crystallo-

graphy, particularly with radiation-sensitive macromolecular

crystals such as membrane proteins and macromolecular

assemblies, as discussed in x1. Our experiments suggest that it

is feasible, although technically challenging, to fabricate the

arrays of lenses and to align them.
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