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Beam Diagnostics

at the AWA Facility

...the other 3 of the story




AWA Playing Cards
Collect them all!
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Accel. R&D group activities ...

AWA Facility

Advanced Structure
Development
Design, Simulation,
Fabrication

Beam Driven Structure Testing

Control System
DAQ system
RF System

Administrative
ES&H, Conferences,
Reviews, Publications

Beam Physics

support for experiments

Beam Simulation methods for future HEP

Laser System
Vacuum/Beamline
Photocathode Development
Community Service

Mission Statement NRL
Explore novel charged RF Driven
Beamline Design particle acceleration Structure Testing

machine Miscellaneous
ILC Activities
NLC breakdown

Beam Diagnostics

_ _ . Theory
Design, Simulation, Multipactor,

Fabrication Schottky Emission

Exotic Structures
Design, Simulation,

Fabrication

Primary Challenge = Operating an accelerator with a small group



(I)
Why do beam

diagnostics at the
AWA facility?




The future of accelerator-based HEP

» HEP needs a path to High Energy and High Luminosity
» AAC seeks High Gradient & High Brightness technology
» Group develops Wakefield Acceleration & RF photoinjectors

100 MeV Demonstration
Accelerate 1 nC bunch by
100 MeV In 1 m usi
Dielectric TBA

Beam Physics of
Photoinjectors
Study phase space
evolution

World's highest

peak charge
photoelectron
beam



How does wakefield acceleration depend on
beam quality?

High Charge Short Bunch
E— (photocathode) (killer!)

% 2aI - . \ /2

Q _2( o, j
W, longitudinal wake WZ oC e A

o, transverse beam size ‘nlon

o empirical number a
i means

Q Total Charge
oz Bunch length small bunch

B Beta function of the beam Beam
A Excited WF Wavelength quality \ EN 12

o =[— /]
mmmmmm = Good diagnostics y
can affect these. S~
B Rich guys Beam energy (= $3)

can affect these.



Optimization Loop

Wakefield
Acceleration Experimen

Without Adeguate
Diagnostics

the machine is open /oop

Desired
f> Electron Beam

Diagnostics Beam Dyn
Simulation
Machine
Tune

Desired
Laser beam



(II)
What do we want to

know about the BEAM?




Everything but .. beam diagnostics are
difficult at low energy and high brightnessl!

Ideally = we'd like to know
—{x;, p;} 1I=1..N

—of all (N~10%9) particles (N~100)
—at all times {t}

Practically-> continuous distribution function -
statistical description

0" moment of the distribution (N) — ej X, D,t)d°x
Charge Q /0( P )

1st moments of the distribution (centroid vector 1x6)
Transverse position (<x>, <y>)
Longitudinal position (<z>-> relative beam-RF phase) j
Transverse momentum (< p,>, <p,>) <X> =
Longitudinal momentum (<p,> => energy ) j

2"d moments of the distribution (spread matrix 6x6)
Transverse: profile, divergence, emit <X2>
Longitudinal: energy spread; bunch length; emit

easy




AWA DAQ SYS"‘em DAQ Computer

Images and Signals (single shot) (WIN-TEL)

A
Control Room Vv = f .

Accelerator Tunnel

ICTs Matlab

I .
BPMs . ﬁTDS 540 Digitizing |PT Toolbox
Faraday Cup 2 I Scope d
RF signals ©_|> BW=1GHz PIB Card

I

l

trigger
ICCD Camera Digitizer PCI Card
Head * | video
| S Matlab
light Analog
CCD Cameras video PC Vision

————————————— | Frame

Streak Camera : Grabber

Laser Room ——




(III)
Measuring the O™h Moment

)] CHARGE




The O™ moment (the easy one): CHARGE

0.1nC<Q<100nC
Future? BPM

Faraday
Spectrometer
Gun Linac & Steering Coils Quads D.U.T. Quads Cup
BPM Experimental
Chamber
ICT1 ICT2 |
YAG1 YAG2 YAG3 | YAG4 YAG5
l ! GV ? 1 GV Slits
42.5 128.5 278.5 391 535
357 489
0 101.5 255 552
469
324.75 419 637.75
320.25 619.5




The O™ moment: Charge e
Relative merits ...

120

1. ICT = easy to use (our staple) ) '
— Nondestructive; Single shot = ‘
— Commercial: Bergoz, but O 4. . -
accurate calibration difficult ol oo
R | | |
0 2 4 6 8

Laser Energy (mJ), measured in laser room

Integrating Current Transformer

Baam pulsa Ilﬂ.,;dl=%!|mﬂ!-ﬂ%

10ns/div
I I I I I

Good for: 1 psec <o, <1 usec



The 0™ moment: Charge o perinent
Relative merits ...

2. Faraday Cup > more difficult (doubles as beam dump)
— Destructive; average current (typically); can be single-shot

— Homemade: must be carefully designed to capture
secondaries, and matched into 50 Q.

conical & +biased to Vv

catch secondaries our=2500 Vdc
Sensitive to

arcing

Qin \ Qout

- ) -

— scope or
ammeter

50 Q Faraday Cup
Rise time ~ 300 psec



The 0™ moment: Charge o perinent
Relative merits ...

3. BPM - difficult, but has other uses

— Nondestructive; single-shot; wide dynamic range

— Homemade: 3D EM simulation, complicated mechanical
fabrication, non-negligible impedance, sophisticated calibration

One stripline

electrode
\ in out
. Up channel . | RF cavity (up channel) | .\ _II j l

in out

in ou

t Log Amp
| RF cavity (bot. ch.)
t

. Bottom channel

distribution

: out
(beam traveling n ou ﬂ
out of page) |RF cavity (left ch.) | i l 1 l
[ ]

2




)
Measuring the 1st* Moments

the mean vector




The 15" moments: CENTROIDS

transverse & longitudinal, position & angle

Spectrometer

Gun Linac & Steering Coils Quads D.U.T. Quads
YAG3/

BPM? YAGL

“mgﬁz

425 128.5 278.5 391 535

0 101.5 255 552

324.75 419 637.75

320.25 619.5

305.75 601.25

timing energy  transverse position



experiment

1s* moments: centroid in use
Transverse position (Horiz & Vert Offset) #1

Radiation Emitting Screens

YAG:Ce:

— destructive,
— analyze image offline

OTR:

<: —ditto as YAG:Ce

—very little light
—prompt radiation




1s* moments: centroid

Transverse position (Horiz & Vert Offset) #2

stripline BPM: non destructive; signal shot

One stripline

electrode \

Left channel

distribution
(beam traveling
out of page)

| | Up channel

Beam Pipe

. Bottom channel .

experiment
in development

I in out
RF cavity (up channel)
]
in out
in

in out

RF cavity (bot. ch.)

]
Log Amp
]
out

in out
RF cavity (left ch.) i i i i

BPM Signals, Left and Right

RS L! TSYTYT TSy
B oion 2 i

TTTTTTTT

stripline
output

A/X

measured at
AWA
f=2856 MHZz



1st moments: centroid experiment
Longitudinal position (timing/phase) #1
Position/¢ - beam RF phase to RF reference phase

beam property vs.. ¢:
Energy, Energy Spread, emittance, bunch length, etc.

o
~

— destructive and slow R

— absolute Gun Phase, but low
precision, (+/- 109)

— Sensitive to gun gradient,
charge jitter, machine drift (not N
real-time) e

Qvs.. ¢ T e _

o
w
T

Charge (nC)
|
\
7

N\
\

AN
Iy
|

I/g.
S

o
o

0 20 40 60 80 100 120 140

RF Phase (degrees)



1st moments: centroid
Longitudinal position (timing/phase) #2

BPM-based technique
—->Nondestructive; real time monitor
—>relative Gun Phase, High precision (+/- 19)

experiment
in development

3iripling Detector

4 >0

rﬂ"
RECEIVER
bandpass
I'E'E
=7
- 75 SUMMING
e NETWORK
75

Courtesy of
B. Lill @ APS

DATA,
ACQUISITION

ACCELERATING
STRUCTURE

ADB302 RFIF CONTROL AND
—i- PHASE —a  REGULATOR
DETECTOR BOARD
L,
- ‘ POWER

SUPPLY

DIGITAL VO

||||




1st moments: centroid experiment
Longitudinal angle (energy) #1

The AWA Imaging Spectrometer

—— Experiment
== Simulation

Adjustable Phosphor
Tungsten Slit ~ Screen

Intensity (arb. units)
.
I
P

Energy (MeV)

ICT  \Wakefield

D Structure I

Envelope

6" Round Pole
Spectrometer
and
Vacuum Chamber




the sigma
matrix

(V)

n
o
-
\Y
£
=
-
=
QU
Y
L=
prm.
=)
.m
= |
)
O
=




2" moments (the hard one) theory
some formalism 2> 36, 2 moments

e _
1. The beam matrix: o \Uxx,‘ Oy Ox
(the covariance matrix) o0, O, O,
-9, 2x2 matrices
_O-zx sz sz_

2. The transfer matrix
—> e.g. quadrupole

1 s
Ap =
O'(Sz) = RU(Sl)RT \ cos(yfkl)
o (s,) a(s,)
3. 9 second moments (usually B B
ignore non-diagonal elements) *l—aE, 7€

0, =+ B.c, spreadin position\‘

_ 22 2
O =V xéx spread in angle— det(Gxx)— (:BXVX oy )Ex Ey



experiment
in use

The Profile: generating and capturing
The Old Imaging System

A y
Radiator: fluorescent, OTR, Cherenkov

. Response time

. Thickness

. Light yield

. Spatial Resolution
. Spectrum match to

Drawbacks camera
1. Depth of focus (45°) Fiducial marks
2. No fiducials at high Linearity
magnification
3. Poor light collection X
(camera distance)

© 00N

Vidicon Camera

to frame grabber



The Profile: generating and capturing experiment

in development

The New Imaging System
USAF

I
Resolution

| I I @ o 1] Target \
?'E::lll'ﬂ-- w1l \

250 -| r

4 S ¥t GE y "|
= 5= —R
5 szm = 11
4004

1. Depth of focus (| ) / Achromatic
2. Low-magnification (no YAG:Ce lenses to relay
fiducials at high 100 um x Image

magnification)
3. Improved light collection



The Pr'Oflle- EXTPGC"'ing it fr'om the lmage experiment

100
100~

a0

Remove

X-ray Noise

o 04

o+

0 i
D 4

. _ ~100
100 420 200 B0

&0 100 120 200

2. Background Image 3. Subtracted Image

Finally - calculate standard deviation of projectiol
- fit to a function (e.g. Gaussian)




Emittance Measurements at the AWA

Transverse emittance
1. Modified 3 Screen
2. Modified Quad-Scan
3. Pepper Pot
4. OTR-based

Longitudinal Emittance

1. Never attempted at AWA (instead - separate
energy spread & bunch length )

2. New ldea: Time resolved spectrometer




1. Modified 3 screen technique theory
transverse emittance - measure beam envelope

1. Standard 3-screen doesn't work (ignores space-charge).

G:|:ﬂg _ag} o,=Ro,R' By—a’ =1

—as e

[1] 3 unknowns: a, B3, €
[2] Ignore space charge
[3] Measure beam at 3 screens

—

2. A Modified 3-screen Technique that includes space-charge in
the model of the beam drift.

: K [1] 4 unknowns: o, &', &, K
o"(s)+ o (S)or(s) - —— — =0 T
° o(s) 40(s) P eeney
B Ko?

R

Ag?



experiment

1. Modified 3-screen technique

Measure spot size at 3 locations

* fmmi)

YAG2 YAG3

sy
—

O

) g

4

Letes
190.25
256
307
374

126

<+ Drift Region =————>



1. Modified 3-screen technique experiment
Comparison Between PARMELA and Measured Spot Sizes

S ]
45 Horizontal Beam Envelope B
4 Oparm=48
6/(|)F>AR|\/|:58
3.5 = " -
A =
a3 ° <«— PPARM
E |&
Eo5 ] / .
¢ <«— PPARM™
>t<3 2 I /
N bparM=28
1.5 -
1 |
0.5 | Oexpr = 390  @¢expr = 360 Adexpr =370 +0expr = 380 @ Pexpr = 390
O T T T T
90 190 290 390 490

z (cm)



1. Modified 3-screen technique experiment
transverse emittance: Fit data to envelope equation to extract emittance

(e.g. RF Phase = 289)

60
3 O PARMELA prediction
¢ =28 50 - I XFitR .
_ t Range -
€=13 um | !
= 2 / AT/ E 40 F
CRIREEN i ® 20
\ Resolution ./
e=1um 107 Limit |
0 \ ‘ ! 0 \ = - = =T -
0 100 200 300 0 10 20 30 40 50 60 70 80
z (cm) (a) rf gun phase (degrees)

Technigue has low emittance resolution for heavily space

charge dominated beam
1. Space charge is large
2. Beam spots are measured with limited resolution (+/- 300 um)

2
R — Ko Drive beam is heavily

& dominated




2. Modified Quad Scan technique theory

transverse emittance
1. Standard quad scan doesn't work (ignores space-charge).

Phosphor =
R, Quad Screen = [ L B B
R'O / GNJ
.(E —
L S
< g o
0p)

2. Include space-charge in model of beam drift Quad Strength

g)frms 3K ( f )

a, +K,,(s)a, ——5——

a; 5\/_(a + ay)aZ
g? - (1 f ) 1. Space charge couples motion
ay + Ky (8)a, ——F- f = 2. 3 unknowns g, a, a' (1D)
a, S (a + ay)az 6 unknowns: (2D)

, 9 unknowns: (3D)
Ems K, 3. Assume K from Q & o,

a, +i,(s)a, - - =0
z z z af 5\/gaxay




2. Modified Quad Scan technique experiment

transverse emittance

e ,
Least squares fitting 22 =D (Rosasureai — Rici [Ror R €])
i
Witness Beam Quad Scan For witness beam
° schi ,
" ¢=0.41 mm mrad Ko
‘ 5 R=——> =10
: ? ; 4e
= 5 o O
£ o
N 4 _
m \\ . (I), :
- I ~s—— Same problem as 3-
” 2 " | screen
o™ o) - .
20 156° | —> low emittance
1 . .
1 resolution for heavily
. .. ai .. .. Space charge dominated

Quad Current (amps) beams



theory

3. Pepper Pot technique
transverse emittance
Screen
: 8B Mask
O . — ~— Incident
X
Op Beam

Pros:

— True phase space
sampling (model free)

Cons/Difficulties: — single shot

— Simulations
* |Is contribution of scattered particles negligible?
* Are space charge forces in drift negligible?
 What is the effect of energy spread?

— Imaging System design
 Resolution
e Light Collection




experiment

3. Pepper Pot technique

transverse emittance - residual space charge effect

Pepper pot images over the years ...

Ciittthemit!_48nC_10_23.img T
Attttemaldimg

¥ 1995 Q=50 nC

300

350

400

450

a0 100 150 200 250 300 350 400 450 5C
nnoooEn 3000 350 400 4580 500

«——— Spots poorly separated >

ILL behaved beamlets

Only low resolution Developing a better
estimates of the - understanding of entire
emittance so far pepper pot system



3. Pepper Pot technique simulation

transverse emittance = slit scatter
PARMELA Simulation

|deal

|
absorbed>
absorbed>
|

-~y -~
~
~
~

Maximum
angular
acceptance

L T S A S O e T SN S N ST R Y
T T T T T

/ f ,’,
’ i
’
® Y0 area=m¥e
1 + -7 g
L L L L

_____




simulation

3. Pepper Pot technique

transverse emittance =2 slit scatter
Realistic beam-target simulations w/ EGS4

Slit scatter i

+ ldeal signal |
Multiple scattering T j\
& attenuation |
electrons s B
S ~ photons N BN
o | uE
) e
= :
E 05F
QO
e

_Intensity

W W e 0 o

Thickness of W plate (um) e




3. Pepper Pot technique

transverse emittance = slit scatter

W Vacuum
— —

50

Mo aw am a0 -w W W W W W
~5% of
Signal X (Mm)
Strength

Z=0mm Z=05mm 7=15mm

Z=45mm

Z=10 mm

500 1000 1500 2000 2500 3000 3500 4000 4500 5000

= Lo
g *F*50um Y@

W Vacuum
—

A000 —— —
o} c5screen_788 “m
3000 b ) E

2000

1000

-1000 ¢
-2000
-3000

-4000

-5000
-5000 -4000 -3000 -2000 -1000 o 1000 2000 ottt

simulation

Leakage SIit-scaEer

Result of Fit

Oyue—1.50 mrad
oq—=1.49 mrad

Slit-scattering is not a

major problem for 8 MeV
case.



3. Pepper Pot technique

experiment

transverse emittance - residual space charge effect

2
&
o"(s)+x,(s)o(s)——— - =0
a(s)
blank to measure Residual
background space
charge
125 Hm y = 2E-07%’ + 8E-05x + 0.0246
50 um hole radius RZ=1 '
-_:_- fNo Space ;h.arge /
25 l,lm y = 2E-08% + 8E-05x + 0.0246 |
No space
charge
50 um : :
Parmela Simulation

100 um



experiment

3. Pepper Pot technique

transverse emittance - residual space charge effect

o

2

adius=100.um hole

70

fitted curve

ol =100urm |

alr B

=50urn
40 + B

=25um

20r B

1 1 1 1 1
0 50 100 150 200 250 300 350

Hole Radius (um) | sigmaH (um) | sigmaV (um) stdH (um) stdV (um)

25 219 208 193 184

50 217 235 193 207

100 219 237 198 207




experiment

3. Pepper Pot technique

transverse emittance - residual space charge effect

Measured spot sizes agree (o, =219 um, 217 pm, 219 pm)
— absence of residual space charge forces?
— resolution of the imaging system?

What resolution is needed?

— O 2 — 2+ 2

meas cytrue cSres

— |If O(es— (1/3) * Ojrye then 5% error (good enough) YAG (dia. 50 mm)

— Pepper Pot USAF (2" sq.)
— Gyye = 200 UM 2 o, < 70 um (1" 5.

The Imaging System —— .‘I\

— Computar lens 135 mm F/1.8
— Object distance =260 mm
— Sony Camera 8-bit CCD

Close up lens

Computar lens

Sony
camera




3. Pepper Pot technique

transverse emittance - residual space charge effect

Point Spread Function of
Imaging System

What is the smallest spot of light our

Imaging System can measure?

400

(um)
2 g
= (]

[gn]
(8]
=

Image Spot Size-FWHM

]

[ ]

(]
T

=y

[0}

[}
T

_—

=

[}
T

(8]
[
T

—&— 2o um

—&— Sllum
4 100urm

= 200um

=

4 2 i ; 4 :
object distance (mm)

experiment

|

— 0, FYWYHM=880m
= S0um, FYWHM=Edum ]
= 100um, FYWHMM=136um
200urn, FyWHM=2580rm ||

200 um
pinhole

07+

06F

05+

0.4r

03

0z2r

01r

Sensitive to the
depth of focus

Conclusion:
1. Can't tell what caused agreement
2. Need to repeat experiment with



4. Optical Transition Radiation theory
transverse emittance (collaboration with R. Fiorito @ UMD)

Far Field Imaging Near Field Imaging

(angular distribution) (spatial distribution)
— trajectory angle <x'>, <y'> \ — mean <x>, <y>
— divergence o}, o A i

— energy (E)
— energy spread (dE/E)



4. OTR Interferometer theory

transverse emittance - greater sensitivity to beam parameters
Forward
High Energy OTR \ backward
50 MeV, 650 nm t }\ OTR
L=formation length — Beam
~¥y*A ~ 40 mm \ ”\

FOTR + BOTR
dielectric 1|‘0\|i mirror
Low Energy |
8 MeV, 650 nm
L=formation length
~v2h~1mm
micromesh /J:

v

wy

ODR+DFR



experiment

4. Optical Transition Radiation

transverse emittance - first experiment (2004)

666 x 80 nm 505 x 10 nm
13 pm band pass filter band pass filter

5 um kapton foil

Ni mesh o
20%0 pi band pass filter [ .

......... - :_____>

!
1

—» <+— Gap=1.4mm

0.8
0.7
Conclusion '04 exp't: 0
missing fringes due to 04 e
misalignment of beam to oz A
mirror to center of the ol S S RO N B B AR
Interferometer 0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2

Observation angle (1/y units) Observation angle (1/y units)

Applying the OTR-based diagnostic to low energies



4. Optical Transition Radiation

experiment

transverse emittance - second experiment (2005)

washed out
ODR-DFR

Interference

pattern

Intensity, A.U.

1.6

1.4 A

1.2 1

1.0 A

0.8

0.6

0.4 4

0.2

0.0

Calculation, o =
——— Data

0.0

T
0.5

T T T
1.0 15 2.0 25

Observation Angle, Units of 1/y

Intensity, A.U.

12

1.0 A

0.8 A

0.6

0.4

0.2

0.0

large divergence
(o=6.2mr)
verified by
single foil OTR
measurement

OTR from Mirror no filter

— Calculation = 6.2 mrad
=== Data

0.0

0.5 1.0 15 2.0 25

Observation Angle in Units of 1/y



4. Optical Transition Radiation experiment
transverse emittance - second experiment (2005)

1.8

1.6 A

--- data
___calculation
c=1.3mr

1.4 A

1.2

1.0 A

Intensity, A.U.

0.8 -1

0.6 1

0.4 1

0.2

T T T T T T T
0.0 0.5 1.0 15 2.0 2.5 3.0 35

Observation Angle, Units of 1/y

Observed ODR-DFR Interferences at E= 14.2 MeV (Oct. 7, 2005)
when beam divergence lowered by vertically expanding beam



Cherenkov/OTR + Streak Camera
longitudinal = bunch length

Normalized Intensity

quartz

O

i singlet

>

=1 =

Time dispersion
_ R-n-sin(6,)
C

At

Measured 35 nC Electron Pulse with no filter

1

09 T
0.8 T
0.7 +
0.6 T
05 1
0.4 +
0.3
0.2 +
0.1+

0

— Gaussian fit

— Measured

c=10 psec

50 100 150
Time (ps)

200

Optical
transport

experiment

A 4

BP filter

At=3.7 psec

Normalized Intensity

[

o
©

o
©

o
Y

o
o

o
wn

<
~
|

Streak
camera

Measured 35 nC Pulse with green filter

— Gaussian Fit

— Measured

o ~4.86ps

0 50 100
Time (ps)

200




Cherenkov/OTR + Streak Camera experiment
longitudinal - bunch length

Electron Pulse Length vs Charge

60

50 1997 (Old gun) ®
s
2 40
g% Parmela Sims
2 \
= 20 - (ﬂe\N QU“/ Q FWHM_
5 (nC) | Z (psec)
Y 10 4 ® 1 6
20 9
0 T T T T T T T T T
0O 10 20 30 40 50 60 70 80 90 100 25 10
Q (nC) 50 12

100 13




AWA Imaging Spectrometer

longitudinal - energy spread

Adjustable
Tungsten Slit

ICT  \wakefield €T
Structure

Phosphor
Screen

Quartz
Window

Image

600 Plane

[]
Beam l 6" Round Pole
Envelope - Spectrometer
| 1] and
g Vacuum Chamber
L

]]

Energy spread: 12% (FWHM) @ 20 nC

experiment

60 -

40+

Particle number

20 A

0
12.1 12.12 12.14 12.16 12.18 12.2

Energy (MeV)

Parmela Simulation



Spectrometer w/ Cherenkov Imaging Plane

longitudinal emittance - idea

ICT  \Wakefield
Structure

Beam
Envelope

Adjustable Phosphor
Tungsten Slit ~ Screen

Quartz
Window

6" Round Pole
Spectrometer
and
Vacuum Chamber

L4
L
L 4
L 4
L4
L4
L4
L
L
L4

time slice

theory

energy slice



Future Improvements

. BPM: Des'ign, fabricate, install a 1.3 GHz BPM

— Nondestructive; Charge & Centroeid monitoring; RF gun
phase measurement to +/- 1°

 New Imaging System:
— Eliminates DOF problem; known resolution

* In pursuit of an Online Transverse Emlttance
Monitor

— Pepper;Pot: complete S|mulat|ons perform experlment Feb
06

— ODR-DFRI: next exp't March 06; pursue optical pepper pot
« Longitudinal Emittance: develop cherenkov image
plane for'spectrometer



Summary

High gradient wakefield acceleration

B cco< B

ultra-high quality beam
delivered through the structure

B cco<

successful optimization and
improvement of the beam quality

state of the art beam diagnostics



