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Finished	
  experiments	
  in	
  2012-­‐2014	
  
presented	
  on	
  behalf	
  of	
  PIs	
  

•  AE31	
  –	
  “Mul$-­‐bunch	
  PWFA”	
  by	
  Patric	
  Muggli	
  
(2006-­‐2014),	
  16	
  papers,	
  2	
  thesis	
  works	
  

•  AE48	
  –	
  “Current	
  noise	
  suppression”	
  by	
  Avi	
  
Gover	
  (2011-­‐2012),	
  paper	
  in	
  Nature	
  Physics,	
  	
  1	
  
thesis	
  work	
  

•  AE49	
  –	
  “Measurement	
  of	
  coherent	
  terahertz	
  
radia$on	
  using	
  a	
  real-­‐$me	
  
interferometer”	
  (withdrawn	
  in	
  2013)	
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•  2011	
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  et	
  al.	
  "Resonant	
  ExcitaXon	
  of	
  Plasma	
  Wakefields	
  in	
  the	
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  Nonlinear	
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  al.”	
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  regimes	
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  interacXon”	
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  B.	
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  al.	
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  et	
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AE31	
  -­‐	
  Mul<-­‐bunch	
  PWFA.	
  	
  
Facility	
  improvements	
  	
  

•  Mask	
  technique	
  
•  Capillary	
  development	
  and	
  plasma	
  density	
  
calibraXons	
  

•  Driver-­‐witness	
  diagnosXcs	
  (Xming,	
  
spectroscopy,	
  bunch	
  length	
  measurements)	
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AE31	
  -­‐	
  Mul<-­‐bunch	
  PWFA	
  .	
  Students.	
  
•  EChymios	
  Kallos,	
  2008.	
  Thesis	
  Xtle:	
  “Plasma	
  
Wakefield	
  Accelerators	
  using	
  Mul$ple	
  Electron	
  
Bunches”	
  	
  (Adv.	
  Tom	
  Katsouleas),	
  this	
  work	
  
received	
  IEEE	
  student	
  award	
  

•  Brian	
  Allen,	
  2012.	
  Thesis	
  Xtle:	
  “Experimental	
  
study	
  of	
  the	
  current	
  filamenta$on	
  
instability”	
  (Adv.	
  Patric	
  Muggli)	
  

•  Yun	
  Fung,	
  PhD	
  student,	
  last	
  paper:	
  “Seeding	
  of	
  
Self-­‐Modula$on	
  Instability	
  of	
  a	
  Long	
  Electron	
  
Bunch	
  in	
  a	
  Plasma”,	
  PhysRevLe`.112.045001	
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AE31	
  -­‐	
  Mul<-­‐bunch	
  PWFA.	
  Science	
  details	
  

11 

Multi-bunch resonance PWFA 
                                                                                                                  

PI – P. Muggli, USC 

simulations experiment 
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AE31	
  -­‐	
  Mul<-­‐bunch	
  PWFA.	
  Science	
  details	
  
  PWFA                                Self-Modulation                                 Filamentation 

Beam/Plasma Interactions  
                                                                                                                  

PI – P. Muggli, USC 

acceleration of a short electron 
bunch trailing a driver electron 
bunch in high-density plasma.  first demonstration of filamentation 

instability when transverse beam size is 
bigger than plasma wavelength  

first demonstration  
of the SMI seeding to  
be used in experiments 
 in the planning phase at 
FACET and CERN. 

10 
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AE48	
  –	
  Current	
  noise	
  suppression	
  
•  Most	
  Xme/results	
  efficient	
  experiment:	
  2	
  weeks	
  of	
  
beam	
  Xme	
  in	
  2011,	
  1	
  week	
  in	
  2012	
  

•  Results	
  published	
  in	
  Nature	
  Physics	
  
•  Ariel	
  Nausse	
  thesis	
  work	
  at	
  TAU	
  in	
  2013,	
  Title:	
  
“Bea$ng	
  the	
  Shot-­‐Noise	
  Limit:	
  Collec$ve	
  
Interac$on	
  Op$cal	
  Noise	
  Suppression	
  in	
  Charged	
  
Par$cle	
  Beam	
  “	
  (Adv.	
  Avi	
  Gover)	
  

•  Awards	
  for	
  best	
  thesis	
  work	
  from	
  BNL	
  and	
  APS	
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  suppression.	
  Science	
  details	
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LETTERS NATURE PHYSICS DOI: 10.1038/NPHYS2443
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Figure 1 | Random distribution in an electron beam, as viewed in the beam reference frame. The expansion-directed space-charge force (�eEsc), exerted
on electrons on the boundaries of a higher density bunch, exceeds the random inter-particle Coulomb force (�eECoul).

Basler camera
with macro lens

Basler camera
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Triplet ITriplet 2

CTR-I YAG-4 YAG-3

Figure 2 | The experimental set-up. The ATF electron-beam transport set-up is shown from the injector RF-LINAC exit to the OTR viewer site (CTR-1). The
accelerated beam energy was varied from 50 to 70 MeV and the beam charge was varied from 200 to 500 pC. The beam spot dimensions were measured
at four locations using fluorescent screens (YAG-1 to YAG-4). The beam envelope was kept nearly uniform, except in the section between quadruple lenses
TRIPLET-1 and TRIPLET-2 where it was focused to a narrow waist in the centre of the free drift section between the triplets (the chicane in the drawing was
turned off). An electronic signal proportional to the photon number of integrated OTR emission from CTR-1 was measured using a CCD camera.
Independently, a similar reference measurement was carried out at CTR-0 before the collective interaction drift region.

fundamental collective excitation in the beam, namely: ⇠⇡/!0
p0,

where !0
p0 = (e2n0

0/m"0)1/2. Interestingly, this is the characteristic
expansion time of a bunch of charged particles as can be verified
by calculating or simulating the expansion time of a sphere or disc
of charged particles (see SupplementaryAppendices S1 and S2).

In electron-beam transport under appreciable space-charge
conditions, the microdynamic noise evolution process may be
viewed as the stochastic oscillations of Langmuir plasma waves1. In
the linear regime, the evolution of longitudinal current and velocity
modulations of a beam of average current Ib, velocity �c and energy
E= (� �1)mc

2, can be described in the laboratory frame by17:

d
d'p

◆̌(!,z)= � i

W (z)
v̌(!,z)

d
d'p

v̌(!,z)= �iW (z)◆̌(!,z)
(3)

where ◆̌(!) = ˇ

I (!)ei!z/�c , v̌(!) = ˇ

V (!)ei!z/�c ,ˇI (!), ˇV (!) are the
respective Fourier components of the beam current and kinetic-
voltage modulations. The kinetic-voltage modulation is related to
energy and longitudinal velocity modulations: ˇV = �(mc

2/e)�̌ =
�(mc

2/e)� 3� ˇ�; 'p(z) =
R

z

0 ✓pr(z 0)dz 0 is the accumulated plasma
phase; W (z) = r

2
p/(!Ae

✓pr"0) is the beam wave-impedance; A
e

is

the effective beam cross-section area, ✓pr = rp!pl/�c is the plasma
wavenumber of the Langmuir mode; rp < 1 is the plasma reduction
factor; !pl = !p0/�

3/2 is the longitudinal plasma frequency in
the laboratory frame.

The single-frequency Langmuir plasma wave model expression
(3) can be solved straightforwardly in the case of uniform drift
transport. After employing an averaging process, this results in a
simple expression for the spectral parameters of stochastic current
and velocity fluctuations (noise) in the beam assuming that they are
initially uncorrelated1,17:

|̌◆(!,L)|2 = |̌◆(!,0)|2cos2'p(L)+ (|v̌(!,0)|2/W 2)sin2'p(L) (4)

The beam current noise evolution is affected by the
initial axial velocity noise through the parameter N

2 =
|v̌(!,0)|2/W 2 |̌◆(!,0)|2 = (!/c�kD)2, where kD = !pl/c�� is the
Debye wavenumber and c�� is the axial velocity spread. Equation
(4) suggests that current noise suppression is possible if the beam
is initially cold—N

2 < 1, and if plasma phase accumulation of
'p(L) ⇠ ⇡/2 is feasible. This condition also assures that Landau
damping is negligible18.

The noise suppression demonstration experiment was
conducted on the 70MeV RF-LINAC of ATF/BNL (Fig. 2). The
beam current noise measurement was made by recording the
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Beating the shot-noise limit
Avraham Gover1*, Ariel Nause1, Egor Dyunin1 and Mikhail Fedurin2

The current shot-noise of an electron beam is proportional to
its average current and the frequency bandwidth. This is a
consequence of the Poisson distribution statistics of particles
emitted at random fromany source. Herewedemonstrate noise
suppression below the shot-noise limit in optical frequencies
for relativistic electron beams. This process is made possible
by collective Coulomb interaction between the electrons of
a cold intense beam during beam drift1. The effect was
demonstrated by measuring a reduction in optical transition
radiation power per unit of electron-beam pulse charge. This
finding indicates that the beam charge homogenizes owing to
the collective interaction, and its distribution becomes sub-
Poissonian. The spontaneous radiation emission from such
a beam would also be suppressed (Dicke’s subradiance2).
Therefore, the incoherent spontaneous radiation power of
any electron-beam radiation source (such as free-electron
lasers3,4) can be suppressed, and the classical coherence
limits5 of seed-injected free-electron lasers6 maybe surpassed.

Current shot-noise suppression in an electron beam in the
optical frequency regime is an effect of particle self-ordering
and charge homogenization on the scale of optical wavelengths7,
which statistically corresponds to the exhibition of sub-Poissonian
electron number statistics (similarly to photons in squeezed light8).
A dispute over the feasibility of this effect at optical frequencies
is resolved in the experiment reported here. We have evidence
for electron-beam noise suppression from measurement of the
optical transition radiation (OTR) power emitted by a beam on
incidence on a metal screen after passing through a drift section.
The OTR emission is proportional to the current shot-noise of
the incident beam.

In a randomly distributed stream of particles that satis-
fies Poisson statistics, the variance of the number of parti-
cles that pass through any cross-section at any time period
T is equal to the number of particles N

T

that pass this
cross-section during the same time T , averaged over different
times of measurements. Consequently, the current fluctuation is
I = e

p
N

T

/T = e

p
IbT/e/T = p

eIb/T . When formally calculated,
the average beam shot-noise spectral power (�1<!<1) is:

|ˇI (!)|2 = eIb (1)

Here I (t ) is the beam current modulation, and the Fourier
transform is defined as ˇI (!)=

R 1
�1ei!t I (t )dt .

In radiofrequency linear accelerators (RF-LINACs) it is usually
assumed that collective inter-particle interaction is negligible
during beam acceleration and transport, and the shot-noise
limit (1) applies. However, with recent technological advances in
radiofrequency accelerators, and in particular the development
of photocathode guns9, high-quality cold and intense accelerated
electron beams are available, and the neglect of collective micro-
dynamic interaction effects in the transport of such electron beams
is no longer justified. Effects of coherent OTR emission and

1Tel-Aviv University, Tel-Aviv 69978, Israel, 2ATF, Brookhaven National Lab, Upton, New York 11973, USA. *e-mail: gover@eng.tau.ac.il.

super-linear scaling with Ib of the OTR emission intensity were
observed in the LCLS (LINAC Coherence Light Source) injector10
at SLAC and in other laboratories11. These effects, originally
referred to as unexpected physics12, are now clearly recognized
as the result of collective Coulomb micro-dynamic interaction
and establishment of phase correlation between the electrons
in the beam. In these cases, however, the collective interaction
led to shot-noise and OTR power enhancement (gain), and not
to suppression. Collective effects were shown to be responsible
also for beam instabilities (micro-bunching instability) that were
observed in dispersive electron-beam transport elements13,14.
Collective microdynamic evolution of 1 THz coherent single-
frequency current modulation was recently reported15, but no
stochastic optical noise suppression effect could be observed.

Noise gain due to collective interaction has been demonstrated
in numerous laboratories, but the notion of beamnoise suppression
at optical frequencies1 has been controversial (although analogous
effects were known in non-relativistic microwave tubes16). To
explain the physics of the noise suppression, we point out that in
the electron-beam frame of reference the effect of noise suppression
appears as charge density homogenization. The simple argument
that follows shows that the space-charge force, which is directed
to expand higher density charge bunches, has a dominant effect
over the randomly directed Coulomb repulsion force between the
particles (Fig. 1).

Assume that in some regions of the beam, there is higher
particle-density bunching. Encompassing such a bunch within a
sphere of diameter d 0, the excess charge in this sphere is e1N

0,
and the potential energy of an electron on the surface of the
sphere is "sc = e

21N

0/2⇡"0d 0. This potential energy turns in time
into kinetic energy of electrons, transferred in the direction of
bunch expansion (homogenization). At the same time, the electron
also possesses an average potential energy due to the Coulomb
interaction with neighbour electrons at an average distance n0

0
�1/3

(n0
0 is the average density in the beam frame). This potential energy

"Coul = e

2/4⇡"0n0
0
�1/3 turns into kinetic energy of electrons that

are accelerated in random directions. In a randomly distributed
electron beam that satisfies Poisson statistics 1N

0 = N

01/2, where
N

0 =⇡d 03
n

0
0/6 is the average number of electrons in such a sphere.

Therefore, the condition for domination of the directed space-
charge energy over the random energy is

"sc

"Coul
=

✓
2⇡
3

d

0

n

0
0
�1/3

◆1/2

> 1 (2)

We conclude that a random cold beam of density n

0
0 always

tends to homogenize in any spatial scale larger than the average
inter-particle distance: d 0 >n

0
0
�1/3.

The expansion trend of a dense bunch would clearly tend
to homogenize the charge distribution of an initially cold
electron-beam plasma. The timescale for the homogenization
process can be connected only to the plasma frequency—the
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Figure 1 | Random distribution in an electron beam, as viewed in the beam reference frame. The expansion-directed space-charge force (�eEsc), exerted
on electrons on the boundaries of a higher density bunch, exceeds the random inter-particle Coulomb force (�eECoul).
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Figure 2 | The experimental set-up. The ATF electron-beam transport set-up is shown from the injector RF-LINAC exit to the OTR viewer site (CTR-1). The
accelerated beam energy was varied from 50 to 70 MeV and the beam charge was varied from 200 to 500 pC. The beam spot dimensions were measured
at four locations using fluorescent screens (YAG-1 to YAG-4). The beam envelope was kept nearly uniform, except in the section between quadruple lenses
TRIPLET-1 and TRIPLET-2 where it was focused to a narrow waist in the centre of the free drift section between the triplets (the chicane in the drawing was
turned off). An electronic signal proportional to the photon number of integrated OTR emission from CTR-1 was measured using a CCD camera.
Independently, a similar reference measurement was carried out at CTR-0 before the collective interaction drift region.

fundamental collective excitation in the beam, namely: ⇠⇡/!0
p0,

where !0
p0 = (e2n0

0/m"0)1/2. Interestingly, this is the characteristic
expansion time of a bunch of charged particles as can be verified
by calculating or simulating the expansion time of a sphere or disc
of charged particles (see SupplementaryAppendices S1 and S2).

In electron-beam transport under appreciable space-charge
conditions, the microdynamic noise evolution process may be
viewed as the stochastic oscillations of Langmuir plasma waves1. In
the linear regime, the evolution of longitudinal current and velocity
modulations of a beam of average current Ib, velocity �c and energy
E= (� �1)mc

2, can be described in the laboratory frame by17:

d
d'p

◆̌(!,z)= � i

W (z)
v̌(!,z)

d
d'p

v̌(!,z)= �iW (z)◆̌(!,z)
(3)

where ◆̌(!) = ˇ

I (!)ei!z/�c , v̌(!) = ˇ

V (!)ei!z/�c ,ˇI (!), ˇV (!) are the
respective Fourier components of the beam current and kinetic-
voltage modulations. The kinetic-voltage modulation is related to
energy and longitudinal velocity modulations: ˇV = �(mc

2/e)�̌ =
�(mc

2/e)� 3� ˇ�; 'p(z) =
R

z

0 ✓pr(z 0)dz 0 is the accumulated plasma
phase; W (z) = r

2
p/(!Ae

✓pr"0) is the beam wave-impedance; A
e

is

the effective beam cross-section area, ✓pr = rp!pl/�c is the plasma
wavenumber of the Langmuir mode; rp < 1 is the plasma reduction
factor; !pl = !p0/�

3/2 is the longitudinal plasma frequency in
the laboratory frame.

The single-frequency Langmuir plasma wave model expression
(3) can be solved straightforwardly in the case of uniform drift
transport. After employing an averaging process, this results in a
simple expression for the spectral parameters of stochastic current
and velocity fluctuations (noise) in the beam assuming that they are
initially uncorrelated1,17:

|̌◆(!,L)|2 = |̌◆(!,0)|2cos2'p(L)+ (|v̌(!,0)|2/W 2)sin2'p(L) (4)

The beam current noise evolution is affected by the
initial axial velocity noise through the parameter N

2 =
|v̌(!,0)|2/W 2 |̌◆(!,0)|2 = (!/c�kD)2, where kD = !pl/c�� is the
Debye wavenumber and c�� is the axial velocity spread. Equation
(4) suggests that current noise suppression is possible if the beam
is initially cold—N

2 < 1, and if plasma phase accumulation of
'p(L) ⇠ ⇡/2 is feasible. This condition also assures that Landau
damping is negligible18.

The noise suppression demonstration experiment was
conducted on the 70MeV RF-LINAC of ATF/BNL (Fig. 2). The
beam current noise measurement was made by recording the
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  -­‐	
  Measurement	
  of	
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  a	
  real-­‐<me	
  

interferometer	
  	
  
	
  •  No	
  beam	
  request	
  from	
  users	
  

•  Experiment	
  was	
  withdrawn	
  by	
  users	
  in	
  2013	
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