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The development of compact accelerator facilities providing high-brightness beams is one of the11

most challenging tasks in field of next-generation compact and cost affordable particle accelerators,12

to be used in many fields for industrial, medical and research applications. The ability to shape the13

beam longitudinal phase-space, in particular, plays a key role to achieve high-peak brightness. Here14

we present a new approach that allows to tune the longitudinal phase-space of a high-brightness15

beam by means of a plasma wakefields. The electron beam passing through the plasma drives16

large wakefields that are used to manipulate the time-energy correlation of particles along the beam17

itself. We experimentally demonstrate that such solution is highly tunable by simply adjusting the18

density of the plasma and can be used to imprint or remove any correlation onto the beam. This19

is a fundamental requirement when dealing with largely time-energy correlated beams coming from20

future plasma accelerators.21

High-brightness electron beams are nowadays used for22

many applications like, for instance, Inverse Compton23

Scattering [1, 2], the generation of THz [3, 4], Free Elec-24

tron Laser (FEL) radiation [5–8] and for new plasma-25

based acceleration techniques [9–12]. The generation of26

such beams always require manipulations of their longi-27

tudinal phase-space (LPS) in order to achieve peak cur-28

rents as large as required by the specific task. The abil-29

ity to shape the energy and temporal profiles is thus of30

paramount importance. In FEL facilities, for instance,31

peak currents of several kA are produced by longitudi-32

nally compressing a time-energy correlated (i.e. chirped)33

beam in a dispersive magnetic chicane, where the path34

length is energy dependent [7, 13]. The manipulation of35

the LPS is also a fundamental step in view of the develop-36

ment of new compact machines that exploit advanced ac-37

celeration techniques based on plasma wakefields. In this38

case accelerating fields up to tens of GV/m, ∼ 2−3 orders39

of magnitude larger than conventional radio-frequency40

(RF) structures, have been demonstrated allowing to41

produce GeV level beams in few centimeters [12, 14–42

16]. However, due to the shortness of the accelerat-43

ing field wavelength a large correlated energy spread is44

imprinted on the accelerated beam, making difficult to45

transport the beam using conventional magnetic optics46

(like solenoids and quadrupoles), due to chromatic ef-47

fects. In this case, a technique able to remove such an48

energy-chirp must be foreseen.49

In this Letter we discuss a new approach that allows50

to tune the beam LPS by using the wakefields excited51

in a plasma channel. Other techniques based on the use52

of metallic [17, 18] or dielectric structures [19–21] have53

been also demonstrated. However, in the first case the54

imprinted energy-chirps cannot exceed few MeV/m while55

in the second one the tunability is rather limited, depend-56

ing on the aperture and size of the employed devices.57
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Figure 1. LPS of the beam and longitudinal plasma wakefield
Wz (red line) produced into a plasma with density np = 1.6×
1014 cm−3 by a moving electron bunch (blue dots).

Our solution is based on the use of the self wakefields58

created by the beam in the plasma and can be employed59

both to remove the energy-chirp (acting like a dechirper)60

or tune it by adjusting the plasma density [22, 23]. The61

basic idea of the LPS manipulation is shown in Fig. 1,62

where we show the LPS and computed plasma wake-63

field (red line) produced by a 200 pC bunch in a plasma64

whose density is np = 1.6 × 1014 cm−3. By indicating65

the energy deviation of each particle along the bunch as66

E(z) ≈ E0 + h1z, with h1 the first order chirp term, the67

reported bunch has a negative chirp (higher energy parti-68
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Figure 2. Experimental setup. The electron beam is tightly focused by the PMQ triplet into a 3 cm-long plastic capillary (a)
filled by H2 gas through two inlets (b) connected to an electrolytic generator. Below the capillary and in correspondence of
its entrance, an OTR screen has been installed to measure the beam transverse profile. At the capillary ends there are two
copper electrodes connected to a 20 kV power supply producing 230 A peak current (c). The whole system is mounted on a
movable actuator allowing to adjust its position with respect to the beam. The exiting beam is then captured by a second PMQ
triplet. The diagnostics of the experiment is completed by a RF-deflector and two Ce:YAG screens downstream the magnetic
spectrometer. The second screen is located at 14° with respect to the initial beam path, allowing to measure the beam energy
spectrum without (d) and with (e) plasma.

cles on the tail) of h1 ≈ −8×103 MeV/m with an overall69

head-to-tail energy offset of ≈ 2 MeV (∆E/E ∼ 2%).70

Once injected into the plasma, the electron bunch starts71

to create the wakefield. Strength of that field depends on72

plasma density and the density of the beam itself [24]. In73

our configuration the tail of the beam experiences a de-74

celerating electric field and looses its energy while the75

head moves along an unperturbed plasma, keeping its76

energy actually constant. It is equivalent to a rotation77

of the beam LPS and, being induced by a wakefield ap-78

proximately 50 MV/m, we expect that the energy-chirp79

can be completely removed by employing a few cm-long80

plasma structure.81

The experiment has been performed at the82

SPARC LAB test-facility [25, 26] by employing 3 cm-83

long discharge-capillary filled by Hydrogen gas [27–29].84

The experimental setup is shown in Fig. 2. The bunch85

is produced by the SPARC photo-injector [30, 31], con-86

sisting of a 1.6 cell RF-gun [32] followed by two S-band87

accelerating sections embedded in solenoids coils [33, 34])88

and one C-band structure. The plasma device consists of89

a plastic capillary with length Lc = 3 cm and Rc = 1 mm90

hole radius. The capillary is filled at 1 Hz rate with H291

gas (produced by an electrolytic generator) through two92

inlets placed at Lc/4 and 3Lc/4 and has two electrodes93

at its extremities connected to the discharge circuit94

with a 20 kV pulser [35] and able to provide 230 A95

peak discharge-current with shot-to-shot fluctuation96

< 10 ns [27]. The peak plasma density reached in the97

capillary is np ≈ 3× 1016 cm−3, estimated by measuring98

the Hβ Balmer line with a Stark broadening-based99

diagnostics [36]. The capillary is installed in a vacuum100

chamber directly connected to a photo-injector by a101

windowless, three-stage differential pumping system,102

that ensures 10−8 mbar pressure in the RF linac while103

flowing H2 into the capillary. This solution allows to104

avoid using any window, thus preventing the beam105

emittance deterioration by multiple scattering.106

To experimentally produce a chirped LPS, like the one107

simulated in Fig. 1, we have used the first linac acceler-108

ating section as RF compressor by means of the velocity-109

bunching (VB) technique [33, 37], that allows to shorten110

the beam and imprint an energy-chirp on it [34, 38]. The111

induced chirp is negative (h1 < 0) till the maximum com-112

pression point (shortest bunch length) is reached. Fig-113

ure 3 shows the measured LPS of the resulting beam.114

The electron bunch has 200 pC charge, 100 MeV en-115

ergy (0.6 MeV energy spread) and 250 fs duration (cor-116

responding to σz ≈ 75 µm length), measured with a117

RF-Deflector device [39]. Its normalized emittance on118

the horizontal (vertical) plane is εx(y) ≈ 1.1(1.4) µm. A119

triplet of permanent-magnet quadrupoles (PMQ) [40] al-120

lows to squeeze the beam transverse size down to σx(y) ≈121

20(32) µm. All these quantities are quoted as rms. An122

almost linear negative chirp (h1 ≈ −8 × 103 MeV/m) is123

achieved by moving the RF-phase of the compressor 4°124

before the maximum compression point.125

To measure the effect on the energy spectrum of the126
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Figure 3. Experimentally measured LPS of the negatively
chirped bunch. The (rms) energy spread and duration are
σE ≈ 0.6 MeV and σt ≈ 250 fs (corresponding to σz ≈
75 µm), respectively. This measurement is obtained without
any plasma in the capillary.
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Figure 4. Energy spectrum of the negatively chirped bunch
with the RF-Deflector turned off. (a) Initial energy spread
without (σE ≈ 0.6 MeV) and with plasma (σE ≈ 0.1 MeV).
In (b) the plasma density is np ≈ 1.8 × 1014 cm−3.

beam induced by the plasma, we transported the beam127

into the magnetic spectrometer downstream the capil-128

lary (with the RF-Deflector turned off) and made several129

measurements at different plasma densities. Once the H2130

is ionized it takes almost 10 µs to recombine [41]. During131

this time the plasma density is slowly decreases, thus by132

choosing the time-of arrival, by delaying the beam, we133

could choose the plasma density to interact with. Fig-134

ure 4(a) shows the unperturbed energy spectrum, when135

there is no plasma in the capillary. In this case the over-136

all energy spread is σE ≈ 0.6 MeV, similarly to Fig. 3.137

When the plasma is turned on and its density tuned to138

np ≈ 1.8 × 1014 cm−3 (corresponding to a delay of the139

order of 4.5 µs) we achieved the maximum reduction of140

the beam energy spread, down to σE ≈ 0.1 MeV (see141

Fig.4(b)).142
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Figure 5. Experimentally measured energy spread for the ini-
tially chirped electron bunch (blue circles) as a function of the
delay with respect to the discharge trigger. The simulation
results are depicted as dashed blue curve. The plasma density
measured for several delays (red stars) and its extrapolated
evolution (red line) are also reported.

The evolution of the bunch energy spread for differ-143

ent plasma densities is shown in Fig. 5. Both quan-144

tities have been reported as a function of the delay of145

the discharge trigger. Being the Stark broadening diag-146

nostics limited to the measurement of plasma densities147

above ≈ 1015 cm−3 (red stars), for lower values the ex-148

pected density can be extrapolated (red line) only the-149

oretically [42]. For the studied plasma densities the en-150

ergy spread of the beam with initially negative chirp (see151

Figs.4) was decreasing, achieving its minimum at plasma152

density np = 1.8×1014 (blue circles). The missing points153

on the energy spread curve correspond to a time when154

the discharge occurs and active lens effects are taking155

place [27].156

The study on the manipulation of the LPS by the157

beam-driven plasma wakefields excited in a discharge-158

capillary structure is completed by analyzing the evo-159

lution of the negatively chirped beam configuration160

through the entire plasma channel. The interaction is161

described by using a 2D plasma wakefield code [43] that162

also takes into account the finite plasma radial extension,163

being confined within the capillary radius Rc [24]. Fol-164

lowing our previous studies in which we completely char-165

acterized the longitudinal plasma density profile along166

the capillary, here the channel is numerically computed167

by assuming a flat profile in the central part with de-168

creasing exponential tails extending 1 cm outside the169

capillary [36, 44, 45]. The evolution of the bunch en-170

ergy spread is shown in Fig. 5 as dashed blue line. As171

input beam we have used results of start-to-end simu-172
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lations of the SPARC LAB photo-injector by using the173

General Particle Tracer (GPT) code [46], resulting in the174

LPS shown in Fig. 1. The excited plasma wakefields act175

along the entire channel to decelerate the particles in the176

tail of the beam, resulting in a final energy spread of177

the order of 0.1 MeV for the negatively chirped beam178

(blue circles), in agreement with the experimental mea-179

surements reported in Fig. 5.180
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Figure 6. Computed energy spread (red) of the chirped bunch
along the plasma channel (blue). The plasma profile is calcu-
lated assuming the 3 cm-long capillary with 1 cm input and
exit ramps.

181

182

Figure 6 shows the evolution of the reduction of the183

bunch energy spread along the plasma channel. Here we184

are referring to the plasma density that provides the best185

energy spread reduction. As one can see, most of the re-186

duction happens inside the capillary, where the plasma187

density is larger. On the contrary, on the input and exit188

ramps the reduction is almost negligible due to the ex-189

tremely low associated plasma densities.190

In conclusion, we have demonstrated the use of plasma191

wakefield to manipulate the longitudinal phase-space of192

an electron beam. For this purpose we have conducted a193

proof-of-principle experiments where we completely char-194

acterized a plasma-based device consisting of a 3 cm–long195

capillary filled by H2 gas. Our findings clearly proved196

that the large fields excited in a confined plasma can be197

used to tune the time-energy correlation of the particles198

according to the desired task. We have shown that such199

a device is not only compact but also can be highly flex-200

ible. For the beam with negative chirp we demonstrated201

a possibility to completely remove energy chirp and re-202

duced the total energy spread from 0.6 to 0.1 MeV (the203

level of uncorrelated energy spread of the SPARC photo-204

injector).205

Several applications can benefit of such results. It rep-206

resents, for example, an interesting tool for FEL facili-207

ties to imprint an energy-chirp in the beam and achieve208

shorter bunch lengths in a magnetic compressor. The209

major advantage, however, is when employing this device210

downstream a plasma-based accelerator. It is well known211

that plasma-accelerated bunches have a large (negative)212

energy-chirp due to the larger fields experienced by the213

tail. In this case a second plasma module, as the one we214

have reported, might be implemented in order to remove215

such a correlation and reduce the overall energy spread.216

Due to high flexibility of the plasma dechirper, by manip-217

ulating the parameters of the system (like plasma den-218

sity) and parameters of the beam (changing its density219

with focusing), we can easily tune the system to exactly220

remove the given correlated energy spread. It repre-221

sents an essential feature in order to make the plasma-222

accelerated beams usable with conventional magnetic op-223

tics and in applications like Inverse Compton Scattering224

or FEL.225
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