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This paper discusses the trends and tradeoffs between transverse o, and longitudinal &, bunch
dimensions, rf injector gradient, bunch charge, and intrinsic electron mean transverse energy (MTE), where
all can be chosen to be independent, and the resulting effects on emittance and transverse brightness. Using
a practical example of a quarter wave normal conducting photoinjector, it is computationally found that
regardless of MTE and bunch charge, there is a universal relation between the gradient E and the aspect
ratio of the bunch (s, /0,) leading to the highest brightness. This computational result is understood using
an analytical formalism consisting of Kim’s emittance formulation and a two-dimensional space charge
model. The results, obtained computationally and interpreted in a robust physical framework, could
therefore provide the basis for an express mapping approach for emittance forecasting when used with

practical injector system design requirements and limitations.
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I. INTRODUCTION

High brightness and high current rf photoinjectors are
instrumental in the progression of accelerator technology
and are critical for many different applications in basic
sciences, medicine, and industry [1-4]. As high brightness
and high current are two counterconflicting figures of merit
[5], in order to achieve high brightness, the emittance
(spatiotemporal spread) needs to remain as low as possible,
while maintaining a high charge. Hence, the route to
achieving particular brightness or charge goals lacks
universality: in each particular setting, an iterative process
is used to reduce the emittance [3,5-10]. Additionally,
optimization is carried out along with the use of additional
beam line elements like bunchers, solenoids, or beam
heaters which makes the optimization process intertwined,
thereby raising complexity [3,5-10]. Because the final
emittance of a bunch down the linac machine can be
strongly attributed to the initial beam quality, it highlights
the need for an intricate understanding of initial conditions
[4,11]. Therefore, an alternative approach would be to
reduce complexity or, in other words, to understand the
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interplay between primal parameters, namely, incident laser
pulse length and spot size [12]. The laser parameters on the
photocathode are used to engineer a desired bunch shape,
thereby lowering the emittance early in the injector for a
given charge, mean transverse energy, gradient, and phase
structure. The optimal bunch is then much simpler to
maintain throughout due to a better beam focusability [13],
as illustrated in Fig. 1. Practically, another benefit of this
approach is a reduced number of optical lattice components
necessary to achieve the desired brightness [3] while
informing optimal parameters for injector and laser design.

The described simplex approach has some interesting
challenges to overcome as for the current to be high, the
laser pulse dimensions need to be minimized while the
charge per bunch is maximized [14] and the same param-
eters need to be optimized to achieve the highest brightness
[15]. The low emittance required of the bunch necessitates
minimizing the space charge emittance while also manag-
ing the rf and intrinsic emittance contributions [16]. The
intrinsic emittance can easily be dominated by the space
charge or rf emittance following emission from the cathode
surface and thus low MTE cathodes are no longer a strong
method of transverse emittance reduction [17]. In order to
manipulate the peak current and brightness through emit-
tance optimizations, the additional parameter of surface
electric gradient has to be added. Once added, the injector
design quickly becomes a multivariate optimization prob-
lem where mathematical minima for best performance are
sought after using computational algorithms [18,19].
Thanks to the simplicity of the injector emittance
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FIG. 1. The concept of the low emittance gun and its effect on
focusability as the beam moves down the optical lattice through
focal points.

minimization approach, the optimization algorithm can be
cross verified analytically, thereby helping to establish
more universal relationships between laser and rf injector
cavity subsystems, and the resulting bunch parametrization
and emittance mapping.

II. CASE STUDY SETUP

To illustrate the described ideas, the emittance of the
Argonne Cathode Teststand (ACT) photoinjector was
mapped and optimized. The ACT gun is a canonical
quarter-wave normal conducting L-band (1.3 GHz) injector
that was thoroughly described and verified computationally
and experimentally [20,21]. The laser spot was defined as a
radially uniform circle while the pulse length was a
Gaussian distribution clipped at 30 (99.7 rule). The ACT
has two solenoids: one, wrapped around the gun, is used for
emittance compensation, and one, at the end of the injector,
is used for focusing the bunch onto the target. Because the
main idea of this work is to optimize for minimal emittance
without the use of additional focusing apparatuses, both
solenoids were disabled in the simulations to isolate the
fundamental emittance effects (MTE, space charge, and rf)
on the bunch. The simplicity of the ACT injector allows for
extensive analysis and effective demonstration of the
emittances at play. Together, the gradient E and its phase
structure, o, and o,, form a parameter space that needs to
be analyzed to provide the best injector and drive laser
beam settings to increase the brightness. The choice of
metal (low QE, short response time) versus semiconductor
(high QE, long response time) photocathodes and their
MTE determine the limitations of the primary laser pulse
length o, and the spot/source size o,. This work explores
emittance optimization at 10, 30, 50, 70, and 90 MV /m to
cover the full operating range of the ACT [22] as well as
illustrate the differences that each gradient requires. The
contribution to the emittance from the cathode material also
cannot be overlooked, and ~0-meV MTE material (at
Boltzmann tail operation) and a 200-meV (common
approximation) MTE were compared. These examples
allow us to emphasize important nuances of minimizing
emittance in modern low-gradient SRF guns [23] against

high and ultrahigh-gradient copper guns operated at room
and cryogenic temperatures [24].

III. METHODS AND DEFINITIONS

The simulations were performed using General Particle
Tracer (GPT) [25], a robust simulation program of choice in
photoinjector community that has an emphasis on space
charge dynamics. Emittance heatmaps were generated which
mapped the topography of the pulse length and spot size
environment. All particle simulations were done in GPT with
space charge effects enabled. Each simulation consisted of
either 10 pC or 100 pC per laser pulse. These two levels of
charge are considered state-of-the-art for future systems and
applications, e.g., these levels are considered as main
operating conditions for the low emittance injector (LEI),
a core upgrade step for the LCLS-II-HE project [1,5].
Considered charge was spread over 1000 macroparticles
to reduce computational time when generating heatmaps. A
field map of the ACT was used, and all simulations were
performed until the end of the injector, 8 cm away from the
cathode surface set as the origin [20,22]. The two distinctly
different MTE, O versus 200 meV were chosen. 0 meV was
approximated as 1 meV in the simulations and represents
copper cathode operated in cryogenic copper injectors [26].
While 200 meV represents the standard MTE expectation for
most photocathodes at room temperature with emission
above the threshold, i.e., outside Boltzmann tail regime;
one example being Cs;Sb [27] which is being considered for
the low emittance injector for LCLS-II HE.

The pulse length was scanned from a 1-ps Gaussian
pulse clipped at 3¢ to a 20-ps Gaussian pulse also clipped at
36. The minimum pulse length was chosen as a cutoff to
avoid space charge locking after observing the beam
tracking, where not all of the particles were emitted from
the surface. Space charge locking occurs when enough
charge is present near the cathode surface, thereby negating
the electric field on the cathode. Once this occurs, particles
are still emitted from the cathode due to the photoelectric
effect but are no longer accelerated by the field. This results
in a reduced charge yield from the given laser pulse and a
misshapen bunch dependent on when the charge locking
occurred. There is an additional difficulty in GPT where the
particles cannot be reabsorbed by the cathode and instead
are accelerated backward in the simulation. In many cases,
this breaks the simulation and the space charge locking
effect needs to be avoided in GPT simulations. The spot size
radius was examined from 0.4 to 1 mm. The minimum size
was chosen again using the same criterion to avoid space
charge locking. These simulation parameters were then
repeated at 10, 30, 50, 70, and 90 MV /m.

A. Normalized transverse emittance

The transverse emittance of a bunch is defined as the area
of the ellipse in the momentum phase space that the bunch
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occupies. The emittance can be calculated using a statistical
root mean square (rms) approach. If the bunch is assumed
radially uniform, the &, and &, emittances are identical,
only the €, needs to be calculated. The statistical definition
of &, is shown in Eq. (1) and was used to calculate all
emittances that follow.

e = /() (¥2) — (x2x2). (1)

The particle locations, x, as well as the normalized
transverse momentum, x’, are required to calculate the
emittance. These values were computed in GPT and
exported for calculation separately instead of using GPT’s
built-in emittance calculation routines. GPT calculates
normalized transverse emittance in the velocity space using
only f, [25]. Instead the normalized transverse emittance
was calculated using Eqs. (2)-(6). It was calculated as

v
:—x’ 2
po="2 @
Px
Y=L yp =, G)
mc

ec= /()82 — (P8, (4)

To normalize the ¢, it was scaled by 3, and y as shown in
Eq. (6). This was done to ensure equitable comparison
regardless of the energy of the bunch resulting from other
injectors or field strengths.

po=—. (5)

o8

& = Yﬁze)r (6)

B. Brightness

The brightness of a beam has two components: the
current and the emittance. From Eq. (7), the brightness is
linearly proportional to the current but inversely propor-
tional to the square of the emittance

B="2. (7)

IV. RESULTS

The arrays of the 100 cell by 100 cell heatmaps presented
below examine emittance in the parameter space defined by
beam form factors at gradients of 10, 30, 50, 70, 90 MV/m
for the described ACT photoinjector. The number of
macroparticles used in the GPT simulations was set to
1000. This was necessary for achieving high resolution of
the emittance heatmaps (within a reasonable computational
time frame of approximately 24 h per heatmap), and, in

turn, allowing for identifying critical trends. The cost of
reducing the number of macroparticles was decreased
accuracy of the individual emittance values calculated. It
was estimated that the emittance was within =17% of low
resolution heatmap simulations conducted with 1,000,000
particles. Hence the established value of decreased reso-
lution does not affect the basic conclusions and findings
deduced from the high resolution heatmap analyses.

A. 10 pC, 0 MTE

Figure 2 illustrates that the optimal bunch configuration
is extremely dependent on the gradient and guides on how
the charge needs to be distributed to mitigate the space
charge effect. More specifically, the 10 MV/m heatmap
suggests the pancake regime, thereby implicating that the
best emittance is achieved through the shortest pulse
(smallest ¢,) and largest spot size (largest o,). Moving
on to the 30 MV/m case study, the situation flips, and the
cigar regime is implicated (blue upper left corner of the
heatmap), thereby requiring much smaller ¢, and much
larger o,. When analyzed in the context of brightness, there
are additional factors to consider. The brightness depends
on the current and the current increases as pulse length
decreases. As a result, having a minimal pulse length and
minimal emittance is important. The minimum emittance
for each heatmap also increases with the gradient. This is
due to the increasing effects of the rf emittance on the
bunch as the gradient increases.

B. 10 pC, 200 meV MTE

Moving from the previous, rather idealized, case to one
where the intrinsic emittance is no longer effectively a zero,
this produces a new set of data that differ from the previous
case study. Here, the intrinsic emittance is calculated as

Eint = rZXic \/2m,eMTE, (8)

e

where the intrinsic emittance now depends on the initial
spot size of the bunch o,;. It should, again, be noted that the
resulting emittances plotted in all of the heatmaps are
calculated purely based on the statistics of the energy and
position of the electrons, see Eq. (4).

In the 10-MV/m simulation, the lowest emittance is
attained when o, and o, are on par in terms of the size,
thereby requiring that the beam is no longer a pancake form
factor but rather a short ellipse. This result is expected as
emittance is proportional to ¢, while being affected by an
MTE that is now 200 times larger (1 versus 200 meV),
thereby requiring o, to reduce. Otherwise, heatmaps in
Fig. 3 corresponding to 30, 50, 70, and 90 MV/m
demonstrate the trends similar to those in Fig. 2. The
higher the gradient, the more the bunch is required to shape
into a cigar form factor. However, with the increased effect
of the intrinsic emittance, the area of minimal emittance is
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FIG. 2. Series of heatmaps for 10 pC and 0 MTE case study

demonstrating beam form factor evolution at different gradients.
Slight increase of the emittance floor as the gradient is swept from
10 to 90 MV /m is because of the rf emittance contribution due to

the long bunch.

FIG. 3.
study demonstrating beam form factor evolution at different
gradients. 10 MV/m minimal emittance location shifted to a short
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ellipse bunch shape. Higher gradients, again, indicate cigar beam
as optimal.
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FIG. 4. Series of heatmaps for 100 pC and 200 meV MTE case
study demonstrating beam form factor evolution at different
gradients. Inclusion of intrinsic emittance leads to minor increase
in emittance across the board and a reduction in minimal
emittance area as compared to Fig. 5.

much more restricted as the bunch can no longer benefit
from an increased spot size, which results in the minimum
emittance staying near the smallest spot size possible.

C. 100 pC, 0 MTE

When working with the ambitiously high bunch charge
of 100 pC, the o, — o, range had to be adjusted for the
10 MV/m gradient case. Due to a tenfold charge increase,
it was found that no particles would leave the cathode
surface due to space charge locking. The electrons would
effectively create a wall of charge negating the field of the
gun at the cathode, leading to electrons emitted later in the
pulse returning to the cathode. The o, — o, range where
charge locking was not present is shown in Fig. 4. As can
be seen, the maximum pulse length was held constant while
the minimum pulse length boundary was increased to
107! s, while o, was only run from 0.7 to 1 mm. The
main result was that the minimal emittance location is in the
lower right corner, a perfect pancake bunch.

At 30 MV/m, it flips to the opposite upper left corner,
perfect cigar bunch. Expanding this result, an ideal high
charge bunch at low gradients would be a perfect (infinitely
thin) disk, whereas an ideal high charge bunch at high
gradients would look like a line of charge. These bunch
designs would be impossible with current technologies but
do provide useful reference points when thinking about
practical accelerators and their limitations, as well as for
designing bunch shape for a specific experiment. As the
gradient grows from 30 to 90 MV /m, the range enabling
minimal emittance extends, which is simply because higher
gradients more strongly compensate for the Coulombic
repulsion force. Otherwise, the emittance baseline
increased because of the stronger space charge effect as
compared to 10-pC bunch charge. All of these results are
summarized in Fig. 5.
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FIG. 5. Series of heatmaps for 100 pC and 0-MTE case study
demonstrating beam form factor evolution at different gradients.
The optimal emittance minima locations are identified to be in the
corners indicating a strong need for either pancake or cigar
bunches.
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FIG. 6. Series of heatmaps for 100 pC and 200 meV MTE case
study demonstrating beam form factor evolution at different
gradients. Inclusion of intrinsic emittance leads to minor increase
in emittance across the board and a reduction in minimal
emittance area as compared to Fig. 5.

D. 100 pC, 200-meV MTE

Compared to the 100 pC 0-MTE case study, the new set
of the heatmaps remained nearly the same as can be seen in
Fig. 6. The space charge effect is exceptionally strong and
therefore conceals the intrinsic emittance effect, despite the
fact that o, has to be the largest possible. The only effect
the intrinsic emittance has is that it slightly increases the
minimal emittance baseline from 1.5 x 1079 t02 x 107 m.

V. DISCUSSION

There were two effects observed: (i) The interactions
between the space charge and intrinsic emittance were
immediately understood and discussed in Sec. I'V. In short,
minimizing space charge is best attained with a large cross-
section bunch while minimizing intrinsic emittance is best
accomplished with a tight small cross-section bunch. This
results in two counter processes and an optimized solution
should be found to minimize both emittances such that total
emittance is minimal. (ii) General trends suggest that for
best practices (lowest emittance and thus highest bright-
ness) the bunch (regardless of the bunch charge and
intrinsic emittance) has to be reshaped from the pancake
aspect ratio, as under low gradient, to the cigar aspect ratio,
as under high gradient. This result merits a separate
discussion. To do that, the individual emittance compo-
nents are analyzed, as the total emittance can then be
calculated through the summation of the individual emit-
tance components. The individual emittance components
considered are the rf emittance, space charge emittance, and
the intrinsic emittance, as defined in Eq. (8), which is set to
zero as it fundamentally does not affect the pancake to cigar
switching.

The space charge and rf emittance components can be
written as [14]

nl 1
= , 9
= Akl sin03% 1 5 ©)
Bo2o?
Ef = & 0% P (10)
V2
where o = 2lflfcz. It is important to note that the ¢, and o,

described here are not the initial pulse length and spot sizes,
but the ¢, and o, of the bunch as it travels through the beam
line. As the space charge emittance is proportional to the
emitted current, the current is required. The current is
conventionally charge per time. However, the time com-
ponent depends on the shape of the bunch. To resolve this
convoluted situation, we analyzed two distinct cases. For a
long bunch, where o, is larger than o, the time is defined
by Eq. (11) derived in Ref. [12]. The long pulse length, in
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this case, allows the electron ample time to escape the
surface and is not a limiting factor.

2mo o
Stpulse = \/?Z = \/EZ-

In the contrasting case, where o, is larger than o, the
dynamics occurring at the surface require a different
definition of the characteristic time scale. As the pulse
length is short in this case, there is a characteristic
minimum time for the electron to be emitted from the
surface and can described as [12]

2mo, [0,
TResponce — eE = E

These two cases, when linked with the emittance
equations above, allow for analysis of the relations between
the gradient, o, and o,. In the 6, < o, case, the substitution
of Eq. (11) to Eq. (9) yields Eq. (13), which creates a
situation where the only variables that can be changed to
minimize emittance are the gradient and o,. Both values
would need to be increased to minimize the space charge
emittance. Thus, the case of 6, < o,, or the cigar beam
case, is equivalent to the high gradient case, as the electric
field needs to be increased to decrease the emittance. The rf
emittance as in Eq. (14) derived from Eq. (10) would then
increase in this situation, which is why the spot size o,
needs to be reduced to compensate, thereby making the
cigar aspect ratio more pronounced. Such analytical for-
malism therefore fully explains the consistency between the

(11)

(12)

30 MV/m 10 pC 0 meV MTE
2x1071 - [ssxo
o | ‘
e | _
1x 10—12 _4‘ i
X107 gy (m) o GPT
90 MV/m 10pCO meV MTE
2x 10718 _—
0
bN
1 “ 10 1 : 1 lsxio::
BT gy (m) x40 GPT

high gradient and the cigar beam regime as visualized by
the obtained heatmaps.

(o0
SC_\/E\/U—Zv

& ~ Ec2o?.

(13)

(14)

For the 6, > o, or pancake aspect ratio, we define time as
in Eq. (12). In this case, the space charge emittance can be
simplified as seen in Eq. (15), while rf emittance as in
Eq. (14). It becomes clear that, in order to, first and
foremost, minimize the space charge emittance, term o,
has to be decreased and o, has to be increased. The growth
of the rf emittance term associated with the o, growth is
countered by the drop in o,. Again, it fully explains the
consistency between the low gradient and the pancake
beam regime as visualized by the obtained heatmaps.

\/_ax'

The results of the data are further confirmed when the o,
and o, produced at the end of the ACT gun simulations
were used in Egs. (9) and Eq. (10) and the resulting
emittance, mapped in ¢, and o, parameter space, was
directly compared to K-J Kim’s formalism where the total

emittance is calculated as & = /€% + €. The comparison
results at 30 and 90 MV /m are presented in Fig. 7, both at
10 pC and 0 MTE. The analytical method produces similar
heatmaps clarifying the nature of the computational results
plotted in Figs. 2-6.

(15)

8SC

30 MV/m 10 pC 0 meV MTE
5 x 10 3 I1X10

I
£
-~/
bN
27X 1074 7 i
55x% 10 -4 1.7)(10_3 2x1077
ay (m) K-J Kim
90 MV/m 10 pC 0 meV MTE
5% 10~ 3] "‘ Imxm
—~
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p—2
bN
2.7x10” I
55x107* L7x 1073 g7
Oy (m) K-] Kim

FIG. 7. Back-to-back comparison of the emittance heatmaps for 30 and 90 MV/m obtained using multivariate optimizer and
analytical computation using K-J Kim’s emittance formulation. Bunch charge was 10 pC at 0 MTE.
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The main differences between the plots can be attributed
to the dynamic change in the bunch dimensions as it travels
along the injector. Kim’s formalism uses the physical
dimensions of the bunch, not the laser parameters, i.e.,
pulse length and spot size. Therefore, the boundaries of the
Kim’s plots had to be approximated using typical values of
bunch dimensions that were acquired at the exit plane of the
injector.

VI. CONCLUSION

Multivariate optimization of a quarter wave high
gradient injector highlights fundamental relationships
between the gradient and spatiotemporal bunch profile.
Analytical treatment of the problem using classical emit-
tance formulation and a two-dimensional space charge
model was able to capture the basic link between the
bunch form factor and the injector gradient hence granting
further insights to predict optimal parameters which can
then be used to inform design decisions for injectors and
laser systems. Future injector design can thus benefit from
the presented parametrization that enables a general
understanding of the fundamental tradeoffs. For instance,
high brightness, high charge, and small energy spread
cannot conveniently coexist, but by designing the injector
for a preferred application, it can help negate interactions
between those processes. By choosing the desired appli-
cation (single shot microscopy with high charge versus
spectroscopy with small energy spread) and then utilizing
those requirements to influence injector design, it can
allow for minimizing complexity of the beamline optical
element lattice.
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