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Abstract

RF Deflector (RFD) based measurements are widely used

in high–brightness electron LINAC around the world in order

to measure the ultra–short electron bunch length. The RFD

provides a vertical kick to the particles of the electron bunch

according to their longitudinal positions. In this paper, a

measurement technique for the bunch length and other bunch

proprieties, based on the usage of an RFD, is proposed.

The basic idea is to obtain information about the bunch

length, energy chirp, and energy spread from vertical spot

size measurements varying the RFD phase, because they

add contributions on this quantity. The case study is the

Gamma Beam System (GBS), the Compton Source being

built in the Extreme Light Infrastructure–Nuclear Physics

(ELI–NP) facility. The ELEctron Generation ANd Tracking

(ELEGANT) code is used for tracking the particles from

RFD to the measurement screen.

INTRODUCTION

RFD or Transverse Deflecting Structure (TDS) [1] based

measurements are widely used in high–brightness electron

LINAC around the world in order to measure the ultra–short

electron bunch length: at SLAC [2], at SPARC-LAB [3,4],

at DESY [5], at MIT PSFC [6], and so on. A RFD pro-

vides a transverse kick to the electron bunch introducing a

relationship between the bunch longitudinal dimension (i.e.

bunch length) and the bunch vertical dimension at a screen,

placed after the RFD. Therefore, the electron bunch length

can be obtained through vertical spot size measurements on

a screen, placed after the RFD [7, 8], after an appropriate

calibration measuring the vertical bunch centroid varying

the deflecting voltage phase [9]. Such devices are very com-

mon in high brightness LINACs since they allow to achieve

very good resolutions, lower than other state-of-the-art mea-

surements, such Electro Optical Sampling [10].

The case study is the GBS electron LINAC at the ELI–

NP [11], but it can applied also to other high brightness

LINAC [12]. The GBS at ELI–NP will be an advanced

source of up to 20 MeV gamma rays based on Compton back–

scattering, i.e. collision of an intense high power laser beam

and a high brightness electron beam with maximum kinetic

energy of about 720 MeV [13]. The GBS electron LINAC

can run at a maximum repetition rate of 100 Hz [14] and,

therefore, the specifications on the requested spectral density

(104 photon/(eV·s)) cannot be achieved with single bunch
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collisions at room temperature [13]. The final optimization

foresees multiple bunch collisions, with trains of 32 electron

bunches, 1 ps in length, and separated by 16 ns, distributed

along a 0.5 µs RF pulse. An important diagnostic task for

the beam quality is to measure the properties of the single

bunch and the whole train of bunches [15].

The assumptions about the bunch proprieties at RFD en-

trance could be sources of systematic errors in bunch length

measurements, for example assuming a negligible energy

chirp [16] and negligible correlations between longitudinal

and vertical plane, since they add contributions on the verti-

cal spot size at screen placed after the RFD. In this paper,

we propose a way to measure with the RFD not only the

bunch length, but also energy chirp and energy spread. Af-

ter reviewing the standard technique in the first section, we

discuss the energy chirp and energy spread measurement

in the following section. As an example, we discuss the

ELEGANT [17] simulations of the proposed measurement

for the GBS LINAC in the last section.

BUNCH LENGTH MEASUREMENT

Modeling the RFD as (i) a drift of length LRFD/2, (ii) a

vertical kicker, and (iii) another LRFD/2-long drift, where

LRFD is the mechanical length of the RFD, and assuming

that (i) the vertical bunch centroid at RFD center, the longi-

tudinal bunch centroid at RFD center, and the average of the

particle vertical divergences are null, (ii) the bunch correla-

tions between vertical and longitudinal planes, the energy

chirp, and energy spread are negligible, the vertical spot size

at screen after the RFD is [2, 3]:

σ2
ys
(ϕ) = σ2

ys,of f
+ K2

cal(ϕ)σ
2
t0
, (1)

where ϕ is the deflecting voltage phase, σys,of f is the ver-

tical spot size with RFD off [18], σt0 is the bunch length

in seconds, and Kcal is the calibration factor and it can be

calculated from vertical bunch centroid measurements at

screen varying RFD phase [9]:

Kcal = 2π fRF
dCys

dϕ
, (2)

where fRF is the deflecting voltage frequency and Cys is the

vertical bunch centroid at screen [2, 3]:

Cys = LCr f d,a sin(ϕ), (3)

where L is the distance between RFD center and the screen,

Cr f d,a = Vt/〈E〉, Vt is the deflecting voltage amplitude, and
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〈E〉 is the average of the particle energies. Equation (1)

underlines that the RFD provides a transverse kick to the

electron bunch introducing a relationship between the bunch

length and the bunch vertical dimension at the screen, placed

after the RFD. Every step of the model of the bunch length

measurement production, based on the eqs. (1), (2), and (3),

is explained in [16].

ENERGY CHIRP AND ENERGY SPREAD

Basic Idea

Assuming that (i) the correlations between the vertical

and the longitudinal planes at RFD entrance are negligible,

(ii) the particle energy can be written in Taylor series stopped

at first order around the particle energy average 〈E〉, and

(iii) considering an RFD phase range small and centered in

0 rad (or π rad), therefore, the calibration can be considered

constant, Kcal(ϕ) ≈ Kcal(0) (or Kcal(ϕ) ≈ −Kcal(π)) and

tan(ϕ) ≈ ϕ for ϕ ≈ 0 (or ϕ ≈ π), the vertical spot size at

screen is:

σ2
ys
(ϕ) = σ2

ys,of f
+K2

cal(0)
[

σ2
t0
−
σt0δ

π fRF
ϕ +

σ2
δ

(2π fRF )2
ϕ2

]

,

(4)

where σδ is the energy spread and σt0δ is the energy chirp:

the covariance between particle position and energy δi =

(Ei−〈E〉)/〈E〉 (i.e. the element 5,6 of the bunch matrix [19]).

The third term and the fourth term are the contributions

of the energy chirp and spread on the vertical spot size at

screen with RFD on, respectively. They can be considered

sources of systematic error of bunch length measurements.

In particular, the effect of the energy chirp on bunch length

measurements is highlighted in [16].

Furthermore, these contributions can be used in order to

obtain information about the energy chirp and spread from

vertical spot size measurements varying the deflecting volt-

age phase. In particular, Eq. (4) is a quadratic polynomial of

the variable ϕ. The coefficients of the quadratic polynomial

pi can be calculated by means of a polynomial fit of the ver-

tical spot size measurements squared at screen varying the

RFD phase around 0◦ (or 180◦) and, then, the energy spread,

the energy chirp, and the bunch length can be calculated,

respectively:

p1 =
K2
cal

(0)
(2π fRF )2

σ2
δ, σδ,m =

√
p1

2π fRF

|Kcal(0)|
, (5)

p2 = −2
K2
cal

(0)
2π fRF

σt0δ, σt0δ,m = −p2

2π fRF

2K2
cal

(0)
, (6)

p3 = σ
2
ys,of f

+ K2
cal(0)σ

2
t0
, σt0,m =

√

p3 − σ2
ys,of f

|Kcal(0)|
. (7)

Some further considerations from Eq. (4) can be made.

Firstly, in the vertical spot size, the first term should be non-

dominant with respect to the other terms, because the other

terms include information about the measurands: bunch

length (i.e., σt0 ), energy chirp (i.e., σt0δ), and energy spread

(i.e., σδ). At this aim, (i) Kcal can be increased (namely, the

distance between RFD and the screen and/or the deflecting

voltage amplitude), and (ii) σys,of f can be decreased, by

means of vertical focusing quadrupoles placed before RFD.

Moreover, the second, the third, and the fourth term of Eq. (4)

should have a non-negligible contribution on vertical spot

size, in order to obtain information of every measurand from

vertical spot size measurements. These contributions include

the same coefficient K2
cal

, therefore, for a fixed deflecting

voltage frequency, the variations of the distance between

RFD and the screen and/or the deflecting voltage amplitude

do not alter the contribution of each term on the vertical spot

size. For these reasons, the proposal measurement technique

can be applied only in the cases in which the investigated

measurands give a non-negligible contribution to the vertical

spot size, i.e. for bunch with suitable proprieties in terms of

length, energy chirp, and energy spread.

Model of Measurement Production

Figure 1: Model of measurement production of the bunch

length σt0 , energy chirp σt0δ , and energy spread σδ .

These considerations suggest a measurement technique

based on the usage of an RFD not only for the standard

measurand, i.e. the bunch length, but also for the energy

chirp and spread (see Fig. 1). First of all, the model of

the production of the bunch length measurement relies on

measurement acquisition with the following operations:

1. RFD off: measure the vertical spot size at screen

σys,o f f
;

2. RFD on: measure the vertical bunch centroid at screen

for different values of RFD phase ϕi (centered in 0◦ or

180◦) Cys (ϕi);

3. RFD on: measure the vertical spot size at screen for

different values of RFD phase ϕi (centered in 0◦ or

180◦) σys (ϕi).

Secondly, the data elaboration consists of the following steps:

1. calculate the slope p of the plot vertical bunch centroid

at screen versus ϕ by means of a linear fit, and then

calculate the calibration factor Kcal by multiplying the

deflecting voltage angular frequency by the slope p

Eq. (2);
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2. calculate the coefficients p1, p2, and p3 of the quadratic

polynomial of the variable ϕ given by the squared val-

ues of vertical spot size at screen by means of a poly-

nomial fit Eq. (4);

3. measure the bunch lengthσt0,m, the energy chirpσt0δ,m,

and the energy spread σδ,m by means of Eqs. (7), (6),

and (5), respectively.

This model of measurement production requires new steps

in the measurement acquisition and in the data elaboration

compared to the model of bunch length measurement produc-

tion in [16]. Firstly, different vertical spot size measurements

are needed and not only one measurement (or two measure-

ments in order to cancel the correlations between vertical

and longitudinal planes at RFD entrance). Secondly, a poly-

nomial fit of the squared values of the vertical spot size at

screen varying the RFD phase is required. Furthermore, the

energy chirp and spread are obtained applying Eqs. (6) and

(5), respectively.

GBS ELECTRON LINAC

Simulation Conditions

A bunch composed of 50,000 particles with a charge of

250 pC was tracked by means of ELEGANT code from

the RFD to the screen of GBS electron LINAC, placed

between the first and the second C–band accelerating sec-

tion of GBS electron LINAC [13]. The distance between

RFD center and the screen L is 1.1380 m. The deflect-

ing voltage amplitude Vt and frequency are 1 MeV and

2.856 GHz, respectively. The GBS electron LINAC bunch

parameters of vertical and longitudinal planes at RFD en-

trance are (in rms): σy =354 µm, σy′ =57.6 µrad, σyy′ =

−1.99·10−2 mm·mrad, 〈E〉 =118 MeV, σt0 =0.9118 ps, and

σt0δ =5.33 fs. In the case of the GBS electron LINAC the

contribution of the energy chirp on the vertical spot size is

non-negligible, on the contrary the contribution of the en-

ergy spread is negligible [16]. For these reasons the squared

values of the vertical spot size varies linearly with the RFD

phase, because the third term of Eq. (4) can be neglected,

therefore the information on the bunch length and the energy

chirp can be obtained by means of a linear fit.

Numerical Results

In Figs. 2 and 3, the vertical bunch centroid and spot size

at screen in a RFD phase, ranging between −10◦ and 10◦, are

reported, respectively. From the vertical bunch centroid mea-

surements, the calibration factor can be calculated Eq. (2):

Kcal(0) = (173.12 ± 0.06) µm/ps. The uncertainty on the

calibration factor is due to the linear fit of the vertical bunch

centroid versus RFD phase. The approximation of a constant

calibration factor in the RFD phase range lead to a negligible

relative error (<1.5%). The results of the application of the

proposed model of measurement production are the follow-

ing: σt0,m = (0.9086±0.0005) ps, σt0δ,m = (5.07±0.14) fs.

The bunch length and energy chirp measurements are af-

fected by the uncertainties due to the calibration factor and

Figure 2: Vertical bunch centroid at screen around the RFD

phase of 0◦. Simulated data in blue stars, theoretical values

Eq. (3) in red line.

the linear fit of the vertical spot size at screen versus RFD

phase, calculated by means of the uncertainty propagation

equation. The relative error on the bunch length and on

energy chirp measurements are below 0.4% and 5%, respec-

tively. The requirements for the camera in this case study

are: (i) a field of view of at least 5.5 mm and (ii) a resolution

of at least 54 µm.

Figure 3: Vertical spot size at screen around the RFD phase

of 0◦. Simulated data in blue stars, theoretical values Eq. (4)

in black line.

CONCLUSION

A measurement technique for the bunch length and other

bunch proprieties, based on the usage of an RFD, is pre-

sented. The basic idea is to obtain information about bunch

length, energy chirp, and energy spread from vertical spot

size measurements varying the RFD phase, because they add

contributions on this quantity. The proposed measurement

technique is applied at the GBS electron LINAC at ELI–NP

and the numerical results, obtained by means of ELEGANT

code, are presented. The relative error on the bunch length

and on energy chirp measurements are below 0.4% and 5%,

respectively. The requirements for the camera in this case

study are: (i) a field of view of at least 5.5 mm and (ii) a

resolution of at least 54 µm. The results of this paper can

be useful for high brightness LINAC using energy chirped

electron beams, e.g. [20].
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