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Abstract8

The transverse beam emittance is a crucial parameter determining the brightness9

of an electron storage ring based synchrotron radiation source. The beam emittance10

is typically determined using the transverse electron beam size and the beta function11

at a particular location. For a low energy storage ring, the direct imaging method12

using visible/UV light has many advantages, including being simple, straightforward,13

and cost-effective. The resolution of such a system can be quite adequate for measuring14

electron beams with a reasonably large transverse beam size. In this work, we present15

the development of a new transverse beam profile measurement system for the Duke16

storage ring. This new system has been characterized to allow absolute measurements of17

the electron beam size while achieving better system resolution than previously thought18

possible for the direct imaging technique. The preliminary measurement results show19

that this system is capable of measuring the horizontal beam size over a wide range of20

the electron beam energies and currents. The system has also been demonstrated as a21

useful tool to study the intra-beam scattering related emittance increase in the storage22

ring.23
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1. Introduction25

The transverse beam emittance is a crucial parameter for the brightness of an elec-26

tron storage ring based synchrotron radiation source. The beam emittance is typically27

determined using the transverse electron beam size and the beta function at a particu-28

lar location [1, 2]. To measure the beam size, synchrotron radiation (SR) is commonly29

used due to its non-invasive nature. Several techniques to measure the beam size were30

developed for a variety of storage rings [3, 4, 5, 6], such as imaging using an X-ray31

pinhole camera, SR interferometry imaging using visible light, and direct imaging using32

the visible/UV spectrum of SR. Using the short wavelength light (X-ray), X-ray pinhole33
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imaging can achieve good resolution [7, 8], but at a high cost. Utilizing spatial coherence34

of synchrotron radiation, the SR interferometry imaging can have even better resolution35

[9, 10], but this method only provides indirect measurements with a relatively complex36

setup. For a storage ring with a low electron beam energy (typically less than 1 GeV),37

X-ray pinhole technique is not applicable due to the lack of substantial X-ray radiation38

from the dipole magnet. In order to measure electron beam size, the imaging technique39

using visible/UV light is the only direct method for a low energy electron storage ring,40

and it has an advantage of being simple, straightforward, and cost-effective.41

The resolution of such a system is mainly limited by the diffraction effect of the light.42

By implementing procedures to minimize various contributing factors to the system res-43

olution, e.g. optimizing the aperture size, systematically determining the focal point44

location and calibrating the focal length of the lens, we have developed a new direct45

imaging beam profile measurement system with a resolution about 30 µm in the hori-46

zontal direction. In the vertical direction, the resolution of the measurement system is47

limited by both the aperture and the natural opening angle of the synchrotron radiation.48

For example, for a 1 GeV electron beam in a 1.6 T magnetic field, the vertical root-mean-49

square (rms) opening angle of its synchrotron radiation is about 2.5 mrad in the visible50

and UV light region. Using a vertical aperture whose opening angle is larger than this51

natural opening angle will not help to improve the system resolution that is contributed52

from the diffraction effect. When optimized such a system can be quite adequate for53

measuring the horizontal beam size of the electron beam in many low energy storage54

rings [11, 12, 13], including the Duke storage ring.55

The Duke storage ring is a dedicated electron beam driver for the Duke Free-Electron56

Lasers (FELs) [14] and the High Intensity Gamma-ray Source (HIGS) [15]. With great57

flexibility in energy tuning from 240 MeV to 1.2 GeV [16], the Duke storage ring provides58

a high-quality, low-emittance electron beam (18 nm·rad at 1 GeV [17]) for a variety of59

scientific research programs [18, 19, 20, 21, 22]. In the Duke storage ring, the transverse60

profile of the electron beam was measured using the SR imaging method. Developed in61

the early days of the storage ring project, this low-cost measurement system was not62

fully characterized nor optimized. For example, it utilized the visible spectrum of the SR63

from a dipole magnet, employed a simple round aperture without a reading scale, and64

used an uncalibrated focusing lens, which resulted in a large uncertainty in the system’s65

overall magnification. While being useful in measuring the electron beam emittance at66

higher energies (as firstly demonstrated by measuring the electron beam emittance at67

1 GeV [23]), the spatial resolution of this system was rather limited due to the lack of68

optimization.69

Based upon the same physical principles, we have recently developed a new transverse70

beam profile measurement system to significantly improve the system resolution and71

accuracy. We have chosen to use the narrow band UV (around 340 nm) light for this72

measurement system. Compared to the commonly used visible light, using the UV light73

reduces the diffraction effects of the optical system, which helps improve the system74

resolution. Meanwhile, the conventional optics still can be used. This new system has75

been used successfully in measuring the horizontal beam size of the electron beam over76

a wide range of the electron energies and beam currents. The results of the system77

development and preliminary beam size measurements are reported in this work.78

In the following sections, we first describe the overall setup of the beam profile mea-79

surement system and the related calibration of several critical components in the system80
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(see Sec. 2). In Sec. 3, we report the development to optimize the performance of the81

system, in particular, the choice of an appropriate aperture size to minimize the diffrac-82

tion effect. In this section, we also discuss the limitation of the system when used to83

measure the much smaller vertical beam size. In Sec. 4, preliminary results of horizontal84

beam size measurements are described.85

2. Characterization of the system86

In this section, we will first describe the overall layout of the transverse beam profile87

measurement system, followed by reporting the detailed characterization results of two88

critical components of the system: (1) the focal lens and (2) the CCD camera.89

2.1. Transverse beam profile measurement system90

The transverse beam profile measurement system is installed in the west arc of the91

storage ring to use the synchrotron radiation from its first bending magnet as shown92

in Fig. 1. SR from the middle of the 9◦ dipole magnet is extracted through a vacuum93

window after being reflected by an in-vacuum copper mirror. The extracted light is94

focused by a lens and then reflected by a mirror to a charge coupled device (CCD) camera95

located at the image plane of the lens. Several additional elements are used to manipulate96

the light to improve the system performance, including a rectangular aperture, a linear97

polarizer filter, and a bandpass filter.98

The synchrotron radiation from the dipole magnet contains light of both horizontal99

and vertical polarization components with the vertically polarized light distributed out100

of the horizontal plane. The linear polarizer filter is used to filter out the light in ver-101

tical polarization to increase the spatial resolution of the system [24]. Improving the102

performance of the system is achieved by minimizing the diffraction effect. This is done103

by using a narrow UV bandpass filter to pass through 340 nm light (full width half104

maximum ∆λ = 10 nm), the shortest wavelength, which can be easily handled using105

conventional optics. The impact of diffraction effects is also minimized by choosing an106

optimum aperture size as described in Sec. 3.107

To realize good system performance, the beam image needs to be properly matched108

to the CCD sensor. The beam size matching needs to take into account of a large range109

of beam size variations for measuring the electron beam at different energies and with110

different beam currents. A simple optical system using a single lens (Fig. 1) creates111

some challenges, especially for a compact setup in which the CCD camera cannot be112

placed very far away. A reasonable solution is found to use an uncoated f = 75 cm lens113

(vendor-specified for 588 nm) to produce images on a 1/3
′′

CCD sensor of Flea2 camera114

model FL2-08S2M [25].115

The focal length of a lens depends on the wavelength. For the lens in this newly116

developed beam profile measurement system, its focal length is first determined using an117

available 534.5 nm laser and a single lens system composed of a crosshair target, the lens118

and a CCD camera. The measured focal length is 75.1± 0.3 cm, which agrees well with119

the number from the lensmaker’s data, 74.9 cm at this wavelength. The focal length at120

340 nm is calculated using the index of refraction of the lens material at 340 nm and121

534.5 nm, with a result of f (λ = 340 nm) = 72.2± 0.3 cm.122
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Figure 1: The schematic of the transverse beam profile measurement system. The direction of the
synchrotron radiation is shown as a solid line (red), and electron beam traverses a 9◦ dipole magnet
along the dashed line (blue). The distance from the center of the lens to the sensor of the CCD camera
is denoted as s′ and the distance from the source point of the light to the center of the lens is denoted
as s.

2.2. Characterization of the CCD camera123

For the CCD camera, three important sets of properties have been studied: (1) the124

pixel size of the CCD sensor, (2) the exposure time and (3) the gain. The pixel size125

is measured using a single lens imaging system similar to the focal length measurement126

system described above. The only difference is that the crosshair target is replaced by a127

steel ruler with equally spaced markings. The measured CCD pixel size is 4.65±0.01 µm128

in the horizontal direction and 4.67±0.02 µm in the vertical direction, which agrees well129

with the vendor’s specification, 4.65 µm× 4.65 µm.130

To obtain accurate beam size results, the exposure time is adjusted so that the max-131

imum intensity of the image is kept around 80–90% of the maximum intensity (i.e. pixel132

values between 200 and 225 for this 8-bit CCD). The relationship between the total133

intensity of the image and the exposure time is studied using synchrotron radiation at134

different electron beam currents. The results show that the total intensity of the image135

normalized by the electron beam current has a linear dependency with the exposure time136

from 1 to 66 ms.137

The beam profile measurement system is developed to have a very large dynamic138

range. In particular, it needs to work well in very low beam current situations (i.e. a139

few µA). The combination of the exposure time and CCD gain is used to handle low140

intensity beam images. After maximizing the exposure time (66 ms), the CCD gain can141

be increased to boost the image intensity.142
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Based on the characterization results of the lens and the CCD camera, a few important143

parameters of the newly developed beam profile measurement system are collected in144

Table 1.145

Table 1: A few important parameters of the beam profile measurement system.

Parameters Value

f (cm) λ = 340.0 nm 72.2±0.3

CCD pixel size (µm×µm) 4.65±0.01×4.67±0.02

Object location s (cm) 164.6

Image location s′ (cm) 128.6

System magnification (m = −s′/s) −0.781

3. Reduction of the diffraction effect146

In the beam profile measurement system, the electron beam image is projected onto147

the CCD sensor by the synchrotron light. The electron distribution can be considered148

to be an input signal, and the image intensity distribution is considered to be an output149

signal. Therewith, the image of the synchrotron radiation from an electron beam of150

the zero size can be considered as an impulse response (a diffraction pattern). In the151

horizontal direction, the impulse response of single electron radiation is independent of152

its location in the dipole magnet. In the case of a narrow aperture, the diffraction pattern153

at the focal plane is that of Fraunhofer diffraction. Thereby, the measured rms image154

size σCCD on the CCD camera can be approximately expressed as:155

σ2
CCD ∼ σ2

img + σ2
d (1)156

where σimg is the electron beam size on the image plane, and σd is a measurement of the157

image size due to diffraction.158

For a narrow aperture, the intensity distribution of Fraunhofer diffraction can be159

written as:160

I(x) ≈ I0 × sinc2
(
πDxx

λs′

)
(2)161

where I0 is the peak intensity, sinc(t) = sin (t)/t, Dx is the horizontal full aperture size,162

λ is the wavelength, and s′ is the distance from the lens to the image plane. In the163

analysis, the sinc2 function in Eq. (2) can be approximated by a Gaussian function164

exp
(
− x2

2σ2

)
, with σ = 0.376λs

′

Dx
. These two functions have the the same full width at the165

half maximum (FWHM). The image size contribution due to diffraction can be estimated:166

167

σd ∝
λs′

Dx
. (3)168

Using the relation σimg = σbeam
s′

s , the ratio of σd and σimg is given by:169

σd
σimg

∝ λs

Dxσbeam
(4)170
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where σbeam is the electron beam size.171

From Eq. (1), it is critical to minimize the diffraction contribution to improve mea-172

surement accuracy. Based on Eq. (4), better measurements can be achieved in several173

ways, including decreasing distance s, choosing a shorter wavelength light beam, and174

using a larger aperture. Limited by various constraints described in Sec. 2, distance s is175

fixed in our setups. Practically, short wavelength light (λ = 340 nm) has been selected for176

the system. At this wavelength, the optical elements, including focusing lens, reflection177

mirror and polarizer, still have a good performance. The quantum efficiency of the CCD178

is lower than in the visible light region, but still high enough [25] for imaging in the low179

beam current region. We have also studied the optimum aperture size to further reduce180

the diffraction effect. This reduction is investigated by separately varying the aperture181

size in the horizontal and vertical directions.182

3.1. Optimization of the horizontal aperture183

In the horizontal direction, we measured the beam size at several longitudinal loca-184

tions for different aperture sizes, and these results are shown in Fig. 2. For each aperture185

size, the image size varies slowly around the “focal plane” location, but more rapidly186

away from this plane. The relationship between the image size and longitudinal location187

is fitted using a quadratic function to determine the “focal plane” location and the188

minimum value of the image size. From this figure, we can see that there is an interplay189

between the aperture size, the image size and the CCD longitudinal location. By opening190

up the aperture, the location of the minimum image size is asymptotically approaching191

to a fixed location while the minimum image size is asymptotically decreasing. These192

relations are shown in Fig. 3. For such an optical system, the diffraction effect becomes193

weaker for a larger aperture size and the measured beam size is approaching to the geo-194

metric beam size. Meanwhile, the measured location of the minimum image size is close195

to the geometric focal point. After finding out the location of the geometric focal point,196

we can determine the location of the source point inside the bending magnet based on197

equation 1
f = 1

s + 1
s′ , where f is the focal length, s is the distance between the object to198

the lens and s′ is the distance between the image to the lens. Then the magnification of199

the optical system and the lattice functions at this source point can also be determined.200

From Fig. 3, we can see that the minimum beam size stays steady when Dx is varied201

from 5 mm to 10 mm. Based on this observation, we concluded that for a horizontal202

aperture Dx ≥ 7 mm, the true horizontal size of the electron beam (533 MeV, 0.1 mA)203

can be measured without significant contribution from diffraction. In order to make the204

system capable of measuring even smaller beam sizes (i.e. about 30 µm), the horizontal205

aperture opening is chosen to be 10 mm for the final configuration. Correspondingly, the206

CCD camera is placed at the location s′ = 128.6 cm, where the source point is located207

at the location s = 164.6 cm, and the magnification of this beam profile measurement208

system is m = -0.781.209

In the vertical direction, the vertical aperture is kept fixed with Dy = 4 mm. Because210

the vertical electron beam size is a small fraction of the horizontal beam size, the diffrac-211

tion effect in measuring the vertical beam size plays a dominant role. The corresponding212

measurements of the vertical beam images are shown in Fig. 2(b). All measured image213

sizes (σy,img) follow a common curve, which is determined by the diffraction effect of a 4214

mm vertical aperture. This means that the beam profile measurement system is capable215
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Figure 2: (a) The horizontal beam size is plotted as a function of the horizontal aperture size and the
longitudinal location. The solid lines are the fittings using a quadratic function. (b) The vertical beam
size is shown as a function of the horizontal aperture size and the longitudinal location. The horizontal
axis represents the distance between the lens and the CCD camera for both (a) and (b). All data were
taken using a 0.1 mA single-bunch beam at 533 MeV.

of measuring the horizontal size of the electron beam while remaining diffraction limited216

for the measurements of the much smaller vertical size of the beam. The estimated res-217

olution of the measured beam size is about 20 ∼ 30 µm in the horizontal direction and218

40 ∼ 60 µm in the vertical direction (see Appendices A). By measuring the horizontal219

sizes of a low energy beam at a low current, we can make an independent assessment of220

the system resolution, giving an estimated system resolution in the horizontal direction221

of about 30 µm (see Sec. 4). According to Fig. 2(b), the image size in the vertical direc-222

tion is about 37 µm, which corresponds to a beam size of 47 µm with the magnification223
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Figure 3: The blue circle line shows that the location of the minimum rms image size is plotted as a
function of the horizontal aperture size. The star red line shows that the minimum rms image size is
plotted as a function of the horizontal aperture size. All data were taken using a 0.1 mA single-bunch
beam at 533 MeV.

−0.781, comparable to the calculated vertical diffraction effect contribution.224

3.2. Vertical direction beam size measurement225

While the beam profile measurement system works well for measuring the horizontal226

beam size, the vertical diffraction effect still dominates, which prevents the measurement227

of the vertical beam size at the Duke storage ring. For example, assuming a 3% emit-228

tance coupling, the calculated vertical beam size σy from the Duke storage ring lattice is229

29.2 µm at 533 MeV. In Fig. 4, increasing the vertical aperture size from Dy = 4 mm to230

12 mm does not reduce the diffraction effect (see Fig. 4 (e) and (f)). This is because the231

vertical diffraction effect is dominated by the small vertical angular distribution of the232

synchrotron light at a given wavelength. At a sufficient large vertical aperture Dy = 12233

mm, the vertical beam profile were measured at different longitudinal locations by mov-234

ing the CCD camera to investigate the impact of the longitudinal location, shown in Fig.235

5. At all locations, the vertical beam profiles are dominated by the Fresnel diffraction236

pattern. In these case, the Fresnel diffraction effect causes multiple intensity peaks (typ-237

ically 2 to 3 major peaks) to appear as the CCD camera is moved along the longitudinal238

direction near the horizontal focal plane (see Fig. 5). These multiple peaks can cause239
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Figure 4: Beam size measurements using the beam profile measurement system for a 0.1 mA single-
bunch beam at 533 MeV. (a) and (b) are original images recorded by the CCD camera with horizontal
aperture size Dx = 10 mm and the vertical aperture Dy = 4 mm or 12 mm, respectively. (c) and (d) are
the Gaussian fits for the horizontal beam size with the blue dots showing the integrated image intensity
of the selected areas sandwiched by two parallel red lines in (a) and (b). (e) and (f) show the fitting
results for the vertical beam size with the blue dots representing the integrated intensity in the selected
region. The red curves in (c) to (f) are the related Gaussian fits.

9



0 200 400

y ( m); z = 0 mm

0

0.5

1

In
te

n
s
it
y

n
o
rm

 (
a
.u

.)

0 200 400

4 mm

0 200 400

8 mm

0 200 400

12 mm

0 200 400

y ( m); z = 16 mm

0

0.5

1

In
te

n
s
it
y

n
o
rm

 (
a
.u

.)

0 200 400

20 mm

0 200 400

24 mm

0 200 400

28 mm
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horizontal focal plane (located at s′ = 128.6 cm), and a positive ∆z indicates that the CCD camera is
farther away from the lens. All data were taken with a 0.1 mA single-bunch beam at 533 MeV.

some interference for the horizontal beam size measurement. Therefore, we typically240

close down the vertical aperture to Dy = 4 mm to allow the diffracted dominating single241

peak to appear in the vertical direction (Fig. 4 (e)).242

4. First Beam Study Results243

After the beam profile measurement system was characterized, the system was used244

in beam studies. The horizontal distribution of electrons is considered to be a Gaussian245

distribution. Figure 4 shows typical images of the electron beam profile and related fits246

for both horizontal and vertical directions. The image data were processed in four steps:247

(1) integrating data in the selected areas enclosing the main part of the beam image248

either in the horizontal or vertical directions, (2) subtracting the noise, (3) fitting the249

beam profile using a Gaussian function, and (4) calculating the actual beam size using250

the known magnification. From the fitting results, the measured horizontal beam size is251

reliable due to little diffraction effect. However in the vertical direction, the measured252

beam sizes (at both Dy = 4 mm and 12 mm) are limited by the diffraction effect.253

The beam profile measurement system is also used to study the horizontal beam size254

change with the beam current. The preliminary results are shown in Fig. 6 using a single-255

bunch electron beam at 480 MeV. The longest exposure time used in the measurement256

is 66 ms. The beam orbit motion within this time scale is on the order of 1 µm at the257
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source point. Compared to the measured horizontal beam size (large than 80 µm), the258

beam orbit motion effect is negligible.259

The measured beam size σx,meas can be written as

σ2
x,meas = σ2

x,beam + σ2
x,res, (5)

where σx,res is the horizontal resolution. And σx,beam is the horizontal beam size at zero
beam current, which is given by

σx,beam =

√
βxεx + (ηxδ)

2
(6)

where βx is the beta function at the source point, εx is the horizontal emittance, ηx260

is the horizontal dispersion function at the source point and δ is the energy spread of261

the electron bunch. For a zero current electron beam, εx = 4.15 nm · rad at 480 MeV,262

βx = 1.33 m, ηx = 0.003 m and δ = 2.87×10−4 at the source point. Using these numbers263

we can find the beam size at zero current is about 74.3 µm. The measured βx is 1.30264

m at the source point. Then according to Eq. (5), assuming the electron beam size at265
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5.6 µA is close to the zero current beam size, we can estimate the resolution is about266

32 µm, which is comparable to the calculated diffraction contribution shown in Tab. 2.267

Recognizing the fact that the measured beam size is expected to reduce further toward268

zero current (see the inset of Fig. 6), the horizontal system resolution should be smaller269

than the the above number.270

These preliminary results have demonstrated that this newly developed beam profile271

measurement system is capable of measuring the small horizontal emittance of the storage272

ring for a wide range of energies, as small as 2.9 nm for a low energy beam at 400 MeV.273

In addition, this system is an effective tool to study the intra-beam scattering related274

emittance increase in a wide energy range, 400 to 1200 MeV for the Duke storage ring.275

5. Summary276

In this paper, a newly developed transverse beam profile measurement system using277

direct imaging technique has been described in detail. Two critical components of the278

system (CCD camera and focusing lens) have been characterized using experimental279

techniques. To optimize the performance, the diffraction effect has been minimized using280

two methods: (1) choosing an optimally short wavelength light for imaging (340 nm UV281

light), and (2) using a large horizontal aperture. The diffraction effect has been carefully282

investigated by varying the aperture size, and a reasonably optimal horizontal aperture283

size of 10 mm has been chosen for the final configuration. After characterization and284

optimization, the system has been successfully used to measure the horizontal beam size285

over a wide range of the electron beam energies and currents. In addition, this system has286

demonstrated as a useful tool to study horizontal emittance growth due to intra-beam287

scattering.288
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Appendices356

A. Estimation of the transverse beam profile measurement system resolution357

In addition to the actual electron beam image, there are several effects that contribute358

to the beam image on the CCD, causing an increase of the image size. Those effects359
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include (1) the diffraction due to the aperture, (2) the finite SR opening angle in the360

vertical direction, (3) the projected horizontal beam size from curved orbit, (4) the depth361

of field effect, and (5) the finite CCD pixel size.362

The contribution of the aperture diffraction effect to the measured object size using
the single-lens imaging system is [26]:

σaper
x,y ≈

s

α

λ

Dx,y
(7)

where λ is the wavelength of the light, s is the distance from the object to the lens,363

Dx and Dy are the full aperture size in horizontal and vertical directions, respectively,364

and α is a factor that converts the full-width to the rms value. For example, for a flat-365

top distribution, the value of α is 2
√

3; for a Gaussian distribution, the value of α is366

2
√

2ln(2).367

In the vertical direction, the SR natural opening angle acts like a soft aperture. The368

Duke storage ring beam profile measurement system has the magnification m = −0.781.369

When the wavelength is much longer than the critical wavelength, its contribution to the370

vertical direction beam size determined using σ–mode, π–mode, or total radiation is [25],371

σSR
y,σ ≈

0.206

α
(λ2ρ)1/3, σSR

y,π ≈
0.429

α
(λ2ρ)1/3, σSR

y ≈ 0.279

α
(λ2ρ)1/3, (8)

where ρ is the radius of curvature of the electron beam orbit. The SR opening angle372

effect can be approximated using the above relations. In the measurement, the σ–mode373

polarization light is used to reduce this effect. As the SR from different source point374

overlaps in the horizontal direction, this effect does not contribute to the horizontal375

beam size measurement.376

The projection of the arc orbit in the dipole magnet midplane introduces an effective
electron beam size. The full effective beam size is ∆x = 1

2ρ( 1
2∆θx)2, where ∆θx is the

full opening angle of the apparatus to the source point, ∆θx = Dx/s. Then the rms of
the projected electron beam size is

σproj
x =

ρ

8α

(
Dx

s

)2

. (9)

The beam orbit has no curvature in the vertical direction, this effect does not contribute377

to the vertical measurement.378

For an object with a finite longitudinal length, the part outside of the plane of focus
is not clearly imaged. The rms contribution of the depth of field effect is

σDOF
x,y ≈ ρ

2α

(
Dx,y

s

)2
f

s− f (10)

where f is the focal length of the lens.379

Let us denote the px,y as the CCD pixel size in horizontal and vertical directions,
respectively. Assuming that 4 pixels [27] are needed to determine the full width of a
Gaussian distribution, the source size resolution limited by the CCD pixel size is

σpixel
x,y =

1

|m|
4px,y
α

(11)
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where m is the magnification of the optical system.380

Including all above effects, their overall contribution to the measured electron beam
size is

σx,tot =

√
(σaper
x )

2
+
(
σproj
x

)2
+ (σDOF

x )
2

+
(
σpixel
x

)2
(12)

σy,tot =

√
(σaper
y )

2
+
(
σSR
y,σ

)2
+
(
σDOF
y

)2
+
(
σpixel
y

)2
. (13)

For each mechanism in the above two equations, the coefficients α should all have the381

value about 2. In Table 2, two different α are used, 2
√

3 and 2
√

2ln(2), for the estimation382

of the system resolution. It should be noted that these coefficients do not represent the383

exact conversions which are not known without knowing the detailed distribution. Other384

parameters in Tab. 2 are ρ = 2.1 m (Duke storage ring), Dx = 10 mm, Dy = 4 mm,385

s = 1.646 m, f = 0.722 m, λ = 340 µm, and px,y = 4.65 µm. Taking into account all386

other unconsidered contributioins, the overall rms system resolution for measuring the387

horizontal beam size is estimated to be about 30 µm.388

α = 2
√

3 α = 2
√

2ln(2)

x [µm] y [µm] x [µm] y [µm]

σaper 16.16 40.39 23.77 59.41
σSRσ 0 3.71 0 5.46
σproj 2.80 0 4.11 0
σDOF 8.74 1.40 12.86 2.06
σpixel 7.48 7.48 10.11 10.11

σtot 20.03 41.27 29.15 60.55

Table 2: Estimated object resolution contributed from different effects. In the calculation, the horizontal
and vertical aperture sizes are Dx = 10 mm and Dy = 4 mm, respectively, and the wavelength is λ =
340 µm.
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