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Abstract 
The generation of ultra-short, low emittance and low en-

ergy spread electron bunches is nowadays a critical re-
quirement for accelerators in plasma wave or for femtosec-
ond light sources. A new longitudinal compression scheme, 
based on velocity and ballistic bunching techniques in 
presence of space charge forces, allows to enter in a pecu-
liar regime, so-called laminar bunching (LB). In this re-
gime, the bunch is longitudinally compressed, at the ex-
pense of its transverse size, and the over-bunching is for-
bidden by the laminarity: going to the minimal longitudinal 
dimension the bunch is adiabatically frozen and transver-
sally refocused. Furthermore, this technique heats slightly 
the uncorrelated energy spread resulting in electron distri-
butions that, in case of bending paths, does not require La-
ser Heater devices.  

INTRODUCTION 
In the last decade the production of ultra-short electron 

bunches has become a major item in many fields that are 
related to accelerating machines. One of the main applica-
tion interested in such kind of beams is the Free Electron 
Lasers (FELs) with the aim to produce ultra-short light 
pulses, femtosecond orders, to explore ultra-fast phenom-
ena like chemical reactions or phase transitions. A typical 
example is the study of the water splitting in the photosyn-
thesis that ranges from 1 up to 100 fs [1]. Other technolo-
gies pursuing ultra-short electron bunches are the plasma 
wave acceleration [2-5], the femtosecond electron diffrac-
tion FED [6] and the coherent THz transition radiation [7]. 

There are many techniques to longitudinally compress 
electron bunches. Basically all these techniques are based 
on a linearly correlated energy spread (linear chirp) given 
along the distribution and accordingly on the velocity dif-
ferences of the particles which return in to the compression 
effect. The compression is performed along a drift in terms 
of time of flight (ballistic bunching [8, 9]) or along a dis-
persive line, in terms of different paths length (magnetic 
chicanes) [10]. An alternative compression technique, 
named Velocity Bunching (VB) [11], occurs inside a trav-
eling wave (TW) accelerating cavity, where the beam is ac-
celerated and chirped at the same time. The VB technique 
operates at low energies, typically electron guns exit ener-
gies which are lower than 7 MeV. In order to prevent the 
emittance degradation, the laminarity of the beam, which 
permits to damp the emittance oscillations during the com-
pression, has to be preserved. This laminarity beam condi-
tion is kept propagating the beam as close as possible to an 
equilibrium invariant envelope, representing an exact solu-

tion of the envelope equation, that is obtained by the fol-
lowing conditions: inject in to the compressor with a lami-
nar envelope waist ( 𝜎′ = 0 ), a compression factor that 
scale linearly with the acceleration 𝐼 =

𝛾

𝛾0
𝐼0  where 𝐼 

stands for the current, 𝛾 for the relativistic factor and the 
index 0 for values before the compression. 

The VB is a technique used, or tested, worldwide in dif-
ferent labs and nowadays it is a reference technique to 
compress electron beams at low energy. Typical VB perfor-
mances, easily reached, are peak beam currents approach-
ing, or overcoming, 1 kA and emittance values lower than 
1 mm-mrad for bunch charge of few hundreds of pico-cou-
lombs and final energies of 80-100 MeV [12]. These high 
brightness bunches generated by VB show the common 
characteristics to have a spike current on the bunch head, 
where most of the charge is stacked and a long low charge 
tail. The beam quality of the tail is usually poor, shown a 
very high energy spread, which is a peculiarity of the VB 
itself where the compression is obtained at the expense of 
the energy spread, then damped by the acceleration. 

In this work is presented a new compression technique 
that permits to compress an electron bunch in an almost 
uniform way, if compared to the VB and, at the same time, 
to quasi fully compensate the bunch energy spread. This 
method takes advantage from a space-charge dominated 
regime and because most of the compression happens 
along a drift, where the bunch is laminar, under the effect 
of its only field, it has been named laminar bunching LB. 
In the following paragraph is presented an ideal machine 
layout to perform the LB and discussed it beam dynamics, 
considering the longitudinal and the transversal envelop 
equations. At the end of the proceeding is presented a com-
parison between the VB and the LB from simulations point 
of view and from the different evolutions of the envelope 
equation self-fields terms.  

LAMINAR BUNCHING 
The LB machine layout presented in this work is as fol-

lows (Fig. 1): 1.6 cells s-band photoinjector coupled to a 
solenoid for the emittance compensation; a drift of about 
1.3 meters; a x-band TW 9 cells accelerating cavity, which 
is used in decelerating mode; a s-band 3 m long, SLAC 
type, accelerating cavity embedded into a solenoids array; 
a quite long drift, about 3 m long, where the electron bunch 
enters into the LB; a couple of equal TW c-band accelerat-
ing cavities, 114 cells, 2 meters long, that boost the beam. 

For sake of a better LB beam dynamics understanding 
let us start analyzing transverse and longitudinal envelope 
equation, respectively Equations (1) and (2): 
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Figure 1: The machine layout used for the laminar bunching simulations and the longitudinal fields intensity of the dif-
ferent cavity involved in the new compression method. The gun is a standing wave accelerating cavity, the other cavities 
work in traveling wave. 

𝜎′′ +
𝛾′

𝛾
𝜎′ + (

𝑘

𝛾
)

2

𝜎 =
𝑄𝑐

2𝐼𝐴𝛾3𝜎𝑧𝜎
+

𝜀𝑛
2

𝛾2𝜎
    (1) 

where 𝜎  is the rms beam envelope, 𝛾  the Lorentz factor, 
𝛾′ ≈ 2𝐸𝑎𝑐𝑐 , 𝐸𝑎𝑐𝑐  [𝑀𝑉/𝑚]  being the accelerating field, 
𝑘 =

𝑒𝐵𝑆𝑂𝐿

𝑚𝑐
 the solenoid focusing strength, considering neg-

ligible the rf ponderomotive focusing force, 𝐵𝑆𝑂𝐿  the field 
intensity of the solenoids around s-band TW structure, 
𝐼𝐴 = 17𝑘𝐴 the Alfvén current and 𝜀𝑛 the normalized rms 
transverse emittance. 
The longitudinal envelope equation can be written as fol-
lows: 
 

𝜎𝑧
′′ + 𝐾𝑧𝜎𝑧 +

𝛾′𝜎𝑧
′

𝛽2𝛾
=

𝐼

𝐼𝐴𝛽2𝛾4𝜎
+

𝜀𝑧
2

𝛽2𝛾6𝜎𝑧
3     (2) 

 
with σz the rms bunch length, β the normalize velocity, εz 
the normalize rms longitudinal emittance, σ the rms bunch 
transversal dimension σ=σx =σy  (which couples the two 
envelope equations Eq. (1) and Eq. (2)), γ0

′ =
eEacc

m0c2  the nor-
malized acceleration gradient and Kz the RF longitudinal 
strength: 
 

𝐾𝑧 =
4𝜋𝛾0

′sin |𝜑0(𝑧)|

𝜆𝑅𝐹(𝛽𝛾)3       (3) 
 

with 𝜑0(𝑧) =
𝑧

𝑐
(1 −

𝛾

√𝛾2−1
)  (maximum acceleration at 

𝜑0 = 0). 
The third term on the left of Eq. (2) is a velocity damping 
term, always in contrast with focusing or defocusing. The 

last two terms, on the right hand of the same equation, rep-
resent internal forces and are respectively the space charge 
and the emittance longitudinal pressure, from which is pos-
sible to define the longitudinal laminar parameter 𝜌𝑧: 
 

𝜌𝑧 =
𝑄𝑐(𝛾𝜎𝑧)2

𝐼0𝜎𝑥𝜀𝑧
2      (4) . 

 
This parameter provides a value of the bunch lami-

narity and also of the bunch stiffness with respect to the 
compression. The laminarity is guarantee for values greater 
the one (𝜌𝑧 > 1), which is a typical condition during com-
pressions at low energy (VB or LB), differently for over-
compression regimes, where the laminarity is lost (next 
paragraph). The stiffness of the bunch versus the compres-
sion decreased for 𝜌𝑧  approaching the unity, favoring a 
more effective compression process. 

A description of the LB beam dynamics, following the 
Fig. 1 layout and showing in advance some results of the 
simulations paragraph, is as follows:  
 The bunch exiting from the gun, with an energy of 5.9 

MeV, under the effect of the gun-solenoid and being 
space charge dominated, undergoes the emittance 
compensation process along a drift [13]. So far the dy-
namics is known, equal to many other low emittance 
injectors.  

 Downstream the drift the bunch enters into a short, 
high frequency (x-band) accelerating cavity (see the 
paragraph: RF SYSTEM), that decelerate the bunch 
of 2.3 MeV. This deceleration that bring the bunch at 
the low energy of 3.6 MeV has many important effects: 
1) it strengthens the long. space charge effects, also if 
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the long. laminarity decreases, favouring a faster com-
pression; 2) moves the bunch spike current on the 
bunch tail pre-compensating the symmetric VB ef-
fects (Fig. 2 and 3), resulting in a much more uniform 
charge distribution at the compression end; 3) pro-
vides a pre-compression; 4) it enlarges the envelope 
relaxing transversal space charge effects; 5) applies a 
pre-correction of the radio rf curvature (Fig. 3, upper 
plot); 6) the energy decreasing results in an larger 
bunch vs. rf-phase slippage, a key effect for the VB 
technique.   

 After the high harmonic cavity, the bunch is injected 
into a typical cavity for the VB where it is chirped (in 
the longitudinal phase-space), compressed and accel-
erated.  

 Downstream the VB cavity there is a long drift where 
the bunch enters at about 20 MeV and the full effec-
tiveness of the LB takes place, region highlighted in 
Fig. 4. The beam propagates under the effects of its 
own fields and of the momentum distribution at the 
VB cavity exit. The resulting beam dynamic is pecu-
liar: an envelope that grows linearly (in first approxi-
mation) and a bunch length 𝜎𝑧 that decreases follow-
ing a hyperbolic trend (Fig. 4, zoomed box). This be-
haviour shows to be in balance and the compression 
can be pushed at very high values, at the expense of 
the envelope enlargement. The peculiar equilibrium 
of the LB, compression versus enlargement, going 
forward in the drift at some point is lost. The beam 
parameters to check are the energy spread 𝜎E and the 
transverse normalized emittance 𝜀𝑛, the first is won-
derfully damped by the longitudinal space charge ef-
fect (Fig. 4, lower plot), while the second, i.e. the 𝜀𝑛, 
ends a long chromatic oscillation, closing the bow tie 
distribution of  the transverse phase space (Fig. 4, 
lower plot). The bunching can be frozen by boosting 
the beam, when the emittance and energy spread are 
fully damped. The final result is impressive as re-
ported in the next paragraph, where it is shown a lon-
gitudinal phase space of a bunch almost homogeneous 
in charge, with a spike current close to the central po-
sition and with an energy spread comparable to the 
one at the gun exit (below 100keV for the whole 
bunch, below 20 keV for the spike current). The en-
ergy spread, initially responsible of the compression, 
is quasi completely cancelled by the space charge ef-
fect. Furthermore, the space charge dominated regime 
heats the uncorrelated energy spread, which can be an 
important advantage for applications needed laser-
heater devices (typically FEL). 

 

 
Figure 2: The upper plot is the beam Longitudinal phase 
space, at 1 m from the cathode, i.e. before entering in the 
high harmonic cavity. It is visible the rf curvature inherited 
from the gun. The lower image is the particle density along 
the bunch. 

 
Figure 3: The upper plot is the beam Longitudinal phase 
space, at 2 m from the cathode, i.e. after the high harmonic 
cavity. It is visible the rf curvature correction (and pre-cor-
rection). The lower image is the particle density along the 
bunch; It is well shown the effect of the decelerating x-banc 
cavity, which pre-correct the current distribution by mov-
ing charge on the bunch tail.  
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Figure 4: VB and LB comparison for simulations that aim to maximize the bunch brightness. In red are reported the VB 
results, in black the LB ones. The upper plot reports the envelopes (solid lines) and the bunch lengths (dashed lines), in 
the box is zoomed the bunch length for the LB case, to highlight the hyperbolic trend along the drift. The lower plot 
reports the emittances (solid lines) and the bunch energy spreads (dashed lines). 

SIMULATIONS 
In this paragraph is presented a comparison between two 

different compression methods, the VB and the LB. The 
both have been optimized, on the bunch brightness, by us-
ing the genetic algorithm GIOTTO [14,15], and the parti-
cles track have been done by using the code ASTRA [16]. 
The aim is not that to show what compression technique is 
better, but to outline the peculiarities of the LB (a new tech-
nique here proposed), versus a known technique, that as the 
VB, bunches linearly and works in the same energy range. 
Indeed, the two methods are relatives, but their final results 
are quite different. As we pointed out above, the VB, 
pushed at high compression values, favors a single spike 
compression, on the bunch head, differently the LB works 
almost on all the bunch charge, therefore also if the spikes 
current, at maximum compression, for both VB and LB can 
be equal (or quasi), the rms computed values can be very 
different, e.g. the compression factor (𝜎𝑧,𝑖/𝜎𝑧,𝑓) into Fig. 5. 

The layout used for the LB is shown and described in the 
previous paragraph (Fig. 1). The VB layout is very close to 
the LB one, however with the following differences: the x-
band cavity is missing; the long drift is missing and soon 
after the s-band cavity the bunch is frozen in terms of com-
pression and emittance compensation (a c-band booster in 
place of the LB drift). 

 Figure 4, the upper plot, reports the invariant envelopes 
(red curve) typical of the VB technique. For sake of com-
pleteness the Fig. 5 reports also a VB case where, after the 
s-band cavity, the booster is removed and the bunch enters 
into a LB drift like. Along this drift the bunch goes straight 
into the over compression regime (Fig. 5 upper plot, cyan 
curve), and, here not reported, the emittance compensation 
is completely lost. It is interesting to note the 𝜌𝑧 parameter  
that, because the VB beam conditions are different than for 

the LB case, the laminarity is lost (Fig. 5, lower plot, cyan 
curve: 𝜌𝑧 < 1 ), giving the over compression and beam 
qualities degradation. The 𝜌𝑧 is also a measure of the beam 
reaction to the compression and in the lower plot of the Fig. 
5, the black curve shows the benefit of the high harmonic 
cavity, that drops down the beam laminarity, keeping it 
𝜌𝑧 > 1, with favors the compression, compensate the en-
ergy spread and prevent bunch slices overlapping. 

 
Figure 5: The upper plot reports the compression factor for 
the LB case (in black), the VB case in red and a VB test 
case (in cyan) where, after the s-band cavity, the bunch 
travels a drift, rather than being boosted. The lower plot 
reports the relative laminar parameters (Eq. (4)). 
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Figures 6 and 7 show the longitudinal phase spaces and 
the slices bunch current, respectively for the VB and LB 
simulations.   

 
Figure 6: Bunch long. phase space (upper plot) and slices 
beam current (lower plot) at the end of the linac optimized 
by the VB technique. 

The log. phase space obtained by using the VB, as well 
reported in Fig. 6, shows a long tail and a very high bunch 
density on the head, which is its typical charge distribution. 
The bunch head shows a space charge dominated shape 
that reshapes the head distribution but the final effect is not 
under control. The VB final performances, considering the 
bunch spike, are very good: a slice emittance of 2.5 mm-
mrad, a slice current of 4 kA and a slice spread of 350 keV. 
What is new and peculiar in the LB is the capability to work 
with a much more uniform bunch distribution, which is 
clearly shown by the current binning of the Fig. 7. Here, 
differently from the VB, the capability to control the space 
charge effect to quasi completely compensate the energy 
spread, result in a very cold bunch, with the following slice 
performances: slice emittance below 1 mm-mrad, maxi-
mum current of 4kA and a really low energy spread of only 
20 keV. 

RF SYSTEM 
The RF power for the system in Fig. 1 will be provided 

high-power klystrons driven by solid-state modulators. 
The 1.6 cell S-Band RF photoinjector is fed by about 
10MW of RF power.  

The C-band and X-band represent the most crucial com-
ponents in the proposed LB scheme, therefore particular 
designs will be carried. Such ad-hoc structures will be 

powered by two different high-power klystrons at 5.712 
GHz and 11.424 GHz, respectively.  

 
Figure 7: Bunch longitudinal phase space (upper plot) and 
slices beam current (lower plot) at the end of the linac op-
timized by the LB technique. 

The C-band and X-band devices represent the most cru-
cial components in the proposed LB scheme, therefore par-
ticular designs will be carried out. Such ad-hoc structures 
will be powered by two different high-power klystrons at 
5.712 GHz and 11.424 GHz, respectively.  

In our simulations, we employed a TW-type “decelerat-
ing” X-band structure but the standing-wave (SW) option 
will be also considered, as well as a C-band short cavity, 
more details are reported into the Ref. [17]. 

The booster first C-band accelerating structure will be 
optimized in future studies in order to maximize also the 
beam focusing. We foresee, for example, the use of cells 
with modular lengths and fed by separate RF power 
sources for maximum beam matching.    

CONCLUSION 
The LB represents another electron beam manipulation 

method that takes advantage form the space charge nonlin-
ear effects tuning, which is already used for the gun emit-
tance correction; i.e. the great advantage to be able to use 
non-linear phenomena. The LB performances, as discussed 
in the paper, are really impressive. It can be considered the 
only method that besides compressing and preserving the 
emittance, makes it possible to quasi fully correct the en-
ergy spread, opening the horizon to a new type of electron 
beams: extremely high average current, ultra-cold beams. 
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