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High Brightness Electron Beams
Introduction to the physics of high-quality electron beams

Mikhail Krasilnikov
Photo Injector Test facility, Zeuthen (PITZ)



The plan for this morning

e Motivation for high-quality electron beams

* Description of beam quality

— Beam brightness, peak current and emittance

* Evolution of beam quality in a linear accelerator
— Emittance growth and compensation
— Emittance conservation

— Bunch compression
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Motivation for high-quality electron beams

Beam quality from the point of view of two
important particle beam applications

Particle colliders X-ray free electron lasers
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Particle colliders > high luminosity

The number of collisions at the interaction point
depends on the density of particles there:
— beam current (number of particles)

— beam focal spot size

N1N2
O O

L oc

Linear collider = one shot at the interaction point (before the beam dumped)

Circular machine = considerations can be a little different
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Free Electron Lasers

In a free-electron laser (FEL), the magnetic field of the undulator magnet causes the electrons to
oscillate transversely and at resonant wavelength A,
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These oscillations induce micro-bunching on a scale of A, which causes electrons within the micro-
bunch to radiate coherently at the resonant wavelength.

In the oscillator configuration, the laser light reflects back and forth between mirrors, gaining
strength on each pass.

At ultra-short wavelength, less than 100 nm, mirrors are not available. In such a case, at high phase
space density of an electron bunch the FEL instability develops in a single pass through the
undulator, the process is referred to as self-amplified spontaneous emission (SASE).
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Free Electron Lasers: beam brightness

High phase space density of an electron bunch = high beam brightness

J*]«—] beam current
B oc
dQdA

/'

divergence transverse area

Beam brightness 1s a local property that measures the achievable
current density for a given angular acceptance
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Beam brightness

The natural coordinates for looking at the beam brightness
distribution are called the “trace space” =2 ¢.g. (X, X’)

A
b

X

d*l d*l

B o =
dAdQ  dxdydx'dy’

x and y are the coordinates transverse to
the beam motion (along z) and the primes g

Y

indicate derivatives with respect to z

differential intensity at a given

point on this picture gives
dz p. d2]

dxdx'

d.
x': x:px
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Peak and average brightness

For a given beam, we can define
the peak brightness and the average brightness

Y

Y

to calculate it, we have to define
the area in trace space
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Beam emittance

The area 1n trace space 1s called the emittance of the beam.

A

The area bounded by this dotted line
1s equivalent to the rms transverse
emittance in x — it has units of
length times angle = mm mrad

g, = () (%)~ (er')

But acceleration! = normalized phase space (x, p, = fix’)

2

Normalized beam emittance : ¢, _= ,B;/\/<x2><x’2> —(xx”)
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Why low emittance 1s so important for FEL

peak current: 5 kA
energy spread: 2.5 MeV
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FEL requirements on electron beam parameters

A, (.. K’
* Energy—> ﬁr=272 (”7} »high energy

 Transverse emittance >low emittance
* Peak current > »high current
»short
*  Energy spread-> »small energy spread
« Stability > stable

(charge, energy, timing jitter, ...)
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LINAC based FELs: generic layout

»high energy

> low emittance

»high current
»short

»small energy spread

> stable
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Electron source: RF-Gun

RFgun:
L-band (1.3 GHz)
nc (copper)
standing wave
1%2-cell cavity

Bucking solenoid

Main solenoid,
Bz _peak~0.2T

Photo cathode Cathode laser
(Cs,Te) 262nm
QE~0.5-5% 20ps (FWHM)

Vacuum
mirror
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o
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Coaxial RF Ay
coupler | SR AR @4 A 0

Electron bunch
1nC, ~5-TMeV
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RF phase of the gun

E_=FE,-sin(at + ¢,) - electric field at the cathode
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* The electrons are emitted when the radio-frequency (RF) field is accelerating, and
arrive at the next crest in time to get another push

* Finite cathode laser pulse duration (~20ps FWHM) results in the energy spread
within the electron bunch
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Photo Injector: RF Gun

15



Forces acting on electron bunch

—

Lorenz force [ = q-(E—I—\_}xE)

External forces: Space charge force

*RF cavity (e.g. RF-gun) @ig;ﬁ
R

E(r,z,t)=1{E,.,0,E.}
B(r,z,0)=10,B,,0} 7

*GGun solenoids

B(r,z)=1{B,,0,B.} %
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Focusing an electron beam with a solenoid

] I

How does that work?

F ocvy

electron

Electrons moving
down the axis of an
ideal solenoid have
their velocity
parallel to the field,
so no force!

—_

xB =0
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Focusing an electron beam with a solenoid

In a real solenoid, Maxwell doesn’t allow just this field along the axis

dz Gauss’ Law tells us that
) A . when the magnetic
p ' field changes along z, it
s/ / E L p must have a radial
] - = | component also.
—""|I ||I —Il|—'"
\ 7 i 2:72?‘31, :mﬁﬁ
g dz
B —— r db.
2 dz
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Focusing an electron beam with a solenoid

0.2 1Bz, T

In the first half of In the second half, the
the solenoid, the force is in the opposite
field imparts a direction, removing the
twisting motion to beam’s angular

the electron beam momentum
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Focusing an electron beam with a solenoid

Electrons with angular momentum then feel a force from the
main solenoid field

. -
4 B

tr

}_7: =q- (\7 X E) This resulting force is always focusing

»Z

The focal length of the solenoid changes with the
inverse of the B-field squared, because the fringe
fields and the main field are both involved
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Emittance compensation with a solenoid

Now that we know how to focus the beam, what
does the focal spot have to do with the emittance?

Beam phase space in a drift without space charge

2 A

x’)\ X

Sy
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Emittance compensation with a solenoid

Beam phase space in a drift with space charge

X
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Emittance compensation with a solenoid
Beam phase space 1n a solenoid with space charge

s A
X

0.2 4

0.15 4

0.05 4

Bz, T

~

0

X

-0.2 0 0.2 0.4

\

Sy

In linear fields the ellipse
arca (beam emittance) >
remains constant!
D
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Emittance compensation: slice and projected emittance

Without Solenoid

Space-charge forces
are stronger in the

middle of the bunch,
where the charge
density is greater

Emittance compensation

f 1 &

N A

We use the solenoid focusing to compensate the space-charge emittance growth
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What 1s a lower limit for the emittance

Where does initial emittance come from?

N

Beam initial emittance depends on the nature of the source

Thermal emittance sets a lower bound on the beam emittance

In thermionic i potential Transverse velocity is random, with

. o encrg 5
emission, the . I:D rms value depending on temperature
temperature of a £y

. 1 v oLk, T

filament is raised I\ rms B

. I .
until electrons Fermi | ‘Nz

: \
spill over the sea N
2 1 \

vacuum baITlCI' metal | vacuum M

L Transverse velocity is also random, but
In a photocathode, % {" ..... I:D the rms value depends on the energy
electrons are "} % difference between the photon and the

liberated by work function

o |
absorbing photons e potentnl .
sca I energy \
! \ v, LAhy -0
metal | vacuum N :
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Space charge forces within a bunch

In statistical mechanics:
microcanonical distribution = linear forces and the phase space remains const

2D X-Y distribution

1959: I M. Kapchinsky and V.V. Viadimirsky
“long” beams

g =1inv

transverse beam dynamics of this distribution Px

in linacs = K-V distribution

Short bunch - nonlinear transverse space
charge force = nonlinear phase space
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Space charge forces within a bunch

Flat-top temporal electron bunch

++

» reduce space charge force nonlinearity—>

* but during emission bunch is short
- reduced slice emittance

- space charge density reduced * beam peak current also reduced
—a— Density (Gaussian) —— Slice Emit (Gaussian)
—o— Density (Flat-top) e Slice Emit (Flat-top)

N
\ | \

. mm mrd
—

Peak current ~ 50A

Mikhail Krasilnikov, PITZ physics lecture for summer students, August 11, 2009 27



Photo 1njector conce
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Photo 1njector concept: emittance conservation

—Xrms, mm

EmX mm mrad

------- Xrms, mm (no booster)

------- EmX mm mrad (no booster)

PRV VIR

0 1 2 3 4 5 6 7 8 9 z from cathode,m
RF Gun Superconducting TESLA 3 harmonic
Xl 5-7 MeV module (ACC1) 150-160 MeV section ACC39

X

——] =

X
X(J
Laser
Space charge A
compensating 99
scheme by applying Emittance conservation (£

solenoid field using booster with proper f/
position and gradient - / >
matching conditions:

y=2 |t
o, \3oy e F=(7)
@ o,+0, Vs
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Photo injector concept: beam peak current

o N £ (o] oo
! | | |

xrms, mm

EmX, mm mrad

------- Xrms, mm (no booster)
------- EmX, mm mrad (no booster)

vy

0 1 2 3 4 5 6 7 8

x', mrad

z from cathode,m

Transverse projected emittance
compensated and conserved.
How to increase the peak
current of the beam?
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Particle 1n a field of magnetic dipole

Electrons with higher longitudinal momentum (energy)
are less bended by a dipole magnet

But: Coherent Synchtotron Radiation (CSR) could delute transverse phase space
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Bunch Compression (Chicane BC)

head particles, less energy

#D2BC1 - , ““D3BCIL._

/’4 i \\
Py, st iy
e S tail particles, more energy >« _
DIBCJ- 1
7’

,’/,
>—7" 15 - 21 deg
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vi-gun 3rd harm

Bunch Compression (Chicane BC)

cavity

ACCI

130 MeV  ACC2and 3 350 MeV

A

36m

undulater

head particles, less energy
#D2BC1--

= /
DIBC]J

\4

CSR!

_____ 0
tail particles, more energy

,’/ e

»—|" 15-21 deg H—
. |

j 13.6 m 5

1.7 — 5.4 deg — g
\
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Conclusions

* FELs and linear colliders need particle beams that can be
well-focused

* Overall quality of particle beams 1s described by average
brightness or by emittance

* Linear accelerators are capable to produce high
brightness electron beams:
— Emittance compensation technique
— Emittance conservation principle

— Bunch compression
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On 18.08.2009!

Frank Stephan from PITZ, will tell you all about
the actual machine that we use to create these
electron beams and characterize electron guns

e

Mikhail Krasilnikov, PITZ physics lecture for summer students, August 11, 2009

35



	High Brightness Electron Beams�Introduction to the physics of high-quality electron beams
	The plan for this morning
	Motivation for high-quality electron beams
	Particle colliders  high luminosity
	Free Electron Lasers
	Free Electron Lasers: beam brightness
	Beam brightness
	Peak and average brightness
	Beam emittance
	Why low emittance is so important for FEL
	FEL requirements on electron beam parameters
	LINAC based FELs: generic layout
	Electron source: RF-Gun
	RF phase of the gun
	Photo Injector: RF Gun
	Forces acting on electron bunch
	Focusing an electron beam with a solenoid
	Focusing an electron beam with a solenoid
	Focusing an electron beam with a solenoid
	Focusing an electron beam with a solenoid
	Emittance compensation with a solenoid
	Emittance compensation with a solenoid
	Emittance compensation with a solenoid
	Emittance compensation: slice and projected emittance
	What is a lower limit for the emittance
	Space charge forces within a bunch
	Space charge forces within a bunch
	Photo injector concept: space charge effect reduction
	Photo injector concept: emittance conservation
	Photo injector concept: beam peak current
	Particle in a field of magnetic dipole
	Bunch Compression (Chicane BC)
	Bunch Compression (Chicane BC)
	Conclusions
	On 18.08.2009!


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


