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Photoinjectors are the main high brightness electron sources for x-ray free electron lasers (XFELs).
Photoinjector emittance reduction is one of the key knobs for improving XFEL lasing, so precise emittance
measurement is critical. It is well known that rms emittance is very sensitive to low intensity tails of particle
distributions in the phase space, whose measurement depends on the signal to noise ratio and image
processing procedures. Such sensitivities make the interpretations of beam transverse brightness
challenging, leading to different emittance definitions to reduce the impact of tail particles. In this paper,
transverse phase space is analyzed in action and phase coordinates for both analytical models and
experiments, which gives a more intuitive way to calculate the beam core brightness.
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I. INTRODUCTION

Photoinjectors combine high brightness photocathode,
ultrafast laser, and high gradient acceleration and deliver
directly bunched beams with picoseconds duration, low
energy spread, and low emittance [1]. Photoinjectors are
also very flexible in controlling electron bunch pattern and
phase space by varying laser parameters and have become
the main high brightness electron source for many accel-
erator based scientific facilities, such as x-ray free electron
lasers (XFELSs), ultrafast electron microscopy, and energy
recovery linacs [2-4]. Transverse emittance is a key
parameter for characterizing the transverse beam brightness

Byp g (1)
ExEy

where Q is the bunch charge, &, and ¢, are the beam
emittance for two decoupled transverse planes. Short
wavelength free electron lasers (FEL), especially hard
x-ray FELs (XFEL), are the main drivers of ultralow
emittance injectors [5]. In the design stage of the first
hard x-ray FEL, 1 nC with a normalized emittance of 1 um
is the baseline parameter for lasing at the wavelength
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around 1 A [6,7]. Nowadays, most XFEL injectors operate
with 0.25 nC with emittance below 0.4 um [8—10]. Even
lower beam emittance of 0.1 um at 100 pC is pursued by
the development of XFEL with lower linac energy, such as
compact XFELs and XFELs based on the continuous wave
superconducting linac [11-13]. The XFEL developments
drive the photoinjector transverse brightness Byp up by a
factor of 10 in the last decades.

Beam emittance is generally defined as the phase space
area and practically calculated by the rms emittance

Erms = 5)2(6,25/ - 6)2”;" (2)
where o, is the rms beam size, o, is the rms beam
divergence, and o, is the covariance between x and x’.
It is well known that the second moment is sensitive to the
nonexponential decay tails of a distribution, which makes
rms emittance sensitive to tail particles in transverse phase
space. In a well-optimized photoinjector, beam transverse
phase space is dominated by a high density Gaussian core
distribution and a non-Gaussian low density tail distribu-
tion. The non-Gaussian tail distribution is mainly due to the
residual nonlinear space charge effect and phase space
mismatch in low current tails [14]. Such a low density
distribution accounts for a small fraction of the beam but
degrades the full beam rms emittance disproportionally,
which misleads the interpretation of real beam brightness
according to Eq. (1). As the brightness requirement of
electron source for the next generation FEL gets higher,
e.g., 0.1 um emittance for 100-pC beam [13], proper
treatment of such low density tails can be critical.

Published by the American Physical Society
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For beam profile scan based emittance measurements,
such as quadrupole magnet scan, multiscreen scan, and slit
mask scan, beam size processing from beam images is a
critical step. Due to the limited signal to noise ratio (SNR),
image noise subtraction and weak signal recognition can
change the low intensity tails of the beam profile projection,
hence the rms beam size changes [15]. Different image
processing methods can lead to different emittance results
for the same beam. Typically, 100% emittance and 95%
emittance, corresponding to 100% bunch charge and 95%
bunch charge, are used. The 95% emittance is much less
sensitive to tail particles by excluding the worst 5% particles,
but the actual charge fraction in the non-Gaussian tails of the
phase space is not clear. Another way to reduce the
sensitivity of non-Gaussian tails in emittance calculation
is to fit the beam profile with Gaussian models, which are
even less sensitive to measurement SNR, but the charge
fraction in the measured emittance is not clear.

In the measurement of a 2.1 MeV H™ beam at the PIP-1I
injector test facility (PIP2IT) beamline, action and phase
coordinates were introduced for phase space analysis,
which allows for measurements of distortions and tail
growth due to nonlinear forces [16]. In this paper, this
approach is used for analyzing the Gaussian core and non-
Gaussian tails of photoinjector beam phase spaces. The
paper is organized as follows: In Sec. II, the emittance and
beam brightness calculations based on the action and phase
coordinates are introduced by analyzing an simplified
analytical model. In Sec. III, the phase space measurements
and analysis of four bunch charges (1-0.1 nC) of the FEL
photoinjector are presented. Finally, a summary is given
in Sec. IV.

II. BEAM BRIGHTNESS AND EMITTANCE

Beam brightness scales as beam density in phase space
and is usually calculated by Q/ ¢ for one plane. For the same
type of density distribution, e.g., a 2D Gaussian distribution,
then Q/e is linearly proportional to both peak and average
beam density in the phase space, therefore Q/¢ can be used
as a figure of merit to compare brightness between different
beams. In reality, the photoinjector beam is so “cold” that the
transverse phase space is not fully thermalized to become a
pure Gaussian distribution. The phase space density distri-
bution type varies between different beams, so Q/¢ can be
misleading for comparing beam brightness.

A. 100% emittance and reduced emittance

Assume the following phase space density distribution:
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FIG. 1. rms emittance and beam brightness vs 5% charge

emittance degradation according to Eq. (3).

where 95% charge is distributed in a Gaussian phase space
with rms emittance of &, and the other 5% charge has a rms
emittance of negy. For simplification, the two density
distributions have the same Twiss parameters (e.g., ).
The rms emittance and beam brightness of the 100% charge
is shown in Fig. 1, in which peak and average beam
brightness is defined as follows:

Bpea = max f(x,x), (4)

1 ’
By = é/f(x"x )dQ (5)

Figure 1 shows the peak and average beam brightness
reductions converge to about 5% and 10%, respectively
after the continuous degradation of the 5% charge, but the
100% rms emittance growth does not converge, which is
misleading for understanding the real beam brightness. In
comparison, the 95% emittance is not sensitive to the 5%
charge in the tails. This example demonstrates the 100%
rms emittance is very sensitive to tail particles in the phase
space, but the actual beam brightness is much less sensitive.
An emittance of reduced charge can be used to reflect the
real beam brightness. In this case, we know from Eq. (3)
that about 5% charge is in the tails of the phase space,
otherwise it is also not intuitive to find the reduced
emittance with a proper charge cut to reflect the beam
brightness.

Different methods have been used to measure the
reduced emittance. The most intuitive way is to measure
the transverse phase space first and then calculate the
reduced emittance vs charge cut [17,18]. For space charge
dominated beam, the phase space can be measured by slit
mask scanning transversely through the beam [17]. For
high energy beams, the phase space is measured by
tomography [19], which is based on beam profile projec-
tion vs phase space rotation by beamline optics variations,
such as quadrupole magnet scan or multiscreen technique.
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In addition, the reduced rms emittance can also be fitted
with reduced rms beam size vs beamline optics. If the beam
is dominated by a Gaussian distribution, then reduced beam
rms size can be fitted with a Gaussian distribution to cut the
tail particles [20]. Tail particles can also be removed
directly in the 2D transverse beam profile or 1D projected
beam profile [15,19]. The problem is tail particles in the
transverse profile are not necessarily tail particles in the
transverse phase space, so it is only an approximation.

B. Phase space analysis in the
action and phase coordinates

Phase space can be expressed in different coordinates
which are of advantage for different analysis purposes. The
following formula shows three coordinate systems for
transverse phase space [21]:

1
—— 0
Xy NG X cos ¢
()= ) () =va(50) o
NG
5 %) 2 ) / 2
pomEAR Rl g
/ /
XN X

where x and x’ are position and angle coordinates, xy and
xy are normalized coordinates, J and ¢ are action and
phase coordinates, f, a, and y are Twiss parameters of the
phase space. Based on Eq. (7), rms emittance can also be
calculated by

1
€ms = <‘]> :a/‘]dQv (9)

i.e., the rms emittance of the beam is the average of action
of all particles. While x and x” describe the beam motion in
real space, the other two coordinates are better for describ-
ing the beam motion in phase space and beam brightness.
Since J is proportional to phase space area, it is a better
coordinate system to describe beam brightness. For exam-
ple, the Gaussian phase space can be described in the
following two forms:

2 2 / 2
dQ = iexp (— s Zxx +/x )dxdx’
€0

(10)

In the action and phase coordinates, the 2D density
distribution reduces to a 1D exponential distribution, which
is a straight line in the log scale. This makes it much easier
to distinguish the Gaussian core and the tail particles in the
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FIG. 2. Phase space density and charge integration along the
action axis according to Eq. (11).

phase space. The peak brightness is Q/ej, and the rms
emittance g, is inversely proportional to the slope of the
line in the log scale.

Let us use Eq. (3) as an example, it can be rewritten in the

action and phase coordinates as

) = O.95Qexp<_i> +0‘05Qexp(—i>.

=) =) ney ney

(11)

The pure Gaussian mode (n = 1) and the mixed mode
example (n = 20) are shown in Fig. 2. Now it is easily
recognized that the mixed mode case consists of a Gaussian
core and a tail. The Gaussian core has the same rms
emittance as the pure Gaussian mode with a charge fraction
of about 95%. Even without prior knowledge of Eq. (11),
the charge fraction of the Gaussian core can be easily
calculated in the action and phase coordinates. By fitting
the Gaussian core of the mixed mode to Eq. (10), both
the peak brightness and the Gaussian core emittance can
be extracted, and their product gives the charge in the
Gaussian core. In this paper, the Gaussian core of the phase
space is fitted to Eq. (10) in the action-phase coordinates,
and the fitted Gaussian mode defines the core emittance
€.ore and the core charge Q... For a pure Gaussian
distribution in Eq. (10), the core emittance is the same
as 100% rms emittance &, and the core charge is the same
as full charge Q.

There exists another definition for core emittance and
core charge in the literature [22],

de(Q)

== 12
40 | ooy (12)

= 5(Qcore,2) .

Ecore2 = Q

Applying the above definition [Eq. (12)] to a Gaussian
distribution in Eq. (10), the core emittance and core charge
are ¢y/2 and 0.7150Q, respectively. This is clearly different
from our definition.
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FIG. 3. Schematic plot of the projected emittance measurement
beamline at PITZ, Highl.scrl, and Highl.scr4 are two screen
stations for slit-scan emittance measurements. The slit is installed
at Highl.scrl and beamlet images are measured at Highl.scr4.
A dipole magnet is for beam energy measurement.

III. MEASUREMENTS OF 100% EMITTANCE
AND CORE EMITTANCE

PITZ is a photoinjector R&D facility for developing high
brightness electron sources for pulsed superconducting
linac based free electron laser in Hamburg (FLASH) and
European XFEL [17,23]. The three facilities use the same
type 1.3 GHz rf gun [24,25], featuring both a high cathode
gradient (60 MV /m) and long rf pulse length (up to 1 ms)
at a 10-Hz repetition rate. The schematic plot of the
projected emittance measurement beamline at PITZ is
displayed in Fig. 3. Following the gun, a normal conducting
booster linac accelerates the beam to about 20 MeV. The
projected emittance diagnostic section includes a dipole
magnet for beam momentum measurement and a slit-scan
system for emittance measurement since the beam is still
space charge dominated. The photoelectrons are generated
by 257.5 nm UV photoemission from the Cs,Te cathode.
The typical quantum efficiency and intrinsic emittance of
the fresh Cs,Te cathode are 10%-30% and 1 ym/mm,
respectively [26-28]. The UV laser can be shaped both
spatially and temporally for emittance optimization
[29,30]. Several European XFEL injector working points
were studied at PITZ for both temporally flattop and
Gaussian lasers.

A. Charge cut in slit scan due to noise floor

The slit mask at PITZ is made of a 1-mm thick tungsten
mask with two opening options, 10 ym and 50 ym, and a
motor drives the slit mask through the beam transversely
[31]. The masked beam will be scattered, forming a
uniform background, and a small beamlet will go through
the slit opening to map the local beam divergence to a YAG
screen at Highl.scr4. The motor speed can be adjusted,
typically between 0.1 and 0.5 mm/s, and the Highl.scr4
camera is triggered at 10 Hz, so the beam is sampled with a
step size between 10 ym and 50 ym. Both the beamlet
signal and the background signal are recorded during slit
scan with laser shutter open and closed, respectively. The
data acquisition process is controlled by a software named
“FASTSCAN” and finishes within 1 min for one emittance
measurement.

The slit scan-based emittance measurements are
limited by three factors: space charge effect, spatial-angular

resolution, and signal to noise ratio [32]. The 50 ym slit
width will allow a higher beamlet signal with the reduced
number of bunches in one rf pulse, but the space charge
effect will overestimate the emittance by about 10%. The
10-um slit width is used in this paper, and the space charge
effect is negligible in emittance reconstruction. With the
10-um slit at Highl.scrl and the 50 ym point spread,
spatial resolution for YAG screen at Highl.scr4, the drift
distance in between is about 3 m, so the minimum rms
emittance that can be resolved by slit scan at 20 MeV is
about 7 nm, which is more than enough for resolving
typical XFEL injector emittance. In the end, the signal to
noise ratio dominates the emittance measurement results.
Before the slit-scan data acquisition, the number of bunches
in one rf pulse is always increased until the maximum
beamlet image is on Highl.scr4 gets close to saturation for
a 14-bit camera, and then bunch train length is kept during
the slit scan. When the slit moves to the transverse edges of
the beam, the beamlet signal gets very weak and even
below the noise floor of the camera. Therefore, part of the
beamlet signal cannot be recognized during the image data
processing, and the final reconstructed phase space does
not include the full bunch charge, i.e., the rms emittance is
not 100% emittance. One indicator is that the rms beam size
measured at the slit location by a YAG screen is bigger than
rms beam size projection from the reconstructed beam
phase space [33].

The Gaussian beam in Eq. (10) is used as an example for
the slit-scan analysis. Assuming there is no coupling
between the x and y plane, after the slit cut, the beamlet
distribution at the measurement screen Highl.scr4 is deter-
mined by the beam angle distribution x’ at Highl.scrl and
beam spatial distribution y, at Highl.scr4,

2 yxz +2ax; X/+/1',\‘/2 ,"2
>0 0N,  riedal

= Y 13
ox'dy, (27[)1‘5806},26 (13)

where x, and A are the slit location and width, respectively,
¥, and o, are the vertical coordinate and rms beam size at
Highl.scr4, respectively. Equation (13) is integrated over y,
to get the x’ distribution at x;. In theory, the integration range
for y, is infinite. In measurements, this is limited by the
camera noise floor. When beamlet image pixel intensity is
below the camera noise floor, it is recognized as zero and
cannot be integrated anymore. The camera noise floor in our
measurements is defined as the rms camera noise (0,4;s)-
Therefore the integration range of y, is constrained by

OA 2+ 2axg 2 3
S - 2¢ 20y, ( )
0 y .
2 > Opoise- 14

(2m)"Pegoy,

After y, integration under the constraint in Eq. (14), the
measured phase space density is
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slit scan vs SNR, assuming a Gaussian phase space. The
measured charge fraction by slit scan is estimated by Eq. (17).
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The signal to noise ratio (SNR) is defined as the ratio
between maximum pixel intensity during the slit scan and
the camera rms noise. erf is the error function, and b is
defined as

2 2 ! 2
b= \/m(SNR)—” i Zxx LASGTS
€0

When b > 1, erf(b) > 0.84, meaning the measured phase
space density at (x, x') is more than 84% of the true density.
If b > 1 is defined as the threshold for the reliable phase
space density measurement, then the threshold phase space
density normalized by the peak phase space density is
2.7/SNR based on Eq. (16). If Eq. (13) is integrated over
Xg, ¥/, and y, within the constraint of Eq. (14), then the
charge in the measured phase space is

—————  2+/In SNR

Omeasured = (erf< In SNR) - W) 0. (17)
The lowest reliable phase space density and charge fraction
in the measured phase space vs the SNR are displayed in
Fig. 4. When the phase space is not Gaussian and has more
particles in the tails, e.g., Eq. (3), then the charge fraction
measured by the slit scan is even lower than Eq. (17).
Therefore the measured rms emittance by slit scan is not
100% rms emittance, and it is sensitive to the SNR.

B. 1 nC beam with temporal flattop laser

The 1-nC beam rms emittance measurement is used as an
example to show the SNR dependence. The emittance
optimization starts with beam based alignment between
laser, gun, solenoid, and booster [34]. The UV laser is

1.5 T T T T 600
—F—rms emittance £, —F— Gaussian core emittance
—F— scaled1 emittance —F— 3/10 500
ES) scaled2 emittance —©— SNR
Y
£~ L |
E g 1 400
8§ x
2 300 Z
£ c .
£5
d=05¢ 200
E
100
0 ‘ . . ‘ 0
0 5 10 15 20 25
High1.Scr4 camera gain (dB)
FIG. 5. Slit scan measurement of the 1-nC beam (with flattop

temporal laser) vs measurement camera gain, maximum beam
signal from camera CCD reading is kept the same during gain
adjustments.

shaped for emittance optimization. For this measurement,
the laser is temporally flattop with 17-ps FWHM and is
spatially flattop with an optimum diameter of 1.3 mm.
Emittance is measured vs both solenoid scan and laser
diameter scan. The SNR is varied by Highl.scr4 camera
gain, and the maximum beamlet pixel intensity during slit
scan is kept close to the camera saturation level (4000) by
varying the bunch numbers in one rf pulse. The 1-nC beam
emittance vs camera gain is shown in Fig. 5. When camera
gain is reduced from 20 to 4 dB, camera rms noise reduces
and SNR increases. With higher SNR, slit scan measures
more tail particles in the phase space, as shown in Fig. 6,
therefore the measured rms emittance increases from
0.53 pum at 20 dB to 0.81 um at 4 dB.

In order to recover the 100% emittance, the measured
emittance is scaled up based on the rms beam size at
Highl.scrl. The scaling factor is defined as [33]

¢ — OYAG ’ (18)
Oglit

where oy g 1s rms beam size measured by a YAG screen at
Highl.scrl, and oy is the rms beam size projection from
the phase space measured by slit scan. The 100% emittance
is scaled as

2
€100 e oyac/P 1 _ﬂsm 2
slit ™~ "5, Sslit —
Eqlit Ugut/ Bt p

Eqlits (19)

where f and fg; are true and measured beam beta
functions, respectively, at Highl.scrl, &g is the rms
emittance measured by slit scan. As shown in Fig. 5, the
measured beam beta function is not sensitive to SNR for the
flattop laser case, so fq;/f can be approximated to 1. Then
the scaled emittance is defined as

Escaled2 = 52 Eqlit- (20)
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FIG. 6. 1-nC beam measured with two camera gains, unscaled
rms emittances are 0.81 ym at 4 dB and 0.53 ym at 20 dB,
respectively. The lower emittance value of the 20 dB case is a
result of missing low density tails due to a higher noise floor.

For Gaussian laser cases, non-Gaussian tails in phase space
are much larger compared to flattop laser cases due to the low
charge density in beam temporal tails, which are mismatched
from the gun solenoid focusing and form a distribution with
different Twiss parameters from the temporal core particles.
When these temporal tail particles have a larger beta function
compared to the core particles, B/ can be smaller than 1,
so another scaled emittance is defined as

Escaledl = SElit- (21)

These two-scaled emittance definitions are only approxima-
tions to recover 100% emittance, and the uncertainties reduce
when the scaling factor is close to 1, so the SNR of the slit
scan should be enhanced to reduce the scaling factor for a
more reliable 100% emittance scaling. Figure 5 shows the
scaled] and scaled2 emittance for 1-nC beam vs camera gain.
As the SNR increases, the scaling factor is reduced from 1.35
at 20 dB to 1.08 at 4 dB. The scaled2 emittances are almost
independent of SNR, and the average value is 0.97 um,
which indicates a good scaling for the 1-nC beam 100%
emittance. The concept of scaled emittance to recover 100%
emittance also works for other emittance measurements like
quadrupole magnet scans.

Besides scaled emittance, the Gaussian core emittance is
also analyzed. First, the Twiss parameters of the phase
space are calculated. In order to fit better the core part of the

10 Core emittance: 0.49 ym
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107
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100 Peak density: 1.65 um'1, core emittance: 0.49 ym 11
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FIG.7. Gaussian core analysis of 1 nC phase space measured at

4-dB camera gain, (a) scattering plot, (b) binning plot. The
absolute phase space density is normalized to the max value at
action J = 0. The Gaussian fitting is based on Eq. (10). The
emittance integration is based on Eq. (9).

phase space, only beam intensity above 10% of the peak
intensity of the phase space is used for Twiss parameter
calculations. Then, x and x’ coordinates are transformed
into action and phase coordinates based on Egs. (7) and (8).
Finally, the phase space intensities are projected to the
action axis, and the Gaussian phase space core can be fitted.
The 1-nC beam phase space measured with the 4-dB
camera gain is transformed to action-phase coordinates,
and phase space density vs action is shown in Fig. 7.
According to Eq. (10), Gaussian phase space density is
only dependent on action, not on phase, this can be useful
to check the Gaussian core distribution. Figure 7(a) shows a
clear correlation between density and action in the range
between the peak phase space density and 30% of the peak
density, which is a Gaussian distribution. Below that range,
phase space density for a defined action scatters in a large
range, indicating also a phase dependence. The Gaussian
core emittance is fitted between the peak density and 30%
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of the peak density, which leads to a core emittance of
0.49 um. In order to improve the statistics and to reduce the
core emittance fitting dependence on Twiss parameters,
the scattered data points in Fig. 7(a) are binned with an
action step size of 0.08 um in Fig. 7(b). Similar to Fig. 7(b),
a Gaussian fit between peak density and 30% of the
peak density gives a core emittance of 0.49 ym and a
peak brightness of 1.65 um™!, respectively. Here, the peak
brightness is normalized to the total charge,

dQ/Q

Boeakn = ——| . 22

peak,n dJ o ( )
The product of core emittance and normalized peak bright-
ness gives the charge fraction of 81% in the Gaussian core
distribution, i.e., the solid red curve in Fig. 7(b). The above
calculations take the measured phase space charge as 100%
charge, but the SNR for the 4-dB case is about 300, so the
phase space density down to the 1072 level is reliably
measured, as shown in Fig. 4. Based on ASTRA simulations
[35], this corresponds to a total charge fraction of about
96% in the measured phase space. Therefore, the total
charge fraction of the core emittance of 0.49 ym corre-
sponds to 77%. In the measured phase space, the last 4% of
particles increase the emittance by 25% [the black dash
curve in Fig. 7(b)], which shows again that 100% emittance
is not the right parameter for beam brightness calculation.
The 1-nC beam Gaussian core emittance vs slit-scan
camera gain, i.e., SNR, is shown in Fig. 5. In contrast to
nonscaled rms emittance, the Gaussian core emittance is
almost independent of SNR. This is because the core part of
the phase space has a much higher signal than the tail part
of the phase space, so it is much less affected by the noise
floor of the beam profile measurements.

C. Sub 1-nC beam brightness with temporal
Gaussian laser

The bunch charge of 1 nC with a flattop laser used to be the
design working point for x-ray free electron lasers. Although
the design goal of sub 1 um emittance was achieved for 1-nC
beam in the injector, all injectors for x-ray FEL machines
operate with temporal Gaussian laser and sub 1-nC charge
after the FEL optimizations. The European XFEL injector is
no exception to that. The standard operation charge is
reduced to 250 pC with a 7-ps (FWHM) temporal
Gaussian laser [36], and both 100 and 500 pC were also
considered [37,38]. The transverse phase space of the three
bunch charges was also studied at PITZ with the European
XFEL gun (58 MV/m) and cathode laser configurations.
The emittance optimization process is similar to that
described for 1-nC case. The transverse phase was measured
by slit scan with an SNR of about 300.

The four bunch charge cases are summarized in Table I,
and corresponding transverse laser profiles are displayed in
Fig. 8. The phase phase projection to the action axis for

TABLE 1. Summary of different bunch charge studies at
PITZ. Emittance results are the geometric mean of x and y
planes, &g;; is measured by slit scan without scaling, &.,q, is the
cathode intrinsic emittance, €., and Q.. are the emittance and
charge of the Gaussian core phase space fitted by Eq. (10),

B4D.peak = (g;::)z/Q

0 1 0.5 0.25 0.1 nC
Cathode field 60 58 MV/m
Temporal shape  Flattop Gaussian /
Laser duration 17 7 ps
Laser diameter 1.3 1.3 1.0 0.6 mm
Lpeak 40 32 20 9 A
Ecath 0.33 033 025 0.15 pm
Eqlit 0.81 0.64 045 0.26 um
Ecore 0.49 052 037 0.20 um
Ecath/ Ecore 67 63 68 75 %
Ocore/ O 77 87 89 91 %
0/, L5 12 12 15  nC/um?
Byp peak 2.4 1.4 1.5 2.0 nC/um?

250-pC case is shown in Fig. 9. From 500 to 100 pC, the
4D brightness of the Gaussian core increases by 40%, in
contrast to a brightness increase of only about 21% based
on the nominal charge and nominal emittance &y;;,. The 4D
brightness of the 250-pC beam with a Gaussian laser is
50% higher than the original injector brightness goal of
1 nC/um? but is still about 37% lower than the measured
brightness of 1-nC beam with a flattop laser.

For all cases in Table I, the final Gaussian core emittance
is dominated by the cathode thermal emittance e ..
Without reducing the beam peak current in the injector,
the beam brightness can be further enhanced by improving
the cathode thermal emittance. Our Cs, Te cathode typically
starts with a high fresh quantum efficiency (QE) above
10%, and its lifetime above 1% QE was demonstrated to be
more than years in the gun [26], but its typical thermal
emittance is around 1 gm/mm [27], roughly a factor of 2
higher than that at SwissFEL, whose QE is roughly around
1% [39]. Assuming a 1% level QE, our laser pulse energy
still supports 250 and 500 pC operations, but the total
operation lifetime of the cathode may become tight
compared to a cathode of 10% level QE, leading to more
frequent cathode exchanges. Besides the UV cathode,
alkali-antimonide cathodes are also under R&D at PITZ,

1.3 mm D

=1.0 mm D =0.6 mm

laser laser

FIG. 8. Virtual cathode laser profiles with three diameters.
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Core emittance: 0.36 um
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(a) scattering plot, (b) binning plot. The absolute phase space
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Gaussian fitting is based on Eq. (10). The emittance integration is
based on Eq. (9).

which emit green with a lower thermal emittance but higher
dark current than Cs,Te cathode [40]. Both options are
under consideration for further improving the injector
brightness to support lasing at even higher photon energies
at European XFEL [38].

The temporal location of the large action particles is also
interesting. To measure the temporal distribution, time
resolved phase space measurements are necessary, which
are not included in this study. Here ASTRA simulations with
an ideal flattop and Gaussian laser distributions are used to
give an idea for 1 nC and 250 pC in Table I. Their action vs
time plots are shown in Figs. 10 and 11. Both cases show
the large action particles are concentrated in temporal tails,
where space charge force is the weakest and has a mismatch
with solenoid focusing. Large action particles are also
distributed near the peak current location, where space
charge force is the strongest, and residual nonlinear space
charge effect degrades some large radius particles. After

—10° 1
0.9
0.8

1107
0.7
> 0.6

A g2 2

% 110 8 0.5
= 0.4
0.3

,10—3
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0.1
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FIG. 10. Time vs action for 1-nC beam with a 17-ps flattop laser
from ASTRAsimulations.

flattop laser shaping for a more uniform temporal charge
distribution, the space charge mismatch from solenoid
focusing near temporal tails is reduced, where the large
action particles are also reduced. This is also shown by
comparing Figs. 10 and 11.

IV. SUMMARY

Transverse emittance is an important parameter for
optimizing the injector beam brightness, but a large spread
of emittance results exists due to its sensitivity to tail
particles in the phase space. This makes it difficult to
translate emittance to beam brightness and to do absolute
comparisons of different injector brightness. An analytical
model, consisting of a constant brightness for 95% charge
and a continuous brightness degradation for 5% charge,
demonstrates the 100% emittance diverges while the beam

15 10° 1
L e ) 0.9
10 fliszis : G At
LSSt T A 0.8
i 110 0.7
5 )
> 0.6
m )
2 o0 1102 5 |05
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FIG. 11. Time vs action for 250 pC beam with a 7 ps Gaussian

laser from ASTRA simulations.
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brightness degradation converges. This explains that 100%
emittance is not a good parameter for characterizing the
beam brightness, and an emittance with a proper reduced
charge is needed. Different ways of cutting non-Gaussian
tail particles in phase space or beam transverse profile were
used in the past, but several problems exist. For example,
the charge cut in the transverse beam profile is not self-
consistent, only an approximation, and the emittance vs
charge cut in phase space does not give a final conclusion
on beam brightness and percentage of non-Gaussian tails.

The action and phase coordinates are introduced for
beam phase space description, which reduces one degree of
freedom and makes it more intuitive for the brightness
analysis of a Gaussian phase space. In a well-optimized
photoinjector, the phase space consists of a dominating
Gaussian core distribution and a minor non-Gaussian tail
distribution, which is clearly observed when projecting the
beam intensities to the action axis. The charge and
emittance of such a Gaussian mode are defined to be the
core charge and core emittance, which are also much less
sensitive to the SNR of the measurements. Besides the core
emittance, an emittance scaling technique is also intro-
duced to recover the 100% emittance, the so-called scaled
emittance can reduce the sensitivity of measured emittance
to SNR.

The transverse phase space analysis in the action and
phase coordinates is applied to the four bunch charges of
the European XFEL injector, but the beam was produced at
PITZ by mimicking the European XFEL gun and laser
configurations. Measurements in Table I show the charge
fraction in the Gaussian core is between 77% and 91% and
increases with lower bunch charge. The actual 4D beam
brightness in the Gaussian core is 15%—-57% higher than
that based on the nominal charge and emittance. The 4D
beam brightness of the 250-pC beam is about 50% higher
than the original design goal of 1 nC/um? and can be
further improved to 2 nC/um? when the charge is reduced
to 100 pC. The injector core emittance is dominated by
thermal emittance, and the ratio of e, /€core 1S between
63% and 75%. Cathode thermal emittance has become the
bottleneck of further beam brightness improvement, and
R&D on both alkali-antimonide cathodes and Cs,Te
cathode is ongoing in a collaboration between DESY
and LASA at INFN Milano.
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