\- 53EB

SLAC Summer Seminar
on Electron and Photon Beams

Electron Beam Diagnostics

Tim Maxwell
August 6", 2015

[ | NATIONAL
= = @® ACCELERATOR

1 A
P b N\ | ABORATORY



Electron beam diagnostics for high brightness beams
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Light sources driven by high brightness electron beams:
 Dense phase space distributions to drive coherent X-ray generation
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« Synchrotrons/FELs have tiny beams

Expn < | mm-mrad — 10s pm spot sizes

= Transverse coherence

« Also ultrashort, well-defined energy

- Synchrotrons order picoseconds, typ.
- FELs order femtoseconds, longitudinal coherence enhancement



Diagnostics: A recurring theme

Measuring any beam quantity confounded by responses

General scheme is:

1. Beam creates some EM field related to what we want to measure
2. Some device or pick up converts EM field to electrical signal(s)

3. Electrical signal gets processed / converted to meaningful number

Beam quantity —>} Radiative | f Detection [ | Processing
response response response

Every step has some transient (or equivalently, spectral) response

Task is to preserve a signal proportional to the quantity of interest



Electron beam diagnostics for high brightness beams
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 Where is the beam?

e How wide is it?

e How short is it?



Electron beam diagnostics for high brightness beams
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e Beam location

- Charge and position measurement devices

* Transverse space / shape and emittance

- Screen monitors
-  Wire scanners

» Longitudinal ¢ profile

- Frequency domain techniques
- Time domain techniques



Beam current / bunch charge montitors

1)

Which quantity to measure?
* Bunch charge monitor: Single bunch measurement (fast)
« Beam current monitor. Average charge per unit time (slow)

Consider beam pattern

L]

Bunch spacing Bunch duration
/ frequency

Examples
* APS ring: 80 ps bunches @ 6.5 MHz
« LCLS:50fs @ 120 Hz




Beam current / bunch charge montitors
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“Radiative response” = Bunch velocity field

o, = a/(yV2) o, =0
—

e A1)
) L1

Moving charge Fast moving charge

Relativistic single electron generates Lorentz-contracted Coulomb field
- Radial E-field (and azimu. B) opening angle inv. prop. to y
 Example: 1 GeV beam in 50 mm OD pipe — 60 fs rise/fall at wall

« For longer (ps) bunches, single bunch profile could be resolved

« To MHz-GHz electronics, can look like broadband, &(f) impulse

Ref [2]



Beam current / bunch charge montitors

./\- < image
Beam image / wall currents: ( }‘\
— — o — s , > Ibeam
Ampere’s Law outside beam pipe, [H-dl =1
* If outside beam pipe, /.06 = lpeam: SO H =10 o 1o
« Wall not perfect conductor, shields at rate of skin depth ¢ = 5 fp
T

with resistivity p at freq. f
* In MHz range, strong attenuation

Ref [2]

Skin depth (mm) |1KHz [10KHz [100KHz [1MHz |10 MHz
Copper 2.1 0.66 0.21 0.066  [0.021
302 Stainless Steel 13.3 4.2 1.3 0.42 0.13




Beam current / bunch charge montitors
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No field outside beam pipe, two options...
1. Install a detector in the pipe(/vacuum)
2. Insert a ceramic break

- Forces image current to find another path, and it will

S L,

Ref [2] ]



Integrating current transformer

A detector option: Probe field through beam magnetic field
* Non-destructive

Line current field: B=u- Lhean a

2ner ¢

be:

/ Torus to guide the magnetic field

E{I Vout '

=

=

=1

v
e e —

Ref [2]

1)

10



Integrating current transformer

toroid material
Ampere’s Law:

()
5..
(

permeability = pop,
cross section = A gﬁH'c/l:Nplp +NJ;=1,+N I with N,=1 =5
I Mean radius =r o o
P g . H=(I,+N,1)/2mr (1)
Vpl e L R I vV, Flux: (thin toroid approximation)
S
] ®= [ BdS=uHA = uA(l, +N,1) /21 withAas area (2)
Pri y winding 7 windi
runlgll;} [1\1‘;-;11 ing Seconlilf?u r\; S1‘lnd1ng Faraday’s Law:
dD
Integration path d/ VS =-N . 7 =] 5 RS (3)
¢
I, - :
- /1 Combmef) alr(11d (3\/ N =
. ‘ >
/‘\V 1 [y 3 R\' — —N, L MA P 57 with L = N“ll —
LA | 7 S T 2 di ' 2y
“CN?) I}S > Differential equation:
ved™ N'ums d R, __1.d,
d L ' N, di N
o = R/L

Laplace rewrite: .
Liow) 1 o =7
I, (iw) N, (iow+R,/L) .

107

Ref [2]
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Integrating current transformer
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But ah, there is also capcitance: Actually an RLC circuit

simplified equivalent circuit
‘ | N
LE Cs| Rﬁ U(t)
[-source @ I
represents I
I | | ! oal mmmmmees
N lw;nn“} 0og II \\
o E—l ground 4 \
(1] 4 \
é \
11 1 o e
—=—+—+ioC= VRE =
/Z R oL

A band-pass circuit, will impose
s limit on the rise and fall of signal

= . » Rise time = RC
l+iwL/R-(wL/R): (wRC) . Falltime=L/R

Ref [2] 12



Pulse distortion

SLAC
Finite rise time from RC, signal droop due to L/R:
Tcurrent
l beam bunch
primary test puise time time
b
current
T dr()op:rdl_w): L/R
secondary time time

S

13



Pulse distortion

Ultra-short bunches = impulse response
Transient driven by pickup/elec. response (MHz-GHz)

~ps bunch :
ns signal

\//\\/\ >

II ‘  memmsmees Signal amplitude still
g related to peak of excitation
(bunch charge)

]
>
J')
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Wall current monitor

Ref [2]

The BEAM current is accompanied by its current

A voltage proportional to the beam current develops on the RESISTORS in the beam pipe gap

The gap must be closed by a box to avoid floating sections of the beam pipe

The box is filled with the FERRITE to force the image current to go over the resistors

The ferrite works up to a given frequency and lower frequency components flow over the box wall

15



Faraday Cup
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Destructive method: Conductive target ionized by beam impact,
measure discharge
negative HV ;1«:\|;ag yoke
aperture south permanent magnet
m 7 [/U—-converter
~ 50mm
beam .
\‘ ‘U
- o ' % Vil(.‘UUITl‘; '
E e —emission cone | —— air
 ~DC coupled: Ifonly R, signalisU =1, *R
« High sensitivity
« Beware secondary emission: Long cup, , or B field

« Must have proper termination, very high voltages (beam potential)
* Must handle full beam power (MW for high-rate beams)

Ref [2] 10



Electron Beam Position Monitors (BPMs)
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Life without BPMs...

...shooting blind!

17



BPMs

Ref [1,3]

* Four-point signal measurement
« Passing beam induces electrical
transients in pickups C  Pickups
- Response similar to charge monitor, J_ Beam
engineered for pos. precision /yx
"""" ®
| s—f o h—a
“Difference over sum:” \ J
A-B C-D T
X C ) Y
A+ B C+D D

Bonus: A+ B+ C+ D oc Charge

18



BPMs
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« Synchrotrons typ. rotate 45°

- Avoid synchrotron rad. damage

Same principle:

(C+D)-(4+B)
A+ B+C+ D

X oC

(4+C)-(B+D)
A+ B+C+ D

yOC

Ref [1,3] 19



Pickup type selection
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Some considerations for pickup type selection:

« Spatial resolution

« Beam aperture

* Electronic response

* Impedance seen by beam

* Cost (typ. many BPMs in any given beamline)

Ref [1,3] 20



Pickup options
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1) Button type
Lower impedance, good for many turns (rings)

)
0

()

AN >

Ref [1,3] 21



Pickup options
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1) Button type

BPM looks like high pass with characteristic frequency
w,. =1/ RC, typically ns-scale response

- cl-u— %R y
()

AN ®

Ref [1,3] 22



Pickup options
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1) Button type
Typical characteristics:
50 mm aperture, ns response,
few um resolution, moderate cost

cHF vV
N ME

()

AN ®

Ref [1,3] 23



Pickup options
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2) Stripline

Higher impedence, better for single pass beams

Ref [1,3]
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Pickup options

el AL

2) Stripline

Characteristic time 2L / ¢

Match length to bunch duration as needed

L

Ref [1,3]
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Pickup options

(od BNV g

2) Stripline
Typical characteristics:
25 mm aperture, fast response,
< 1 ym resolution, medium cost

Ref [1,3] 26



Pickup options

(4]

3) Cavity

Dipole cavity modes
A excited by off-axis beam

Y|

f010

xE—ﬁeld TM()]()

<—®< —
antenna 2—/

Mixer

~N

Monopole mode picked
up for amplitude

From FNAL ILC cold cavity BPM design

Ref [1,3] 27



Pickup options

SLAC
3) Cavity
) . ‘Monopole
| mode
Veical dipole
moe
LCLS X-band cavity BPM
Excellent sensitivity, < 1 um resolution, higher cost
28

Ref [1,3]



Physics with BPMs

« Modern survey methods allow for positioning optics to
within fraction of mm

 HXR FEL undulator requires positioning to within ym

« “Beam-based alignment”: Adapted from synchrotron
methods, correct optics offsets [4]:

NUCLEAR
INSTRUMENTS
& METHODS
IN PHYSICS
RESEARCH
Section A

ELSEVIER Nuclear Instruments and Methods in Physics Research A 429 (1999) 407-413

www.elsevier.nl/locate/nima

Beam-based alignment for the LCLS FEL undulator”
P. Emma®*, R. Carr, H.-D. Nuhn

Stanford Linear Accelerator Center, Stanford, CA 94309, USA

1)
>

29



LCLS Undulator (before self-seeding and Delta days)

Offset quad = E-dep. dipole kicks
(Und. dipole errors as well)
BPM offsets = E-independent

‘-.\ .

AE=0
Mo AE<0

| x BPM,
E > 1 mﬁ()JTbPO
| s @
, N kfrrdiismeTan 8

Beam kicks @ BPM reading

----------------------------
.

o1 AL
LS | BN g \
RF BPM
x /'y corrector

Periodic focusing quad

Undulator

x33 girders

Fix quad strength, meas. BPMs, change E,

m;=>» 0.C;; — b,

J=1

minimize offsets and corr. by SVD

(Synchrotron: One E, quads varied)
30
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Beam-Based Undulator Alignment (BBA)

Measure undulator trajectory at 4 energies (4, 7, 9, & 14 GeV)
Scale all upstream (linac) magnets for each energy

Do not change anything in undulator (adjust launch conditions)
From BPM data, calculate quad and BPM alignment... (software)
Move quads and adjust BPM offsets for dispersion free trajectory

lterate... (~4 hrs, once per 2-3 weeks)

PE, H. Loos
—E=430GeV

__E=700Gev [ ocan Orbit 08-Apr-2009 11:24:53 | Beam Position
— E=925GeV = - | Monitor (BPM)
—E=1364 GeV y [ ¥ data




Undulator Quadrupole Alignment after BBA

i Vary each quadrupole magnet gradient by 30% sequentially
1 Record induced kick angle using BPMs

1 Calculate quadrupole magnet transverse offsets
(plotted below using 14-GeV data)

<X>=—-0.001 mm, Xrms=0.046 mm, 17-APR-2009 06:14:32

Earth’s field effect (0.4 G)
Fs  Fy

=

QUAD AX (mm)

undulators installed (with u-metal)
<~ >

1540 1560 1580 1 600Z : ‘)I 620 1640 1660 1680
m




Electron beam diagnostics for high brightness beams
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* Transverse space / shape and emittance

- Screen monitors
-  Wire scanners

» Longitudinal ¢ profile

- Frequency domain techniques
- Time domain techniques

33



Transverse phase space

(4]

2D ¢ : Area (action) occupied by particles in trace space

How to define for points?
* Define 1-0 contour

Usually ~Gaussian

If not, define by moments:

<u?><uf><uu >

Ref [5]

34



Transverse phase space

SLAC
Determinant of matrix of second order moments:
’
1/2 ,J’ﬂu L\‘\'\\
<ut> <uu' >
12 /S o
<w'> <u > = ¢ e T
-
g = \/< u? ><u'?>—<uu' >
{_,»f

Ref [5] 35



Transverse phase space

Define Twiss parameters f,a,y by , 2

<u®>= Pe
<u'?>= ye

<uu >= —ae

S, a,y define the orientation of the ellipse

. A = 7e
TE defines the area

Ref [5]



Transverse phase space

Particles (u,u’) subject to restoring forces K(s)u (e.g.--periodic focusing)

W'+ K(S)u=0 Hill's equation

Solution: u(s) = /eB(s) sin(y(s) + ¢,)

with y(s) = [ 7%

1)

¢ and ¢, are constants of integration

o _ 1 _ 1+a?(s)
Defining :  a(s) = —ZF'(s)and  y(s) = 5

y()u?(s) + 2a(s)u(s)u'(s) + p(s)u'?(s) =constant (Courant-Snyder Invariant) = ¢

~Analogous to Gaussian beam evolution in laser physics

Ref [5]

37



Beam profiling: Fluorescent screen
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Seeing electron beam transversely...

Fluorescent target = visible light where irradiated by beam
* Slow (ns) visible pulse

 Bright signal

« Wide angular distribution

38



Beam profiling: Fluorescent screen

elawen

Fluorescent

screen
I g
/
/
“Mirror

Actuator

200 400 600 800

« Crystal thickness relative to beam limits resolution
« Fluorescence saturates at high densities (>0.04 pC/um?)
* Most useful for low-E, large beams (injectors)

Ref. [6] 39



1 A

Beam profiling: Optical transition radiation imaging

e N\

« Emitted when a relativistic electron passes boundary between
materials of different electrical properties

v
« OTR emission from a single electron \, ,
* Travelling with relativistic velocity f ~ 1 — # e-beam

* Hitting a foil with reflectivity R(w) foil foll

* Typically at 45 degrees w.r.t to beam direction

1/y opening angle

d’°N _ a R(w) PZ?sin?(6)
dwdQ 412 ® (1-Bcos(0))’

—26 MeV
— 70 MeV
— 135 McV

6 > 150 mrad ,

% 0.01 002 0.03 0.04 60% of light
0 [rad) 40

Ref [5]



Beam profiling: OTR imaging
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Incoherent imaging (long bunch)
Image = PSF * p(x,y)

Intensity prop. to N,
\

|ES,N(T)|2 =N f d*r’ dz p(r',z)|Esy(r — 1")|2
|z

+ N2|[d?r'dz e % p(a', 2)Es y(r — 1)

Coherent imaging (short bunch, comp. to A)
Image formation linear in complex field
In short FT(Es(ky, kyy) X p(ky, ky))
Intensity prop to N2 much brighter than incoh.

Ref [5] o



Beam profiling: Incoherent OTR

300
200

100 T —

y (um)

-100 o —

-200| -~

300/
0 1 2 3
signal (arb. units)

0,=562mm/ 3\

W o
—
—

signal (arb. units)

» Works to foil damage threshhold
(dense beam) | .

* Emission prompt (bunch length) o
* Res. limit by optics & 1/y angle
» Gets distorted if coherent...

.
il

Ref. [6] 42



Beam profiling: Coherent OTR

Coherent emission:

OTR image show square of gradient of shape
thus the “doughnut” shape

Visible-light coherence from
short bunches and/or
microbunching instability

E
|3
:
-
3

0
)

- 4

1 -
-

§ 0

-

- -

o

o

€2

-1 0% e 0s 1

Position 1 (mm

Figure 10: Series of COTR color images taken within one
minute showing varying color content from shot to shot.

Spoils measurement of rms beam size (under estimate)

Ref [5] [7]
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COTR mitigation schemes

Spectral separation:
Angular separation:
Temporal separation:

(4]

1 AZD
AN

Shorter wavelengths (EUV)

Scintillator tilted to avoid directional COTR
Scintillator screen (that slow, ns response)
+ fast-gated ICCD camera

Far-field transverse phase reconstruction [9]

"
_2110

ky (rad/m)

o

- 0 2
k, (rad/m) x10*

500

£
= 1500 -
>

2500

500 1500
X (um)

Ref [5,8]

2500

x 10° x 10

g
o L &

® ®

g
ky (rad/m)

Phase (Rad.)

g
Form Factor B (arb. u

° B

[¢)]
o
o

1600
1400
1200
1000
800
600
400
200
0

)

m

= 1500

2500

OTR Intensity (arb. units)

500 1500 2500
X (1m)

Reconstructed Density (arb. units)
y

44



Beam profiling: Wire scanner
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Wires scan through beam
X, y, and 45° profiles in one motion

Tungsten
Wire

Measure either: |
Direction of

1. Charge deposited on wires motion /

2. Scattered electrons downstream .
(scintillator + PMT) — LCLS

45



Beam profiling: Wire scanner

o1 AL

Characteristics:

e um resolution (wire thickness)
* Minimally invasive

« Can handle higher power beam
* No imaging artifacts / COTR

* Multi-shot, slow
* No <xy> (all projections)

~ Direction of

LS | 7 g \ 2

Tungsten
Wire

motion

46



Measuring emittance: Pepper Pot

ol A
e M\
Multislit in high Z material Direct reading of trace space
u
Emuttance Domunated "
Beamlets Beamlet Intensity
Space-charge Slits I Profile u — X U _ nzd
Dominated Beam | 0 ulm — Xfm — m m — m
d mm o 7 L
a
T-_L O a- 2
2 _ 2
= 0 O 0Jm = Ouym — (Z)
[ ] O
. O
- e o 32 > = Zlm¥in
o Thn
2
. B zlm(x’?n.o ' a;n)
“1 < X > = ;
o | } ZIm
c.; l re — 2 ImXm.0X'm,0
g ” } } —f ) < XX > ZIm
" os ] { } { ’ With |, detected intensity for mth beamlet
3 o2 X 0 1 2 3 -t o '

X [mam)

FIG. 2. (Color) (a) Beam trace space constructed from the beam-
let intensity profile illustrated in Fig. 1. Each point represents
the position of a beamlet 1n trace space and the error bars in-
dicate the thermal spread of the beamlets. (b) Contour plot
representation of the same data. Here the relative weights of the
beamlets are resolved

M. Zhang, Report No. FERMILAB-TM-1988, 1996
S. G. Anderson, et al. Phys. Rev. ST Accel. Beams 5, 014201 (2002)

47



Measuring emittance: Quad Scan

o1 AL
o \ >3
Quadrupole/solenoid scan
/10 drift , L
@= D2 1)E=rE) ) '
rx— (1 L)x +1Lx
= |\1=F]% 0 lens | f
3 ‘; 4 1 “Screen’
X' =2+, 7=kl (YAG, OTR,
\ wire scanner)
2L L2) ( L)
x?)=1—-—+=(x2)+2L{1—=] (x,x,) + L?(x'?
(x?) ( 4 ) 02 2] (o) + 120%)
oy . B o D
() =gm+5+c Change optics, measure
in one place

Solve for a,b,c to determine (x2), (x,x',), {(x"?

’

£ £

2 , {5 o) (x2) (x'2)
e:J(xg)(xo)—(xoxo),az—%,ﬁz ol =X



Measuring emittance: Multi-profile

...or static optics, measure in many places

wire .
wire
wire .

Emittance Scan on WIRE:LTU1:735
02—-Aug-2015 07:54:07 Asymmetric =~ Normalized Phase Space
80 " )

E =35, 1 \\ |
0.250£ 0.00 nC o,
= 0.88+£0.02 ( 1.@) LD

B = 62.94%3.41 (#633) my,
a ;

=
=

With knowledge of phase

Beam Size (um)
S
o

\ = —1.89+0.09 (-199)
- X (=
advances, reconstruct ellipse 0| & = 111002 ()08 0
¥*/NDF = 0.00 =
% 20 0 20 40 =] 0 1
Position (m) Norm. Position

49



Extension to Energy Profiles

E profiles: dispersion

. Light pulse Grating dispersion
Photons: e % 9 dep
\ Photon spectrum

Electrons: Electron bunch
Bend magnet dispersion

Ax/Ao = P Electron spectrum

I _ o5 BIT]

plm]  cp[GeV]

1)

50



Extension to Energy Profiles

(4]

With dispersion p in x/y (min. B, for profiles) E=x/p
- p +BPM =Mean E
 p + Wire scanner / Screen = E spectrum

51



Electron beam diagnostics for high brightness beams
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e Beam location

- Charge and position measurement devices

* Transverse space / shape and emittance

- Screen monitors
-  Wire scanners

» Longitudinal ¢ profile

- Frequency domain techniques
- Time domain techniques

52



Longitudinal t profile

ol ALs

Frequency domain techniques
« Measurements of coherent beam radiation spectra
* Interferometry / spectroscopy

Time domain techniques
 Electro-optic sampling

« Streak camera

* Transverse deflecting mode cavities

o b M\

53



Coherent Beam Radiation

(%)

Radiative source:

Most frequency-domain techniques measure
coherent beam radiation spectra

CTR destructive, well-

L/ / defined source
/ / CDR less/non-interceptive,
Transition (CTR) Diffraction (CDR) loses some time resolution
CSR/CER non-destructive,
“free” at compressor where
we’re most interested
Synchrotron (CSR) Edge (CER) Comparatively ill-defined

source points
54
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Coherent spectra

o1 AL

High-f sum incoherent, intensity scales as N,

LS | 7 g \ 2

4———

Low-f sum coherently, intensity scales as N2

56



Coherent spectra

(4]

Sum over continuous bunch profile p(z)
Spectral intensity u related to by F.T. (1D approximation):

u(k,7) o N*|E, (k, 7) [ ] Nol(z")dz' dz"

203 (= 1\ 2 “Form factor,”
E (7, k k) «— :
e( )‘ ‘f( ) F.T. of current
A
Coherent Single e
enhancement  imaging response

57



Coherent spectra

el AL
o b \ =2
FT relation: As bunch gets shorter, spectrum will get wider
— Bunch length-related signal
;. LCLS example, “low charge mode” x10°
55 —— Q=200 pC
' T 3l —— Q=100 pC
2t g‘ ——Q=20pC
= : ——Q=10pC
=1.5 2,
5 c, >
1} 3
'TO’ 1t
0.5
0 : - : : —— 0 <
-30 20 -10 0 10 20 30 0 2000 4000 6000 8000
z [pm] k [em]
Caveat:
— 213 (= 2 2 .
u(k,7) =N Ee(r,k)‘ ‘f(k)‘ <———+ Not directly related to t

« Amplitude only, no spectral phase

« Can'tinvert FT to get exact z profile
58



The “detector response”

ol ALs

Diffraction response from

LS | 7 g \ 2

E(7.k)

For 1s-100s fs, interesting A = ym — mm
Diffraction losses are high for the long wave components
Finite apertures = “high-pass filter”

59



Diffraction response

2
>

« Weizsacker-Williams “virtual quanta” source [10]:

- Electrons illuminate system (edge/foil) with self-field
- Fourier-transform relativistic electron field :

~ qo 0] Lo
E (r,z,,0) = K rlexp| —z
o) =t kel o)

~ —iqw 0] Lo
sE (r,z,,w) = K rlexp| —z
) e py °[ﬂc7] p(ﬂc J

~ qo 0] o
B (r,z,,w) = K rlexp| —z
BB e by l(ﬂch p[ﬂc J

- These are source, propagate using diffraction integrals

* Fresnel, Kirchoff, Vector, Gauss-Hermite...
° E.g.— Ref[11]



Diffraction response

ol ALs

o e AN

Vector diffraction propagation of CTR @ A = 1 mm, 250 MeV beam

FOCUSING PARABOLIC MIRROR

COLLIMATING

PARABOLIC MIRROR VIEWING PLANE
1”7 0.D. QUARTZ
WINDOW Simulated TR Frequency Responses

0.6
0.5
04 f

0.3
Truncation at limiting |, | §

apertures yields DC losses | | ~— Window respanse | |
’ —C— Instrument response

S i IS

0 N —
0 0r 02 03 04 05 06 07 08 09 1
Frequency f (THz)
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Detection response

2
>

Measurement usually spans at least a decade

Optics all designed for wide wavelength range

Frequent reliance on reflective optics

- Common transmissive materials:

* Diamond (vacuum window), PCX, polyethylene, silicon, germanium

H20, CO and CO2 also have IR-THz absorptions
* Dry or vacuum purged optics

=

]

—— Humd air

——KRS-5
Diamond
Silicon

Transmission

0 2000 4000 6000 8000
k [em™]
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LCLS Relative Bunch Length Monitor

I(2) [kA]

(4]

Relative bunch length monitors:

Integrate all coherent power
Spectrum “DC component” (amplitude) set by Q
Integrated bandwidth increases with shorter bunches

Specifically™:
2
Ulm)] ~14 ([nC))
At[fs]
——Q=200pC
——Q=100pC
——Q=20pC
——Q=10pC

k[em™']

Mesh Filter

e P - . P .
Ny P e <= >
\—-\_‘,'_'_', B> \\Q e //J
Pyro Detector @§/
Edge Radiation

* Relativistic limit, finite imaging system o



“Happek” / Michelson or Martin-Puplett Interferometer

* Thin membrane or wire mesh splitter L
Fixed mirror

—

« Scanning delay of one arm ‘
Input wave front < J\_

* Intensity interferogram yields the profile CTRorCSR I/'_.HMgﬂalemirror

autocorrelation function L %

S(6)= Re{jE (OE(t+8/cydr | (+const) V Detector
.g.D.ZS
‘gﬂ%

1 i I L i 1 i 1 i i 1
-0 -8 -6 -4 -2 o 2 4 6 8 10
= [ps]

« Equivalent to a spectrometer

S((S) o« Re {“E(a))r !¢ o } RadiaBeam Technologies
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DESY Cascaded Grating Spectrometer [13]

Grating-based (high resolution) 1 g

bunch shape 1

« (Cascaded o
- Req'd for order sorting
- 5—-43 ymor 43 —435 um 10
« Single-shot

10°

bunch shape 2

Custom, arc-shaped pyro arrays

10!

15

102

polarizer
G3

absorber /
G4

bunch shape 3

10"

\ ring mlrror

absorber

MW

100 200 400
A (urn)



LCLS mid-IR Prism Spectrometer [12]

mid-IR prism

Wideband (1 — 40 um)

Low resolution
Linear pyro array
Single-shot

Corrected spectra

400 2500 5000 7500
K(mnq)

10000

af b N
|I\;;=\\ J

Vo

|l 3

Under Comp. IT ||

Under Comp. I
Full Comp.
Over Comp.

1
, O
,,,-_.l,,, e
>-beam K
e-be:
o
wv
=
Q
g

;
LSE 2
N
0.5 ‘l‘
O i 1

P

i <
X

(a)

e L = S VRV

0 1000 2000 3000 4000 5000

K (cm ™)
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Phase Retrieval: Going the extra mile

ol ALs
oF e M\
Can get Kramers-Kronig ¢, [14]
2 2
ot nlp(o) o(o) ]
¢ (0)=—— P.V.J do
12 2
0, A O —
15k t I Und:er C‘omlp. II | ~ | | —IA:=| 8.5 plln
: Under Comp. I IS¢ —— A-=6.4um
° I Full Comp. ——Az=22pum
Assumes causal signal e o ~ ol  Ae-A3pm
* Not a unique solution! [17] =
- Compute @, , invert FT: . @
o SO o e VSV

0

1000 2000 3000 4000 5000
K (cm D)
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Longitudinal Electron Beam Diagnostics

ol ALs

Time domain techniques
 Electro-optic sampling

« Streak camera

* Transverse deflecting mode cavities

LS | 7 g \ 2
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Electro-optic Sampling

« Fast, Pockels-like effect in an electro-optically active crystal

~ Laser sees an induced
E, .. / retardance I' < E,,

4/ Now elliptically polarized

1€

« Thin crystals can “optically switch” at 10s fs
« Radiation response E,_(¢)
— Extract coherent beam radiation
— Direct velocity fields (crystal in vacuum, near beam)
* Analyze changes in probe laser polarization
« Decode a full waveform with a single shot

ext

=N
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EO spectral decoding

SLAC
. . (For sign resolution of signal,
Linearly polarized add circular polarization)
laser probe pulse o )
Polarization ellipse ]
now varies with time Spatially separate x-y
components of polarization
Q
- / L9 -§ 0 M g-'qE-J'
@ O ®© 2o =
1y - A A 4
= S S T O £ O
0O S g © £ 9 = g
n ; CU Q (7))
&
m

A A - )\

AN

AN
Short, E, ...(t) Thin EO crystal as fast Pockels cell
signal pulse with induced retardance I'(t) a E, ., (f)
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EO spectral decoding

ol AL
o b M\
Polarization analysis — Jones calculus formalism:
Probe
Quarter Wave Plate EO Crystal Laser

{Ex (f)}  R(45°)WP(z/2) R(-45°)R(45°) PIT () |R(-45°) F

E() {1 rie } E,(¢)

« Final BD polarizer separates components, image w/ camera
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EO spectral decoding

« Resulting temporal intensity profiles:
1(e)= (1=sinr )]}, )
= f
| I(t)= 5{1+sin ()] 11, ()
- Difference over sum, small signal limit: %zsin[l“(t)]oc E,,(t)
« EOSD “time window” for measurement ~2z, — 27, —>

— Minimize for optimum z,,, ~ (z, 7,)”

— 1, =10sfs, 7. = 1s ps, 7,
— Lower limit fixed by:

es

~ 100s fs

Timing jitter, signal length, laser BW sig
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EO temporal decoding [18]

o1 AL
P e N
TDS
T =
. g TDS
fixed = 5
delay % &
amplified o 0
fs laser , o o
optical S A @
] | [|)]
stretcher ~ | \ D
o | ‘a { O
11] ;“ ¥ w
( :Eil IKZ -0.5 0 05 1

time [ps] time [ps]

* No chirped duration dependence
« Stronger laser for BBO cross-corr.
* GVD in crystals and cross-corr. res. still limit z,,, ~ 50 fs
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Streak Camera

» Incoherent (high-f) radiation pulse sent to streak camera slit
- Streak camera = “keV-scale photoinjector” + deflector + screen [15]

_l L O E: A\
TRIGGER SIGNAL \|SWEEP CIRCUIT I_
SWEEP STREAK IMAGE ON

/ ELECTRODE  PHOSPHOR SCREEN

. t AAAA\ ® 0 0 o5 OO é. 2

SNELEIY TIME <= SPACE »
\

A s SPACE

\
PHOTOCATHODE ACCELERATING MCP PHOSPHOR
MESH = SCREEN

SLIT

« Fastest units z,,,= 200 fs
« Dual sweep benefits high-rate machines [16]

- One axis still fast, ps sweep
- Adds slow, perpendicular us streaking
- Capture sub-ps resolution of high-rate (MHz) trains
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Transvserse TM11 deflecting mode cavity

Dipole mode cavity, 15t order @ zero crossing:
1. Bintroduces Ax’(f) <«—— Deflection

2. E introduces Ad(x)

X -
i e =2 ® 0 O
eei-> —> -~
S
AAAAAAAAAAA _(_" sl i)
T -~ 8
-

Ref. [19] [20]

1)
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Direct t-E phase space measurement

SLAS
Cross deflection with dispersion
Vertical bend
Transverse thpale IMAgHEL
Deflecting Cavity @ é
o \/‘ f f 3
‘ \ / > 5
Horizontally Vertically LA
y ‘streaked’ bunch dispersed bunch
—
b
Result:
1 E < 1 1fsrms @ 4 GeV
o, = € X oc1/Ee ch_ 3fsrms @ 13 GeV
27 [ eVie \ WD, rf
Time resolution High-E FEL = Win at high £, SLAC

X-band @ 11.4 GHz 76



t-E phase space at LCLS

(4]

1: Vertical S-band
+ Horiz. Bend

Study injector/LH

. Vertical bend
2: Horiz. X-band dipolc magnet XA

X-band Transverse
+ Vert. bend RF Deflecting Cavity
(XTCAV) - il é\?
T "f

Study final beam Undulator \ &
/ / 3

: e
Horizontally Vertically ]}'119

‘streaked’ bunch dispersed bunch

:

77



X-ray Pulse Profiling

y (mm)

Electron bunch is “parent” of X-ray pulse
Changes in electron {-E phase space infer resulting X-ray pulse profile

PreL(?) = [(E)EgL off (1) = (EDFEL on (O] X (1)

0.3 150 _ N X
§ E | o :fl:r::n:::ucted ii
| < | n
2 ¢ i i
1 01 fé
;
-20 -1.56 -1.0 -0.5 0.0 05 1.0 1.5 -20 15 -1.0 =05 00 05 1.0 1.5 ’
x (mm) x (mm) A
FEL off FEL on X-ray profile
Proposed: Y. Ding, et al, PRST-AB 14, 120701 (2011)
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X-ray Pulse Profiling

Energy deviation (MeV)

b
o
T

|
[~

(=]

|
B
o

Changes in electron t-E phase space infer resulting X-ray pulse profile

o

Electron bunch is “parent” of X-ray pulse

PrgL(1)
1
0.8
0.6
0.4
B || 0.2
50 0 50 0
Time (fs)
FEL off
Proposed:
Demonstrated

= [(EYpEL off (1) = (EDpEL on ()] X 1(2)
30 L ;;‘I'Dm energy ;OSS
% 20 From energy spread : :
b=}
=
£ of
g
3
2 —20
;JE —40
—:50 6 5‘0 —|50 0 5"0
Time (fs) Time (fs)
FEL on X-ray profile

Y. Ding, et al, PRST-AB 14, 120701 (2011)
. C. Behrens, ef al,, Nat. Comm. 5, 3762 (2014)

el AL
TN
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SASE Measurement: Shot-by-shot fluctuations

* Uneven or horn lasing identified

100 —

FEL off

100 —

FEL on

100 —

FEL on
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The LCLS Laser Heater

Preventing slice energy spread growth (microbunching instability):
* Increases E-spread early, reduce MB gain downstream

Nominal

Laser
Heater

,

time

« Nominal heating improves LCLS intensity 20-100%
« E-spread even more critical for harmonic lasing and major challenge
for proposed LCLS-II

Z. Huang, et al, PRST-AB 7, 074401 (2004) & Z. Huang, et al, PRST-AB 13, 02073 (2010)
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The LCLS Laser Heater

AE (MeV)

AE (MeV)

50

25F

L Tl

-50

50

251

-25¢

-50

Direct & quantitative study of microbunching

LH@ 0w LH@ 6 uJ LH@ 9w

50

50

-50 0 50 ) -50 0 50 ) -50 0 50
LH@22 W LH @ 39 W LH@ 78 WJ
- - 50 : 50 ,
Nominal
- 251 251
ot of
25t 25}
: - ' 50— : ' 50— _— '
-50 0 50 -50 0 50 -50 0 50
¢ (fs) £ (fs) ¢ (fs)

(Undulators removed for these data)




Trade offs and challenges

ol ALs

Frequency domain

Typically simple passive devices -

and robust/affordable

General approach easily scales
to different bunch lengths

Loss of phase information,
temporal profile ambiguous

LS | 7 g \ 2

Time domain

Typically more costly, active
devices (lasers, RF structures)

Scaling to very short (fs)
bunches challenging

Temporal profile directly, ~no
ambiguity in temporal shape
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