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Slice energy spread is one of the key parameters in free electron laser optimizations, but its accurate
measurement is not straightforward. Two recent studies from high energy (≥ 100 MeV) photoinjectors at
SwissFEL and European x-ray free electron laser (XFEL) have reported much higher slice energy spread
than expected at their XFEL working points (200–250 pC). In this paper, a new method for measuring slice
energy spread at lower beam energy (∼20 MeV) is proposed and demonstrated at the PhotoInjector
Test facility at DESY Zeuthen, and the results for 250 pC are much lower than those measured at high
energy injectors.
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I. INTRODUCTION

High brightness electron beams are critical for many
scientific instruments, such as electron microscopes and
x-ray free electron lasers (XFELs), which have trans-
formed modern research with unprecedented spatial,
temporal, and energy resolutions [1–4]. Beam brightness
scales as beam density in the six-dimensional (6D) phase
space

B6D ∝
∂
3Q

∂εnx∂εny∂εnz
∝

I=σE
εnxεny

; ð1Þ

where Q is the bunch charge, I is the peak current, σE is
the uncorrelated energy spread or slice energy spread, εnx,
εny, and εnz are normalized emittances. While the beam
brightness directly measures the performance of electron
microscopes, it indirectly determines the XFEL brilliance
by affecting the amplification gain in the undulator [5,6].
Therefore, the measurement of 6D beam brightness is an
indispensable part of XFEL optimizations. For linac
based XFELs, beam brightness optimization has to start
from the injector due to Liouville’s theorem. Both trans-
verse emittance and beam peak current can be routinely
measured in an XFEL injector, but accurate slice energy

spread measurement is still not trivial. This is because
photoinjector slice energy spread is expected to be on the
1 keV level, which is below the measurement resolution
of standard procedures [7]. In the past, accurate slice
energy spread measurement for XFEL injector was not
that critical, because it is much lower than required and
even causes microbunching instability to reduce XFEL
lasing [8–12]. Therefore, a laser heater is used to increase
the injector slice energy spread to damp such instability to
improve FEL lasing [13–15]. With the improvement of
electron source brightness and undulator technology,
compact XFEL machines or continuous wave (cw)
XFEL machines of lower beam energy were built or
under development, such as SACLA, SwissFEL, LCLS-
II, European XFEL, and SHINE [6,16–21]. An efficient
FEL amplification requires the following conditions:

εn
γ
<

λ

4π
; ð2Þ

σγ
γ
< ρ; ð3Þ

where γ is the beam Lorentz factor, λ is the FEL radiation
wavelength, εn is the normalized emittance, σγ is the
normalized slice energy spread, and ρ is the FEL Pierce
parameter [5]. With lower linac energy, the requirements
on both transverse and longitudinal beam brightness get
tighter for lasing at the shortest wavelength. Ultrahigh
gradient pulsed guns are under development to achieve
both low emittance and high peak current in the pancake
photoemission regime [6,22–26], while cw guns try to
improve transverse emittance in the cigar photoemission
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regime with a lower peak current [27–30]. Besides, the
threshold for injector slice energy spread also gets lower
due to the lower linac energy.
Recently, two dispersion based methods were proposed

and demonstrated for accurate injector slice energy spread
measurements with rms uncertainty down to the 0.1 to
0.3 keV level [31,32]. Both measured much higher slice
energy spread than expected for 200 to 250 pC bunch
charge, which reduced the laser heater’s role in improving
XFEL lasing. Alternatively, the slice energy spread can be
reconstructed based on undulator radiation. Here one can
measure the radiation dependence on the longitudinal
dispersion strength either in a high-gain harmonic gener-
ation scheme [33] or in an optical klystron configuration
[34,35]. Compared to self-amplified spontaneous emission
XFEL, seeded XFEL prefers an even lower slice energy
spread for high harmonic generation [36–39]. A summary
of high resolution slice energy spread measurements is
shown in Table I, and the two hard x-ray injectors show
much lower longitudinal beam brightness than the two
seeded FEL injectors.
In this paper, we introduce a dispersion based method

to measure the slice energy spread at the low energy
(20 MeV) PhotoInjector Test facility at DESY Zeuthen
(PITZ). In addition to the low beam energy, tungsten slit
masks are used to reduce the beam transverse emittance,
therefore energy spread measurement resolution improves
compared to a high energy injector. The paper is organ-
ized as follows: First, the methodology is described in
Sec. II. Then, the experiments for 250 pC are presented
in Sec. III. Finally, a discussion and summary are given in
Secs. IV and V.

II. METHODOLOGY

Slice energy spread is usually measured with an rf
transverse deflecting structure (TDS) and a dipole magnet,
which maps the longitudinal phase space (LPS) of the
beam to the transverse distribution on a screen in a
dispersion section. As was discussed in [31], the beam
size along the energy dispersion direction consists of four
contributions, i.e., screen spatial resolution, transverse
emittance effect, TDS-induced energy spread, and true
slice energy spread. The convolution of the four contri-
butions can be expressed as

σ2total ¼ σ2scr þ
εn1βscr

γ
þ
�
D
σγ
γ

�
2

þ
�
D
σγ;TDS
γ

�
2

; ð4Þ

where σtotal is the total rms beam size, σscr is the rms screen
resolution, εn1 is the normalized slice emittance in the
dipole bending plane, βscr is the beta function at meas-
urement screen, D is the dispersion function, and σγ;TDS is
the slice energy spread due to the transverse acceleration
gradient in TDS.
The energy spread σγ;TDS depends linearly on the TDS

deflection voltage, therefore it can be extracted by a TDS
voltage scan. After removing the TDS contribution, there are
twomethods to extract the net slice energy spread σγ from the
other contributions. The first is demonstrated at the
SwissFEL by scanning the beam energy γ [31]. The second
is demonstrated at the European XFEL by scanning the
dispersion functionD [32]. Both methods require a constant
slice emittance and constant beta function at the measure-
ment screen, which is not easy to achieve for a space charge
dominated low energy photoinjector like PITZ.

A. Energy spread resolutions:
Low energy versus high energy

The photoinjector slice energy spread is very low in free
electron laser applications, expected to be few keV from
simulations [41]. To reduce the measurement error of σγ ,
the contributions from the other three terms in Eq. (4)
cannot be much larger than σγ, otherwise, it puts a tight
requirement on machine stability and other measurement
errors. Therefore, contributions from screen resolution,
transverse emittance, and TDS should be as low as
possible. The energy spread resolution due to screen
resolution and transverse emittance can be expressed as

σγ;scr ¼
σscr
D

γ; ð5Þ

σγ;ε ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
εn1βscr

p
D

γ
1
2: ð6Þ

The best energy and time resolutions by TDS in the linear
approximation are [42,43]

σγ;TDS ¼
ekTDSVTDS

m0c2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εn2βTDS

γ

s
; ð7Þ

σt ¼
m0c

ekTDSVTDS sinðψÞ
ffiffiffiffiffiffiffiffiffiffi
εn2γ

βTDS

r
; ð8Þ

σtσγ;TDS ¼
εn2

c sinðψÞ ; ð9Þ

where e is elementary charge, c is speed of light, εn2 is the
normalized slice emittance in the TDS streaking plane, βTDS
is the beam beta function in the TDS, kTDS is the TDS
wavenumber, VTDS is the TDS transverse voltage, and ψ is
the phase advance between TDS and the LPS measurement
screen.

TABLE I. Summary of slice energy spread measurements.

SDUV FERMI SwissFEL Eu-XFEL Unit

Q 100 600 200 250 pC
Ek 136 1320 100 130 MeV
I 12 800 20 20 A
σE 1.2 40 15 5.9 keV
I=σE 10 20 1.3 3.4 A=keV
Method Undulator radiation Dispersion …
Reference [33] [40] [31] [32] …
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In case of the same σscr,D, εn, βscr, Eqs. (5) and (6) show
that better absolute energy spread resolution can be
achieved with lower beam energy. For LPS measurements,
its best time and energy resolution product is limited by the
transverse emittance and phase advance only. A better time
resolution from TDS will lead to a worse energy spread
resolution for the LPS measurement.
Taking the parameters from the European XFEL injector

as an example [32], beam energy is 130 MeV, dipole screen
resolution is 28 μmwith an energy dispersion of 1.2 m, and
nominal emittance is 0.4 μm for 250 pC [32,44]. The
screen-induced energy spread resolution is 3 keV, but it can
be reduced to 0.5 keV if the beam energy is lowered to
20 MeV. The product of TDS time resolution and energy
resolution is at least 0.68 keV ps based on Eq. (9). If the
temporal resolution of TDS measurement reaches a 1 ps
(FWHM), i.e., 0.42 ps rms, TDS will induce an rms energy
spread of at least 1.6 keV.

B. TDS voltage scan

Since σγ;TDS is linearly proportional to VTDS when the
beam size in TDS is fixed, Eq. (4) can be rewritten as

σ2total ¼ σ20 þ
�
σ1

VTDS

V1

�
2

; ð10Þ

where σ20 is the sum of the first three terms on the right-hand
side of Eq. (4), which are independent of TDS voltage.
During TDS streaking with voltage V1, the induced energy
spread by TDS will contribute to an rms beam size of σ1 at
the dispersion screen. With a scan of σtotal versus VTDS in
experiment, σ0 can be fitted.
Let us assume a 3% rms error for σtotal measurement.

Here a numerical example is used to show the sensitivity of
σ0 fitting error on the TDS voltage scan range. Let us
assume the TDS voltage scan has six voltages uniformly
distributed between V1 and Vmax. For each TDS voltage,
σtotal is calculated based on Eq. (10), and a random relative
error with a 3% rms value is added. With six TDS voltages
and corresponding energy spread values, σ0 can be fitted.
Such a process is repeated 1000 times, and the rms relative
errors are shown in Fig. 1 for different measurement
configurations. The simulations show that the fitting error
depends critically on σ1, i.e., V1. To keep the fitting error of
σ0 below 10%, σ1 should be smaller than σ0. With the TDS
voltage scan range Vmax=V1 between 1.5 and 3, the fitting
error is not sensitive to Vmax. If the measurement error of
σtotal is even larger than 3%, then σ1 should be even smaller
to reach the 10% fitting error.
Based on Eq. (9), a smaller σ1 means a worse time

resolution, which might increase the measurement error of
σ1 by including time correlated energy spread from the
acceleration rf curvature. If the rms time resolution of the
TDS streaking at the lowest voltage V1 is σt1, and the beam
energy curvature is simplified to be E ¼ E0 cosðωrf × tÞ,

then the measured slice energy spread at V1 will have a con-
tribution from beam energy curvature of E0ðωrfσt1Þ2=

ffiffiffi
2

p
.

Assuming a 1 ps rms time resolution for a 20-MeV beam at
V1, the energy curvature contributes an rms energy spread of
0.94 keV. With higher beam energy or linear energy chirp
included, this contribution at V1 is even larger. Since the
energy spread from rf curvature due to a limited time
resolution is not the real slice energy spread, this term should
be reduced compared to the contributions from screen
resolution, transverse emittance, and real slice energy spread
in Eq. (4), which means the linear energy chirp at the time
slice should be minimized, and the time resolution at the
minimumTDS voltage should be optimized. Therefore, both
good time resolution and low energy spread contribution
from TDS at voltage V1 is preferred, which means a low
transverse emittance in the TDS streaking plane is critical
according to Eq. (9).

C. Slice energy spread measurement
in a low energy beamline

Once the slice energy spread from TDS is precisely
removed, slice energy spread σγ measurements are limited
by screen resolution and transverse emittance effect.
Energy scan or dispersion scan methods demonstrated
for high energy injectors at SwissFEL and European
XFEL [31,32] can not be easily applied to low energy
beamlines, where constant slice emittance and beta func-
tion are difficult to maintain under the space-charge effect.
Instead, we propose to measure the screen resolution and
emittance-induced beam size directly. Figure 2 shows the
schematic beamline for slice energy spread measurements
at PITZ. A 20-MeV high brightness beam is produced by a
1.3-GHz photoinjector and sent to an LPS diagnostic
section consisting mainly of an S-band TDS and a dipole
magnet [45,46]. The TDS streaks the beam temporally in
the vertical direction [47], and the dipole bends the beam
horizontally. The energy dispersion function is 0.9 m at the

FIG. 1. Relative rms error of σ0 versus TDS voltage scan
configuration.
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LPSmeasurement screen (Disp3.scr1) [45]. The 1.3-GHz rf
gun is the same type of gun as the ones used at FLASH and
European XFEL [48–50]. The photoinjector can produce
long bunch trains with a micro repetition rate of 1 MHz, but
the TDS can only streak up to three pulses in a train due to
its short rf pulse length.
There are two slit stations shown in Fig. 2, and both of

them have horizontal slits and vertical slits to cut the beam
[51]. In this paper, horizontal slit reduces beam vertical
emittance, and vertical slit reduces beam horizontal emit-
tance. Slit 1 with a 50 μm opening is used to cut the beam
vertical emittance to improve the TDS time and energy
resolutions, as indicated by Eq. (9). Quadrupole magnet
group 1 tunes the beam size inside the TDS to reduce
σγ;TDS. Slit station 2 will be used to measure screen
resolution and transverse emittance-induced beam size at
the LPS measurement screen station Disp3.scr1.
For the Disp3.scr1 resolution measurement, a horizontal

slit 2 with 10 μmopening cuts the beam. Since the beam size
before slit 2 is much larger than 10 μm, the vertical beam
distribution is quasiuniform after slit cut. Therefore, the
vertical rms size at the slit exit is 2.9 μm. Due to such a
negligible vertical beam size and negligible space-charge
effect after the slits, the vertical rms beam size on Disp3.scr1
equals

σ2y ≈ σ2scr;D3 þ ðR12y · σy0;slit2Þ2; ð11Þ
where R12y is the transfer matrix element from slit 2 to
Disp3.scr1, σy0;slit2 is the beam divergence after slit 2 cut, and
σscr;D3 is the screen resolution ofDisp3.scr1. TheR12y can be
either calculated if a reliable lattice model is established or
measured directly by orbit response. By scanningR12y, using
quadrupole group 3, and measuring vertical rms size on
Disp3.scr1, the screen resolution can be fitted based
on Eq. (11).
For measuring emittance-induced horizontal beam size

on Disp3.scr1, the vertical slit 2 is used, and the horizontal
slit 2 is removed. The final slice energy spread is measured
with a combination of horizontal slit 1 and vertical slit 2. To
allow enough charge for the slice energy spread measure-
ment, the vertical slit 2 opening is 50 μm. After slit 2 cut,
the beam horizontal rms size is 14.4 μm, which is much
smaller than horizontal beam size on High2.scr2 when
dipole magnet is off, and can be neglected. So, the
horizontal beam size at High2.scr2 equals

σ2x ≈ σ2scr;H2 þ ðR12x;H2 · σx0;slit2Þ2; ð12Þ

where R12x;H2 is the transfer matrix element from slit 2 to
High2.scr2, σx0;slit2 is the beam divergence after slit 2 cut,
and σscr;H2 is the screen resolution of High2.scr2. Similar to
screen resolution measurement, by varying R12x;H2, both
screen resolution and beam divergence can be fitted. Then
beam emittance-induced beam size at Disp3.scr1 can be
calculated as R12x;D3 · σx0slit2, where R12x;D3 is the transfer
matrix element from slit 2 to Disp3.scr1.
After slice energy spread contributions from TDS, screen

resolution and transverse emittance are measured, the real
slice energy spread can be extracted via Eq. (4).

D. Start-to-end simulations of the measurement

In the above proposal, the beam at the dispersion screen
is cut by two slits to reduce both vertical emittance and
horizontal emittance for a better measurement resolution.
Therefore, the measured slice energy spread is actually for
the beam after the second slit. If the slice energy spread is
uncorrelated before the first slit, i.e., uncorrelated with both
transverse and longitudinal coordinates, then the slice
energy spread after the second slit should also be close
to the slice energy spread before the first slit, because the
bunch charge after the first slit cut is low and the space-
charge forces and other collective effects are negligible. In
the 20-MeV beamline, the beam transverse optics is
dominated by the space-charge effect instead of emittance
before the first slit. If the slice energy spread is dominated
by the space-charge effect instead of the other collective
effects, e.g., intrabeam scattering [52,53], microbunching
instability [8–12], a correlation between beam energy and
transverse coordinates may lead to a slice energy spread
reduction after the first slit cut. This will change the
correspondence between the measured slice energy spread
and the actual slice energy spread of the full beam before
the first slit. Therefore, we perform start-to-end simulations
to investigate this potential issue.
As shown later, the two slits reduce the bunch charge by

a factor of 50. In order to have enough statistics for
calculating the slice energy spread after two slit cuts, 2 ×
106 macroparticles are used to simulate the full beam before
the slits with ASTRA code [54], and 40,000 macroparticles
will be left to simulate the beamlet after the slit cut. The
transverse distribution of the initial cathode emission is
adapted to the measured laser profile on the virtual cathode,
which is a 1 mm quasiuniform distribution. The average
radial density profile of the cathode laser is considered, but
the azimuthal laser nonuniformity is neglected in ASTRA

simulations. The laser temporal distribution is assumed to
be an ideal Gaussian distribution of 3 ps rms duration. The
bunch charge is 250 pC, and the solenoid is set to the
optimum emittance compensation to achieve the lowest
transverse emittance at the first slit location. Then the beam
distribution is further tracked through the slice energy
spread measurement beamline in Fig. 2 with OCELOT code
[55], including 3D space-charge effects. The simulation

FIG. 2. Schematic beamline for slice energy spread measure-
ment at PITZ (element positions are not in proportion).
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parameters are listed in Table II according to our meas-
urement beamline.
The 250 pC beam longitudinal phase space distribution

right before the first slit is shown in Fig. 3(a). Since the
beam is space-charge dominated and rotational symmetric
at the first slit, Fig. 3(b) shows a clear correlation between
beam energy and radial position in the central temporal
slice. The central slice energy spread after the first slit cut
versus the slit width is shown in Fig. 4. The first horizontal
slit width is 50 μm, and the slice energy spread is reduced
from 1.4 keV before the slit to 1.0 keV after the slit.
Simulations of the high energy (∼130 MeV) injector show
such a correlation between slice beam energy and trans-
verse coordinates is diluted through betatron oscillations
when the beam becomes emittance dominated.
The slice energy spread from ASTRA simulations is much

lower than that measured at European XFEL and SwissFEL
injector, which indicates some heating effect is not included
in our injector simulations, such as laser temporal profile
modulation, intrabeam scattering, or microbunching insta-
bility. The intrabeam scattering effect for both European

XFEL injector and PITZ injector has been simulated, but
the results are still far from measurement values [56]. In
order to study the additional heating effect on the meas-
urement procedure, energy spread uncorrelated with both
spatial and temporal coordinates is added to the beam right
before the first slit numerically, and then the beam is sent to
the measurement beamline in OCELOT code to continue start
to end simulations of the measurement.
The measurement of slice beam divergence at the second

slit exit based on Eq. (12) is simulated and displayed in
Fig. 5. The TDS voltage is set to 100 kV, and the R12
between the second slit and the measurement screen is
varied with quadrupole group 3. The fitted slice beam
divergence multiplied by the R12 between the slit and the
dispersion screen Disp3.scr1 approximates the slice emit-
tance contribution in slice energy spread measurement
when the beam is cut by the second slit. By setting energy
spread to zero at the second slit in OCELOT, the true beam

TABLE II. Simulation parameters.

Parameter Value Units

Charge 250 pC
Momentum 19.5 MeV=c
Peak current 20 A
100% emittance at first slit 0.6 μm
Slit width 50 μm
TDS frequency 2997 MHz
Dispersion 0.9 m
Screen resolution 70 μm

FIG. 3. Beam distribution from ASTRA simulations, right before
the first slit. The reference beam momentum is 19.5 MeV=c.
(a) Longitudinal phase space. (b) Correlation between beam
energy and radial beam position in the central temporal slice
(−0.5 ps to 0.5 ps).

FIG. 4. ASTRA simulations of beam cut by the first slit. Slice
energy spread of the central temporal slice (−0.5 ps to 0.5 ps)
versus the slit width. The slit width in the experiment is 0.05 mm.

FIG. 5. OCELOT simulation of slice beam size versus R12x scan
between slit 2 and High2.scr2. High2.scr2 screen resolution and
slice beam divergence contributions are fitted based on Eq. (12).
The product of R12x;D3 and slice beam divergence σx0;slit2 gives the
emittance contribution to beam size at the dispersion screen.
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size contribution from slice emittance at the dispersion
screen is also calculated. As displayed in Fig. 5, the fitted
values of the screen resolution (72 μm) and the slice
emittance contribution (28.8 μm) are very close to true
values. Similarly, the Disp3.scr1 screen resolution meas-
urement is also simulated according to Eq. (11), and the
results are displayed in Fig. 6.
The TDS-induced energy spread is extracted by TDS

voltage scan based on Eq. (10). Once the contributions of
the slice emittance, screen resolution, and TDS-induced
energy spread are extracted, the slice energy spread can be
calculated. In Fig. 7, the “measured” slice energy spread
versus the true slice energy spread at both slits are
presented. As expected, simulations show the slit based
slice energy spread measurement gives the results for
the beam after the second slit cut. When the beam slice
energy spread becomes uncorrelated with its spatial coor-
dinates, either through betatron oscillations for emittance
dominated beam or due to the nature of the beam heating

mechanism, the measured slice energy spread can also be
very close to the true slice energy spread of the full beam
before the first slit. In that case, the slit cut not only
improves the measurement resolution and reduces the
collective effects in the measurement process but also
keeps the true uncorrelated slice energy spread of the full
beam before the first slit cut.

III. MEASUREMENTS

As mentioned already, recent slice energy spread mea-
surements at the photoinjectors of SwissFEL and European
XFEL have shown slice energy spread much higher than
expected from simulations [31,32]. This is either due to
high slice energy spread already from the low energy
section or due to slice energy spread growth during the high
energy acceleration and transportation. This motivated us to
measure the slice energy spread in the low energy
(20 MeV) injector at PITZ, which has the same rf gun
as the European XFEL.
In the experiment, the rf gun and the cathode laser mimic

the 250 pC working point of the European XFEL injector
[44,57,58]. The photoelectron beam is generated by a UV
laser illuminating the Cs2Te cathode. Cathode laser diam-
eter is 1 mm with a quasiuniform distribution. Temporally,
the laser is 7 ps (FWHM) with a Gaussian distribution. The
rf gun accelerates the beam to 6.3 MeV=c with a cathode
gradient of 58 MV=m. Then, the beam is matched into the
booster linac by solenoid focusing for optimum emittance
at the booster exit. Finally, the 20 MeV beam is sent to the
diagnostic beamline for slice energy spread measurement.
The beam peak current is measured by the TDS to be 20 A.
As discussed in Sec. II C, the high resolution LPS

measurement is done with both slit 1 and slit 2. Slit 1 is
used to reduce vertical emittance to increase TDS reso-
lution, and slit 2 is used to reduce horizontal emittance-
induced energy spread resolution on Disp3.scr1. Both slits
have 50 μm opening. In order to measure the low charge
beams, 500 μm thick LYSO:Ce is used as screen material at
High2.scr2 and Disp3.scr1 [59]. Quadrupole group 1
reduces the vertical beam size in the TDS to lower the
TDS-induced energy spread, and quadrupole group 2
optimizes the time resolution of LPS measurement.
Quadrupole group 3 varies R12y and R12x for measuring
screen resolution and emittance-induced energy resolution,
respectively.
The slit 1 effect on vertical beam emittance is shown in

Fig. 8. In the optimum emittance compensation working
point, the normalized vertical rms emittance is around
0.6 μm. The beam profile without slit 1 cut is measured
near quadrupole group 1 when they are off, shown in
Fig. 8(a). After the slit 1 insertion, the beam profile is
shown in Fig. 8(b). The charge of the reduced beamlet is
estimated to be 25 pC, and the vertical rms size is reduced
to 0.17 mm. The drift distance from the slit 1 to the beam
profile measurement screen is 3.1 m, so the reduced vertical

FIG. 6. OCELOT simulation of vertical beam size versus R12y
scan between slit 2 and Disp3.scr1. Screen resolution is fitted
based on Eq. (11).

FIG. 7. OCELOT simulation of measured slice energy spread
versus true slice energy spread at both slits. The added energy
spread at slit 1 entrance is uncorrelated with both spatial and
temporal coordinates, and this is to simulate the additional beam
heating effect not included in the start-to-end modeling.
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beam divergence is 55 μrad. Based on the 50 μm slit width
and the quasiuniform beam distribution at slit exit, the
reduced rms beam size is about 14.4 μm. Considering
negligible correlation for the beamlet in the vertical phase
space, the normalized vertical emittance is estimated to be
30 nm. This is a factor of 20 reduction compared to the
nominal case and improves the LPS resolution significantly.
The TDS voltage scan with and without slit 1 insertion is

shown in Fig. 9. The bunch charge after the second slit is
about 5 pC, and the LPS image of the 5 pC beam is shown
in Fig. 10 for 140 kVTDS streaking. The slice energy spread
is calculated for the slice at the TDS zero crossing phase, and

the fitted result of 2.3keVinFig. 9 still includes contributions
from screen resolution and slice emittance. To reduce the
correlated energy spread in the slice, the booster linac phase
is tuned to minimize linear energy chirp at the TDS zero
crossing phase. This is very important for the first TDS
voltage, whose time resolution is the worst among all TDS
voltages. Figure 9 shows the advantage of small vertical
emittance after slit 1 cut. Without slit 1 cut, it is difficult to
find both good time resolution and low energy spread. The
high energy spread at the first TDS voltage increases the
fitting error as shown in Fig. 1. With the slit 1 insertion, a
much smaller vertical emittance reduces the product of TDS
time and energy resolution significantly. The vertical beam
size in the TDS is reduced by quadrupole group 1 to reduce
energy spread growth while a good time resolution can still
be maintained at Disp3.scr1. The slice energy spread growth
by the first TDS voltage is almost negligible, therefore the
rms error is reduced from0.3 to 0.05 keV. Since the final slice
energy spread is expected to be on the 1 keV level, such an
error reduction is very important.
As discussed in Sec. II C, when 50 μm slit 2 vertical slit

is inserted, the emittance-induced horizontal rms size on
Disp3.scr1 approximates R12x;D3 · σx0slit2. The beam diver-
gence after slit 2 is measured at High2.scr2 when the dipole
magnet is off. In order to remove the screen resolution
contribution, quadrupole group 3 is used to vary R12x;H2,
and both the screen resolution and beam divergence can be
fitted based on Eq. (12). Here, the beam rms size σx at

FIG. 8. Beam images measured at 3.1 m downstream slit 1, near
quadrupole group 1, when quadrupole group 1 is off, (a) without
slit 1 cut, (b) with slit 1 cut. Image calibration is 38.7 μm=pixel.

FIG. 9. Slice energy spread versus TDS voltage. Red curve is
measured without slit 1 cut, and blue curve is measured with
vertical emittance cut by slit 1.

FIG. 10. Longitudinal phase space at 140 kV TDS voltage with
two slits inserted, and the bunch charge is reduced from 250 to
5 pC.
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High2.scr2 is measured for the same time slice as that used
for slice energy spread calculation. The measurement
results are displayed in Fig. 11, which gives a slice beam
divergence of 37� 1 μrad. Based on the 50 μm slit width
and the slice beam divergence, a normalized horizontal
slice emittance of 20 nm can be evaluated. R12x;D3 is
measured by orbital response to be 0.81 m, so the
emittance-induced beam size on the dispersion screen
can be calculated with the product of slice beam divergence
after the second slit and R12x;D3 to be 30� 1 μm. Based on
the dispersion of 0.9 m and beam momentum of
19.5 MeV=c, the slice emittance contributes to an energy
spread resolution of 0.65� 0.02 keV.
The screen resolution of Disp3.scr1 is measured at the

nondispersion direction when TDS is off, so vertical slit 2 is
changed to horizontal slit 2. The measurement is based on
Eq. (11), and R12y is varied by quadrupole group 3. The
screen resolution is 69� 1 μm as shown in Fig. 12, and this

translates to an energy spread resolution of 1.50� 0.02 keV
based on Eq. (5). In order to increase the signal to noise ratio
of the streaked 5 pC beam at Disp3.scr1, 2 × 2 pixel binning
was used, and the image calibration is 62.8 μm=pixel. The
screen resolution in the nonbinning mode is measured to be
53� 4 μm,which shows the screen resolution in the binning
mode is not due to the material itself.
With both screen resolution and emittance contribution

measured, the slice energy spread decomposition is summa-
rized inTable III. The slice energy spread is 1.65� 0.06 keV
for the∼5 pCbeam,which is from two slit cuts of the 250 pC
beam. Based on the simulations in Fig. 7, it indicates the full
beam slice energy spread is 2.07� 0.05 keV, and additional
uncorrelated heating of 1.52� 0.06 keV is needed to add to
the start-to-end simulations to explain the measurements.

IV. DISCUSSIONS

For the 250 pC working point, two slits were used to cut
the beam transverse emittance for improving LPS meas-
urement resolutions, and the bunch charge is reduced from
250 to 5 pC after two slits, for which 1.65� 0.06 keV slice
energy spread was measured. Start-to-end simulations of
the measurement only give a slice energy spread of
0.75 keV rms after the two slit cuts as shown in Fig. 7.
In order to fit the experiment results, an additional
uncorrelated slice energy spread of 1.52 keV is added to
the beam at the first slit entrance, leading to a full beam
slice energy spread of 2.07 keV at the first slit entrance.
This is almost a factor of 3 lower than that measured at high
energy (130 MeV) photoinjector at European XFEL. Both
injectors operate with similar gun parameters, similar laser
distributions and same cathodes, and have the same peak
current of 20 A. Our result demonstrates the expected low
slice energy spread (∼2 keV) from the Cs2Te based
photoinjector and indicates slice energy spread growth in
the high energy photoinjector, e.g., intrabeam scattering,
microbunching instability, which is worth further studies.

V. SUMMARY

Longitudinal phase space mapping by TDS and dipole
magnet is used for direct slice energy spread measurement,
but its energy resolution is limited by screen resolution,
emittance-induced beam size, and TDS-induced energy
spread. Analytical analysis shows a low energy beam can

FIG. 11. Screen resolution and beam divergence measurements
at High2.scr2.

FIG. 12. Screen resolution measurements at Disp3.scr1.

TABLE III. Summary of the slice energy spread measurement
decompositions for the 5-pC beam collimated from the 250-pC
beam, both in beam size measured at Disp3.scr1 and in energy
spread.

Non-TDS
contribution

Screen
resolution

Emittance
resolution

Real slice
energy spread Units

107� 2 69� 1 30� 1 76� 2 μm
2.32� 0.05 1.50� 0.02 0.65� 0.02 1.65� 0.06 keV
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achieve better energy resolution than a high energy beam
with the same normalized emittance, beta function,
dispersion function, and screen resolution. The product
of time and energy resolution of TDS streaking is limited
by the beam emittance. Therefore, we used a beam of lower
energy and reduced horizontal and vertical emittance by slit
cutting to enhance the LPS resolutions.
Numerical simulations show the lowest TDS-induced

energy spread during a TDS voltage scan should be as
small as possible to minimize the fitting uncertainty of non-
TDS related energy spread. Besides, the time resolution at
the lowest TDS voltage should be good as well, otherwise
energy curvature combined with limited time resolution
will lead to slice energy spread measurement errors. Direct
measurements of energy spread resolutions due to screen
resolution and emittance-induced beam size were sug-
gested and demonstrated by using slit and lattice scans,
which does not require a constant beta function like
previous methods used for high energy injectors [31,32].
Start-to-end simulations show the method can measure the
true screen resolution and slice emittance contributions at
the dispersion screen. Simulations also show the recon-
structed energy spread is only valid for the beam after the
slits. This is due to a correlation between the slice energy
distribution and the transverse coordinates of the space-
charge dominated beam before the slits. For special cases in
which the above correlation is negligible, the reconstructed
energy spread after the slits can also be close to that of the
full beam before the slits.
Finally, we demonstrated the new methods by measuring

the slice energy spread at PITZ, which mimic the best
emittance working point for European XFEL at 20 MeV.
After two slit cuts of the 250 pC beam, the bunch charge is
5 pC and the measured slice energy spread is 1.65�
0.06 keV. According to our simulations, this corresponds
to an energy spread for the full beam of 2.07 keVat the first
slit entrance. This value indicates a significant heating effect
of 1.52 keV not included in the modeling. Compared to the
high energy (≥ 100 MeV) injector results from SwissFEL
and European XFEL, this indicates significant slice energy
spread growth in the high energy injector.
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