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Abstract
A novel method for 4-dimensional transverse beam phase

space measurement is proposed at the Photo Injector Test fa-
cility at DESY in Zeuthen (PITZ) for ongoing beam coupling
studies. This method is called Virtual Pepper-Pot (VPP), be-
cause key principles of the pepper-pot mask scheme are ap-
plied. The latter approach is of limited use in high-brightness
photo injectors, because of technical reasons. At PITZ
a slit scan method instead is the standard tool for recon-
struction of horizontal and vertical phase spaces. The VPP
method extends the slit scan technique with a special post-
processing. The 4D transverse phase space is reconstructed
from a pepper-pot like pattern that is generated by crossing
each measured horizontal slit beamlet with all measured
vertical slit beamlets. All elements of the 4D transverse
beam matrix are calculated and applied to obtain the 4D
transverse emittance, 4D kinematic beam invariant and cou-
pling factors. The proposed technique has been applied to
experimental data from the PITZ photo injector optimization
for 0.5 nC bunch charge. Details of the VPP technique and
results of its application will be discussed.

INTRODUCTION
Good knowledge of particle beam properties is required

in many scientific experiments. For example, of particular
importance for FEL electron sources is the optimization of
the beam emittance. Transverse beam phase space is under
ongoing studies at the Photo Injector Test Facility at DESY
in Zeuthen (PITZ) towards improving the electron source
for the European XFEL and detailed understanding of beam
dynamics in photo injectors.

Electron beam asymmetries have been observed at PITZ
and gun quadrupoles are installed to correct them to a large
extend [1]. Slit scans are used to provide 2-dimensional
phase space information, but 4-dimensional phase space
characterization is needed to understand beam asymmetries
and transverse coupling in details. More sophisticated meth-
ods are required, e.g. imaging with a pepper-pot mask [2].
While the aforementioned method should provide the de-
sired information, a pepper-pot mask method has limitations
in its applicability to the PITZ setup.

A new technique called Virtual-Pepper Pot is proposed
at PITZ. It is extension of the slit scan analysis by using a
pair of complementary slit scan measurements. Despite it is
inspired by the pepper-pot mask principles, most limitations
of the latter are not present. The results of the application
of the Virtual-Pepper Pot technique on data of experimental
studies using gun quadrupoles provide a view on its usability
in practice.

TRANSVERSE BEAM PHASE SPACE
The particle motion in the transverse plane is described

by the 4D transverse phase space of two position coordinates
x and y and their corresponding angles x ′ and y′. The 4D
transverse beam matrix (4D TBM) σ4D is defined as [2, 3]

σ4D =
©«
⟨xx⟩ ⟨x ′x⟩ ⟨yx⟩ ⟨y′x⟩
⟨xx ′⟩ ⟨x ′x ′⟩ ⟨yx ′⟩ ⟨y′x ′⟩

⟨xy⟩ ⟨x ′y⟩ ⟨yy⟩ ⟨y′y⟩

⟨xy′⟩ ⟨x ′y′⟩ ⟨yy′⟩ ⟨y′y′⟩

ª®®®¬ (1)

with the corresponding variances and covariances. The beam
matrices of the horizontal and vertical phase spaces are re-
spectively the top-left and bottom-right two by two subma-
trices of the 4D TBM . The 4D transverse emittance of the
particle beam is in relation with the determinant of the 4D
TBM:

ϵ24D = det(σ4D) = ϵ2x ϵ
2
y − C4

xy , (2)

where ϵx and ϵy are the horizontal and vertical emittances
and Cxy is the coupling term, which is related to the corre-
lations between the horizontal and vertical phase spaces of
the beam.

The measured scaled normalized RMS emittance is de-
fined as ϵx,n = fscalingβγϵx , where γ is the relativistic
factor of the beam defined from the mean beam energy
γ = 1/

√
1 − β2 and β = v/c with v as the beam velocity.

The scaling factor fscaling is introduced to correct systematic
errors of slit scan measurements. It is described in [4].

RELATED METHODS
Before introducing the VPP technique it is of benefit to

present key points of the slit scan technique that are extended
by the VPP technique and a few other methods of performing
4D beam measurements.

A standard procedure for measuring projected emittance
at PITZ is the single slit scan method [4, 5]. A detailed
description of this approach and the experimental setup used
at PITZ can be found in Chapter 5 of [6]. Briefly, a space
charge dominated electron beam is masked with a horizontal
or vertical movable slit. After the slit an emittance domi-
nated beamlet continues its propagation. Downstream of
the slit is a scintillating screen that images the beamlet. The
beam profile at the slit position is also measured with a scin-
tillating screen for reference, yielding an information on the
local beam size. A reconstruction of the phase space of the
beam is possible from multiple shots of the beam scanned
with a movable slit. The sets of horizontal and vertical shots
are separated and require a change of the slit orientation
and scanning direction. It should be also noted, that the
slice emittance can also be measured by slit scan with a time
deflecting structure [7].
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Imaging of the beam with a pepper-pot mask is a tech-
nique for measuring the 4D transverse phase space of particle
beams [2, 8]. The pepper-pot mask has an ordered cluster of
small aperture openings. There are known technical consid-
erations for a pepper-pot mask design [9]. As an example,
lets consider the spacing between the holes of the mask. The
beam to be measured must a cover sufficient number of holes
to allow good accuracy. Respectively, for compact beams
the distance between neighboring holes must be accordingly
small and positions should be well defined. However, there
must be enough separation of the imaged beamlet spots. A
typical RMS beam size for 1 nC beams measured at PITZ
is 0.2-0.3 mm [5]. In addition, a large number of precisely
positioned holes in strong scattering materials of sufficient
thickness to mask the major part of the beam are costly to
obtain. A similar approach worth mentioning is the use of a
TEM grid in the place of the PP mask, that is applicable to
low-charge beams [2].

Other methods for measuring the characteristics of the 4D
transverse dynamics of a particle beam are quadrupole scan
[10] and multiple screens imaging. The beam coupling is ob-
tainable from both methods, but for space-charge dominated
beams these methods have limited use [2, 6].

VIRTUAL-PEPPER POT

The Virtual Pepper-Pot (VPP) technique is a novel method
for data analysis that addresses PP mask issues, while it pre-
serves the ability to perform 4D phase space measurements.
There is no physical PP mask. Instead, the VPP technique is
based on the data from slit scans in both transverse directions
by pairing horizontal with vertical slit scan measurements.
An analog pattern of a PP measurement is constructed, that
is referred to as the VPP technique. The idea is illustrated
in Fig. 1.

Data from both horizontal and vertical slit scan measure-
ments must be available for studying the electron beam. The
process of combining pairs of horizontal and vertical beam-
let images to generate VPP images is called beamlet crossing.
The idea behind beamlet crossing is that for a given slit pair
there is an imaged signal that corresponds to the opening
of the crossed slits and that signal is in the common region
where the beamlets overlap, as shown in Fig. 1. This is cor-
rect for laminar beams. By crossing beamlets of multiple
slit positions the images of a cluster of virtual apertures is
generated, that is an analog to a pepper-pot mask. As the
crossed beamlet images are generated separately, there is no
overlap and therefore the virtual openings are not subject to
many of the concerns of a physical pepper-pot mask.

There are few notable characteristics of the VPP proce-
dure. First of all, the presented VPP method is a strictly
multi-shot method to measure beam emittance. It relies on
stable operation of the accelerator. At PITZ the photo in-
jector satisfies this condition [11]. Secondly, the beamlet
images have to be crossed with a carefully chosen procedure,
as the resulting phase space properties are greatly dependent

on the correctness of the crossing of the beamlets. The last
topic is discussed later in this section.

The full beam image at the location of the slit mask is
used as a reference for checking the performance of the
beamlet collector screen and deriving the scaling factor. By
matching with fit the sequence of beamlet image total inten-
sities over the slit scan with the corresponding projection
of the full beam several essential parameters are estimated,
including what is referred to as baseline level difference. It
is representation of the baseline cut observed in the beam-
let profile. Due to the presence of noise and much weaker
beamlet signals at the beam tails some part of the beamlet
image intensity is lost and is missing as baseline intensity
level on the beamlet profile when compared to the full beam
projection. Following the analysis a value referred to as a
charge cut is defined with (1 − charge cut) = beamlet intensity

full beam intensity .
The charge cut value reveals what fraction of the beam is not
included in the later analysis. Generally there is a difference
in the charge cut values of the horizontal and the vertical slit
scans.

Figure 1: Illustration of the general idea of beamlet crossing.
Beam masks with openings (colored strips) and beamlet
collector screens (gray screens) are shown. The cyan and
yellow areas represent beamlet images from horizontal and
vertical slits. The green area is the crossed image of the two
beamlets (left) and is assumed to represent the beamlet from
a single hole in a pepper-pot (right).

For strongly non-laminar beam there is an issue in beam-
let crossing that is the correct separation of beamlet signal
into belonging to a virtual opening and other that does not.
Beamlet electrons passing outside of the defined virtually
crossed opening are still able to land within the region of
electrons from the opening.

A method to perform beamlet crossing is using the pixel-
wise minimum operation. In this method the minimum pixel
value of both beamlets is selected as the final pixel value,
Qcross = min(Qx,Qy), where Qx and Qy are the horizontal
and vertical beamlet signal in any arbitrary region of the
beamlet screen. Before applying the above beamlet crossing
operation all beamlet images have to be normalized. Due
to slight differences in the conditions for the measurements,
e.g. number of pulses used and the resulting charge cut,
there is to be expected a normalization difference between
different slit scans. For unequal normalization of the initial
pixel values the following is valid

min(AQx,BQy) , min(Qx,Qy)
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if A and B are different normalization factors numbers. Only
in the case A = B the minimum value crossing produces the
desired VPP images with consistent normalization across
all pixels.

The ratio of the horizontal to vertical emittance from the
slit scan analysis is used as a reference for renormalization.
The VPP analysis is expected to produce the same pair of
emittance numbers with the same ratio. With systematic
errors the pair of emittances from the VPP procedure do
not have exactly the same values, but are very close if the
renormalization is chosen to keep the ratio as the reference
from the slit scan. Therefore this renormalization strategy is
used at the moment.

RESULTS
The results presented in this section are computed from

data of projected emittance measurements at PITZ [1]. The
photocathode laser pulse has 1.2 mm diameter (beam shap-
ing aperture) on the photocathode and Gaussian temporal
profile with a FWHM of about 11 ps. The electron beam
charge is 0.5 nC. The photocathode gun accelerates the beam
to 6.5 MeV/c mean momentum and after the booster the
beam mean momentum is 22.3 MeV/c. At the gun exit there
are normal and skew quadrupoles made from air coils and
independently powered by two power supplies. These coils
are referred as the compensating gun quadrupoles. Two
cases are studied: correcting quadrupoles turned off, that is
coil currents of 0 and correcting quadrupoles turned on with
−0.5 A for the normal coils and −0.6 A for the skew. The pro-
jected emittance in the two cases is measured by horizontal
and vertical slit scan as a function of the main gun solenoid
current. Typically 100-200 slit positions for a single scan
are used with steps of 20–40 µm. The slit opening is 10 µm.

The 2D emittance values from the slit scan and VPP anal-
ysis from a solenoid scan measurements are presented in
Fig. 2. The VPP emittance values are slightly higher in com-
parison to the slit scan results. This could be related to the
above mentioned non-laminarity issue.

Generalized emittance invariants [12] in 4D phase space
can be studied with the VPP technique. These invariants
remain constant when the beam travels in linear accelerator
optics. The invariant plotted in Fig. 3 has the equation:

I(2)2 = ϵ
2
x + ϵ

2
y + 2 e2

xy , (3)

where exy is defined with a 2x2 submatrix of the 4D TBM
by

e2
xy =

���� ⟨xy⟩ ⟨x ′y⟩

⟨xy′⟩ ⟨x ′y′⟩

���� . (4)

The 4D emittance is shown as well.
Gun quadrupoles do not have a strong effect on the values

of the invariant close to the emittance minimum, as it is
expected from linear optics. But the invariant changes under
the presence of non-linear space charge effects for high main
solenoid current or due to systematic errors in the analysis.
The exact reason is still to be understood. The decreasing

Figure 2: Solenoid scan and VPP technique compared to 
2D emittance values. Data from measurements with 
correct-ing qudrupoles (top plot) and without (bottom).

Figure 3: The emittance invariant I(2)2 and ϵ4D over the
solenoid scan with and without correcting quadrupoles.

effect of the correlations on the 4D emittance relative to the
product of the 2D emittances is rather small - it is less than
8 % in all data points.

A correlation value is introduced with the equation

ρ4D =

√
1 −

(
ϵ4D

ϵxϵy

)2
, (5)

for correlations between the x and y phase spaces in analogy
to the Pearson coefficient [13]. Its values are presented in
Fig. 4 with blue lines. From the VPP results the correlation
value is in the range 0.15 - 0.4, which indicates that there is
a correlation between horizontal and vertical phase spaces.
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Figure 4: The correlation from Eq. (5) over the solenoid scan
with and without correcting quadrupoles (left axis). It is
compared with two definitions for the beam coupling factor
for the same data points (right axis).

Additionally, the ρ4D is higher for the beam with compensat-
ing gun quadupoles. Therefore the gun quadrupoles modify
the phase spaces, but in this setup seem to add to the corre-
lations, instead of compensating them.

Additionally two definitions for the beam coupling factor
are used here. The earlier definition proposed in [10] is

C =
√
ϵxϵy

ϵ4D
− 1 . (6)

The later definition is used at PITZ formulated in [14] is

t =
ϵxϵy

ϵ4D
− 1 . (7)

When C = t = 0 there is no coupling. Both coupling factor
values from the VPP analysis are presented in Fig. 4. Both
coupling factors and the correlation value ρ4D present similar
trends over the solenoid scan.

According to these results one can conclude that applica-
tion of gun quadrupoles optimized for round and symmetric
beam transverse distributions does not necessarily remove
transverse coupling and in this case even slightly increases
x-y correlation. Nevertheless, the 4D emittance is getting
reduced by applying gun quads. This could be related to a
modification of the magnetic field configuration (solenoid,
RF field and gun quads), which serves for a better emittance
compensation [15].

CONCLUSION
The proposed Virtual-Pepper Pot technique reveals a no-

table difference between slit scan emittance and VPP emit-
tance. On the other hand the corresponding solenoid scan
curves have consistent shape. The difference is assumed to
be a systematic error of the VPP analysis. To better under-
stand the systematic error contribution of different factors
in slit scan and VPP measurements a simulation study is
foreseen. Beam correlations were discovered between the

horizontal and vertical phase-spaces. Three ways to evalu-
ate them were compared. All of them deliver similar and
consistent results.
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