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Abstract

Brightness is a figure of merit largely used in light sources, such as free-
electron lasers, but it is also fundamental in several other applications, for
instance, Compton back-scattering sources, beam-driven plasma accelerators
and terahertz sources. Advanced diagnostics is mandatory for the development
of high brightness beams. 6D electron-beam diagnostics will be reviewed, with
emphasis on emittance measurement.
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1 Introduction

Nowadays, a constant improvement of the characteristics of standard accelerators together with the
development of new accelerators, techniques are opening completely new scenarios, paving the way
to a complete revolution in the field of the accelerators.

The concept of electron-beam brightness was adopted from conventional optics, where beam
brightness characterizes the quality of light sources. Electron-beam brightness is defined as current
density per unit solid angle in the axial direction. While it is used for any kind of electron beam, from
electron microscopes to free-electron lasers, it is very difficult to find a unique definition in the litera-
ture, especially because it is often confused with brilliance (see, for instance, Refs. [1], [2, p. 255], [3,
p. 201, [4, p. 611, [5, p. 410], and [6, p. 73]). We follow the definition reported in Ref. [3]
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where I is the beam current, and €,,,, €y, are the transverse normalized emittance in the x- and y-
directions, respectively. Brightness is measured in amps per square metre. Typical values of high
brightness beams range between 10'4 and 10'6 A/m?. This definition is sometimes called 5D bright-
ness; when this quantity is divided by the energy spread, it is called 6D brightness, see, for instance,
Ref. [7]. Although brightness is a figure of merit largely used in light sources, like free-electron lasers,
it is, however, fundamental in several other applications, for instance Compton back-scattering sources,
beam-driven plasma accelerators, and terahertz sources.

It is difficult to define high brightness from the point of view of diagnostics. It is important to focus
on how the brightness is determined. Since brightness is the ratio between current and emittance, high
values can be obtained by increasing the current or reducing the emittance or by combining these effects
in different proportions. In addition, the meaning of ‘brightness’ has changed during the years. The
LCLS, an X-ray free-electron laser, was planned to use bunches with a charge of about 1 nC, but today
operates with bunch charges of 250 pC and sometimes as little as 20 pC, while the beam still preserves
high brightness. The charge reduction, keeping charge density constant, decreases the emittance, and
permits shorter bunches with higher currents. Using a 1 nC beam with a 1-2 mm-mrad normalized
emittance means that conventional intercepting diagnostics can be difficult, especially if the beam is
tightly focused. The beam can deposit enough energy on the device to destroy or severely damage it.

However, reducing the charge and squeezing the bunch down to 100 fs or even shorter opens new
problems in the resolution of longitudinal diagnostics. So high brightness diagnostics covers a wide
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Fig. 1: Optical transition radiation emission. Emission is in both forward and backward directions

range of very different scenarios. In recent years, the growing interest for acceleration schemes based on
plasma acceleration has even increased this range. In fact, in some of the proposed schemes there are two
beams to be characterized at the same time: the beam injected into the plasma (in the case of external
injection, the input beam) and the one leaving the plasma (the output beam, present in all of the schemes
for diagnostics of self- [8] and external injection [9]).

2 Measuring beam size

Measurement of the beam dimensions is fundamental, to retrieve the value of the transverse emittance
and to check proper beam matching through the machine. We are focusing here on high brightness
machines, mainly linacs. Being single-passage devices they allow the use of intercepting diagnostics.
Later, we will discuss the limits of using intercepting devices, but for most applications they are adequate.

A beam does not have a sharp edge, so it is quite difficult to define a clear boundary. To overcome
this problem, the r.m.s. (root mean square) dimension is usually adopted. Let us assume a 1D intensity
distribution, which can represent the projection of the beam profile on one axis, with ¢ points each of
intensity ;. The definition of the second momentum of the distribution is
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Be aware that a point with x = T gives no contribution, even if its intensity is very large, while a point
very far away from Z gives a huge contribution, even for a small intensity. In Ref. [10], the reader can
find several approaches to data processing in order to discriminate the beam from the surrounding halo.

We consider here only three types of monitor. A more exhaustive review of monitors for transverse
profiles can be found in Ref. [11]. A metallic foil, or often a silicon aluminized wafer, placed at 45° with
respect to the beam direction, is used as source of OTR (optical transition radiation), see Fig. 1.

The transition radiation is produced when a charge passes through the interface between two media
with different refractive indices and is emitted in a narrow cone, with an angle of about 1/, making this
diagnostics unsuitable for low energy beams (less than tens of megaelectronvolts for electrons, for in-
stance) where the radiation emission angle is too large to be efficiently collected by imaging optics. Also
the intensity of the radiation is weak, with an efficiency of conversion between electrons and photons
between 1073 and 10~* in the visible wavelengths. However, the prompt and linear emission, mainly
arising because it is a surface effect, makes this device the best choice for longitudinal and transverse
measurements, with high energy and bunch charges higher than several tens of picocoulombs.

It is worth mentioning that OTR diagnostics might fail even for high-energy electron beams, owing
to coherence effects in the emission process (coherent transition radiation (COTR); see, for instance.
Ref. [12]), i.e., when the bunch length (even locally, owing to some microbunching) is of the order of the
observed wavelength, or shorter than it.
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Fig. 2: Blurring due to transparent scintillator. The effect is highly exaggerated. The radiation is emitted all along
the material, resulting in an apparent increase of the beam size.

Inorganic scintillators are widely used, owing to their large photon yield, even for low charges,
and their high threshold radiation damage. Reference [13] provides an extensive review of their principal
characteristics. While the resolution of the OTR monitor is mainly dominated by the radiation collection
optics [14], in this case, the material itself presents a structure with grains that limits its value to the order
of a few micrometres. Moreover this kind of radiator is transparent to its own radiation, resulting in an
unwanted blurring effect that leads to an overestimation of the beam size (Fig. 2).

For this reason, the scintillators must be as thin as possible, of the order of 100 um or even less.
They can be used for beams of all energies, even with low charge. However, they experience saturation
problems at high charges and their resolution is limited to the crystal grain size. Even scintillators can
have trouble with COTR emission. It has only recently become possible to overcome this problem, using
a new geometry [15] and playing with the difference between the isotropic emission of the crystal and
the directional emission of the COTR.

Both OTR and scintillator screens are easy to implement and offer a 2D map of the charge distri-
bution in a single shot. They are often called view screens. However, being intercepting devices, they
scatter the beam all around, causing some problems, especially when high radiation levels are dangerous
for the surrounding equipment. Also high-power density beams can seriously damage them, depositing
too much energy.

To overcome these problems, a wire scanner is the popular solution. It is used in both circular and
linear machines. It is basically a floating wire, moving transversally with respect to the beam orbit. When
the beam hits the wire, a surrounding system of photomultiplier tubes detects a signal coming from the
bremsstrahlung inside the wire material. By moving the wire scanner step by step, and recording signals
in the photomultiplier tube, it is possible to correlate the beam intensity for every different spatial position
of the wire. The wire enables the beam transverse size to be measured in the direction orthogonal to the
wire itself, so the measurement is 1D and in multi-shots.

The main concerns in the design of wire scanners are mechanical stability of the mover and pos-
sible damage to the wire, see for instance, Ref. [16].

3 Emittance

The main parameter to be measured is the emittance.

Figure 3 shows two trace space diagrams. Remember that phase space diagrams have momentum
on the y-axis, while the trace space diagram has the transverse angle. The area in the phase space is the
Liouville invariant emittance, while the area in the trace space is just the geometrical emittance. This is
the quantity that we measure. Because the beams do not have sharp edges and are very diffuse, the r.m.s.
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Fig. 3: Linear and quadratic correlation. Both figures have null area

emittance is used [17]. In both plots of Fig. 3 the area is zero, while the r.m.s. emittance is not always
zero. The square of geometrical emittance is defined as

2 2 2 N2
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and assuming a general correlation between x and x’ such as x = Ca'™, where C is a constant, the
geometrical emittance can be rewritten as

Ehms = O (a?) (&™) = (") . “)

rms

It is clear that if n = 1, even the r.m.s. emittance is zero, while this is not true for n > 1. So the
r.m.s. emittance is more a figure of merit of the beam quality than the area of the trace space. For pure
monochromatic beams, the normalized emittance is just 5+ times the geometrical emittance, where + is
the relativistic factor and (3 is the ratio between the particle speed and the speed of the light. Otherwise
(see, for instance, Refs. [18] and [19]), there is also a contribution from the energy spread and the beam
divergence. In fact, the Liouville invariant is the normalized emittance, defined as

5121 = <x2> <,8272x'2> — <$B’yﬂc'> . 5)

It has been demonstrated in Ref. [19] that this formula can be rewritten as

2
2 = (0?02 (a%) (a?) + ()* ((22) (2?) — (a')?) | ©)
where o, is the relative energy spread and the second term is the geometrical emittance multiplied by
B~. The first term is usually negligible in conventional accelerators, but it could be the leading one in

some scenarios, such as in plasma-based accelerators. In such a case, both energy spread and angular
divergence are needed, to measure the normalized emittance.

3.1 Emittance measurement with space charge
The envelope equation [4] in a drift space is
" g2 1

0z = 55+ ) (N
Yo%l o (0x +oy)

where €, is the normalized emittance, o, and o, are the beam dimensions, I is the beam current and I
is the Alfvén current. When the term representing the space charge, the second term in this equation, is
greater than the emittance term, the dynamic regime is said to be space charge dominated. Because the
space charge contribution decreases as 2, this term is relevant only at low energies. However, as it arises
from an internal pressure inside the beam, this term must be kept negligible to measure the emittance.

The most common technique is called the pepperpot technique. The principle is shown in Fig. 4.
The beam is stopped or heavily scattered by a mask of a material of high atomic number, usually tungsten,
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Fig. 4: Pepperpot technique: the beamlets emerging from the mask are emittance dominated

while some parts of the beam, called beamlets, pass through small holes or apertures. Since the charge
is significantly suppressed, the beamlets are emittance dominated. After a proper drift, a scintillator
screen produces an image of the beamlets. The relative intensity of each beamlet image is a direct
measurement of the transverse beam distribution, <x2> In fact, it is a measurement of how much charge
is entering any single hole; if the mask geometry is well known, it is a sampling of the beam transverse
charge distribution. The width of each single spot gives a measurement of the beam divergence <x’2>.
A perfectly parallel beam produces images with dimensions equal to the hole size. The increase of this
dimension is only due to the beam angular divergence, if the space charge contribution is negligible.
Finally the mapping of the angular spread in different transverse positions allows the reconstruction of
the correlation term between position and divergence, (xz’). In this way, we can measure the second term
in Eq. (6), i.e., the geometrical emittance.

In implementing this diagnostic technique, there are some constrains to keep in mind. First of all,
the hole dimensions must be large enough to allow some beam to pass through, to improve the signal-to-
noise ratio, but at the same time they must ensure that the beamlets are emittance and not space charge
dominated. The ratio between the two terms in the envelope equation is

Io?
Ry = £, 8
0= 5 T2 (®)

Assuming a uniform beam charge distribution in the holes, the r.m.s. is o, = d/v/12, where d is the
diameter of the hole. To ensure that the beamlets are emittance dominated, Ry < 1. This constrains the
value of d. In photoinjectors, the value of d is usually about 50 — 100 pm.

The length L of the drift between the mask and the screen is another important parameter, in order
to give to the beamlets enough space to develop a dimension greater than the hole size. The beam size at
a distance L from the mask is

g, @
oz =A/(L-0dL)" +—. 9
Since o7, is the parameter to measure, the first term in the square root must be much greater than the
second one, setting the limit of the shorter acceptable drift L. In addition, the thickness [ of the mask
material is very important. It must be large enough to stop or heavily scatter the beam at a large angle (a
critical issue at high energies), but a large thickness can limit the angular acceptance of the hole, which

cannot be smaller than the expected angular divergence of the beam, i.e., | < d/20?,.

It is worth mentioning that this technique not only enables the emittance and the Twiss parameters
to be measured but can also be used to reconstruct the entire trace space. The holes are the sampling of
the properties of such a space in different transverse positions. Figure 5 shows a comparison between
simulated and measured trace spaces [20], demonstrating the effectiveness of this system.
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Fig. 5: Comparison between measured (left) and simulated (right) trace space [20]

3.1.1 Limits of this technique

Since the pepperpot technique is a sampling of the trace space, it can be affected by undersampling.
Consider Fig. 6, in which two different trace spaces are compared [21].
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Fig. 6: Comparison between a typical trace space emerging from an RF photoinjector (left) and a possible trace
space of a plasma-accelerated beam (right) [21].

The pepperpot measurement is a single-shot measurement and so is quite appealing from plasma-
accelerated beams, where shot-to-shot instabilities makes a multi-shot technique unfeasible. However,
the highly correlated trace space, proper to such beam types, severely affects the measurement resolution.
The sampling error in the geometrical emittance has been established [22] is

2
Eerr = ; (xmaxAx/ + AJS‘) ) (10)

max

where Xpayx is the beam size, 2 . is the maximum angular spread, Az and Az’ are the sampling

intervals in position and angle. While in a conventional accelerated beam, as the energy increases,
adiabatic damping decreases the values of the z and 2/, in a plasma-accelerated beam a significant angular
spread could be present, even at high energy. In such a case, this error is larger than the measured
emittance.

3.2 Emittance measurement without space charge

It has been demonstrated [23], both theoretically and experimentally, that when the space charge regime
dominates, the pepperpot technique is the only method that can reliably measure the emittance. However,
if the emittance term is the leading one in Eq. (7), another approach is followed.

The quadrupole scan [24] is the most used technique for measuring the emittance in such a regime.
It relies on the measurement of the beam spot varying the strength of one or more quadrupoles. It
is intrinsically a multi-shot measurement and, because it involves the use of magnetic elements, a large
energy spread can spoil the emittance value [25]. There is an extensive treatment of this point in Ref. [26].
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Fig. 7: Transverse trace space. The projection on the horizontal axis is the beam transverse size

Here, we want to focus on the main concepts. Consider two points in the transverse space, in
different longitudinal positions along the machine, z and ¢, with their relative transverse momenta, z’
and z’g. The Courant-Snyder invariant must be the same in the two positions.

va? 4 20xa’ + a’? = = 7030(2) + 2apToT) + ﬁoxbz , (11)

where «, 8 and ~y are the Twiss parameters in = and «g, Sy and 7y in xg and M is a transport matrix
between the two positions x and x¢ with the following elements:

M (w,z0) = ( oo ) : (12)

It has been demonstrated [27] that, using Eq. (12) in Eq. (11), the transport matrix for the Twiss
parameters is

B C? -25C 52 Bo
a | = -CcC’ S'C+SC" -S89 ag | - (13)
v 012 _2510/ 512 Yo
Let us define a so-called o matrix:
U:<U11 012>:5< B —a)‘ (14)
0921 022 —x

Knowledge of the elements of this matrix allows a complete definition of the beam trace space.
We focus on the o7 element. It is equal to ¢8. From Fig. 7 it is clear that it is just the square of the
projection of the trace ellipse on the transverse axis. So this is a measurable quantity, being the beam
size dimension, which can be retrieved using a view screen.

It is possible to demonstrate that the Courant—Snyder invariant in Eq. (11) can be rewritten as
2 / 2 _
o11x° + 201922 + 0992 = 1. (15)
Using Eq. (13), the transformation for the sigma matrix between x and zo can be written as
o1 = MogM™" . (16)

Following this transformation, the first element of the sigma matrix in the = position, i.e., 0%1, can be

expanded as
o1y = C%0Y, +258Co?y + S%0Y, . (17)
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Fig. 8: Laser wire set-up. There is only a production of Compton photons when the electron beam intercepts the
laser beams.

The square of the beam size is a linear combination of several elements, some of them well known, like
the elements of the transport matrix C' and S, and others unknown, as o9, , 0¥, and 03, i.., the elements
of the beam matrix at the position where we want to know the beam trace space.

Three measurements in three different positions are sufficient to determine the unknown quantities,
or alternatively at least three measurements changing the values of the beam transport matrix are needed,
for instance, varying the field of a quadrupole to change the values of the elements of the transport matrix.

While there are examples of measurements in different positions (sometimes called multiscreen
methods) and the reader can find interesting details about this technique in Ref. [28], the quadrupole scan
method is widely used.

Between theory and practice, there is always a gap. In this scheme, sometimes the use of more
than one quadrupole, to avoid strong defocalization of the beam in one plane, is necessary. However, it
must be remembered that the more chromatic elements are used, the larger the effect on the emittance
dilution will be [25]. The main error comes from the determination of the beam size [10]. The reader
can find an excellent paper about the experimental uncertainties in such a measurement in Ref. [29].

While the pepperpot technique gives not only an emittance measurement but also a picture of
the trace space, it is not the same for a quadrupole scan. To reconstruct the full trace space, more
sophisticated strategies must be applied. The most common is tomography reconstruction, based on the
reconstruction of an n-dimensional object starting from its (n — 1)th dimensional projections. Several
quadrupoles are needed to have a complete rotation of the trace space, so a dedicated beamline must be
designed for such a task. This is why this system is rarely used. More details can be found in Ref. [30].

3.3 Non-intercepting diagnostics

The intercepting nature of this measurement could be a problem in the case of high repetition rate ma-
chines, or high charge beams, or if a shot-to-shot correlation between input and output beams in plasma
wakefield accelerators is needed. Non-intercepting beam size measurements are not yet state of the art.
Here, we report briefly three examples of promising techniques: laser wire, beam position monitor and
diffraction radiation.

The laser wire [31] is a non-intercepting version of the wire scanner. Basically a tiny but intense
laser wire is moved with respect to a beam, as shown in Fig. 8.

The Compton-scattered photons produced in the overlap between the laser wire and the electron
beam, are collected by scintillators surrounding the vacuum chamber. Some tests are still ongoing but it
a resolution in the submicrometre scale has already been demonstrated [32]. The main drawback of this
technique is the intrinsic multi-shot nature and the stability of the laser wire alignment. Often, the whole
chamber hosting the laser cavity is moved in front of the beam.
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Fig. 9: Left: optical diffraction radiation interference (ODRI) set-up; right: angular distribution comparison be-
tween optical diffraction radiation (ODR) and ODRI.

It is possible to extract much more than the position of the beam from the signal emerging from
a beam position monitor. It has been demonstrated that, by using a combination of signals coming from
the different electrodes, it is also possible to retrieve the beam size [33]. A nice follow-up [34] demon-
strated that this system is really interesting in circular machines, where there is a high repetition rate.
Furthermore, Ref. [35] presents a refinement of this method, in which a beam position monitor is moved
with a stepper motor at the micrometre scale. A recent paper [36] claimed that beam emittance could
be measured using such a method. However, because the signal-to-noise ratio is very small, both the
electromagnetic design of the electrodes and the mathematical treatment of the signal are fundamental.

When a charged particle passes through an aperture on a boundary between two media with differ-
ent refraction indices, diffraction radiation is emitted in both the forward and backward directions. The
diffraction radiation is emitted only when the dimension of the transverse electromagnetic field, at a
given wavelength and beam energy, is larger than the aperture size. Since the beam passes through a
hole, diffraction radiation provides a non-intercepting diagnostics tool, and is therefore well suited for
measuring parameters of high charge density beams in a parasitic way.

The use of the angular distribution of the diffraction radiation as beam size monitor from a rect-
angular aperture was introduced in Ref. [37], while other authors have proposed a similar technique by
using a circular aperture [38]. The choice of a rectangular slit shape has many advantages, e.g., mechan-
ical machining and mathematical treatment, that were at the basis of the success of the first observation
of diffraction radiation [39] as a diagnostics tool.

However, this result has also indicated some difficulties related to the experimental set-up; in
particular, the low signal-to-noise ratio, mainly affected by the unavoidable synchrotron radiation back-
ground produced by the same beam in the upstream magnetic elements of the transport line and the
requirement of an accurate and non-trivial control of the beam trajectory, owing to the ambiguity pro-
duced by a beam passing off-centre of the aperture.

The use of optical diffraction radiation interference (ODRI) [40], i.e. a two-slit system placed well
inside the formation length (Fig. 9), can solve both of these problems; this technique was successfully
used to measure the beam emittance [41].

4 Longitudinal parameters

Longitudinal measurements for high brightness beams are more established than transverse ones, except
for the single-shot spectroscopic technique, as explained in the following. The main challenge of longi-
tudinal diagnostics of high brightness beam is time resolution. Nowadays, we work with bunch lengths
shorter than 100 fs, down to a few femtoseconds.
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Fig. 10: Principle of operation of RF deflector. The longitudinal structure is mapped on the transverse profile
because different longitudinal positions experience different transverse kicks.

4.1 Transverse deflecting structure

Transverse deflecting structures [42,43], sometimes also called RF deflectors, are powerful devices, able
to attain resolutions of even a few femtoseconds in the X-ray band [44]. They are single-shot intercepting
devices (for the measurement, but they need to be calibrated in multi-shot scenarios, as we’ll see later),
with the advantages of an inherent self-calibrating nature, simple implementation, and usage.

The working principle is shown in Fig. 10. A time-dependent transverse deflecting voltage is
present in a standing or traveling wave structure. Different parts of the beam, in different longitudinal
positions, explore a correlated force that imprints a transverse momentum on the bunch. After a drift, the
imaging on a screen returns the longitudinal charge distribution. The change in the transverse momentum
is Ay’ = qV/pc, where V is the deflecting voltage, ¢ is the charge, p is the momentum, and ¢ is the speed
of light. Assuming that the deflecting voltage is of the form V' = Vysin(kz + ¢), where k = 27/A
and A is the RF wavelength, and considering that the bunch length is usually much smaller than such a
wavelength (i.e., kz < 1), it is possible to expand the expression

sin(kz + ¢) = sin(kz) cos(p) + cos(kz) sin(p) =~ kz cos(y) + sin(yp) .

The expression of the change in the transverse momentum given by the structure is

Ay = qp‘io [kz cos(p) + sin(p)] . (18)

Using a phase value like ¢ = 0 or ¢ = 7 nulls the second term, and the kick has a simple
proportionality to the longitudinal position of the charge. Using a general expression of the transport
matrix in terms of the Twiss parameter (see Ref. [45]) the value of the vertical displacement as a function
of the longitudinal position is

y(z) =yo + (\/ B sin A) Yo £ qp‘?kz (\/ B0 sin A) (19)

where 5y and (§ are the Twiss parameters on the RF deflector and on the screen, respectively, yq is the
displacement of the charge with respect the axis of the cavity, and A is the betatron phase advance
between the RF deflector and the screen. The + sign depends on which zero of the RF phase is chosen,
sin(¢) = 0 for both ¢ = 0 or ¢ = 7. The second momentum of the distribution on the screen is given
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Fig. 11: Longitudinal trace space
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3 sin? A (yp)* — 50 (D2k) sin A (2)? +

+2+/BBo sin A (yoyh) £ 2/BBosin A (qplcok) (y0z) — 2¢/BBosin A (yo) (y4) + (20)
F2/BB sin A (qplcokr) (yo) (2) £ 2BB sin® A (qplcok) (Yoz) +

F236ysin? A (L2k) (yh) (2)

Usually (yo) = (2) = {y) = 0.
When there is no power in the RFD, and using the former condition, we get

o8 = (y3) + BBosin® A (yif) + 21/BBosin A (yoyp) @21)

It represents the dimension of the beam on the screen without any power in the RFD.

Several terms appear in 20 with different sign for a different choice of the phase . An average
of the measurements of the second momentum with the two opposite phases =0 and = is required in
order to cancel them. Finally the dimension measured is

o=/od+ o2 (22)

where 02 = 353 sin? A (‘%Ok)Q <22>

To increase the resolution of the device the term o2 must be much smaller than o2, so the spot on
the screen with RFD off must be the smallest achievable. Looking at formula Eq. (19), we can see that
other ways to improve the resolution are to increase the deflecting voltage (it is the value of the integrated
voltage along the structure so, to some extent, increasing the device length can also work) or to decrease
the RF wavelength.

One of the most interesting features of the RF deflector is its inherent self-calibrating nature.
Basically, simply changing the phase by a precise amount and recording the variation in the centre-of-
mass position on a view screen gives the conversion scale between pixels and phase, and thus also time.

The use of a dipole (i.e., a energy dispersive element) together with the RF deflector (i.e., a time-
dispersive element) allows measurement of the longitudinal trace space in a single shot (Fig. 11).
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However, owing to the Panofsky—Wenzel theorem [46] the RF deflector introduces an energy
spread that must be evaluated, to understand whether it is comparable or not with the slice energy
spread [47].

4.2 Coherent radiation based measurement

A bunch charge can emit coherent radiation at a wavelength longer than its length. The characteristics
of this radiation depend on the physical phenomena involved, such as synchrotron radiation, transition
radiation, Smith—Purcell, and so on. Consider an electron bunch whose centre of mass is the origin of a
coordinate system G, see Fig. 12.

Let us write R as the distance from the source to the detector and 7; the unit vector that selects
the observation direction for the jth particle, 7 being the position vector of the jth electron relative to its
bunch centre. We can express the electric field generated by the jth electron as

Ej — eizjﬂ'(Ct_ﬁi"’_"j) .

If the distance from the source to the detector is much larger than the extent of the bunch o, i.e.,
R > o, the total field is given by the sum of the fields of each of the /N particles and the total intensity
can be written, in the limit of the Fraunhofer scalar theory, as

Lot (w) = Ip (w) Y E; By (23)
3.k

where I, (w) is the spectrum produced by a single particle. The analysis of the spectrum of such radiation
can reveal the bunch longitudinal structure. Expanding the former equation, the spectrum intensity is
given by

Tiot (W) = Isp (W) [N+ N (N —1) F (w)] , (24)
where Ig,(w) is the spectrum produced by a single particle, N is the number of particles and F'(w)
is the so-called form factor. The physics of the emitting process is contained inside I, (w), while the
information about the bunch is in F'(w). The first term in the square bracket corresponds to incoherent
emission and scales as the number of the particles, while the second term scales as N2 and comes from
the coherent emission. The form factor can be expressed as a function of the charge distribution p(z), as

0o 2

F (w) = /p(z)eiizdz . (25)

[e.e]

The inverse transformation gives the searched value of p (z)

p(z) = % / V'F (w) cos (%z) . (26)
0
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Being an even transformation, the odd terms in the longitudinal distribution are not considered
and a phase reconstruction technique must be used to retrieve phase information [48]. So the infor-
mation about the longitudinal parameter is inside the form factor, which can be obtained from the power
spectrum. The principles of Fourier transform spectroscopy [49, 50] were discovered by Michelson
and Rayleigh, who identified that the interference pattern from a two-beam interferometer, obtained by
altering the path difference between the two beams, is the Fourier transform of the radiation passing
through the interferometer,

1oy [ 1@ (<) as @

—0o0

where 0 is the path length difference between the two interferometer arms: I(0) is called the interfero-
gram. So to estimate the bunch length we need to measure the spectrum of the coherent radiation, and to
do this we have to record the intensity of the radiation on a detector in an interferometer, varying the path
difference between two arms of this device. Since the bunch lengths for high brightness beams are of the
order of picoseconds or even shorter, the coherent radiation is usually in the terahertz frequency range.
For such frequencies, the most used detectors are thermal detectors, like Golay cells and pyroelectric
detectors.

A Golay cell [51] is a thermo-acoustic detector consisting of a small cell filled with a gas, typically
xenon because of its low thermal conductivity, and a sensitive heat-absorbing film with low thermal
capacity, which ensures a flat response to different frequencies. The frequency dependence is given, in
principle, only by the properties of the window material used.

Radiation goes through the window and is absorbed by the film, warming it and the contained
gas up. The gas therefore expands and the resulting pressure change modifies the shape of a flexible
aluminized membrane at the back of the cell, which acts as a mirror. To convert the membrane movement
into an electrical signal, a light-emitting diode illuminates the back of the flexible mirror. The reflected
light is then focused onto a photocell.

Pyroelectric detectors produce a signal in response to a change in their temperature. Below a
temperature 7;, known as the Curie point, ferroelectric materials (triglycine sulfate, lithium, tantalate)
exhibit a large spontaneous electrical polarization. If the temperature is altered by an incident radiation,
the polarization changes; if electrodes are placed on opposite faces of a thin dielectric, forming a capac-
itor, the change in polarization can be observed as an electrical signal. The process is independent of the
wavelength of the incident radiation, resulting in a flat response over a wide spectral range.

The main advantages of Golay cells are high sensitivity and wide bandwidth in the millimetre
range, while the main drawback is the slow temporal response (decay time of the order of tens of milli-
seconds). However, pyroelectric detectors, even exhibiting less sensitivity, have a faster response time;
they are more robust and reliable than Golay cells and they are more widely used.

One of the main issues in this kind of measurement is the precise reconstruction of the entire
spectrum, as there is a low frequency cut-off, owing to the vacuum pipe, the interferometer components
and the detector acceptance. The overall transfer function of the whole system must be known, including
the transfer function of the vacuum window and the transport line.

For all these reasons, a practical approach to these measurement is not to make the inverse Fourier
transform the experimental data, but to fit the spectrum directly to guessed and well known distribu-
tions [52].

Longitudinal diagnostics with this technique began about 20 years ago and are is now widespread,
but they have the big disadvantage of being multi-shot methods. However, some groups already per-
formed single-shot measurements. In Ref. [53], Wesch ef al. used a multi-stage spectrometer with a
series of blazed reflection gratings. In any stage, wavelengths shorter than a threshold are dispersed
while the longer wavelengths are reflected. With every grating focused on an array of detectors, it is
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Laser polarization

With external field '/
Without external field

Fig. 13: Index ellipse for electro optic crystal. Without external field the index of refraction is the same in every
direction. It is not true anymore with an external field.

possible to acquire in a single shot the whole spectrum for terahertz and infrared spectroscopy. The main
challenge of such a device is the alignment of the various stages. To overcome this problem, in [54]
Maxwell et al. used a single-stage single-shot device, based on a KRS-5 (thallium bromoiodide) prism.
This material is quite interesting, even if it is hygroscopic, because it has a quite flat response between 0.8
and 40 pm. The radiation is dispersed and then sent to 128 lead zirconate titanate pyroelectric elements
with 100 um spacing line array.

The major advantage of these techniques based on the coherent radiation is the time resolution.
The emitted wavelength scales as the bunch length. So the only requirement is a device sensitive to such
wavelengths. For instance, 1 ps means 300 um, while 1 fs needs a wavelength sensitivity of 300 nm,
where a lot of detectors are available.

4.3 Electro-optic sampling
The electro-optic diagnostics technique is a non-destructive and single-shot method.

Large electric fields (of the order of megavolts per metre) applied to optically active crystals lead to
the linear electro-optic effect (the Pockels effect), which is the basis of electro-optic detection techniques.
In an isotropic medium, the polarization induced by an electric field is always parallel and linear with
the electric field vector and related to the field by a scalar factor, the susceptibility. If the medium is
anisotropic, the induced polarization is still linear but not necessarily parallel to the electric field, so
the susceptibility is a tensor. In such a case, the crystal becomes birefringent, with different refraction
indices along its principal axes.

The Coulomb electric field co-propagating with the relativistic electron bunch induces a time-
dependent birefringence in an optically active crystal. A near infrared laser propagates along the crystal.
Figure 13 shows the so-called ellipse index.

Without any external applied field, the crystal is isotropic and the refraction indices are equal
along both axes. However, when the field is applied, the ellipse is distorted and the indices are different.
The polarization of the external laser is in between these axes. Owing to the different refraction indices,
the propagation speeds along these different axes are different, and this results in a rotation in the laser
polarization. If we place an orthogonal polarizer before the crystal and another after it, we can observe the
laser transmission only when there is an applied electric field. So the rotation angle encodes information
about the field strength, which reflects the amount of the charge in the beam bunch that produces such a
field.

There are mainly three schemes to obtain this information. The first is called spectral decod-
ing [55].

As shown in Fig. 14, a femtosecond laser pulse is stretched in a picosecond long stretcher and
linearly chirped, i.e., different wavelengths are placed in different longitudinal positions. A first polar-
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Fig. 14: Electro Optic Sampling spectral decoding scheme. A short pulse is stretched and sent in an electro optic

CCD

crystal. The two polarizers P; and P, are orthogonal. Without any beam passing near the crystal there is no output
through the second polarizer. Otherwise there is a polarization rotation and the longitudinal profile is encoded in
the spectrum.
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Fig. 15: Electro-optic sampling temporal decoding scheme [56]. BBO, barium borate; EO, electro-optic crystal;
P;,Ps, polarizers.

izer (P) selects a polarization. The laser crosses a non-linear crystal, in this case gallium phosphide,
which is one of the most used for its large bandwidth. A second polarizer (A), orthogonal to the first one,
allows the signal to cross it only when the polarization is rotated, which happens when the beam passes
close (of the order of a few millimetres) to the crystal. A quarter-wave plate removes residual birefrin-
gence of the electro-optic crystal by minimizing transmitted light through the analyzer in the absence of
an electron bunch. Owing to the linear chirp, different longitudinal positions in the probe laser pulse are
rotated in different ways in the crystal, since refractive index is wavelength dependent. The information
of the longitudinal beam profile is encoded into the spectrum and can be retrieved by a grating spectrom-
eter. While this was the first implemented scheme, the time resolution is limited, owing to frequency
mixing of the Fourier components of the electric field and it is about T3, ~ 2.64/11; [57], a value in
the range of some hundreds of femtoseconds.

The problem of frequency mixing is solved in the electro-optic temporal decoding scheme shown
in Fig. 15. It is similar to spectral decoding but the reconstruction of the beam longitudinal profile is
different. The intensity-modulated long laser pulse is measured in a single shot using a second short laser
probe, realizing a cross-correlation with the principal pulse. The technique is based on the generation
of second-harmonic light by crossing the two laser pulses in a non-linear crystal (e.g., barium borate) at
an angle. The short gate pulse overlaps different temporal slices of the electro-optic pulse at different
spatial positions of the barium borate crystal. Thus the temporal modulation of the electro-optic pulse is
transferred to a spatial distribution of the second-harmonic light. The resolution of such a device can be
about 40-50 fs, being limited mainly by the crystal absorption bands and the length of the laser probe.
The main drawback is the low-efficiency second-harmonic process, requiring ~1 mJ laser pulse energy.

Another single-shot technique is based on non-collinear propagation of the electric pulse and the
laser pulse onto the electro-optic crystal, bending the crystal with respect to the beam axis propagation;
this is called spatial decoding [58]. At any moment in time, the field in the electro-optic crystal overlaps
with only a spatial fraction of the laser pulse. There is a direct correlation with the transverse spatial
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position within the laser beam and the relative time delay between both pulses because different points
across the transverse profile of the probe beam experiences an electric field at different instances in time,
and the temporal image of the electric pulse can be impressed on the transverse spatial variation of the
probe beam.

While the temporal resolution is, in principle, the same as temporal decoding, the advantages of
this system lie in the simpler set-up and the possibility of avoiding a second-order harmonic generation.
However, a very high surface uniformity of the crystal is required because in such a scheme the laser
cannot be focused on the crystal, as in the other schemes, since the spatial size is proportional to the
temporal window. This fact could be crucial in the future development of crystals with larger bandwidth,
up to 20 THz, as well as better time resolution, like diethylaminosulfur trifluoride crystals [59], which so
far appear to have too rough surfaces to be used for such a task.
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