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TCAV Setup – Resolution Limits
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𝜎HI = 𝜎&I + 𝜎KI𝑆I = 𝜀𝛽 + 𝜎KI𝑆I

(FACET-II)
Parameters:
𝜎0=100𝜇m
𝛽d~75m
𝛽s=6.25m
𝛥𝜓=1.18
𝜙=0
eV0=15 MeV
E0=10000 MeV

R34~20m
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TCAV

• How does emittance change measurement?
• “Single Particle”
• If measurement system resolves C=10 𝜇m->𝛥z=C/S=1.2 
𝜇m (0.6 𝜇m@ FACET II)

Akre, PAC Proceedings 2001

𝛥z

𝛥y=C

• Finite beam sizes, but 
only one image 
(Gaussian):

FACET II FACET
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Example Multiple bunch

• Bunch separation: 267 fs
• Beam Optics: FACET for 

both
• Bunch lengths: 𝜎z=10 um

Parameters:
𝜎0=100𝜇m
𝛽d~75m
𝛽s=6.25m
𝛥𝜓=1.18
𝜙=0
eV0=15 MeV
E0=10000 MeV

R34~20m

FACET-II

FACET
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What about relatively large emittances?

• Bunch lengths: 𝜎z=10 um, 75 um separation

𝛥z=Nz𝜎z

𝛥y=Nx𝜎x

𝜖Q ≤
𝛾𝑆I𝜎KI

𝛽*
𝑁𝑧

𝑁U

I
− 1 = 18𝜇𝑚 FACET-II, Nz=8, Nx=6



TCAV Multi Image (single bunch, FACET-II)

This measurement:

𝜎x,max

∆𝜎U = 𝜎U,[ − 𝜎& ≥ 𝑅𝑒𝑠

𝑅𝑒𝑠 =
𝑀I∆𝑓`

24𝑛I

𝑅𝑒𝑠 →
𝐶I

4𝜎U
C = 10𝜇m 

𝑆𝜎K ≪ 𝜎&

𝜎& ≪ 𝑆𝜎KParameters:
𝜎0=100𝜇m
𝛽d~75m
𝛽s=6.25m
𝛥𝜓=1.18
𝜙=0
eV0=15 MeV
E0=10000 MeV
S = 8.5

R34~20m

∆𝑓=6𝜎x

𝑀I=6𝜎x

𝑛 = ∆7
e

Gaussian

𝜎& ≥
𝐶
2

𝜖Q ≥
𝛾𝐶I

4𝛽 = 78	𝑛𝑚
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Spectrometer Resolution

z

Object Plane

z1 z2 z3

Image Plane

𝑀 =
𝛿 +

𝑧2
𝑧1 𝛿 − 1 𝑧1 + 𝑧2 𝛿 + 𝑧 𝛿 +

𝑧2
𝑧1 𝛿 − 1

𝑧1 + 𝑧2
𝑧1𝑧2 𝛿 − 1 𝑁𝑜𝑡	𝐼𝑚𝑝𝑜𝑟𝑡𝑎𝑛𝑡

z z1
z2

1
𝑓 →

1 − 𝛿
𝑓

FACET

Simple

𝛽&, 𝜖&

𝛽&, 𝜖&

Simple:

Quad Quad
Dipole

y->𝜹

AL Window
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Chromaticity and the simple system

• Enforce M12=0 for 𝛿=0.
• Assume the beam 

reaches a waist some 
distance z from the 
object plane.

z1 z2

𝑂𝑓𝑓𝑠𝑒𝑡 =
1
2
𝛽I + 𝑧(𝑧 + 1)
(𝛽I + 𝑧 − 1 I)

z1=z2=1

z
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The FACET I/II Case

• Enforce M12 = 
M34=0.

• Assume that we do 
not know the 
beam’s waist 
location.

• For small 𝛽 the 
pinch dominated by 
z.

FACET-II

𝜎UI

𝜖 = 𝑀oo
I 𝛿, 𝑧 𝛽& +

𝑀oI
I 𝛿, 𝑧
𝛽&
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Examples @ FACET & FACET II

FACET
rms energy
spread 5%
50 um emittance
𝛽=0.25m

FACET-II
rms energy
spread 5%
3 um emittance
𝛽=0.25m
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What is the minimum emittance measurable?

𝑅𝑒𝑠 →
𝐶I

4𝜎U
∆𝜎U = 𝜎U,[ − 𝜎& ≥ 𝑅𝑒𝑠

𝜎U,[I − 𝜎&I ≥
𝐶I

4

𝜎U,[𝜎& − 𝜎&I ≥
𝐶I

4

𝜖Q ≥
𝛾𝐶I

4
1

𝑀oo
I 𝛿 − 𝑀oo

I 0 𝛽& + 𝑀oI
I 𝛿 − 𝑀oI

I 0 1
𝛽&

𝜎U,[ − 𝜎& ≥
𝐶I

4𝜎U

C = 100 um

~FACET

𝜎U,[

𝜎&



𝜎&

𝜎U,[
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Effect of the AL Window?

𝜎UI = 𝑎𝛿I + 𝑏𝛿 + 𝑐 → 𝑎𝛿I + 𝑏𝛿 + 𝑐 + 𝑧I𝜎rI

𝜀[st* =
1
2

𝑎 𝑐�

𝑎 − 4𝑐� −
1
2
4𝑐`/I

𝑎 − 4𝑐�

𝛽[st* =
2 𝑐�

𝑎 − 4𝑐�

Al Window

𝑧I𝜎rI

Input:
• 𝛽 = 0.15m
• 𝜀 = 1𝜇m
• Assume waist at object plane
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Conclusions

• TCAV
• Generally can measure bunch length when: 
• Single bunch length measurement resolution actually very 

weakly depends on emittance for FACET like parameters.
• If detection resolution C = 10 𝜇m, S=8.5 -> 𝜎z = 0.6 𝜇m
• Two bunch measurement:

• Spectrometer
• FACET-II Limited to ~30 um (for FACET like beams)
• Can improve things by improving calibration in the optical 

system.
• Optics?
• Better light collection
• Get rid of AL window! 

𝑆𝜎K ≥
𝐶
2

Want: 𝜖Q ≤
vwxyzx

{|

QK

Q}

I
− 1

can only measure 𝜖Q ≥
vex

~
o

���x � ����x & {�� ��xx � ���xx & �
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Other Stuff

Insert Presentation Title in Slide Master
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A FACET-II Comparison

rms energy
spread 5%
3 um emittance
𝛽=1.0m

rms energy
spread 5%
3 um emittance
𝛽=0.25m



16

The resolution approximation

𝐸𝑟𝑟𝑜𝑟 =
𝑀I∆𝑓`

24𝑛I

Δf

𝑛 = ∆7
e

M2 is shape dependent.
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Chromaticity and a simple system

• Enforce M12=0 for 𝛿=0.
• Assume the beam is 

always at a waist in the 
object plane (for now).

𝑀 =
𝛿 +

𝑧2
𝑧1 𝛿 − 1 𝑧1 + 𝑧2 𝛿

𝑧1 + 𝑧2
𝑧1𝑧2 𝛿 − 1 𝛿 +

𝑧1
𝑧2 𝛿 − 1

z1 z2

𝑂𝑓𝑓𝑠𝑒𝑡 =
𝛽I

2(1 + 𝛽I)z1=z2=1
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What about FACET?

Insert Presentation Title in Slide Master
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For the single bunch TCAV, why does emittance not 
matter?

∆𝜎U = 𝜎U,[ − 𝜎& ≥ 𝑅𝑒𝑠

𝑅𝑒𝑠 →
𝐶I

4𝜎U

𝜎U,[I − 𝜎&I ≥
𝐶I

4

𝜎&	I + 𝑆I𝜎K	I − 𝜎&I ≥
𝐶I

4

+
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TCAV pt. 2 (Once more single image)
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SLAC National Accelerator Laboratory

Insert Presentation Title in Slide Master

Our mission:
• Grow into a premier photon science laboratory
• Maintain our position as the premier accelerator laboratory
• Pursue strategic programs in particle physics, particle 

astrophysics and cosmology
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SLAC National Accelerator Laboratory
2 line headline option

• This PowerPoint 
template is one 
example of SLAC’s 
new visual identity 
guidelines, which 
were introduced to:

• Ensure that the lab 
presents a unified look 
across all materials

• Create a strong, 
modern brand that 
distinguishes SLAC as 
a leader in scientific 
discovery

Insert Presentation Title in Slide Master
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Example graphic with secondary colors

Physics
Chemistry 
Biological and life sciences 
Materials science 
Engineering 
Environmental science 
Particle Physics and Astrophysics
Photon Science
Astrophysics and Cosmology

Example 
graphic

• The complete visual identity guidelines 
are available on the Office of 
Communications website, as well as:
- Letterhead template
- Business card template
- Logo files 

• Please email 
communications@slac.stanford.edu with 
any questions or feedback.

Insert Presentation Title in Slide Master
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