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Experimental investigation of the longitudinal beam dynamics
in a photoinjector using a two-macroparticle bunch
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We have developed a two-macroparticle bunch to explore the longitudinal beam dynamics through
various components of the Fermilab/NICADD photoinjector. Such a two-macroparticle bunch is
generated by splitting the ultraviolet pulse from the photocathode drive laser. The presented method
allows the exploration of radiofrequency-induced compression in the 1.625 cell rf-gun and the booster
cavity. It also allows a direct measurement of the momentum compaction of the magnetic bunch
compressor. The measurements are compared with analytical and numerical models.

PACS numbers: 29.27.-a, 41.85.-p, 41.75.Fr

I. INTRODUCTION

Linear accelerators designed to drive light sources
based on the free-electron laser scheme [1] or advanced
accelerator physics R&D experiments (e.g. plasma wake-
field accelerators [2]) need to provide electron bunches
with small emittance and high peak current. In order to
achieve such high-brightness beams, the bunch, after gen-
eration, is generally manipulated both in the transverse
(e.g. emittance compensation in photoinjectors) and lon-
gitudinal (e.g. bunch compression) phase spaces. The
beam dynamics associated with such beams is intricate
since both external and internal fields play equal role. It
is, therefore, difficult to setup and optimize the beam ma-
nipulation process by simply measuring the bunch prop-
erties (i.e. emittances, momentum spread, bunch length,
etc...). Instead, it is first necessary to make sure the lat-
tice is set in a proper way, e.g. as devised by numerical
simulations. Directly measuring the lattice properties is
generally an easy task in the transverse phase space: one
can simply perturb the beam trajectory with a magnetic
steerer and study the perturbed orbit using beam posi-
tion monitors. However, it is not such an easy matter
as far as the longitudinal phase space is concerned. A
method described in References [3-6] uses a special cav-
ity to measure the relative time-of-arrival of the bunch
given a time or energy perturbation impressed upstream
of the cavity. In the present Paper we describe the imple-
mentation of a simpler method based on the generation
of a “two-macroparticle bunch”. Given the initial sepa-
ration between the two macroparticles that compose the
bunch, the longitudinal lattice properties can be inferred
by studying the evolution of the macroparticle separa-
tion. Possible other applications of such a technique in-
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clude the characterization of bunch length diagnostics [7],
and the investigation of collective effects such as long-
range wakefields.

This paper deals with the implementation of such
a two-macroparticle bunch technique in the Fermi-
lab/NICADD Photoinjector Laboratory (FNPL) for
characterizing the single-particle longitudinal dynamics
associated with a radiofrequency (rf) gun, a supercon-
ducting accelerating rf cavity and a magnetic bunch com-
pressor.

After describing the experimental setup in Section II,
we present results of the technique and their comparison
with numerical simulation in Sections III and IV.

II. EXPERIMENTAL SET-UP

Experimental tests of the two-macroparticle method
were performed at FNPL. An overview of FNPL is
shown in Figure 1: the accelerator consists of an elec-
tron source (rf gun) and a superconducting TESLA cav-
ity [8] (booster cavity). The electron source is based on
a 1.625-cell rf cavity operating on the TMpip, mode.
A ultraviolet (uv) laser pulse (A = 263 nm) impinges
a high-quantume-efficiency cesium-telluride photocathode
located on the back plate of the rf gun. The thereby pho-
toemitted high charge (@ < 20 nC) electron bunch has
an energy of ~ 4 MeV upon exit from the rf gun. The
bunch is further accelerated by the booster cavity and its
final maximum energy reaches 16 MeV. The main operat-
ing parameters are summarized in Table I. Downstream
of the cavity the beamline includes a set of quadrupoles,
steering dipoles, and a magnetic bunch compressor chi-
cane capable of enhancing the bunch peak current up to
approximately 2.5 kA [11]. The bunch compressor cre-
ates an orbit bump in the vertical plane. Downstream of
the beamline, the electron beam can be horizontally bent
by 45° in a dispersive section equipped with an Yttrium
Aluminum Garnet (YAG) screen (labeled XS3 in Fig. 1)

for energy measurement. The horizontal dispersion value
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FIG. 1: Overview of the Fermilab/NICADD photoinjector. “X” refer to diagnostic stations (beam viewers and/or slit location),
“L” to the solenoidal lenses, “Q” to quadrupoles, and “S” to skew quadrupoles. Distances are in meters. The magnetic bunch
compressor chicane bends the beam in the vertical plane while the spectrometer deflects the beam in the horizontal direction.

at XS3 location is |ny| = 317 mm.

TABLE I: Typical settings for the rf-gun, accelerating section,
and the photo-cathode drive-laser. An accelerating phase of
90° for the booster cavity corresponds to maximum energy
gain.

parameter value units
laser injection phase 45 £ 5 degree
laser pulse duration 4 (£ 0.5) ps
bunch charge 0-20 nC
E. on cathode 35 £ 0.2 MV/m
booster cavity accelerating gradient ~ 12  MV/m
booster cavity accelerating phase ~ 84  degree

A time-domain bunch length measurement can be per-
formed by a streak camera that streaks optical transi-
tion radiation (OTR) pulses emitted as the bunch strikes
the screen X9; see Fig. 1. The time resolution of the
streak camera [12] when operated with the maximum
sweep speed is approximately 2 ps (rms).

An alternative frequency-domain bunch length diag-
nostic based on Michelson interferometry of coherent
transition radiation (CTR) is also available [13, 14]. The
bunch longitudinal density is monitored by detecting
the CTR emitted as the electron bunch impinges screen
X10. Under nominal operation of the diagnostics, the
autocorrelation of the CTR pulse is recorded and the
bunch length can then be indirectly estimated. For
measurements reported hereafter, only the total power
emitted via CTR emission was detected using a room-
temperature opto-acoustic detector [15]. In this mode of
operation the diagnostics provide a way to minimize the
bunch length (by maximizing the CTR emission).

The photoemission electron source offers a convenient
way of producing a two-macroparticle bunch: the pho-
tocathode drive-laser pulse is split into two and then re-
combined in such a way that a time delay is introduced

between the two pulses. The delay can be remotely var-
ied from ~7 to ~35 ps. A calibrated potentiometer pro-
vides a read-out for the delay between the two pulses.
An example of a double uv-pulse is presented in Fig. 2
When such a double-pulse impinges the photocathode it
produces two electron bunches with a time separation
much smaller than the rf period (T4 = 769 ps). Hence
both macroparticles fall into the same rf bucket and can
be treated as a single bunch. Because of this latter fea-
ture we henceforth refer to this two-electron-bunches sys-
tem as a “two-macroparticle bunch”. The macroparti-
cle which is delayed is henceforth referred to as a de-
layed bunch (or “delayed” macroparticle) and the non-
delayed one is called the “reference” bunch (or reference
macroparticle). Either macroparticle can be “turned off”
by blocking the associated uv-pulse. The delay between
the two photoemitted bunches can be verified by scanning
the phase between the electric field of the rf gun and the
photocathode drive-laser clock. Such phase scans were
recorded for various configurations of the two uv pulses
(either of them or the two of them together). We present
in Fig. 3 the results of such a phase-scans obtained for ex-
perimental conditions identical to the ones used to obtain
the data of Fig. 2. From Fig. 3, we find that the phase
shift between the emission of the two macroparticles is
approximately ~ 15 4 2° or 32 4+ 4 ps, which correlates
well with the uv pulse separation observed in Fig. 2.

III. BUNCHING IN RF GUN AND BOOSTER
CAVITY

A. theoretical background

In this section we briefly describe how the velocity
bunching works. A detailed discussion is provided in Ref-
erences [16-18, 20, 21]. An electron in a rf standing wave
accelerating structure experiences a longitudinal electric
field of the form

E.(z,t) = EoE, sin(wt 4 1),), (1)
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FIG. 2: Streak camera image (left) and corresponding time-
profile (right) of a two-pulse laser. In this example the sep-
aration between the two pulses is approximately 31 ps. The
apparent intensity difference between the two pulses (notice-
able on the profiles) is an artifact of the measurement (slight
misalignment of the second pulse on the streak camera en-
trance slit).
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FIG. 3: Scan of the phase between the rf-gun and the pho-
tocathode drive-laser when only reference (delayed) or both
uv pulses are incident on the photocathode. The data were
obtained with the same uv-pulse configuration as in Fig. 2.
The horizontal axis has an arbitrary offset.

where Fj is the peak field, E, is the axial E-field distribu-
tion normalized to unity, k = 27 /(cTy¢) the rf wavenum-
ber and 1y the injection phase of the electron with re-
spect to the rf wave. For the fundamental spatial distri-
bution, E, = cos(kz). Let 9(z,t) = wt — kz + 1y be the
relative phase of the electron with respect to the wave.
The evolution of ¥(t, z) is:

where v is the Lorentz factor. The energy gradient can
be written as [17]:

d A~
d% — 20k E, sin(¢) + k2), (3)

where o = 7220 is the normalized accelerating field [17].
The system of coupled ordinary differential equations, 2
and 3, describes the longitudinal motion of an electron
in the rf structure. There is no closed-form solution of
such a system, and the equations of motion are generally
numerically integrated.

References [17, 18] treat the case of the rf gun. In [17]
an approximate solution is derived using the method of
successive approximation and a bunch compression factor
is inferred. However both references deal with 14+n/2 cell
cavities (where n is an integer). At FNPL the half-cell of
the rf-gun is elongated leading to the presence of higher
spatial harmonics. Therefore we numerically integrate
the equation of motion using the field distribution F,
calculated with SUPERFISH [19].

The case of acceleration in the booster cavity is ac-
tually simpler: if we assume the cavity geometry only
supports the fundamental space field distribution, then
Z—Z = ak[sin(y)) + sin(¢) + 2kz)]. The backward wave
(second term in the right hand side of the latter equation)
can be neglected and the system can be solved using the
separation-of-variable technique to yield:

acostp —y++/v2—1="H. (4)

where H = acosthg — Yo + /78 — 1 ( ¢o and 7y being
the initial injection phase and Lorentz factor). Eq. 4 can
be rewritten

¥ (y) = arccos (H + 70( ti 1) ; (5)

which upon differentiation yields the bunch compression
factor associated with the booster cavity:

Cp = Do = sin o ) (6)

o \/1 B (cos Yo — 2;70)2

where 9o = lim, . 7¥. We assumed vy > 1 to derive
the latter equation. For the booster cavity we have a ~
0.9 and g ~ 7.

B. experiment

The nominal rf gun phase is set to 45° with respect
to the zero-crossing phase, i.e., the phase value corre-
sponding to a zero electric field on the photocathode.
The booster cavity phase was tuned for maximum
energy gain. The separation between the two uv pulses
was 20 ps. The charge was approximately 1.5 nC per
macroparticle. For the set of experiment reported in this



Section, the bunch compressor was turned off.

In a first experiment the rf-gun phase was varied
while keeping the booster cavity phase on-crest. For
each rf-gun phase the macroparticle separation A7y was
measured at X9 using the streak camera. The bunch-
compression ratio was computed as A7y/ATcqp, where
ATeqrn 18 the uv-pulse time separation. The results are
compared with numerical simulations performed with
the program ASTRA [23] in Fig. 4. The measurement of
the compression in the rf gun is in good agreement with
the numerical model.

In a second set of experiments, the booster-cavity
phase was varied while keeping the rf-gun phase at its
nominal value of 45°. As before, streak camera measure-
ments at X9 provided the macroparticle time separation
for each phase settings. The bunch-compression ratio
was inferred by normalizing the macroparticle time sepa-
ration A7y to the time separation when the cavity is oper-
ated on crest Aty (1o = 90); as guided by Eq. 6. The lat-
ter equation shows no compression; C, =~ 1 for ¢y >~ 90°.
The numerical simulations performed with ASTRA and
the analytical estimate based on Eq. 6 agree very well
with the experimental measurement; see Fig. 5. Unfortu-
nately, we were limited to phases within ¢y € [50°,130°],
operating at phases outside of this interval resulted in
large transverse beam envelope (rf-induced defocusing
and chromatic aberrations). This prevented the beam
to be transported up to X9 viewer without resulting in
a poor signal on the streak camera. Hence we could not
measure the onset the simulation predicts for larger off-
crest phases.
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FIG. 4: Compression factor in the rf-gun cavity for various
operating phases. Diamonds are experimental measurements,
dashed red, solid green, and dashed green lines correspond re-
spectively to numerical simulations with ASTRA , numerical
integration of the equation of motion using the field E. ob-
tained from SUPERFISH, and numerical integration assuming
E. = cos(kz) (following Ref. [17]).
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FIG. 5: Compression factor in the booster cavity for various
operating phases. Diamonds are experimental measurements,
solid and dashed lines correspond respectively to analytical
calculation using Eq. 6, and numerical simulations performed
with ASTRA . Note: the phase 19 = 90° corresponds to
maximum acceleration.

IV. MAGNETIC BUNCH COMPRESSION
A. theoretical background

In magnetic-based bunch compressor an energy-
dependent path length is introduced via four dipoles ar-
ranged to form a dispersion bump henceforth refer to
as “chicane”. The incoming bunch is first accelerated
off-crest in the booster cavity such to introduced a time-
energy correlation along the bunch (the bunch head has
a lower energy than the tail). When the bunch passes
through the chicane it gets compressed; the tail catch-
up with the head of the bunch. Under a single-particle
approach, using TRANSPORT [24] formalism, an electron
with relative longitudinal phase space coordinates (¢;, d;)
with respect to the bunch center transforms following:

Rse
—;,
: @)

tf = t;+
where Rpsg is first order momentum compaction associ-
ated with the bunch compressor and c is the velocity of
light. The fractional energy spread §; = (&; — (€))/(E)
remains unchanged as long as collective effects are in-

significant. The condition for minimum bunch length
(i.e. ty =0)
d5l C
o T p_ (8)
dt;  Rse

provides the required value for the correlation dé;/dt;
given the bunch compressor Rss. The value of Rsg de-
pends solely on the bunch compressor geometry (bending
angle, dipole separations) and was evaluated using nu-
merical simulations. The magnetic fields in each dipole
were measured and used in a MATLAB [25] program to



integrate the equations of motion using a fourth order
Runge-Kutta algorithm [26]. For a nominal bending an-
gle of 22.5° we present, in Fig. 6, the evolution of beam
position and deflection angle in the bunch compressor.
Our results agree well with the more refined simulations
presented elsewhere [27].
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FIG. 6: Overview of the magnetic bunch compressor chicane.
Top: electron vertical trajectory superimposed to a false color
map of the magnetic field B,(x = 0,y, 2); bottom: electron
vertical deflection angle. The electron energy is 12.9 MeV,
and the maximum B-field of the dipoles are 593.20 G and
-592.35 G for respectively the outer and inner dipoles.

In the case of the two-macroparticle bunch, the evolu-
tion of the macroparticle separation A7y downstream of
the bunch compressor is given by:

3 Rss AE | Tseo [ AE
ATy = ATt S Ee (5) O

where A€ is the macroparticle energy difference, £ their
average energy, and A7; their time separation upstream
of the compressor. Compared to Eq. 7, Eq. 9 includes
a second order term in % to account for the large en-
ergy separation between the two macroparticles. The
second-order momentum compaction, Tsgg, is related to
Rs6 given the chicane geometry: for chicane-type bunch
compressors Trgg ~ *%RE’,G [28]. Hence, from a measure-
ment of the macroparticle time separation and the corre-
sponding energy difference, we can infer the momentum
compaction using Eq. 9.

B. experimental results and numerical simulations

An experiment aiming to measure the momentum com-
paction of the bunch compressor was performed. The
beam energy was varied by changing the operating phase
of the booster cavity while the bunch-compressor dipole
currents were kept constant. Thus, as the energy is
varied, the bending angle and thereby the chicane Rsg
is varied. The rf gun was operated at the nominal

values reported in Table I. For each beam-energy set-
ting, the initial macroparticle time separation A7; and
the corresponding energy separations (see example in
Fig. 7) were measured with the bunch compressor turned
off. The bunch compressor dipoles were then set to
their nominal values and the macroparticle time separa-
tions downstream of the compressor Aty was measured.
For the setting corresponding to maximum compression
(€ = 12.9 MeV), the phase of the booster cavity was
tuned so as to cause the two macroparticles to overlap in
time. Apart from the maximum-compression case (-35
degrees), we used the phase settings of +/-20 degrees
off crest. For the latter cases, the change in time of
macroparticle separation is only a factor of three bigger
than the streak camera instrumental error. The values
of Rsg, directly estimated from Eq. 9, are gathered in
Table IT along with simulation results. In general the
agreement between simulation and experiment is good.
The measurement, however, suffers from large error bars
away from the maximum-compression phase. These large
error bars are mainly due to the streak camera resolution
(2 ps), and could be significantly reduced by using state-
of-art streak cameras with ~ 200 fs resolution.

TABLE II: Measured versus simulated Rs¢. The chicane
dipoles current was kept constant [to 1.8 A (for the outer
dipoles)], the bending angle (and thus Rse) are a function
of the energy of the incoming two-macroparticle bunch. The
case of maximum compression (referred to as max. comp.)
corresponds to the nominal bending angle of 22.5°.

Energy (MeV) |Rse| (cm) |Rse| (cm)
measured simulated
14.5 8.3+3.7 7.47
14.3 7.7 +£2.8 7.82

12.9 (max comp.) 9.1+1.1 8.89

V. CONCLUSIONS

We have developed and implemented a method, based
on the generation of a two-macroparticle bunch, to char-
acterize the longitudinal single-particle beam dynamics.
This implementation is straightforward in linacs incor-
porating a photoemission electron source. We presented
its application in a photoinjector to measure directly the
compression factor of a rf gun and an accelerating cav-
ity. The method also allows direct measurement of the
momentum compaction of a magnetic bunch compressor.
The two-macroparticle bunch method could have promis-
ing applications in commissioning of linacs with com-
plex longitudinal-phase-space manipulation (e.g. multi-
stage compression such as in the vacuum ultraviolet free-
electron laser in DESY [29]) to verify the longitudinal dy-
namics is performing per design. Other potential applica-
tions include the exploration of collective effects such as
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FIG. 7: [Example of energy distribution of the two-
macroparticle bunch. The bunch mean energy is & =
12.9 MeV for the data presented.

wakefield or coherent synchrotron radiation (CSR) [30].
In these latter applications a measurement of delayed-
macroparticle energy versus the delay time between the
two macroparticle could yield information on the wake
potential (or “overtake” potential for CSR). Finally the
technique can be in principle extended to probe nonlinear
effects in the longitudinal single-particle beam dynamics
by generating a multi-macroparticle bunch.
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