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Enhancing particle bunch‑length 
measurements based on Radio 
Frequency Deflector by the use 
of focusing elements
Pasquale Arpaia1, Roberto Corsini2, Antonio Gilardi1,2*, Andrea Mostacci3, Luca Sabato2 & 
Kyrre N. Sjobak2,4

A method to monitor the length of a particle bunch, based on the combination of a Radio Frequency 
Deflector (RFD) with magnetic focusing elements, is presented. With respect to state-of-the-art 
bunch length measurement, the additional focusing element allows to measure also the correlations 
between the longitudinal and transverse planes in terms of both position and divergence. 
Furthermore, the quadrupole-based focusing increases the input dynamic range of the measurement 
system (i.e.  allows for a larger range of beam Twiss parameters at the entrance of the RFD). Thus, 
measurement resolution and precision are enhanced, by simultaneously preserving the accuracy. 
In this paper, the method is first introduced analytically, and then validated in simulation, by the 
reference tool ELEctron Generation ANd Tracking, ELEGANT. Finally, a preliminary experimental 
validation at CLEAR (CERN Linear Electron Accelerator for Research) is reported.

In monitoring LINear ACcelerators (LINACs), one of the main parameters to be precisely measured is the bunch 
length. One of the most common method exploits a transverse deflecting structure1,2, namely a Radio Frequency 
Deflector (RFD)3–5. The method operation is highlighted in Fig. 1. Initially, the RFD is off (Fig. 1, top). For the 
measurement (Fig. 1, bottom), a time-dependent transverse kick is given to the electron bunch6. 

In this way, the longitudinal and transverse bunch dimensions of the beam on the screen are correlated. The 
bunch length can then be obtained from the measurement of the spot size in the direction of the deflection, after 
a suitable calibration of the displacement dependence on the deflecting voltage RF phase7. The method allows 
to measure ultra-short electron beam bunches down to few fs1,3,8,9. The combination of an RFD and a dispersive 
element (i.e.  a dipole) can be exploited to measure the longitudinal phase space distribution of the beam7,10.

RFDs are widely used in LINACs around the world, owing to their very high resolutions. For example, RFDs 
are used at CERN Linear Electron Accelerator for Research (CLEAR)11, Stanford Linear Accelerator Center 
(SLAC)12,13, Deutsches Elektronen–Synchrotron (DESY)14, Massachusetts Institute of Technology (MIT) Plasma 
Science and Fusion Center (PSFC)15, Sources for Plasma Accelerators and Radiation Compton with Lasers And 
Beams (SPARC LAB)16,17, the ultraviolet and soft X-ray FEL facility Free-electron LASer in Hamburg (FLASH)18, 
the Accelerator Test Facility (ATF) in Brookhaven National Lab (BNL)19, and so on.

Other well-known techniques to perform bunch length measurements are: (i) the streak camera: a high time 
resolution camera (based on the use of a photo-multiplier and a rapidly changing electric field) collects the light 
from a specific screen (e.g.  an Optical Transition Radiation screen) which produces a light pulse of the same 
length as the electron bunch20; (ii) Electro-Optical Sampling (EOS), which uses an external laser that passes 
through a non linear crystal parallel to the beam, to measure the polarization modulation on the laser pulse due 
to the electric field associated with the bunch21,22; (iii) spectral analysis of the bunch frequency content; the bunch 
length is assessed by analyzing the frequency spectrum of coherent emission from the bunch23–27, and (iv) the 
measurement of the beam energy spread when using an accelerating cavity not on the RF crest28–30.

In various accelerators, focusing elements are installed between the RFD and the screen (e.g.  CLEAR11, 
ATF31, and DESY32) for various reasons. Usually, the space between the RFD and the screen is just needed to 
deflect enough the bunch (Fig. 1). In other cases, dimensional problems arise in the physical installation as a 
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whole, e.g. to reduce the space between the klystron and the deflecting cavity, by consequently shortening the 
necessary waveguides. Furthermore, quadrupoles could be used to focus the beam on the screen. However, the 
impact on the RFD measurement quality of the position of the focusing element was not investigated until now.

In this paper, a theoretical derivation of the bunch length measurement, when focusing elements are present 
between the RFD and the screen, is presented. It will be proven that the focusing element does not introduce 
additional effects that can invalidate the measurement. Furthermore, the metrological performance of the method 
with the focusing element is analyzed.

In particular, in section “Methods”, the general theory is derived analytically. In section “Validation using 
tracking simulations”, the mathematical derivation is numerically validated through a reference simulation tool, 
the ELEGANT code33. In section “Experimental verification”, a preliminary experimental validation on CLEAR 
at CERN is reported. Finally, in “Discussion”, the promising advantages of the non-conventional layout are 
discussed.

Methods
In the following, the term “conventional layout” of an RFD-based measurement points to the configuration with-
out a focusing element (Fig. 2a), while “non-conventional” to its presence (Fig. 2b). In the conventional layout, 
some focusing elements (e.g.  quadrupoles) are usually placed before the RFD, and can be used to minimize 
the beam spot on the screen and to improve the measurement resolution4,34. In the non-conventional layout, 
additional focusing elements are also placed between the RFD and the screen.

In this section, the analytical equations for the centroid and the vertical spot size with the RFD turned on and 
off are derived for the non-conventional layout. The analytical treatment is first carried out for a generic linear 
element (i.e.  described through a matrix M ) between the RFD and the screen, and then applied to the quadrupole 
case. For the sake of the simplicity, the analysis is carried out for the vertical plane. But, an analogous analytical 
treatment is also valid for the horizontal plane. Finally, the measurement method is formalized.

RFD OFF.  As usual in literature, the deflector is approximated as a thin element and the transverse kick is 
applied at the center of the RFD34. In the case of RFD turned off, the equations describing the system behavior 
in terms of positions (y) and divergences ( y′ ) are:

Figure 1.   Operation with RFD off (top) and on (bottom): effect on the beam.

Figure 2.   Layouts of an RFD-based measurement: (a) conventional, without elements between the RFD and the 
screen; and (b) non-conventional, with a generic linear element described by the matrix M.
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the subscripts s and 0 are for the variables at the screen and the RFD center, respectively (as shown in Fig. 2). 
The terms Mij are the elements of the transport matrix M  of the components between the RFD and the screen. 
The vertical spot size at the screen, with RFD off, can be calculated using Eq. 1:

where σy0 is the initial rms dimension of the bunch, σy′0 is the initial rms divergence, and 
σy0y′0

= �(y0 − �y0�)(y′0 − �y′0�)� is the correlation between position and divergence, all in the vertical plane.

RFD ON.  In the case of RFD on, the system equation becomes:

where �y′0 represents the transverse kick given by the deflector in the short deflector and bunch approximation 
( sin(kz0 + φ) = sin(kz0) cos(φ)+ cos(kz0) sin(φ) ≈ kz0 cos(φ))+ sin(φ))34:

where E0 is the energy of the reference particle, z0 the displacement between the position of the particle and the 
center of the beam in the longitudinal plane in the laboratory reference frame, k the wavenumber ( k = 2π fRF/c ) 
of the deflecting voltage, and Vt , φ , and fRF are the amplitude, the RF phase, and the frequency, respectively, of 
the transverse deflecting voltage.

Centroid position.  The beam in terms of distribution is assessed by introducing the centroid, i.e.  the average 
vertical position of the electrons over the whole bunch. The variation of the centroid position with the RF phase 
Cys,ON (φ) can be written as:

By writing Eq. 1, it is already assumed that the elements Mij are identical for all particles. In the specific case of 
single quadrupole, this assumption means that the energy spread is neglected. The terms Mij can be extracted 
from the average:

Let’s assume that �y0� = 0 , �y′0� = 0 , and �z0� = 0 . Thus, the vertical centroid at the screen becomes:

Calibration factor.  A calibration factor KCAL can be defined1:

KCAL allows to assess the bunch length from the vertical beam size and from the frequency of the deflector fRF . 
The calibration is done by varying the RF phase of the RFD and observing the effect on the centroid on the 
screen7. From Eqs. 7 and 8, the calibration factor can be determined as:

The Eq. 9 is a general form of the conventional expression of the calibration factor in35.

Vertical spot size.  Switching on the RFD, the vertical spot on the screen is calculated using Eqs. 3 and 4:
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All the terms of σ 2
ys,OFF

 (Eq. 2) are present in Eq. 10, plus additional terms related to: (i) the bunch length σt0 (i.e.  
the value to be measured), and the correlation between longitudinal position and the vertical plane ( σy0t0 and 
σy′0t0

 ). Contracting the expression using σ 2
ys,OFF

 and KCAL(φ) (Eq. 9), σ 2
ys,ON

 can be written as:

Also in this case, Eq. 11 is a general expression of the formula found in35. In the case of conventional layout 
( M11 = 1 and M12 = L ), Eqs. 9 and 11, provide the KCAL and the σ 2

ys,ON
 , respectively35,36. The terms due to the 

correlations can be canceled by averaging two measurements in phase opposition:

The term σys,ON 2 is equal to σ 2
ys,ON

 in absence of correlations between the vertical and longitudinal planes.
From Eqs. 9, 11, and 12, some preliminary points can be made: (i) a calibration factor can be defined with the 

same meaning of the conventional layout (i.e.  including the variation of the centroid on the screen); (ii) the non-
conventional layout does not introduce any deterministic error source in the measurement, (iii) the possibility 
of removing the correlation effects (i.e.  σy′0t0,and σy0t0 ) is preserved, by carrying out two different measurements 
of σys,ON in phase opposition (at φ and φ + π ), and then evaluating the average between their squared values35,36, 
and (iv) thanks to the dependence of σys,ON and σys,OFF on the focal length, these quantities can be optimized over 
a wider range of beam parameters.

Single quadrupole case.  In the case of a single thick focusing quadrupole, the transport matrix M , 
between the RFD and the screen, is obtained from the multiplication of the following matrices:

where k is the focusing strength of a quadrupole, Lq the effective magnetic length of the quadrupole, La the drift 
space from the end of the quadrupole to the screen, and Lb the drift from the middle of the RFD to the entrance 
of the quadrupole (see Fig. 3).

In order to do some considerations, it is convenient to use the well-known thin lens approximation. The 
matrix M  becomes:

where f is the quadrupole focal length, L1 is the distance between the quadrupole center and the screen (i.e.  
L1 = La +

Lq
2  ), and L2 is the distance between the RFD center and the quadrupole center (i.e.  L2 = Lb +

Lq
2  ). 

The relation between the focusing strength and the focal length is:

For a focusing magnet in the plane of interest (i.e.  vertical) f is positive, while in the same plane for a defocusing 
magnet f is negative.

With this approximation, the terms M11 and M12 are:
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Figure 3.   An example of a non-conventional layout, with a vertical focusing quadrupole between the RFD and 
the screen.
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In the non-conventional layout, the term M12 is present in KCAL(φ) (Eq. 9), which depends on the focal length 
of the quadrupole (from Eq. 17). Therefore, σys,OFF (depends as well on the focal length Eq. 2) cannot be decor-
related from the deflecting power as in the conventional layout.

Another result that comes from Eq. 17 is the possibility to make M12 zero, and consecutively also KCAL(φ) 
(Eq. 9). This happens when the focal length is equal to

From a physical point of view, operating with such a value of focal length means that the RFD is increasing the 
bunch spot size on the screen by exactly the same amount as the quadrupole is squeezing it. There is a phase 
advance of π between the z = 0 and z = s . Therefore, for this value of focal length, the measurement cannot be 
carried out.

All the derived equations and considerations can be extended for a general configuration such as a doublet 
or triplet.

Measurement method.  From Eq. 12, considering φ = 0rad , the formula for the bunch length can be writ-
ten in the same form as in literature34:

In Eq. 19, the measured values are σys,ON  and σys,OFF , while the measurand is σt0 . If the values of σys,OFF and σys,ON 
are too close, the information on the measurand could be lost in the uncertainty or in the resolution of the 
measurement.

Validation using tracking simulations
The aim of this section is to validate numerically the model proposed in section “Methods”, by exploiting the 
parameters of the machine CERN Linear Electron Accelerator for Research (CLEAR)11. Several simulations were 
carried out by scanning the focal length of the quadrupole. All the equations were tested by taking into account 
the correlations between longitudinal and vertical planes. Then, the simulation results were compared with the 
ones of the analytical equations in the previous section.

Simulation setup.  Tracking codes (e.g.  ELEGANT, ASTRA, MAD-X, and so on) are very useful and reli-
able tools in order to simulate the behavior of particle bunches in accelerators37. These codes have been validated 
against a large number of different practical cases, and are currently used as reference standards in designing and 
commissioning modern accelerators.

Both the cases of conventional and non-conventional layout were simulated by referring to the configuration 
of the accelerator CLEAR. In particular, the used parameters and their corresponding values are reported in 
Table 1, where: αy and βy are the Twiss parameters at the entrance of the RFD; ǫg ,y is the beam geometrical emit-
tance; σt0 is the bunch length; La , Lb , and Lq correspond to the lengths shown in Fig. 3; LRFD is the RFD length; 
Vt and fRF are the amplitude and frequency of the deflecting voltage, respectively; fmin is the minimum focal 
length and depends on the beam stiffness and the type of quadrupole (the quadrupole parameters correspond to 
the QL3 magnets used in CLEAR38); and f ∗ is the focal length to zero the calibration factor (reported in Eq. 18). 
The total distance between the RFD and the screen was kept constant in the simulations.

Simulation results.  The comparisons between theoretical values (solid and dashed lines) and the simula-
tion results (stars and dots line) for KCAL , σys,OFF , and σys,ON are shown in Fig. 4a–c respectively.

The dashed lines and the dots are used for the case of the conventional layout, while the solid lines and the 
stars for the non-conventional layout.

For the conventional layout, the values of the KCAL , σOFF , and σON do not depend on the focal length, owing 
to the absence of the quadrupole. Conversely, for the non-conventional layout, the values change with the focal 
length of the quadrupole. For the sake of the simplicity, only the case of the focusing quadrupole is reported, 
but also the defocusing case was tested analogously. The minimum focal length used in the simulations is f ∗ , 
derived from Eq. 18. Its numerical value is shown in the row before the last of Table 1. The Twiss parameter 
used (see Table 1) position the waist after the screen. The curve of the KCAL (for φ = 0 ) of the non-conventional 
layout tends to the curve of the conventional layout while at increasing the focal length, (i.e.  switching off the 
quadrupole, see Fig. 4a). This can be explained from Eq. 9, which contains M12 from Eq. 17. Switching off the 
quadrupole is equivalent to let f approach infinity. The maximum calibration factor is obtained in the absence 
of the focusing quadrupole.

In Fig. 4b, all the points of the solid line (i.e.  σys,OFF in the non-conventional layout) above the dashed line 
(i.e.  σys,OFF in the conventional layout) correspond to over-focusing, where the quadrupole is making the beam 
on the screen larger than in the case without quadrupole. On the other hand, there are values of focal length that 
make σys,OFF smaller than the value obtained with the conventional layout. The minimum of σys,OFF corresponds 
to the focal length that imposes the waist at the screen position.
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In the considered range, all the values of σys,ON of the non-conventional layout are smaller than the values of 
the conventional layout for all the focal lengths, as seen in Fig. 4c.

A satisfying agreement between the theory and the simulation is achieved: for KCAL , σOFF , and σON , the 
maximum difference is less than 0.6% . From Eq. 19 it is possible to see that to have a good measurements a rela-
tively large difference between σys,ON and σys,OFF would be needed. Thanks to the flexibility added by additional 

Table 1.   CLEAR-like parameters used in the ELEGANT simulations, where: αy and βy are the Twiss 
parameters at the entrance of the RFD; ǫg ,y is the beam geometrical emittance; σt0 is the bunch length; La , 
Lb , and Lq correspond to the lengths shown in Fig. 3; LRFD is the RFD length; Vt and fRF are the amplitude 
and frequency of the deflecting voltage, respectively; fmin is the minimum focal length achievable by the 
quadrupole; and f ∗ is the focal length to zero the calibration factor (reported in Eq. 18).

Parameters Value

αy 3

βy (m) 10

ǫg ,y (nm) 10

Energy (MeV) 220

Bunch charge (pC) 50

σt0 (ps) 1

Energy spread 5%

La (m) 0.887

Lb (m) 0.887

Lq (m) 0.226

LRFD (m) 0.116

Vt (MV) 10

fRF (GHz) 2.998

|fmin| (m) 0.2899

f ∗ (m) 0.443

Macro particles 500,000
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Figure 4.   Comparison between theoretical values (solid line without quadrupole, and dashed line with 
quadrupole) and simulation results (stars without quadrupole, and dots with quadrupole) for: (a) KCAL (Eq. 8), 
(b) σys,OFF (Eq. 2), and (c) σys,ON (Eq. 11), versus the focal length (zoom at low f on the side).
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focusing elements it is easier to achieve these conditions. The relative error, between the theoretical σt0 and the 
simulated σt0,m values, using Eq. 19, is defined as:

The error is smaller than 0.5% (Fig. 5).
A simulation was performed using f = f ∗ (as defined in Eq. 18), by imposing σys,ON = σys,OFF . In this case, 

the bunch length cannot measured, because no information on the measurand can be obtained from the size 
of the bunch.

In the simulations, for f approaching f ∗ , the error is still lower than 3% , but this is an artifact because the 
resolution of the screen is not taken into account.

Correlations between longitudinal and transverse position.  In this section, the effects of the corre-
lations between the particle longitudinal positions and the position/divergence in the vertical plane are analyzed. 
In particular, the correlation terms of Eq. 11 (proportional to σy0t0 and σy′0t0 ) are compared with the simulation 
results. Furthermore, the cancellation of the correlation terms is validated with simulations (see Eq. 12) in Fig. 6.

The correlation terms between the planes are defined as:

where ry0t0 and ry′0t0 are the correlation factors between the particle longitudinal positions and the vertical posi-
tions, and between the particle longitudinal positions and the vertical divergences, respectively.

Simulations at two different RF phases ( 0rad and πrad ), and varying the correlation coefficients ry0t0 and 
ry′0t0 , are shown in Fig. 6a and b, respectively. In the figure, the correlation coefficients are scanned, with the RFD 
phase equal to 0rad and πrad . In the scan, the correlation coefficients are equal, and the notation is simplified 
correspondingly: ryt = ry′t = r.

Five correlation coefficients were chosen ( −80% , −30% , 0% , 30% , 80% ). In Fig. 6a and b, σys,ON (0) and σys,ON (π) 
are plotted respectively (theoretical results from Eq. 11 with dashed line and simulation results with dots). The 
value of σys,ON (0) and σys,ON (π) are only equal when the correlation coefficients are zero. In Fig. 6c, the average of 
the squared value between σys,ON (π) and σys,ON (0) is shown (Eq. 12). A satisfying agreement between theoretical 
values and simulation results (error less than 1%) was experienced.

Experimental verification
A preliminary experimental validation at the CERN facility CLEAR was carried out. The preliminary experimen-
tal campaign consist of twofold main test sessions, with the quadrupole off and on, corresponding to both the 
conventional and non-conventional layouts: (i) verify that, in the same beam conditions, compatible values of 
bunch length are measured, and (ii) compare theoretical, simulation, and measurement results, for the vertical 
centroid position versus RF phase.

CLEAR case study.  The proposed method was implemented in CLEAR, an electron linear accelerator 
located at CERN39. CLEAR mainly aims to general accelerator research and development, as well as to compo-
nent studies for existing and future accelerators.

CLEAR is based on a broad internal and external user community39. CLEAR was used as case study for the 
measurement method proposed here, because a quadrupole triplet is installed between the RFD and the screen.

(20)ǫ% = 100 ·
|σt0 − σt0,m |

σt0
.

(21)
σy0t0 = ry0t0σy0σt0

σy′0t0
= ry′0t0σy

′
0
σt0 ,

0 10 20 30 40 50 60

 f [m]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

%

Simulated without quadrupole
Simulated with quadrupole

1.0 1.5 2.0 2.5
 f [m]

0.0

1.0

2.0

3.0

%

Figure 5.   Relative error of the bunch length versus the focal length (Eq. 20): theoretical values (dotted line 
without quadrupole, and dashed line with quadrupole) and simulation results (stars without quadrupole, and 
dots with quadrupole).
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The relevant part of the layout of the CLEAR machine is shown in Fig. 7. A more detailed view of the location, 
where the RFD is installed, is shown in Fig. 8. The main parameters of the CLEAR machine are summarized in 
Table 2. 

The particle beam is described by the Twiss parameters measured at the entrance of the first quadrupole in 
the beam line.

Measurement validation.  In this section, the results of the experimental validation are shown for the 
conventional and non-conventional layout. The explored RF phase range is 0.174rad . The current in the quadru-
pole is 58A , corresponding to a focal length of 1m, chosen intentionally far from the value of f ∗ (from Eq. 18). 
In the measurements, the bunch energy is 200MeV , the charge 80pC , and the deflecting voltage 3.9MV . When 
the quadrupole is off (conventional layout), σys,OFF = 183µm , while when on (non-conventional layout), 
σys,OFF = 147µm.

In Fig. 9a and b, the vertical centroid ( Cys,ON ) versus the RFD phase is shown around 0rad and πrad , respec-
tively, for both the conventional and non-conventional layout. The measurements are pointed out with points 
(circle and star for conventional and non-conventional layout, respectively), the theoretical values with lines 
(solid and dashed for conventional and non-conventional layout, respectively), and the simulations with points 
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Figure 6.   (a) σys,ON (0) , (b) σys,ON (π) , and (c) σys versus r (theoretical results from Eq. 11 for (a) and (b) and 
from Eq. 12 for (c) in dashed lines, and simulations results in dots).
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Figure 7.   CLEAR injector layout with the location of the experimental stations40.
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(cross and plus sign for conventional and non-conventional layout, respectively). The 1-sigma repeatability bar 
for each RF phase is the standard deviation of 10 measurements. The KCAL can be evaluated in both cases from 
the data shown in Fig. 9, using Eq. 8, and for the conventional layout is equal to 7.37 · 1011m/s , while for the 
non-conventional layout, KCAL is equal to 3.30 · 1011m/s.

Figure 9 highlights a satisfying agreement between measurements, simulations, and theory (the maximum 
absolute error, between measurements and theory, is in the range between 0.019 and 0.34 mm). Furthermore, 
the bunch length evaluated using Eq. 19 is exactly the same, within experimental errors, for both configurations: 
1.9± 0.3 ps . All the results are consistent with the theory prediction.

Figure 8.   CLEAR beam-line: RFD (on the right), triplet (in the middle), and screen (on the left).

Table 2.   CLEAR machine parameters, where: ǫg ,y is the beam geometrical emittance; βy and αy are the Twiss 
parameters at the entrance of the RFD; La , Lb , and Lq correspond to the lengths shown in Fig. 3.

Parameters Range

Energy (MeV) 60–220

Bunch charge (pC) 5–2000

Bunch length (ps) 0.2–5

ǫgxy (nm) 1–20

βx,y (m) 1–100

αx,y − 7 to 7

Repetition rate (Hz) 1–10

Number of bunches in train 1–150

Bunch spacing (GHz) 1.5

La (m) 0.800

Lb (m) 1.20

Lq (m) 0.226
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Figure 9.   Vertical ( Cys,ON ) versus RFD phase in conventional and non-conventional layout around 0rad (a) and 
πrad (b): measurements (circle and star for conventional and non-conventional layout, respectively), theoretical 
values (solid and dashed lines for conventional and non-conventional layout), and simulation points (cross and 
plus sign for conventional and non-conventional, layout respectively).
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Discussion
The non-conventional layout opens new opportunities with a strong impact on the accelerators physics com-
munity: (i) increase in the input dynamic range of the measurement, giving rise to a further enhancement in 
resolution and precision; and (ii) measurement of the correlations between the vertical plane and the longitudinal 
position, by varying the focusing power of the quadrupole.

For the latter point, the correlation terms can be picked up from Eq. 11, by assessing the difference between 
the two σys,ON in phase opposition:

where τ is the sum of the correlation terms, each one multiplied by known factors. In the non-conventional 
layout, the two correlation terms have different dependence on the focal length of the quadrupole, making it 
possible to isolate and quantify their individual effects. In fact, the terms M11 is multiplied by the correlation 
terms σy0t0 , and the term M12 is multiplied by the correlation terms σy′0t0 . This consideration is not valid in the 
case of the conventional layout41.

Conclusion
In this paper, the effect on the bunch length measurement technique of additional focusing elements between 
the RF deflector and the screen has been analyzed and modeled. All the derived equations have been numerically 
validated by means of the ELEGANT code. Moreover, a preliminary experimental validation has been carried 
out at the CLEAR facility. A good agreement have been found for all the physical quantities, as well as in terms 
of accuracy and precision, between: theoretical predictions, simulations results, and measurements. From the 
theoretical derivation, the following conclusions are obtained: (i) a calibration factor with the same meaning 
as in the conventional layout can be defined in a sound way; (ii) the absence of additional terms which could 
introduce systematic errors is shown, (iii) the possibility of removing correlation effects is preserved, by first 
two independent measurements of the spot size with the RFD on in phase opposition, and then by assessing the 
average between their squared values, and (iv) thanks to the dependence of the beam sizes on the focal length 
a wider range of beam parameters can be exploited at the entrance of the RFD. Furthermore, a critical value of 
the focal length preventing the measurements to perform, and thus to be avoided, was identified. In conclusion, 
the non-conventional layout was validated satisfyingly.

Both the calibration factor and the σys,OFF with RFD off depend on the focal length of the focusing element. 
For this reason, the optimum resolution is not necessarily obtained by minimizing the beam size on the screen 
with the RFD off, like in the conventional layout. While this implies a more complex experimental configuration, 
it opens up the possibility of a further enhancement in input dynamic range, making available further improve-
ment of resolution and precision.

In the future, a full study, including a more comprehensive experimental validation campaign, will be car-
ried out. First, the optimum focal length maximizing the resolution and the precision, is to be identified. Then, 
the achieved metrological performance is to be compared for the conventional and non-conventional layout. 
Besides, as discussed above in section “Discussion”, the additional advantage of measuring the correlations is to 
be further investigated and proved experimentally.

Received: 4 March 2020; Accepted: 15 May 2020

References
	 1.	 Cianchi, A. et al. Observations and diagnostics in high brightness beams. Nuclear Instruments and Methods in Physics Research 

Section A: Accelerators, Spectrometers, Detectors and Associated Equipment 829, 343–347 (2016).
	 2.	 Ding, Y. et al. Femtosecond X-ray pulse temporal characterization in free-electron lasers using a transverse deflector. Phys. Rev. 

ST Accel. Beams 14, 120701. https​://doi.org/10.1103/PhysR​evSTA​B.14.12070​1 (2011).
	 3.	 Maxson, J. et al. Direct measurement of sub-10 fs relativistic electron beams with ultralow emittance. Phys. Rev. Lett. 118, 154802. 

https​://doi.org/10.1103/PhysR​evLet​t.118.15480​2 (2017).
	 4.	 Loew, G. & Altenmueller, O. H. Design and applications of RF separator structures at SLAC. In fifth Int. Conf. on High-Energy 

Accelerators, Frascati, Italy (1965).
	 5.	 Wang, X. Producing and measuring small electron bunches. In Proceedings of the 1999 Particle Accelerator Conference (Cat. No. 

99CH36366), vol. 1, 229–233 (IEEE, 1999).
	 6.	 Floettmann, K. & Paramonov, V. V. Beam dynamics in transverse deflecting RF structures. Phys. Rev. ST Accel. Beams 17, 024001. 

https​://doi.org/10.1103/PhysR​evSTA​B.17.02400​1 (2014).
	 7.	 Alesini, D. et al. Sliced beam parameter measurements. In Proceedings of EPAC (2009).
	 8.	 Plath, T. et al. Mapping few-femtosecond slices of ultra-relativistic electron bunches. Scientific reports 7, 1–8 (2017).
	 9.	 Haimson, J., Mecklenburg, B., Stowell, G. & Ishii, B. A circularly polarized beam deflector for direct measurement of ultra short 

electron bunches. In AIP Conference Proceedings, vol. 647, 810–820 (AIP, 2002).
	10.	 Moody, J. T., Musumeci, P., Gutierrez, M. S., Rosenzweig, J. B. & Scoby, C. M. Longitudinal phase space characterization of the 

blow-out regime of RF photoinjector operation. Phys. Rev. ST Accel. Beams 12, 070704. https​://doi.org/10.1103/PhysR​evSTA​
B.12.07070​4 (2009).

	11.	 Gamba, D. et al. The CLEAR user facility at CERN. Nuclear Inst. Methods Phys. Res. A 909, 480–483. https​://doi.org/10.1016/j.
nima.2017.11.080 (2018) (3rd European Advanced Accelerator Concepts workshop (EAAC2017)).

	12.	 Ding, Y. et al. Measurements and simulations of ultralow emittance and ultrashort electron beams in the LINAC Coherent Light 
Source. Phys. Rev. Lett. 102, 254801. https​://doi.org/10.1103/PhysR​evLet​t.102.25480​1 (2009).

	13.	 Akre, R., Emma, P., Krejcik, P. & Bentson, L. Bunch length measurements using a transverse RF deflecting structure in the slac 
LINAC. Tech. Rep. (2002).

	14.	 Huning, M. et al. Observation of femtosecond bunch length using a transverse deflecting structure. Tech. Rep. (2005).

(22)τ = σ 2
ys,ON

(φ)− σ 2
ys,ON

(φ + π) = 4M11KCAL(φ)σy0t0 + 4M12KCAL(φ)σy′0t0
,

https://doi.org/10.1103/PhysRevSTAB.14.120701
https://doi.org/10.1103/PhysRevLett.118.154802
https://doi.org/10.1103/PhysRevSTAB.17.024001
https://doi.org/10.1103/PhysRevSTAB.12.070704
https://doi.org/10.1103/PhysRevSTAB.12.070704
https://doi.org/10.1016/j.nima.2017.11.080
https://doi.org/10.1016/j.nima.2017.11.080
https://doi.org/10.1103/PhysRevLett.102.254801


11

Vol.:(0123456789)

Scientific Reports |        (2020) 10:11457  | https://doi.org/10.1038/s41598-020-67997-1

www.nature.com/scientificreports/

	15.	 Haimson, J. Longitudinal phase space measurements of short electron bunches using a 17 GHz circularly polarized beam deflector. 
In AIP Conference Proceedings, vol. 737, 95–108 (AIP, 2004).

	16.	 Alesini, D. et al. RF deflector design and measurements for the longitudinal and transverse phase space characterization at SPARC. 
Nuclear Inst. Methods Phys. Res. A 568, 488–502 (2006).

	17.	 Filippetto, D. et al. Phase space analysis of velocity bunched beams. Phys. Rev. Spec. Top. Accelerators Beams 14, 092804 (2011).
	18.	 Röhrs, M., Gerth, C., Schlarb, H., Schmidt, B. & Schmüser, P. Time-resolved electron beam phase space tomography at a soft X-ray 

free-electron laser. Phys. Rev. Spec. Top. 12, 050704 (2009).
	19.	 Swinson, C., Fedurin, M., Palmer, M. & Pogorelsky, I. ATF Facilities Upgrades and Deflector Cavity Commissioning. In Proceedings, 

6th International Beam Instrumentation Conference, IBIC2017, MOPWC05, https​://doi.org/10.18429​/JACoW​-IBIC2​017-MOPWC​
05 (2018).

	20.	 Saito, H., Kashiwagi, S. & Hinode, F. Ultra-short bunch length measurement via observation of otr using a streak camera. In 
Proceedings of the 12th annual meeting of Particle Accelerator Society of Japan (2016).

	21.	 Wilke, I. et al. Single-shot electron-beam bunch length measurements. Phys. Rev. Lett. 88, 124801. https​://doi.org/10.1103/PhysR​
evLet​t.88.12480​1 (2002).

	22.	 Moody, J. T. et al. Ultrashort laser pulse driven inverse free electron laser accelerator experiment. Phys. Rev. Accel. Beams 19. https​
://doi.org/10.1103/PhysR​evAcc​elBea​ms.19.02130​5 (2016).

	23.	 Di Mitri, S. et al. Coherent THz emission enhanced by coherent synchrotron radiation wakefield. Sci. Rep. 8, 1–8 (2018).
	24.	 Veronese, M., Appio, R., Craievich, P. & Penco, G. Absolute bunch length measurement using coherent diffraction radiation. Phys. 

Rev. Lett. 110, 074802. https​://doi.org/10.1103/PhysR​evLet​t.110.07480​2 (2013).
	25.	 Zhao, L. et al. Terahertz oscilloscope for recording time information of ultrashort electron beams. Phys. Rev. Lett. 122, 144801. 

https​://doi.org/10.1103/PhysR​evLet​t.122.14480​1 (2019).
	26.	 Ko, J. H., Jung, S. H., Kang, H.-S., Ko, I. S. & Park, J. Electron Bunch Length Measurement Using Coherent Radiation Source of 

fs-THz accelerator at Pohang Accelerator Laboratory. In Proceedings, 7th International Particle Accelerator Conference (IPAC 2016): 
Busan, Korea, May 8–13, 2016, MOPMR003, https​://doi.org/10.18429​/JACoW​-IPAC2​016-MOPMR​003 (2016).

	27.	 Curcio, A. et al. Noninvasive bunch length measurements exploiting Cherenkov diffraction radiation. Phys. Rev. Accelerators Beams 
23, 022802 (2020).

	28.	 Honda, Y. et al. Beam tuning and bunch length measurement in the bunch compression operation at the cERL. Nuclear Inst. 
Methods Phys. Res. A 875, 156–164. https​://doi.org/10.1016/j.nima.2017.09.027 (2017).

	29.	 Corsini, R. et al. LIL bunch length and lattice parameters measurements in March 2000. PS/LP Note 1, 2000–09 (2000).
	30.	 Corsini, R. et al. New measurements of the LIL bunch length and lattice parameters. PS/LP Note 2, 2000–13 (2000).
	31.	 Ben-Zvi, I. The BNL accelerator test facility and experimental program. In AIP Conference Proceedings, vol. 279, 590–607 (AIP, 

1992).
	32.	 Marx, D. et al. Simulation studies for characterizing ultrashort bunches using novel polarizable x-band transverse deflection 

structures. Sci. Rep. 9, 1–17 (2019).
	33.	 Borland, M. Elegant: a flexible SDDS-compliant code for accelerator simulation. Tech. Rep., Argonne National Lab., IL (US) (2000).
	34.	 Akre, R., Bentson, L., Emma, P. & Krejcik, P. A transverse RF deflecting structure for bunch length and phase space diagnostics. 

In PACS2001. Proceedings of the 2001 Particle Accelerator Conference (Cat. No. 01CH37268), vol. 3, 2353–2355 (IEEE, 2001).
	35.	 Sabato, L. et al. Effects of correlations between particle longitudinal positions and transverse plane on bunch length measurement: 

a case study on GBS electron LINAC at ELI-NP. Meas. Sci. Technol. 29, 024005. https​://doi.org/10.1088/1361-6501/aaa28​1 (2018).
	36.	 Cianchi, A. Observations and diagnostics in high brightness beams. CERN Yellow Rep. 3, 229 (2017).
	37.	 Borland, M. Users manual for elegant http://www.aps.anl.gov/accel​erato​r_syste​ms_divis​ion. Accelerator Operations Physics (2017).
	38.	 AT Division Project. Resistive Small Aperture Quadrupole Magnets for the CLIC Test Facility 3 (CTF3). Tech. Rep. (2003).
	39.	 Corsini, R. et al. First Experiments at the CLEAR User Facility. In 9th International Particle Accelerator Conference (IPAC’18), 

Vancouver, BC, Canada, April 29–May 4, 2018 (2018).
	40.	 K. N. Sjobak et al. Status of the CLEAR Electron Beam User Facility at CERN. In Proceedings, 10th International Particle Accelerator 

Conference (IPAC’19), Melbourne, Australia, May 2019 (2019).
	41.	 Luca, S. et al. RF deflector based measurements of the correlations between vertical and longitudinal planes at ELI-NP-GBS electron 

LINAC. In IBIC 2017 (2018).

Acknowledgements
The authors gratefully thank the CERN Doctoral Program for supporting the PhD of Antonio Gilardi at the 
University of Naples Federico II, as well as the CLEAR working group as a whole, with a specific mention to 
Davide Gamba, Wilfrid Farabolini, and Luke Dyks for the useful discussion and the constant help.

Author contributions
A.G. realized the potentiality of the non-conventional layout. L.S. and A.G. carried out to the analytical deriva-
tion and the simulation benchmark. A.G. carried out the experimental measurements. K.N.S. supported the 
simulation. P.A., A.M., R.C. and K.N.S. supervised the work giving significant suggestion and hint. All the 
authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.18429/JACoW-IBIC2017-MOPWC05
https://doi.org/10.18429/JACoW-IBIC2017-MOPWC05
https://doi.org/10.1103/PhysRevLett.88.124801
https://doi.org/10.1103/PhysRevLett.88.124801
https://doi.org/10.1103/PhysRevAccelBeams.19.021305
https://doi.org/10.1103/PhysRevAccelBeams.19.021305
https://doi.org/10.1103/PhysRevLett.110.074802
https://doi.org/10.1103/PhysRevLett.122.144801
https://doi.org/10.18429/JACoW-IPAC2016-MOPMR003
https://doi.org/10.1016/j.nima.2017.09.027
https://doi.org/10.1088/1361-6501/aaa281
http://www.aps.anl.gov/accelerator_systems_division
www.nature.com/reprints


12

Vol:.(1234567890)

Scientific Reports |        (2020) 10:11457  | https://doi.org/10.1038/s41598-020-67997-1

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

http://creativecommons.org/licenses/by/4.0/

	Enhancing particle bunch-length measurements based on Radio Frequency Deflector by the use of focusing elements
	Anchor 2
	Anchor 3
	Methods
	RFD OFF. 
	RFD ON. 
	Centroid position. 
	Calibration factor. 
	Vertical spot size. 

	Single quadrupole case. 
	Measurement method. 

	Validation using tracking simulations
	Simulation setup. 
	Simulation results. 
	Correlations between longitudinal and transverse position. 

	Experimental verification
	CLEAR case study. 
	Measurement validation. 

	Discussion
	Conclusion
	References
	Acknowledgements


