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a b s t r a c t

The knowledge of the longitudinal phase space (LPS) of electron beams is of great importance for optimizing
the performance of high brightness photo injectors. To get the longitudinal phase space of an electron bunch
in a linear accelerator a tomographic technique can be used. The method is based on measurements of the
bunch momentum spectra while varying the bunch energy chirp. The energy chirp can be varied by one of the
RF accelerating structures in the accelerator and the resulting momentum distribution can be measured with a
dipole spectrometer further downstream. As a result, the longitudinal phase space can be reconstructed.

Application of the tomographic technique for reconstruction of the longitudinal phase space is introduced in
detail in this paper. Measurement results from the PITZ facility are shown and analyzed.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Linac based single pass Free Electron Lasers (FELs) have strong
requirements on the electron beam quality at the undulator entrance:
indeed small transverse emittance, small energy spread and high peak
beam current (high brightness) must be provided in order to initiate
the SASE (Self Amplified Spontaneous Emission) process and produce
transversely coherent radiation. All this information is included in
the normalized 6D beam emittance at given bunch charge. Since this
emittance cannot be reduced during transport and acceleration, the
electron bunch must have high quality already at the electron source.
The high peak beam current, required for the SASE process in the FEL’s
undulator, is realized using a bunch compressor—usually a magnetic
chicane. During the bunch compression the potential irregularity in
the charge density distribution will be strongly amplified and can lead
to the unwanted microbunching instability [1]. This leads to the high
importance of longitudinal phase space characterization of the electron
bunch already in the injector of linac based FELs.

The Photo Injector Test facility at DESY in Zeuthen (PITZ) was built
as a test stand [2] for electron sources for FLASH and the European
XFEL [3], Fig. 1.

A normal conducting L-band 1.6-cell copper gun cavity with a Cs2Te
photocathode produces electron bunches with up to 7 MeV energy,
about 24 ps bunch length and up to several nC charge. The beam energy
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can be measured in the Low Energy Dispersive Arm (LEDA). Then the
electrons are further accelerated by an L-band accelerating structure
(so-called Cut Disk Structure or CDS booster operated at 1.3 GHz RF
frequency) up to ∼25 MeV [4]. Downstream the booster, the PITZ
beamline consists of different diagnostics for detailed measurements of
the electron bunch properties. Characterization of the electron bunch
transverse phase space at PITZ is mainly done by a slit scan tech-
nique [5,6]. For electron bunch length measurements and longitudinal
phase space measurements a streak camera system was used in the
last years [7,8] in the straight section and in High Energy Dispersive
Arms (HEDA1 and HEDA2), respectively. From a recently installed RF
deflector (a Transverse Deflecting Structure—TDS) [9] a much better
time resolution and new possibilities for studies of the bunch longi-
tudinal properties compared to the streak camera measurements are
expected [10]. Additionally to the measurements with the RF deflector
or with the streak camera, the electron bunch longitudinal phase space
can also be measured with a tomographic technique [11]. This technique
uses measured momentum distributions of the longitudinal phase space
rotated by the booster. From the restored phase space, the slice energy
spread, the time-energy correlation and the beam current distribution
can be extracted. In contrast to the measurements with an RF deflector
or with a streak camera, this method is a multi-shot technique as the set
of momentum distributions cannot be measured at once.
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Fig. 1. PITZ beamline layout.

Fig. 2. Measured momentum distributions at the HEDA1 section for various booster RF
phases. Momentum distributions are plotted relative to their mean momentum.

2. Longitudinal phase space tomography

Tomographic techniques can be deployed for measurements of the
longitudinal phase space by using input projections corresponding to
bunch momentum spectra where the bunch energy chirp has been var-
ied [11]. From the reconstructed longitudinal phase space, the electron
bunch longitudinal profile and slice energy spread can be extracted
and the longitudinal emittance can be calculated. The electron bunch
longitudinal phase space at PITZ can be measured by varying the RF
phase of the accelerating structure—the booster. The momentum spectra
measured downstream the booster at the HEDA1 or the HEDA2 disper-
sive sections, see Fig. 2, are used to feed the tomographic reconstruction
algorithm.

2.1. Algebraic reconstruction technique

One of the algorithms for tomographic reconstruction is the
Algebraic Reconstruction Technique (ART) [12]. In ART the two-
dimensional object of reconstruction is defined as a two-dimensional
matrix and is represented as one-dimensional array with density value
𝑔𝑙 for each pixel 𝑙 in the following way, see Fig. 3.

Fig. 3. Two-dimensional matrix representation of the object of reconstruction.

The pixel numeration is done from left to right and from bottom
to top. Here 𝐿 is the total number of elements in the matrix and 𝑛 is
the number of elements in the horizontal line, i.e. number of columns,
𝑚 = 𝑛 + 1, 𝑘 = 𝐿 − 𝑛 + 1 and 𝐿 is multiple of 𝑛.

For all the projections 𝑝𝑖𝑗 (see Fig. 2), where 𝑖 represents the
projection number, e.g. viewing angle (RF phase), and 𝑗 represents the
bin number of this projection (point on the momentum axis), there
is such a matrix 𝑎𝑖𝑗𝑙 which relates the reconstructed image pixel 𝑔𝑙,
𝑙 ∈ [1, 𝐿], to the measured projections by the following sum of all matrix
elements:

𝑝𝑖𝑗 =
𝐿
∑

𝑙=1
𝑎𝑖𝑗𝑙 ⋅ 𝑔𝑙 . (1)

In other words this matrix 𝑎𝑖𝑗𝑙 represents the contribution of each 𝑔𝑙 to
𝑝𝑖𝑗 . In the case of longitudinal phase space tomography the matrix 𝑎𝑖𝑗𝑙
is built from the beam transport function of the accelerating structure.

Knowing all the projections 𝑝𝑖𝑗 , the object of reconstruction 𝑔𝑙 can
be obtained from an iterative procedure over the projections, starting
from an initial guess 𝑔(0) ([12], p. 289, Eq. (31)):

𝑔(𝑘+1)𝑞 = 𝑔(𝑘)𝑞 +
∑

𝑖𝑗

𝑎𝑖𝑗𝑞
(

𝑝𝑖𝑗 −
∑

𝑙 𝑎𝑖𝑗𝑙 ⋅ 𝑔
(𝑘)
𝑙

)

∑

𝑛𝑚 𝑎2𝑖𝑛𝑚
(2)

until the required convergence criterion is achieved. The initial guess
can be, for example, a matrix with all zero elements. During the
iterations the non-negativeness of each solution 𝑔(𝑘+1)𝑞 can be forced by

106



D. Malyutin et al. Nuclear Inst. and Methods in Physics Research, A 871 (2017) 105–112

Fig. 4. Convergence of the ART algorithm as a function of the number of iteration steps.
The left vertical axis shows the convergence 𝐶 (𝑘) according to Eq. (3), the right axis shows
the longitudinal emittance according to Eq. (4) and the horizontal axis shows the number
of iterations.

setting all negative values to zero and then reusing them in the next step
of iterations, since a negative particle density in phase space distribution
is not physical. However, noise and inconsistencies in the measured
projections can lead to stripe artifacts in the solution due to the additive
nature of the ART algorithm [13].

The convergence of the reconstruction algorithm can be verified
as the relative root mean square between all the elements from two
consequent iteration steps:

𝐶 (𝑘) =

√

√

√

√

√

∑

𝑞

(

𝑔(𝑘)𝑞 − 𝑔(𝑘−1)𝑞

)2

𝐿

/

max
(

𝑔(𝑘)
)

, (3)

where 𝐿 and max
(

𝑔(𝑘)
)

are the number of elements and the maximal
element in the reconstructed image 𝑔(𝑘), respectively, and 𝑘 is number
of the current iteration. A criterion for the convergence of the algorithm
can be defined as 𝐶 (𝑘) is less than some number, sufficiently small that
the following iterations will not visibly and numerically improve the
reconstruction results.

An example of the ART algorithm convergence as a function of the
number of iteration steps for the measured data is shown in Fig. 4.
For the initial guess 𝑔(0) an array with zero elements was used. As one
can see, after 60 iterations the convergence 𝐶 (𝑘) is below 10−3 for this
example.

The corresponding reconstruction results of the measured data are
shown in Fig. 5 for different numbers of iteration steps (shown with
markers at Fig. 4). It can be seen that after 10 iteration steps the core
part of the object of reconstruction lies on some wide hill with long
slopes, Fig. 5(a). 50 iteration steps lead to significant improvement of
the reconstruction result as can be seen in Fig. 5(b). After 100 iteration
steps the result is slightly improved in terms of reconstruction artifacts
compared to the case with 50 iteration steps, Fig. 5(c). Finally, the
reconstruction result after 200 iteration steps has almost no difference
with the result after 100 iteration steps, Fig. 5(d). Nevertheless, one can
clearly see that with iterations the width of the core distribution gets
smaller.

The longitudinal Root Mean Square (RMS) emittance 𝜀𝑧 values,
calculated as:

𝜀𝑧 =
√

⟨

𝑧2
⟩

⋅
⟨

𝑝2𝑧
⟩

− ⟨𝑧 ⋅ 𝑝𝑧⟩
2, (4)

of these four reconstructed phase spaces are 157, 67, 56 and
53 mm keV/c, respectively (Fig. 4, right axis). To summarize, 100 itera-
tion steps seem to be sufficient as further iterations do not significantly
improve the reconstruction. In term of convergence from Eq. (3), 𝐶 (𝑘)
should be less or equal to 3 ⋅ 10−4. However, one needs to keep in
mind that the reconstruction still tends to overestimate the longitudinal
emittance, for example due to presence of the reconstruction artifacts.
For simplicity in the simulation of measurements and reconstructions of

the measured data for the longitudinal phase space tomography shown
in this paper always 100 iterations were used.

To reduce the impact from the reconstruction artifacts to the lon-
gitudinal emittance calculation, a charge cut can be applied to the
reconstructed phase space. The calculated longitudinal emittance as a
function of the charge cut applied to the phase space from Fig. 5(c) is
shown in Fig. 6 and the reconstructed longitudinal phase spaces after
applying 5%, 10% and 20% charge cuts are shown in Fig. 7.

After 5% charge cut the artifacts still can be seen, Fig. 7(a). 10%
removes most of them and only some small points are left and noisy
border of the bunch phase space is still present, Fig. 7(b). Further cut to
20%, Fig. 7(c), removes all surroundings and shows clear core part of
the bunch longitudinal phase space.

To perform a tomographic reconstruction using the ART algorithm
defined by Eq. (2) one needs to prepare the 𝑎𝑖𝑗𝑙 matrix which describes
the transformation of the bunch longitudinal phase space by the accel-
erating structure. In other words, one needs to mathematically describe
how the longitudinal coordinates and the longitudinal momenta of the
electrons in the bunch are being transformed during the acceleration at
different RF phases of the accelerating structure.

In the following method it is assumed that the longitudinal coor-
dinates of the particles within the bunch stay constant with respect to
the center of mass during acceleration. This assumption will be true for
ultra-relativistic particles. For example, for the PITZ case, the beam mo-
mentum upstream the booster is about 7 MeV/c. The distance between
two particles in the bunch whose longitudinal momentum differs by 20
keV/c becomes bigger only by about 30 μm during propagation through
the booster that is about 1.6 m long. As a result, for a bunch with 20
keV/c momentum spread and with a length of about 6 mm it will cause
an elongation of the bunch up to about 0.5%.

The longitudinal momentum of a single particle 𝑝𝑧1 after acceleration
can be calculated as:

𝑝𝑧1 = 𝑝𝑧0 + 𝑉 ⋅ cos
(

𝜔
(

𝑡 −
𝑧0
𝑐

)

− 𝜑0

)

, (5)

where 𝑝𝑧0 is the particle longitudinal component of momentum at the
entrance of the accelerating structure, 𝑝𝑧1 at the exit of the accelerating
structure, c is the speed of light, 𝑽 is the momentum gain of the
accelerating structure, 𝜔 is RF circular frequency, 𝒛𝟎 is the particle
position with respect to the center of mass and 𝑡 = 𝜑∕𝜔 is the time when
a particle enters the structure (𝜑 is the phase at which the particle enters
the cavity and if 𝜑 = 𝜑0 a particle in the center of mass, where 𝑧0 = 0,
will obtain momentum gain 𝑽 ). As a result, the momentum change of a
particle relative to the mean momentum of the bunch after acceleration
is a function of two parameters: the relative RF phase 𝜑 − 𝜑0 and the
particle position:

Δ𝑝𝑧 = 𝑔
(

𝜑 − 𝜑0, 𝑧0
)

= 𝑉 ⋅
[

cos
(

𝜔
(

𝑡 −
𝑧0
𝑐

)

− 𝜑0

)

− cos
(

𝜔𝑡 − 𝜑0
)

]

. (6)

This equation describes a transformation of the longitudinal phase space
caused by the field of the accelerating structure; therefore the back
transformation based on Eq. (6) will give as a result the longitudinal
phase space upstream the accelerating structure. Using the acceleration
model from Eq. (6), the matrix 𝑎𝑖𝑗𝑙 can be obtained and the tomographic
reconstruction can be performed according to Eq. (2). The longitudinal
phase space downstream the accelerating structure can be obtained by
applying Eq. (6) to the reconstructed phase space upstream.

For the bunch length much shorter than the RF wavelength:

𝑧0𝑖 ≪ 𝜆 = 2𝜋𝑐∕𝜔. (7)

Eq. (6) can be simplified (𝜔 𝑧0
2𝑐 ≪ 𝜋):

Δ𝑝𝑧 = 𝑉 ⋅ 2 sin
(

𝜑 − 𝜑0 − 𝜔
𝑧0
2𝑐

)

sin
(

𝜔
𝑧0
2𝑐

)

≈ 𝑉 ⋅ 𝜔 ⋅ sin
(

𝜑 − 𝜑0
)

⋅
𝑧0
𝑐
, (8)
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Fig. 5. An example of ART tomographic reconstruction from the experimental data (see Fig. 2 and more details in paragraph 4.2) after 10 (a), 50 (b), 100 (c) and 200 (d) iteration steps.

Fig. 6. Longitudinal emittance as a function of the charge cut applied to the reconstructed
phase space (Fig. 5(c)).

where 𝜑 = 𝜔𝑡. The resulting momentum chirp 𝑘𝑚 in the longitudinal
phase space can be calculated dividing Eq. (8) by the bunch length 𝑧0:

𝑘𝑚 = 𝑉 ⋅ 𝜔 ⋅ sin
(

𝜑 − 𝜑0
)

⋅
1
𝑐
. (9)

2.2. Temporal resolution

The temporal resolution 𝜏 of the reconstructed longitudinal phase
space depends on the momentum resolution of the measured momentum
spectra 𝜎0, the maximum momentum chirp 𝑘max applied to the electron
bunch by the accelerating structure and the slice momentum spread 𝜎𝛿
of the bunch. It can be estimated as [11]:

𝜏 = 1
𝑐
𝜎𝛿 + 𝜎0
𝑘max

. (10)

In a simple model, when one needs to roughly get the longitudinal
profile of the electron bunch, it can be measured by applying the

maximal momentum chirp 𝑘max by the accelerating structure and mea-
suring the momentum distribution for it. Then the measured momentum
distribution will represent the longitudinal profile of the electron bunch
scaled with 𝑘max.

2.3. Bunch length estimation

The electron bunch length can quickly be estimated from the momen-
tum phase scan without performing the time consuming tomographic re-
construction. To do this one needs to produce the maximum momentum
spread of the bunch by going to the maximum off-crest RF phase of the
accelerating structure which is still measurable by a dispersive section
(spectrometer). Measuring this momentum spread the bunch length can
be calculated by:

𝛿𝑙 =
𝛿𝑝

𝑘0 + 𝑘1
𝑐, (11)

where 𝛿𝑙 is the RMS bunch length, 𝛿𝑝 is the bunch RMS momentum
spread, 𝑘0 is the bunch initial momentum chirp (upstream the booster),
𝑘1 is the momentum chirp induced by the booster at the bunch momen-
tum spread 𝛿𝑝 and 𝑐 is the speed of light. 𝑘0 can be estimated using
Eq. (9) with inverse sign and applying the phase 𝜑 at which the bunch
has the minimum momentum spread.

3. Longitudinal phase space measurements at PITZ

The measurements of the electron bunch longitudinal phase space
were performed at PITZ for two laser temporal profiles, Gaussian and
flat-top, see Fig. 8, and three bunch charges 20 pC, 700 pC and
1 nC [14,15]. The laser temporal profile was measured with the Optical
Sampling System [16] and temporal resolution of these measurements
is expected to be about 1 ps [17].

For each case the range of booster RF phases was chosen to have a
well measurable bunch momentum and momentum distribution in the
dispersive section HEDA1 (enough high intensity and the bunch image
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Fig. 7. Reconstructed longitudinal phase spaces after 5% (a), 10% (b) and 20% (c) charge cuts applied to Fig. 5(d). 𝜀𝑧 = 27, 16 and 12 mm keV/c respectively.

Fig. 8. Measured temporal laser profiles: Gaussian with 2.7 ps Full Width at Half
Maximum (FWHM) duration, the blue curve, and flat-top with 17.4 ps FWHM duration
and about 2 ps rise and fall times, the red curve. The flat-top profile was scaled to have
the same integral intensity (pulse energy) as the Gaussian profile. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of
this article.)

within the observation screen). This corresponds to about ± 20◦ booster
RF phase from the Maximum Mean Momentum Gain (MMMG) phase.

3.1. Measurements with Gaussian temporal laser profile

For the first set of measurements a bunch charge of 20 pC produced
by photo cathode laser pulses with Gaussian temporal profile of 2.8
ps FWHM length was chosen. Fig. 9 shows the measured mean beam
momentum and RMS momentum spread in the HEDA1 section as a
function of the booster RF phase relative to the MMMG phase.

The used booster RF phase range was from −28◦ to +18◦ with respect
to the MMMG phase with a step width of 2◦. The maximum mean mo-
mentum gain from the booster was 𝑉 = (22.6–6.8) MeV/c = 15.8 MeV/c,
where 22.6 MeV/c is the maximum mean momentum downstream the
booster and 6.8 MeV/c is the maximum mean momentum downstream
the gun. As a result, the maximum momentum chirp 𝑘max at the RF phase
of +18◦ calculated according to Eq. (9), is 40 keV/c/ps, for 𝑓 = 1.3 GHz.
The resulting temporal resolution 𝜎𝑡 of the reconstructed longitudinal
phase space is about 0.3 ps or 80 μm for a slice momentum spread of the
bunch 𝜎𝑝 = 10 keV/c and assuming 𝜎0 = 1 keV/c, Eq. (10). The result of
the longitudinal phase space reconstruction using the ART algorithm is
shown in Fig. 10.

Fig. 11 shows the comparison of the bunch current profile—the
blue curve calculated from the reconstructed longitudinal phase space
shown in Fig. 10 with the measured laser temporal profile—the red
curve. The current profile was calculated applying 10% charge cut to the
reconstructed phase space in order to remove reconstruction artifacts.

The calculated current profile is shorter than the laser profile
(0.56 mm vs. 0.86 mm FWHM), due to three effects: firstly, the
charge cut applied to the phase space; secondly, the weak tails of the

Fig. 9. Measured mean beam momentum (a), the blue dots with statistical error bars, and
RMS momentum spread (b), the red dots, as a function of the booster RF phase, for 20
pC bunch charge generated with a Gaussian temporal laser profile. The green curve in (a)
show the beam momentum according to Eq. (5). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

distributions are not detected during the momentum measurements due
to not perfect sensitivity of the measurement method; thirdly, velocity
bunching is taking place for low bunch charges at the initial acceleration
in the gun when the electrons are started from the cathode surface.
For the MMMG phase of the gun, the tail of the bunch sees a higher
accelerating field than the head, resulting in a slight compression of the
bunch. For high charges the longitudinal space charge forces elongate
the bunch.

The RMS bunch length calculated from the reconstruction is
0.22 mm. The rough estimation from the momentum phase scan (Fig. 9)
using Eq. (11) gives the estimated bunch length of 0.23 mm: the bunch
momentum spread at +18◦ is 𝛿𝑝 = 60 keV/c, 𝑉 = 15.8 MeV/c, 𝑘0 =
40 keV/c/ps calculated at −18◦ (min RMS momentum spread phase)
and 𝑘1 = 40 keV/c/ps calculated at +18◦. The estimated bunch length
is reasonably close to the obtained value from the reconstructed current
profile.

Fig. 12 shows the measured mean beam momentum and RMS
momentum spread as a function of the booster RF phase relative to the
MMMG phase for 700 pC bunch charge. The result of the longitudinal
phase space reconstruction is shown in Fig. 13. The measured bunch
length is longer since the bunch charge is much higher for the same
laser temporal profile, causing strong longitudinal space charge forces
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Fig. 10. Reconstructed longitudinal phase space for a Gaussian temporal laser profile and 20 pC bunch charge. 𝜀𝑧 = 2 mm keV/c for 10% charge cut. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. Current profile from Fig. 7, the blue curve, and the temporal laser profile, the red
curve. The laser profile was scaled vertically to have the same amplitude as the current
profile. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 12. Measured mean beam momentum (a), the blue dots with statistical error bars,
and RMS momentum spread (b), the red dots, as a function of the booster RF phase, for
700 pC bunch charge generated with a Gaussian temporal laser profile. The green curve in
(a) show the beam momentum according to Eq. (5). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

which elongate the bunch. Also the higher bunch charge results in worse
momentum resolution.

3.2. Flat-top temporal laser profile

A second set of measurements was done for a bunch charge of 20
pC and a flat-top laser temporal profile with a FWHM length of 17.4 ps
(see the red curve in Fig. 8). Fig. 14 shows the measured beam mean
momentum and RMS momentum spread as a function of the booster RF
phase, relative to the MMMG phase. The used booster RF phase range
was from −23◦ to +22◦ with respect to the MMMG phase with a step

Fig. 13. Reconstructed longitudinal phase space for a Gaussian temporal laser profile and
700 pC bunch charge. 𝜀𝑧 = 64 mm keV/c for 10% charge cut.

Fig. 14. Measured mean beam momentum (a), the blue dots with statistical error bars,
and RMS momentum spread (b), the red dots, as a function of the booster RF phase, for
20 pC bunch charge generated with a flat-top temporal laser profile. The green curve in
(a) show the beam momentum according to Eq. (5). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

width of 1 degree. The beam maximum mean momentum gain from the
booster was 𝑉 = (22.3–6.8) MeV/c = 15.5 MeV/c.

The maximum momentum chirp applied to the bunch in this case
is 47 keV/c/ps at the RF phase of +22 degree, yielding a temporal
resolution of 0.21 ps or 63 μm. The reconstructed longitudinal phase
space is shown in Fig. 15 and the comparison of the current profile with
the laser profile is shown in Fig. 16.
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Table 1
The measured electron bunch parameters.

Temporal laser profile Laser FWHM (ps) Bunch charge (nC) Long. emit. (mm keV/c) RMS momentum spread (keV/c) RMS bunch length (mm)

Gauss 2.8 0.02 2 ± 2 30 ± 3 0.2 ± 0.1
Gauss 2.8 0.70 64 ± 60 105 ± 35 1.4 ± 0.3
Flat-top 17.5 0.02 16 ± 7 14 ± 5 1.1 ± 0.1
Flat-top 17.5 1.00 122 ± 62 65 ± 22 2.2 ± 0.3

Fig. 15. Reconstructed longitudinal phase space for flat-top temporal laser profile and
20 pC bunch charge. 𝜀𝑧 = 16 mm keV/c for 10% charge cut.

Fig. 16. Current profile (the blue curve) and squeezed temporal laser profile (the red
curve). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 17. Measured mean beam momentum (a), the blue dots with statistical error bars,
and RMS momentum spread (b), the red dots, as a function of the booster RF phase, for 1
nC bunch charge generated with a flat-top temporal laser profile. The green curve in (a)
show the beam momentum according to Eq. (5). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

The laser profile in Fig. 16 was squeezed longitudinally to have the
same length and scaled vertically to have the same amplitude as the
current profile for better comparison (original laser profile is longer
by about 20%). The modulation structure of the laser profile is well
reproduced in the current profile and in the reconstructed phase space.
The RMS bunch length calculated from the reconstruction is 1.1 mm.
A rough estimation from the momentum phase scan, see Fig. 14, using
Eq. (11) gives the same value.

For 1 nC bunch charge results of the beam momentum measurements
are shown in Fig. 17. The corresponding reconstructed longitudinal
phase space is shown in Fig. 18. The same holds true as for the
Gaussian case: higher charge causes a lengthening of the bunch, but
for the flat-top laser this effect is not so strong—the initial laser pulse
is long enough to reduce the longitudinal space charge forces. Also
higher charge gives worse momentum resolution for the momentum
distribution measurements, resulting in the worse temporal resolution
as well.

3.3. Measurement summary

In Table 1 the results of the measured electron bunch parameters
using the longitudinal phase space tomography technique at PITZ are
summarized together with their estimated errors:

For these calculations 10% of the charge was cut from the low
intensity regions of the phase space distributions. The error of the RMS
momentum spread measurements was estimated from the designed and
measured beam optics in the HEDA1. The error of the bunch length
measurements was estimated according to Eq. (10) using the already
known error for the momentum measurements and the slice momentum
spread calculated from the reconstructed phase space. The error of
the longitudinal emittance calculation 𝛿𝜀 was estimated as an error
propagation from Eq. (4).

4. Conclusions and outlook

A longitudinal phase space tomography based on a booster phase
scan has been implemented and applied at PITZ. The longitudinal
phase space of the electron bunch has been reconstructed applying
this tomographic technique for a wide range of the photo injector
parameters. These measurements were performed at the PITZ facility
for two temporal laser profiles: Gaussian and flat-top. The reconstructed
current profiles at low bunch charge (low space charge density) are close
to the measured temporal profiles of the photocathode laser, except that
they are slightly shorter due to the velocity bunching effect in the RF
gun. Temporal density modulations of the laser profile can be clearly
seen in the reconstructed longitudinal phase spaces. Smearing of the
cathode laser intensity modulations is observed for the case of high
bunch charge (high space charge density) which yields also to bunch
lengthening.

The bunch length can be quickly estimated already from the momen-
tum phase scan measurements without performing the time consuming
tomographic reconstruction. The fully applied tomography reconstruc-
tion delivers a detailed LPS, including bunch current profile (bunch
length) and slice momentum spread distributions within the bunch. The
technique was implemented using Matlab and can be used for routine
operation at PITZ.

Improving the resolution of the momentum distribution measure-
ments will yield to better time and momentum resolution of the

111



D. Malyutin et al. Nuclear Inst. and Methods in Physics Research, A 871 (2017) 105–112

Fig. 18. Reconstructed longitudinal phase space for a flat-top temporal laser profile and 1 nC bunch charge. 𝜀𝑧 = 122 mm keV/c for 10% charge cut.

reconstructed phase spaces. The number of reconstruction artifacts in
the reconstructed phase spaces can be decreased by increasing the
number of used projections (number of different booster RF phases per
reconstruction). Using non-zero initial phase space assumptions in the
reconstruction algorithm should suppress additional artifacts.

Compared with the measurements using the RF deflector, tomo-
graphic measurements are a multi-shot (tens of measurement required
to reconstruct a single phase space) and they are not a direct measure-
ments, i.e. some additional mathematical data treatments are required
for interpretation. But, from other hand, technique gives comparable
temporal resolution and allows to get the longitudinal phase space in
front of the accelerating structure. And also this diagnostic is for free—
no any additional hardware required, just standard elements of the
linear accelerator beamline can be used to perform the measurements.
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