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Abstract

A preliminary design for a high bunch charge {8 nC), low emittance (< 20 mm-mr)
radiofrequency electron photoinjector matched to the requirements of the Tesla Test
Facility 1s presented. A 1.5 cell iris coupled w-mode structure with high average ac-
celerating gradient is chosen for its high shunt impedance, simplicity, and ability to
accommodate an externally mounted solenoid for simultaneous beam divergence con-
trol and emittance compensation. Beam optics are optimized for an overall injector
consisting of the electron gun followed by one linac capture section, a dipole chicane for
magnetic bunch compression to achieve a bunch length corresponding to ¢, = 1 mm.
Electrical and beam dynamical aspects of the photoinjector design are presented. A
description of the proposed experimental program is included.



1 Introduction

The needs for excellent beam quality and high peak current beams for free electron laser
(FEL) applications have led to the development of the radiofrequency (RF) electron pho-
toinjector as a high brightness electron source. The demands of a high luminosity linear
collider similarly require excellent beam quality, although usually achieved with the aid of a
damping ring. The development of normal and superconducting linac structures for linear
colliders requires testing the structures under conditions as similar to the planned oper-
ating conditions as possible. Wakefield analysis, beam loading, multi-bunch instabilities
and other beam-cavity interactions require beams of similar charge, bunch Jength, bunch
spacing, and approximate transverse emittance as the eventual collider beam. Analysis of
the superconducting structures for the Tera-Electron volt Superconducting Linear Acceler-
ator (TESLA), normal conducting structures for the Next Linear Collider (NLC), or for a
proposed [3] superconducting injector for the Fermilab Main Injector will all require high
brightness test beams. The construction of an injector to achieve the needed beam quality
will require state-of-the-art accelerator technology. To this end, we discuss the applicability
of an RF electron photoinjector as a very compact source of high quality beams with high
bunch charge, very short bunch length, that is capable of high repetition rates (better than
1 MHz).

The design for a photoinjector satisfying the demands of the TESLA Test Facility (TTF)
is presented below. Current TTF and TESLA500 (the next design phase of the TESLA
program) requirements are summarized in table 1 below.

Parameter Symbol | Value

Bunches per macropulse | Ny, 1000 (800)
Macropulse spacing T 100 ms

Bunch spacing Ty lus

Overall Duty Cycle 1%

Bunch Charge Qs 8.0 nC

Bunch length op 1 mm

Peak Current I, 958 A

RFE Frequency frr 1.3 GHz

RF Power per klystron Prr | 4.5 MW
TESLA Test Facility Symmetric
Horizontal Emittance - < 207 mm-mr
Vertical Emittance €y < 207 mm-mr
Brightness B 4.8 x 10124 /m?
TESLAS00 Asymmetric
Horizonta! Emittance € 207 mm-mr
Vertical Emittance €y 1T mm-mr
Brightness B 95.8 X 1012 A4/m?

Table 1: Summary of TESLA Injector IT Parameters



The experimental program to construct and commission the photoinjector will have
three phases. The first phase involves the testing of the photoinjector under essentially
single-pulse operation to address single bunch beam dynamics issues, and to complete the
optimization of the emittance compensation and magnetic compression assemblies. The
beamline outlined below is chosen with flexibility in mind to permit some exploration
of parameters, including high-gradient operation of the photoinjector, obviating the need
for a magnetic compression chicane altogether, and different emittance compensation lens
strengths and positions. Optics for splitting and delaying the photocathode excitation laser
pulse to provide a train of as many as ten pulses will be fitted towards the end of phase
I to begin the study of wakefield and beam loading effects. Phase I forms part of an es-
tablished research and development collaboration between Fermilab and UCLA to address
beam dynamics issues of very high brightness symmetric and asymmetric emittance elec-
tron photoinjectors. Beam physics results are expected for both symmetric and asymmetric
injectors by mid-1995.

Phase II will commence with the installation of the prototype laser system, which is
presently under study by both industry and colleagues at the Max Born Institut fiir Physik
in Berlin. Industry has already demonstrated both the technology and the willingness to
pursue the design of the laser system. The three stage Ti:Sa/LiSa¥ system will produce
the required train of 1000 pulses spaced 1us apart, allowing testing of the photoinjector
under conditions identical to those of the TESLAS00 linear collider. Appendix B details
the requirements of the photocathode drive laser. Funding and the precise scheduling of
activities during phase II have yet to be fully decided.

Phase IIT entails delivery of the laser system, photoinjector, linac section, magnetic
compression chicane and diagnostics to the TTF at DESY in the winter of 1996-97. Com-
missioning of the photoinjector assembly at DESY will complete the symmetric emittance
photoinjector project.

2 Beam Dynamics Considerations

The need for substantial bunch charge with good beam quality requires that the RF ac-
celerating gradient in the photoinjector be relatively high to reduce space charge induced
emittance growth, and that emittance compensation described by Carlsten et al {4] be im-
plemented to reduce the correlated space charge emittance growth. RF contributions to the
emittance must be carefully controlled, requiring that nonlinear variations of the acceler-
ating field in both the radial and longitudinal direction be minimized, and that the beam
dimensions and accelerating gradient be carefully optimized.

The Carlsten emittance compensation scheme requires that the bunch be given a fo-
cussing kick early on to start the gradual reclosure of the phase space “fan” that results
from the longitudinal variation of the transverse space charge fields. The variation of the
space charge fields results in a correlated emittance growth that can be partially reversed
with a focussing kick from a linear lens. Ideally, the kick should take place ahead of the
beam’s exit from the RF photoinjector, as the time-dependent defocussing that takes place
within the RF structure, which can interfere with the proper implementation of emittance
compensation, depends on the square of the transverse beam size [9] and will be signifi-
cantly smaller if the beam is focussed as close to the cathode as possible. As the emittance



compensation scheme is sensitive both to the strength and to the longitudinal position of
the focussing kick, a second solenoid, downstream of the RI' feed for the full cell, is added
to allow exploration of the efficacy of the compensation as a function of lens strength and
position, with the ratio of the currents in the upstream and downstream solenoids deter-
mining the effective magnetic center of the lens, and the sum of the currents determining
the overall focal Jength. A bucking coil to cancel the longitudinal magnetic field on the
cathode completes the focussing assembly. Figure 1 provides a schematic representation of
where the three solenoids are positioned. The bevelled edge on the downstream side of the
first focussing solenoid is to accomodate two laser ports at £54° to the axis. The bucking
coil manifests the same bevel for symmetry, not for mechanical clearance reasons.

Photocathode
L —
Bucking Solenoid Bucking Solenoid
Solenoid 1 Solenoid 1
I IR
i RF Waveguide Feed
Solenoid 2 Solenoid 2

54{

Figure 1: Sketch showing location of focussing and bucking solenoids

The first focussing solenoid and bucking coil have opposing fields, and geometries de-
termined mostly by the space available between the laser ports, the gun exterior, and the
cathode plane. The third solenoid follows immediately after the full cell of the gun and
has no such space constraints. The solenoid was designed to provide sufficient on-axis fo-
cussing strength to allow emittance compensation of beams with normalized energies up
to v = 9.0 on exit from the gun. Table 2 below specifies the electrical characteristics of
the first focussing solenoid and the bucking solenoid. The peak field is specified with the
bucking solenoid set to cancel the magnetic field at the cathode.

A short section is introduced after the photoinjector to allow the positioning of a six
way cross for diagnostics, a vacuum gate valve, and a short drift, to allow the emittance
compensation the required time to act before accelerating the beam further, thus “freezing
out” the space charge forces.

As the photoinjector is optimized to deliver the required transverse beam quality with
reasonable RF power, the lower accelerating gradient will require a longer bunch length to
reduce the space charge emittance growth during the relatively longer acceleration time.
As a result, compression of the beam must be undertaken once the beam reaches moderate



Parameter Symbol | Value |
Maximum on axis magnetic field BTe® | 1415Gauss
Maximum excitation current density | Jmar | 0.8kA/cm?
Number of windings N 187
Total coil resistance R, 158m2
Voltage drop at peak field Vs 30.6Volts
Power dissipation at peak field Piias 5.9fW
Physical Dimensions

Bore T 12.0cm
Outer radius Ty 30.0em
Length L 10.3em

Table 2: Electrical characteristics of the first focussing and bucking solenoids

energy. Magnetic compression requires that the beam pass through a dispersive optical
element, making use of a linear energy-phase correlation to reduce the bunch length. Space
charges forces will degrade all three emittances during compression, resulting in poor beam
quality if compression proceeds for too long or at too low a beam energy. It is therefore
optimal to compress at the highest energy possible (thereby reducing the space charge
forces) that beamline space allows. The TTF experimental area has rather limited space,
motivating the choice to place a magnetic compression chicane at a lower energy (20 MeV).
The proposed beamline is depicted in schematic form in figure 2 below. Detailed simulations

n I TWTA —
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Figure 2: Layout of beamline components for the Tesla Test Facility

of the photoinjector performance were completed using a modified version of PARMELA
that accepts field maps for both RF cavity fields and static solenoid fields.The modified
code also calculates the effects due to image charges on a metallic photocathode, and has
several diagnostics tailored specifically to reveal the underlying phase space dynamics of
emittance compensation.

Compression is estimated using the longitudinal emittance of the beam and assuming an
ideal linear transformation on the phase space to produce the compressed bunch. Emittance
growth resulting from compression is estimated from Carlsten’s analysis [5], assuming a
short bunch with a radially uniform charge distribution:

185G

N A @

where I is the peak compressed current, S is the path length over which the compressor



dipole fields act on the beam, G is a geometric factor between 0.2 and 0.5, and the Alfven
current 14 = 4me,mqcfe.

Table 3 below details the predicted performance of the photoinjector setup. Emittance
values quoted are one sigma normalized values enclosing 100% of the stated bunch charge.
(In each case, this represents 80% of the total initially launched charge, with the 20% excess
“guard charge” being collimated away) Two different operating scenarios were examined:
high bunch charge (8 nC/bunch) operation for testing of HOM energy deposition in super-
conducting RF linac structures, and low bunch charge (1 nC/bunch) operation for injecting
into a free electron laser (FEL). Significant effort was devoted to optimizing the 8 nC sce-
nario, both for highest beam quality, and for lowest possible RF power consumption. The
low charge (1 nC) case was derived by scaling the bunch radius and length to preserve the
bunch core charge density, thereby allowing the emittance compensating lens configuration
and strength to remain essentially unchanged. Although the 1 nC case outlined below has
not been fully optimized, good beam quality (¢ = 2.57 mm-mr) and moderately high peak
current (80 Amperes) are present before compression, which contributes approximately 0.52
7 mm-mr to the transverse emittance while raising the peak current to 120 Amperes.

[Pammeter Symbol  Predicted Value Predicted Value ]
HOM ANALYSIS FEL
Before Compression
Bunch Charge Qy 8nC=5x10"%" 1nC =6x10%"
Laser pulse length FWHM I'; 28 ps 13.5 ps
Launch Phase (w.r.t. E, = 0) o 45° 35°
Beam radius at cathode r, 3.0 mm 1.4 mm
Post-Gun Gamma T 12.3 12.3
Post-Linac Gamma vy 41.5 41.5
Horizontal Emittance €, 157 mm-mr 2.57 mm-mr
Vertical Emittance €y 157 mm-mr 2.5 mm-mr
Longitudinal Emittance €z 1500 deg-keV 1200 deg-keV
Momentum Spread op/po 793 % 1.2%
Bunch Length op 3.1 mm 1.27 mm
Peak Current I, 386 Amperes 80 Amperes
After Compression
Horizontal Emittance €z 19.47 mm-mr 3.02 * mm-mr
Vertical Emittance €y 19.47 mm-mr 3.02 ¥ mm-mr
Bunch Length oy 1 mm 1 mm
Peak Current I 958 Amperes 120 Amperes

Table 3: Predicted performance of the Photoinjector

Shown in figure 3 below are the evolution of the transverse beam emittance, bunch
length, and bunch radius throughout the injector for the high bunch charge case. Four
emittance traces are shown, representing the FWHM one-sigma normalized emittances of
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Figure 3: Emittance and envelope evolution for 10 nC operation, final phase space plots

95%, 90%, 80%, and 70% of the bunch particles. (viz. An 80% emittance represents the
emittance the bunch would have if the outermost 20% of the beam particles were collimated
away) The onset of emittance compensation is clearly visible in the decrease of all emittances
after the solenoid focussing kick. Transverse and longitudinal phase space plots at the end
of the injector beamline (prior to compression) are shown at right. Figure 4 shows analogous
plots for operation at 1 nC bunch charge. For reference, the gun exit is located at z = 20.7
cm, is followed by a drift up to z = 96.2cm where the beam enters a 9 cell linac extending
to z = 200. cm, where the beam is again in a drift.

3 RF Design of the Photoinjector

Simplicity, high shunt impedance, and the ability to accommodate an externally mounted
focussing solenoid close to the cathode region motivated the choice of a 1.5 cell TMpy10.~
mode structure. The need to induce a strong on-axis magnetic field made the use of a
superconducting cavity problematic, and the need for a high accelerating gradient eliminated
the choice of a superconducting gun altogether. The Brookhaven/Grumman [Gun I} S-band
photoinjector [10] was taken as a starting point for the design of the TTF injector; the
resonant frequency, waveguide coupling, intercavity coupling, and longitudinal exit aperture
profile were modified to yield an L-band structure with good shunt impedance and field
balance characteristics.

Placement of the focussing solencid around the first half cell of the gun completely
occludes all reasonable locations for an RF coupling slot, requiring power for the half cell to
be coupled in either magnetically through a series of coupling slots placed at the maximum
of the azimuthal magnetic field, or electrically by widening the iris. 5lot coupling is known to
excite higher order azimuthal spatial harmonics in the RF field causing unwanted nonlinear
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Figure 4: Emittance and envelope evolution for 1 nC operation, final phase space plots

RT transverse emittance growth. Widening the iris for improved group velocity lowers the
shunt impedance and affects the radial spatial harmonics (flattening the near-axis radial
variation of E, as a benefit) and reduces the strength of the higher order longitudinal
spatial harmonics. This somewhat unusual coupling scheme has already been employed
successfully in a photoinjector for a free electron laser [14, 13].

Although RF power efficiency was of prime concern in designing the photoinjector, the
standard shunt-impedance increasing procedure of decreasing the gap length with the addi-
tion of “reentrant noses” on the entrance and exit irises was not undertaken. Although such
a geometric modification can appreciably improve the power efficiency of an RF structure,
it does so at the expense of significantly enhancing the nonlinear components of the accel-
erating field. As the rms bunch radius for the high-charge case is significant (7 mm at the
maximum, 10 cm from the photocathode), nonlinear RF emittance growth in such a cavity
would be unacceptably large. Also, the large accelerating gradient (twice the Kilpatrick
threshold) makes an RF structure with a low peak-field to accelerating-field ratio especially
desirable, making the addition of any geometric disturbances in the high electric field region
of the cavity undesirable.

An elongated half cell was chosen to provide improved beam divergence control (A
small amount of RF focussing occurs in the region right off the cathode as a result of
the lengthening) and additional time to start the solenoidal focussing kick to initiate the
emittance compensation before the time-dependent kick of the first iris becomes appreciable.
After some optimization, a half cell length equal to %iﬁ-ﬂ was chosen. To ameliorate further
higher spatial harmonic pollution of the accelerating mode, the full cell has a length that
is exactly 5121*1

The iris diameter between the full cell, where RF power is coupled in, and the half cell
was chosen to yield strong enough coupling that the longitudinal position of the photo-
cathode could be used as a frequency tuning mechanism without causing a substantial shift



in the field balance between the two cells. Various field balance options were considered,
motivated by the possibility of using RF focussing at the first iris on the one hand, and
by the possibility of improved longitudinal phase space linearity (and thus compressibility)
on the other. A field imbalance between the half and full cell could be made to enhance
the time dependent focussing kick centered at the first iris, but was found to significantly
interfere with emittance compensation, degrading final beam quality, and was not pursued
further. Thus a balanced (Eﬁ'ﬂﬁ‘f” = Eg‘:,iif;" ) field profile was chosen. To ensure the field
balance, the mode separation was chosen to be approximately 2.5 MHz (40 times the -3dB
cavity bandwidth), implying a coupling constant of ¥ = 0.19%. Assuming the half cell field
to be Ey = 45 MV/m, the full cell field E; = 35 MV/m, the stored energy U = 10.5J, the
iris thickness to be d = 1.5cm, and the free space wavelength A = 23.061cm,the electrical
coupling iris radius needs to be [6]:

ARE

)= [ﬁ—‘ﬂgzeﬁ] ~ 2.0cm (2)
where a = k,/(A/A)? =1 is the attenuation length for the T'Fy; mode. Simulation of
the cavities using the Superfish code yields 4 = 0.189 for an iris radius of 2.0 cm, in good
agreement with prediction. As the hole is not uniform in radius, (rather the edges are
rounded to prevent field line concentration) the coupling constant for the simulated and
actual photoinjector will be somewhat higher than equation 2 predicts.

The effects of beam loading also bear directly on the choice of coupling strength, as
loading in each cell of the photoinjector is different, leaving the fields slightly imbalanced
(7e the zero mode is weakly excited) after the bunch has passed. The coupling strength will
influence the recovery time of the photoinjector, which must be significantly less than the
time between bunches. In view of the short time between successive bunches, and the large
number of bunches per pulse, a simple examination of the RF transient response of the
photoinjector was made. A lumped circuit model, shown in figure 5, was used to analyze
the fill rates of the two cavities, and verify that the coupling was adequate. The coupled
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Figure 5: Lumped circuit model of two cell electrically coupled 7-mode structure

differential equations governing the currents I1(t), f2(¢) and Ix(t) may be solved in the weak
coupling approximation to yield the fill times for the two cavities:

T RTy R % = —2-:? ~ 2.91us (3)
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where the lumped circuit component values were estimated using the loaded Q, structure
impedance Z, (not ZT?), and the resonant frequency of the individual cavities as calculated
by Superfish.

Direct numerical integration of the exact equations using a 4th order Runge-Kutta
algorithm generated figure 6. The mode amplitudes are shown on the left as a function of
time for the first 25us, and in a Lissajous plot on the right, showing the relative phase of
the two cavities as the m-mode builds up. The beating of the zero and pi modes is plainly
visible during the fill in both mode plots, but as the zero mode is undriven and damps
exponentially, there is little modulation of the mode amplitudes once the cavities are filled.
More significant, however, is that the fill times for the two cavities are indeed comparable,
despite the small coupling constant. This can be explained by noting that the € of the
cavities is much larger than the inverse of the coupling constant.

Beam loading in the half cell is expected to be:

Ny@Qs
TRF

Proam = / E.dz- ~ 18.5KW (4)

which is to be compared with the power dissipation on the walls of the half cell:

R, ¢, k?

Ry
Pyiss, e = ?]H,idb‘ N

L,
Eng(km)2nR—2— r 0.94MW (5)
for E, = 35MV/m, or less than 2%. Since the entire cavity fills in 3rgr = 8.Tusec, recovery
from beam loading will be well within the 1 gsec requirement. The aformentioned pi-mode
iris-coupled structure [14] has much more severe beam loading (2.3 MW, versus a wall loss
of only 0.7 MW) and a lower intercavity coupling constant. The input coupler for the
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Figure 6: RF Fill of Half and Full Cell

photoinjector was simulated using Hewlett Packard’s High Frequency Structure Simulator
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(HFSS), which is a fully three-dimensional finite element frequency domain electromagnetic
code. As a guide for choosing the dimensions of the coupling slot, Gao’s expression {7} for
the coupling constant, 3, derived using Bethe’s formalism for computing the perturbation
of cavity fields due to apertures [2], was employed, with the dissipated power P, taken to
be the total power dissipated in both cavities:

_ 2
w4k, Thp ege 2“‘51? H¢

= S Wy Hoy (K(e)) “E(e)V Py ()

With the impedance of free space Z, = 1207, the free space RF wavenumber k, = i—’;,
the waveguide propagation constant I'yp = k,y/T — (A/2a)?, the aperture mode attenuation
constant a = ko1f((-f:)2 — 1) with cutoff wavelength A, = 3.41/l117, & being the aper-
ture depth, W, and H,, the width and height of the waveguide, respectively, H, the
tangential magnetic field strength at the aperture location, and the aperture eccentricity
€, = /(11— (;12)2) Figure 7 below shows the characteristically rapid variation of 8 with
aperture length. The length of the aperture in the z-direction is held fixed at 2.0 cm for both
plots. In view of the very light beam loading (18.5 kW at E,=35 MV/m), the unloaded

o Aprsien B Fevgwvary Miif of Pl Gl v, Apwitwe fm

Figure 7: Coupling 8 and cavity frequency shift (in MHz) versus aperture length {in cm).

cavity coupling coefficient need not be adjusted much to assure critical coupling with the
beam present. The adjusted unloaded cavity coupling coefficient should be 8, = 1+ Eﬁjm or
approximately 1.02 for this case. In addition, this effect can be controlled by feed-forward
on the rf amplitude.

The opening of the coupling slot on the outer wall lowers the cavity frequency because
of the effective increase in the cavity volume in an H-field dominated region. We examined
the possibility of compensating for the frequency depression by a simple technique. The
waveguide end may be pushed into the volume of the cavity, producing a flat region that
not only decreases the volume of the cavity, thereby raising the frequency, but makes the
thickness of the waveguide coupling slot more uniform. The two frequency perturbations
can be made to cancel by an astute choice of the waveguide’s penetration distance into the
cavity, once the required dimensions of the coupling slot are known. The intrusion depth for
this RF structure was calculated and found to be too small to warrant the added machining
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complication. Instead, the radius of the full cell has been adjusted to provide the required
equal and opposite frequency shift.

Lastly, the waveguide taper, required to allow space for the first focussing solenoid (see
figure 1) and to match the WR650 waveguide to the cavity, was chosen to be a standard
A/4 stepped transformer. Simulations with HFSS indicate that suppressing reflections by
20 dB or more is straight{forward. The electrical properties of the accelerating structure are
summarized in table 4 below.

| Parameter Symbol | . Value |
Operating mode T Mojo,r
Frequency f 1300M H =
Transit time factor T 0.73127
Structure quality factor Q 23700
Structure fill time TRE 290 i s
Structure Shunt Impedance Zs 13.82MQ
Effective Shunt Impedance zZ7° 27.92MQ/m
Peak-to-accel field ratio Epi/Eqcc 1.870
Power diss at E,.. = 50MV/m Pliss 4. 5MW
Average Power diss at £,.. = 50MV/m Pooe 45.0kW

Table 4: Electrical Properties of the Photoinjector

As with any asymmetrically iris-coupled structure, the electrical center of the fields is
shifted towards the driving iris. A least squares fit of the near-axis data from HFSS reveals
that the displacement of the field maximum is < 0.3%mm from the geometric center of the
cavity. Such a small shift (which is present only in the full cell, owing to the RF coupling
scheme used) is not enough to warrant a cavity geometry alteration to compensate.

Run time tuning of the photoinjector will be accomplished with the aid of four largely
separate controls. (Gross frequency tuning of the photoinjector as a whole will be accom-
plished by regulating the cooling water temperature. Thermal analysis of a similar L-band
structure dissipating much higher average power (150 kW, versus 45.0 kW for the present
case) found no serious difficulties in providing adequate cooling[11]. Indeed, an S-band
structure sustaining the same duty cycle (1%) but higher accelerating gradient (by a factor
of 2), and thus substantially higher dissipated power density (by a factor of 20), has been
designed and successfully operated at Brookhaven National Lab [10].

For an L-band copper structure, the frequency change per degree Kelvin is approximately
AfJAT = —(koy - ¢-k7)/(2nR) = 21.8kH z/ K, with the thermal coefficient of expansion
Kkt = 16.92 x 1078/ K for copper. Tuning of the half and full cells is accomplished by means
of a paddle-style tuner in each cell, allowing individual frequency control (details of the
paddle design may be found in Appendix A). Lastly, the photocathode will be mounted on
a micrometer, allowing fine longitudinal positioning of the cathode, and thus the resonant
frequency of the half cell. Assuming the cathode and paddle actuators provide a linear
positioning precision of 20 microns and an angular positioning precision of 5 degrees (paddles
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only), the tuning sensitivities will be -17.94 kHz/20 micron, 28.0 kHz/20 micron, and 3.1
kHz/5 degrees, respectively. '

4 Diagnostics and Instrumentation

The layout of the Argonne National Laboratory photoinjector test setup is shown in Fig-
ure 8 below. Instrumentation of the beamline has been chosen to permit exploration both
of the injector performance in general, and to allow direct observation of emittance com-
pensation. A new approach to emittance measurement has been proposed to explore the

Ocm 20cm 90 cm 200 cm

Normal Conducting Linac

Q

CD

Figure 8: Layout of beamline components for testing the photoinjector at A.N.L.

physical basis for emittance compensation. A time-resolved variation of a slit emittance
measurement technique (similar in principle to the pepper pot) employed at UCLA[12] will
be used, providing emittance measurement in one transverse plane as a function of lon-
gitudinal position within the beam. While prior time-resolved measurements of electron
beam emittance on the nanosecond time scale at Los Alamos [8], and of three-dimensional
spatial distribution at LEP [1] have been successfully undertaken, measurements with suffi-
cient resolution (picosecond or better) to observe the emittance compensation process have
not. Figure 9 provides a schematic of the proposed measurement. A detailed analysis of
the apparatus will appear in the near future, but a brief description is included here for
completeness.

The space charge dominated beam is brought to a non-ballistic waist (ie particles do not
cross the axis) and collimated into several emittance dominated beamlets by a slit emittance
mask. The beamlets retain the transverse temperature of the original beam, but at such
reduced charge that space charge forces within the individual beamlets contribute negligibly
to their momentum spread. The beamlets then drift several meters to allow the correlated
transverse momentum time to impart a measurable transverse distance offset, and are passed
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Figure 9: Schematic of time resolving emittance measurement apparatus

through a Cerenkov radiator to produce an optical signal that can be extracted from the
beamline. The light is focussed (optics not shown) onto the photocathode of a streak camera,
and the streaked image recorded with a high resolution CCD camera. The spread of the
light from each beamlet may be analyzed to unfold the contribution due to the transverse
temperature of the beam from the natural spread angle of the Cerenkov radiation. The
centroid of the beamlets at the radiator provides the centroid of the transverse momentum
spread, while the transverse position centroid is known immediately from the separation
of the collimator slits. From these data the transverse phase space of the beam may be
reconstructed as a function of longitudinal position within the beam. The slit separations
are chosen to ensure that the light from adjacent beamlets does not overlap at the CCD
camera.

The measurement will be made at two locations, once at the photoinjector exit, and again
at the exit of the linac, allowing comparison of the beam’s slice emittances immediately after
the focussing kick, and shortly after the emittance compensation minimum has occured.

With this diagnostic, investigation of the effectiveness of emittance compensation will be
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explored as a function of compensating lens position and strength by adjusting the current
sum and the current ratio, respectively, of the two focussing solenoids depicted in figure 1
above. With information about the actual slice emittances (viz. the emittance of a subset
of the beam electrons between z and z + Az) and the orientation of the slice emittance
ellipses before and after compensation, detailed study of emittance compensation will be
possible for the first time.

In addition, two integrating current transformers will be mounted, ore immediately
downstream of the photoinjector to non-destructively monitor bunch charge at emission,
and another after the collimators downstream of the first linac section to monitor final beam
charge. Ordinary fluorescent screens, fitted with CCD cameras, used with the emittance slit
mask, will provide ensemble emittance measurements as a cross check for the time resolving
emittance measurement. A dipole spectrometer (not shown) will be mounted at the end of
the beamline for beam momentum analysis.

The RF and laser systems at Argonne National Laboratory Wakefield Accelerator Fa-
cility are under computer control through a combination of LabView and custom Tcl/Tk
based software. The TTF photoinjector will make use of the existing RF and laser systems,
adding a separate LabView-based control system to run the diagnostics. A number of Lab-
View “virtual instruments” (VIs) have been developed to operate similar equipment at the
UCLA Particle Beam Physics Laboratory, and will be transferred to the TTF photoinjector
with minimal additional programming effort. The time-resolved emittance diagnostic will
require the development of custom software to process the streak data.

5 Timetable

A timetable indicating the expected start and end dates of the three phases of the pho-
toinjector design program is shown in figure 10 below. Annual boundaries shown are those
of the fiscal year. Work begun on the hardware development at the time of this writing
includes emittance measurement system development, and construction of a cold test model
of the 1.5 cell gun.

6 Conclusion

An RF and beam optics design for a Tesla Test Facility compatible electron photoinjector
has been developed and presented here in brief. Further work to improve the beam dy-
namical aspects of the photoinjector assembly will continue, focussing on improvements in
beam compressibility and a careful examination of the photoinjector’s operation at reduced

charge, of particular interest for the proposed FEL user facility that may evolve from the
TTF.
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Timeline for Photoinjector Development
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Figure 10: Projected timetable for TTF photoinjector design and commissioning activities
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8 Appendices
8.1 Appendix A: Design of the Tuning Paddles

Small run-time adjustments to the resonance frequency of each cavity (of order 1 MHz or
less) are provided for by means of a tuning “paddle” placed in each cell, depicted schemat-
ically below. Axial motion of the paddle provides tuning in the same manner as a plunger

13“—7‘——316 ;;
LR (5

Side View

Top View
Figure 11: Schematic Drawing of the Tuning Paddle

would, while rotation of the paddle controls whether the axis of the paddle is parallel to
the cavity field polarization, thereby sampling the cos(k;z) drop off of the fields, or per-
pendicular, intercepting roughly constant fields, and giving the greatest frequency shift.
From Slater’s theorem, a perturbation in the geometry of an RF cavity produces a shift in
the resonance frequency that is approximately proportional to the amount of electric and
magnetic field energy displaced:

w? =014 L (o H? — ¢, E?)dV) (7)

2U Jy
with U representing the total stored energy in the cavity, and V the volume displaced by
the perturbing object. The electric and magnetic fields for the lowest space harmonic of

the T Mpio,» mode of a pill box cavity (with on axis irises at both ends), with radius R and
length L. are:

E.(p,8,7) = —E % Js(ko1p/ R) cos(k,2)
E.(p,8,2) = E,Jo(korp/R)sin(k,z) (8)
H¢(p, 9, Z) = Eo.‘ f'&%f:Jl(ka/R) sin(kzz)

with k, = koy/ K, kgy = 2.4048... and k., = n/L,. The volume of integration may be sepa-
rated into two parts, the first estimating the frequency shift due to the cylindrical portion
of the paddle, the second, the shift due to the paddle itself. Assuming the boundaries follow
constant coordinate surfaces for ease of integration, (reasonable only for small perturbations
to the cavity geometry) both integrals are of the form:

o 22 L-+d
AW = / (o H? — €, E?)dV = ¢, E? / do [ p(k2I2(kor) — J2(ko))dp / sin(k,2)2dz
v Ly—d

—or o1

(9)
where k = f? As the paddle is indeed a small perturbation on the exterior wall, the fields
may be expanded in a Taylor series about p = R, to yield:

Jo(korp/R) ~ — Iy (ko Jkor(p/ R — 1) + Aliglier(p/ R 17 (10)
Ji(korp/ R) ~ J1(ko1) + J1(kor)(p/ R — 1) — §J1(ko1)(1 - %)k?n(P/R -1y
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and the integrals evaluated (keeping terms to second order in (p/R - 1)):

(dL)] (1)

AW = 60E§[2a][J12(km)R2g(p/R —1)(-1 4 3p/R) |22]

where the notation AW is understood to mean the difference of the displaced magnetic
and electric field energies AWy — AWpg. The cylindrical portion of the paddle may be
approximated by a square cross section plunger of equal cross sectional area, yielding the
contribution:

a\/T 2 ar’
AW = ¢, LT InRI b 6 - Sl + 2 sin( S0 (12)

which is, of course, independent of the paddle’s orientation with respect to the electric field
polarization. The contribution due to the paddle when aligned with the field is:

2
WY = B2 Elin TR kon) (R - 55— 306)fa + 2 sin( ) (13)
and when perpendicular to the field is:
2 c %
AW = ¢ B3N] e w2 ()

where a.b,c, and § are defined in figure 11 above. With the total stored energy in a T Mgiq
pill box field expressed as:

kz
U = 2rR L. ko) + ()29 (ko) B (15)

the frequency perturbation due to the entire paddle may be written:

by = (.ao—g(AI/‘[/"iJ + AW®)

1
6UJJ_ ~~ wo—U(AWp + AWC) ( 6)

It is convenient to set the paddle dimensions to give a few megahertz frequency variation
in 5 mm of insertion distance, and a frequency difference due to paddle rotation equal to
three times the minimum settable frequency difference. By this choice, a large frequency
adjustment range is available with coarse control via linear positioning and fine control via
paddle rotation. Figure 12 shows the estimated tuning performance of the paddle over the
useful range of motion. The main body of the paddle is chosen to have a radius a = 1.0
cm, which, when taken together with an assumed linear positioning precision of 20 microns
yields a minimum frequency resolution of 28.0 kHz/micron. Thus the paddle dimensions
b = 1.0 cm and ¢ = 3.0 mm are chosen to yield roughly 2 x 28.0 kHz over the 90 degree
rotation of the paddle. Figure 12 reflects these dimensional choices.
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Figure 12: Frequency Tuning Performance of Paddle-Type Tuner

8.2 Appendix B: Photocathode Excitation Laser Requirements

Although a number of different methods of producing electrons have been developed and
successfully used in electron guns, the highest current densities (> 1kA/em?) possible with
a laser driven photocathode are well matched to the high peak current requirements for
the TTF and TESLAS00 linacs. Additionally, some flexibility is available in the shaping
of the charge distribution within the laser-generated beam, allowing some control over the
nonlinear space charge contributions to the emittance.

A laser system suited to the requirements of the TTF and TESLAS00 injectors is sum-
marized in table 5 below. Laser pulse energies are listed for two photocathode materials
which roughly represent the two extremes of photocathode performance: a metallic cathode
(Yttrium is taken as an example), with low quantum efficiency (QE), and a semiconductor
photocathode (('s;T'¢) with excellent QE. Restrictions on the timing jitter arise from the
need to launch the bunch at a particular time during the RF cycle to minimize the RF
contribution to the emittance growth, while restrictions on the amplitude jitter are needed
to ensure consistent charge per bunch, and thus consistent beam loading in the downstream
linac sections. -

Discussions with members of industry have led to the conclusion that a laser match-
ing the outlined requirements is technically feasible, although challenging. The conflicting
requirements of high gain (for useful output pulse energy) and very long pulse trains (re-
quiring littie sag or fluctuation in the gain as subsequent pulses are amplified) will require
state-of-the-art gain media, and potentially some form of closed-loop control system, as
suggested by the researchers at the Max Born Institute.

Development of a laser satisfying the above parameters is underway at the Max Born
Institut fiir Physik. A preliminary proposal for a three-stage Ti:Sapphire/LiSaF system is
shown schematically in figure 13 on the next page. Pulses from a Ti:sapphire oscillator
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Parameter Required Value
(Photocathode Material}) CsyTe | Metallic
(Photocathode QE) 1% 0.05%
Micropulse Energy >4p] | > 80p]
Wavelength < 300 nm
Pulse Length (FWHM) 8 ps
Micropulse Repetition Rate 1 MHz
Macropulse Length 800 — 1000 pulses
Macropulse Repetition Rate 10 Hz
Timing Jitter <1ps
Amplitude Jitter < 5%
Pointing Stability < 100urad

Table 5: Laser requirements for the TTF/TESLA500 Photoinjectors

are selected to form the required pulse train structure, stretched, then amplified in two
successive LiSaF gain stages and recompressed. For added amplitude control, a feed forward
system allowing interpulse amplitude control surrounds the two doubling stages needed to
produce the UV output.
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8.3 Appendix C: Slit Based Emittance Measurement

Design Considerations for the UCLA PBPL
Slit-based Phase Space Measurement Systems

J. Rosenzweig and G. Travish

February 22,1994

The phase space measurement system initially implemented by Spencer Hartman
on the UCLA PBPL rf photocathode gun has been upgraded, and a new system has been
designed to measure the emittance at higher energy, after the emittance compensating
drift and acceleration in the PWT linac. The purpose of this note is to describe the design
criteria and physical principles involved in obtaining systems which provide the
resolution in phase space measurements that we require. The final slit and detector
hardware designs are included; the video data acquisition and analysis will remain nearly
unchanged from Hartman's system.

The purpose of collimating the high intensity electron beam with the slits in these
devices is two-fold. The first purpose is of course to separate the beam into many
beamlets, whose intensity distribution at some downstream point can be measured to give
the phase space distribution of the beam; the width of each beamlet gives a measure of
the width of the transverse momentum distribution at each slit, and the centroid of the
beamlets gives the correlated offset of the momentum distribution at each slit.

The second purpose is of prime importance for our beam, since it is space-charge
dominated for almost all energies and beam-sizes of interest after the gun. This is
quantified by comparing the space charge and emittance terms in the rms beam envelope
equation in a drift space

N 4]
* ylof TJIO(Ux+Gy)

where J is the peak beam current, /, = ec/r, is the Alfven current, the beam is assumed
relativistic (y >>1, B =1), &, is the normalized emittance, and, of course, an analogous
equation exists for o,. Now, taking the ration of the second to the first terms on the right
hand side of the envelope equation, and assuming a round beam (0, = 0, = 0;), we have

a measure of the degree of space charge dominance over emittance in driving the
evolution of the beamn envelope,
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One can see that for the relevant energies in our beamlines and experiments, that
our high brightness beams are space-charge dominated (R, >>1} except near small
waists, and thus linear transport theory cannot be used to measure the emittance (e.g.
quad scanning). Collimation with slits mitigates this situation, however, by creating low
current, small o, beamlets which have the same uncorrelated "temperature” as the

original beam. Noting that the rms size of a uniform beamlet created by a vertical slit of
width d is o, = d/ '\fl—f, and assuming o, >> o,, we have a space-charge dominance

ratio for the beamlets,
2 1(d ’
Rb Sl 1.
3” )JD £n

This is ratio is similar in slit size scaling to that found by Hartman for round holes. For
our case, at low energy (E=4 MeV, =200 A, &, =4 mm-mrad), it is acceptable to
have d =50 um slits (see the calculation sheet included as an Appendix), that is R, <<1,

and the beamlets are emittance dominated. It is apparent that, at least from this point of
. . - . . -1
view, that at high energy the same slit width will be adequate, as the ratio scalesas Y .

There are, in fact, other design considerations which impact on the choice of slit
width, having to do with the angular acceptance of the slits. The depth of the material
(stainless steel) used to intercept the beam is dictated by our desire to either stop the
beam or scatter it sufficiently so that it doesn't affect the measurement of the
nonintercepted beamlets. The stopping distance of the beam is approximately

E(MeV)
L =E/ =
- /f‘: 1L5(MeV -cm’g)p(g-cm™?)

for an initially minirnum jonizing particle. It is straightforward to stop a 4 MeV beam, but
with a 16 MeV beam, the length of the slits becomes impractical. The beam scatiers off of
nuclei as it slows down from ionization losses, and the final rms angle associated
with the beam after propagating a distance L in the stopping material is approximately
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where L is the radiation length in the material (1.4 cm in steel). If we require a multiple
scatter angle of approximately unity, then a 16 MeV beam will need about 5 mm of steel
to intercept and scatter it; this is in fact the design value we have chosen.

Once this length has been chosen, one can examine the angular acceptance of the
slits. The first thing one needs to do is to specify an rms beam a‘ngle associated with the
finite beam emittance, which assuming we place the slits at a waist, is

This angle, which for a beam size of 0, =15 mm, withE =4 MeV, ¢, =4 mm-mrad,
is ¢ = 0.5 mrad. This should be much smaller than the half angle of the slit aperture, as it
is for our case, in which d /2L =5 mrad.

The slit separation w is chosen to be much larger than the slit width 4 and
smaller than the beam size, to ensure that we can resolve the beam. In our case, the slit
width is taken to be 0.75 mm. This width must also be consistent with not allowing the

beamlets to overlap at the detecting phosphor, a condition which depends on the distance
of the drift to the phosphor L,. The ratio to the beamlet widths to their separation, which

should be much smaller than unity, is
R, = 2.{".&.’
w

while the ratio of the beamlet rms size at the phosphor to its size at the slit, which should
be Jarger than one to achieve resolution of the uncorrelated angular spread in the beam, is

R, = Jﬁ-‘:dﬁ

Since one of these ratios should be small and the other large compared to unity, if we set
their geometric average equal to unity (R_R,, =1), we can optimize the drift length to be



which for our case yields L, =85 cm. This optimum is of course quite broad, so we are
free to choose a more convenient value as long as it is with a factor of two or so; we have
chosen L, = 60 cm for the 16 MeV system.

Once the drift length is specified, there is another criterion which should be
examined for the diagnostic to give unambiguous results, that the contribution to the
measured emittance from the residual space-charge forces between beamlets is smaller
than that due to the true uncorrelated angular distribution at the slits. Again assuming the
slits are at a waist (this gives the highest estimate of the space-charge effect), we have

21 dL
R
b '}'21 WE,

Apgain, this guantity must be much smaller than one. For our present design it is about
0.25, but it should be noted for Hartman's measurements it was in fact greater than one.

The subject of slit scattering is a bit complicated, but a detailed calculation using
EGS is not necessary if estimates that the signal to noise due to slit scatter is not of order
100 or less. Theoretical guidelines in this calculation have been developed by Courant
(E.D. Courant, Rev. Sci. Instr. 22, 1003 (1951)) and Burge and Smith (E.J. Burge and
D.A. Smith, Rev. Sci. Instr. 33 1371 (1962)). Modifying Courant’s criterion for energy
discrimination, we pick the effective depth of the maximum of the relevant slit scattered
flux to occur when the multiple scattering angle is equal to the acceptance half-angle of
the slits,

21d Y
] 5= L|—m—
E(MeV)-2!
and the increase in effective slit width is given by

g
W,

2
o

where
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and N, is Avogadro's number. The minimum signal to noise for the detected beam

intensity at the phosphor is therefore

S > 3mdw,
N~ 24,07

For our case, this is greater than 10*. It should be noted however, that a misalignment of
the slits can generate anomalously large slit scattering effects, and thus care must be
taken to avoid this situation.

The layout of the emittance slits in the beamline, and their hardware design are
shown in an Appendix. More care has been taken in the machining specifications for the
slits, to ensure that they are flat over the entire surface parallel to the beam propagation.
This is accomplished by electron discharge machining (EDM), and is essential for our slit
systems (and others being developed for Argonne and Fermilab which have even
narrower slit requirements). The slits are now mounted on a rotatable actuator which is
driven by a stepping motor, eliminating the tedious job of aligning the slits by hand.
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8.4 Appendix D: Electrical Dimension Specifications and Tolerances

Electrical dimensions and tolerances derived from physical constraints on the resonant fre-
quency, coupling constant, and normalized structure impedance are listed in table 6 below.
Engineering drawings of the cold test model components follow on the subsequent pages.

Constraints on the cavity resonant frequency, f,, set by the available tuning range of
the paddle tuners, cathode plunger, and thermal control system, are necessary to have
the resonant frequency of the structure fall at the desired frequency, and to avoid field
imbalance (viz. the ratio E;‘;%f”/Eg",‘,ﬁ{f;“) problems due to a mismatch in the individual
cavity resonant frequencies. As the outer walls of the cavity experience substantial magnetic
field, the frequency of the cavity varies rapidly with radius, placing tight tolerances on the
radii. Tolerances listed below derive from the frequency constraint Af < IMHz.

The coupling constant 7 prescribes the frequency separation of the zere and pi modes of
the structure, and controls to what extent movement of the photocathode perturbs the field
balance. So long as gamma is large enough to provide for well separated zero and pi mode
frequencies, (ie. the separation is greater than a half Q-width: w, —w, > 2%5—, where wy
is the resonant frequency of the uncoupled cavity) small changes in 4 will not appreciably
alter the field balance. Correspondingly, the tolerance on the coupling constant is generous
at Ay < .05%.

The normalized structure impedance, 8, determines the behavior of the photoinjector
when coupled to an RF source. Optimal power transfer from RF source to accelerating

structure occurs when # = PET—‘L“.H_‘"—PIM:B— = 1. Tolerance on the physical dimensions of
Nsmission system

the coupling hole are tight, owing to the rapid (o (slot area)®) variation of 3. Stipulating
that the reflected power from the cavity not exceed 1% requires 0.818 < 3 < 1.222.

Dimension ] Nominal Value Tolerance Quantity Principally Aﬁected—l
radius of half cell 8.904 +0.0068=2.7 mil fA¢

radius of full cell 8.884 £0.0068=2.7 mil JE

radius of iris 2.0 +0.0833=33. mil ~

thickness of iris 1.5 +0.0142=5.6 mil y

length of coupling slot 6.0 £0.0500=19. mil Jé;

width of coupling slot 2.0 10.0167=6.6 mil Jé}

depth of coupling slot 0.5 +0.0548=22. mil Jij

All dimensions in centimeters unless specified

Table 6: Key Electrical Dimension Specifications for Photoinjector
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