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ABSTRACT

We report on experimental and theoretical investigations of a 17 GHz RF photocathode
electron gun. Thisis the first photocathode electron gun to operate at a frequency above
2.856 GHz. The 1.5 cell, p- mode, copper cavity was tested with 50 ns pulses from a
17.150 GHz klystron amplifier built by Haimson Research Corp. A Bragg filter was used
at the RF gun to reduce the reflection of parasitic modes back into the klystron. Coupling
hole theory in conjunction with cold test measurements was used to determine the field
profile in the RF gun. The particle in cell code MAGIC as well as coupled envelope
equations were used to simulate the beam dynamics in the RF gun. With power levels of
4 MW, the on axis electric field at the cathode exceeds 300 MV/m, corresponding to an
average accelerating gradient of 200 MV/m over the first half cell of the gun. Breakdown
was observed at power levels above 5 MW. Electron bunches were produced by 20 mJ, 1
ps UV laser pulses impinging on the RF gun copper photocathode and were measured
with a Faraday cup to have up to 0.1 nC of charge. This corresponds to a peak current of
about 100 A, and a density at the cathode of 8.8 kA/cm® Multiple output electron
bunches were obtained for multiple laser pulses incident on the cathode. Phase scans of
laser induced electron emission revea an overall phase stability of better than +20°,
corresponding to £3 ps synchronization of the laser pulses to the phase of the microwave
field. A Browne-Buechner magnetic spectrometer indicated that the RF gun generated 1
MeV electrons with a single shot rms energy spread of less than 2.5%, in good agreement
with theoretical predictions.



1 INTRODUCTION

The goa of the 17 GHz photocathode RF gun experiment is to construct an ultra high
brightness source of electrons which can be used for future linear colliders or free
electron lasers and to demonstrate the practicality of high gradient (several hundred
MV/m) acceleration. The photocathode RF gun is a novel electron beam source intended
to meet the requirements set by future high-energy linear colliders and next generation

free electron lasers. A coupled pair of pillbox TM,,,-like resonators is excited by

sidewall coupled microwaves at 17.15 GHz (Fig. 1). Note that the axia length of the
structure is determined by the microwave wavelength. A picosecond ultraviolet laser
pulse illuminates the back wall of the structure at the axis of symmetry. Electrons are
released by the photoel ectric effect and are accelerated by the axial electric field.

Initial operation of the MIT 17.15 GHz RF gun was reported in 1996 [1]. Previous
photocathode RF gun experiments have operated at 3 GHz or below [2-10], though an RF
gun experiment at 8.5 GHz is currently under development [11]. There has also been
much theoretical work in the study of RF gunsin recent years [12-17]. From an analysis
of the Vlasov-Maxwell equations governing the dynamics of the electron beam
production in the photocathode RF gun, the scaling with RF frequency of the quality of
the beam which can be produced in an RF gun has been derived [15,16]. One of the
major advantages of going to higher frequency is that the emittance of the beam increases
linearly with RF frequency, implying a quadratic increase in the beam brightness. The
implication of thisis that high frequency RF guns are very promising candidates for use
with future high energy electron colliders and short wavelength free electron lasers, both
of which will require extremely high brightness beams beyond the capabilities of more
conventional electron sources. In this experiment, we have measured the bunch charge
and energy of the beam produced from the 17 GHz RF gun, demonstrating successful
operation of the RF gun and its robustness to repeated exposure to ultra high gradient
electric fields and significant temperature rises due to power dissipation.



2 THEORY AND DESIGN

The two modes of a 1 % cell structure like the MIT RF Gun are illustrated in Fig. 2.
These were obtained from SUPERFISH [18] simulations for a cavity design dlightly
perturbed from the actual RF Gun dimensions. The two cells can be modeled as coupled
TMoyo oscillators which have corresponding symmetric and anti-symmetric oscillations.
For acceleration purposes, the mode in which the two cavities oscillate 180 degrees out of
phase with one another, the p-mode, is the preferred mode of excitation. Then, provided
the full cell length L is equal to one half of the vacuum wavelength | of the accelerating
microwaves, relativistic electrons will remain in phase with the RF fields in the cavity.
In order to obtain equal field magnitudes in both the half and full cell, the frequency
separation of the 0 and p modes should be near a minimum (albeit, not exactly at the
minimum), in accordance with elementary coupled harmonic oscillator theory. The
radius of each cell, on which the resonant frequencies are primarily dependent, is
therefore a critical design parameter. If the relative dimensions of the two cells are
dightly off optimum, resulting in a large mode separation, the O and p modes become
essentially the separate resonances of each cell with a correspondingly unbalanced field
profile.

2.1 Effects of Coupling

In actuality, consideration of the half and full cell dimensions is not sufficient to produce
a balanced RF gun. The mechanism for coupling power into the gun can produce a
significant perturbation of both the mode separation as well as the inter-cavity coupling,
resulting in p and O mode profiles which are drastically different from the unperturbed
case. We present a theory to account for such effects in determining the actua field
profile of the excited mode in the RF Gun, which we express as a linear combination of

the unperturbed 0 and p mode profiles obtained from SUPERFISH simulations.



The MIT RF Gun is excited via coupling holes placed an integer number of guide quarter
wavelengths, | 4= 2p/ky;, from the reflecting short of a WR-62 waveguide (Fig. 1). The

waveguide is excited in the fundamental TEio mode, which leads to k,, =,/—- —

where a is the broad wall dimension of the waveguide. The reflecting short induces a
standing wave field pattern such that an axial z-component of magnetic field given by

wa Z, éag

exists at the broad wall of the waveguide at the z position of the coupling holes, where

Eio is the electric field amplitude of the TE;o mode in the waveguide and Z, = \/% =
377 Ohms. This magnetic field is parallel to the azimuthal component of the magnetic
field of the TMg; (0 or p mode) in the cavity. The coupling holes are cut along these
magnetic field components resulting in magnetic coupling. Following coupling hole
theory [19], this allows the coupling to be represented as magnetic dipoles m(1) and m(2)
oriented along the long axis of the coupling holes in the half and full cell respectively.
The magnetic dipole moment m is proportional to the total magnetic field at the hole
(from both cavity side and waveguide side), m =aH , where a isthe polarizability of the

hole.

Using the theory of cavity excitation [19], we describe the actual mode excited in the RF
gun by the magnetic dipoles m(1) and m(2) in terms of complex amplitudes of the 0 and p
modes of the unperturbed RF gun (i.e. without coupling holes). These relative
amplitudes depend on the polarizabilities of both coupling holes (a; and a,), the
dimensions a and b of the waveguide, and the ratio of the square of the magnetic field at
each coupling hole to the stored energy in the cavity for both the O and p modes. These
last four quantities can be obtained from SUPERFISH simulations and will be denoted by
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SUPERFISH values of the magnetic field of the unperturbed O and p modes at the
location of coupling holes 1 and 2 respectively, while Wso and Ws, are the corresponding
stored energies of the unperturbed 0 and p modes. The complex amplitudes of these two

modes are given by
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where m©° m Zo is a normalized magnetic moment with units of polarizability, w = 2pf
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is the operating circular frequency (i.e. the klystron frequency), and
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are the SUPERFISH 0 and p mode complex frequencies where Qso and Qsp are the
quality factors of the unperturbed O and p modes calculated from SUPERFISH. For a
given drive frequency, w, the actual mode excited in the RF gun can now be expressed in

terms of the SUPERFISH 0 and p modes and their corresponding complex excitation



amplitudes. For example, the actual on axis longitudinal electric field profile in the RF

gun is given by

~

E, (z.w) = A, (W)Egp, (2) + Aso(W)Esp, (2) (6)

where Esp,(z) and Eso,(z) are the SUPERFISH on axis longitudinal electric fields for the

unperturbed p and O modes respectively and EZ 0 EEZ Is the actua field profile
10

normalized to the magnitude of the waveguide electric field. Note that the choice that the
z direction coincide with the RF gun symmetry axis differs from the waveguide

coordinate system shown in Fig. 1.

Using the theory of waveguide excitation [19], we also calculate the complex reflection

coefficient, S, , of the TE1p mode in the WR-62 waveguide from the RF gun to be

4p “w () cos% +mM(2) cos% g, (7)
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where x, and X, are the positions of the coupling holes along the broad wall of the

waveguide and c is speed of light.

The expressions for the magnetic moments m(1) and m(2) can be determined self-

consistently using the cavity and waveguide excitation formulas (2), (3) and (7) to obtain

X
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The energy conservation law is expressed as

1S, 2 + 20fs0 | Aso [ Q’VZ +|Wso|2)Nso + 2pfsy | Asp § Q’VZ +|\N8p|2)NSp 1. (10
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Thus far, we have described a theory that completely describes the cavity filling and
mode mixing characteristics of the RF gun provided the polarizabilities of the coupling

holes are known. For holes of simple geometry, these polarizabilities can be calculated



anaytically. Particularly, for an elliptical hole whose dimensions are major radius d_zz

p (dz/2)%e?
K (e) - E(e)]

Here e =+/1- (dz/dx)? , K(e) and E(e) are dlliptical integrals, and the function f(t) of

and minor radius d—2X (Fig. 3), the polarizability is a = f(t) in Sl units.

coupling wall thickness t can be determined using advanced theory [20] (f(0) = 1 for
infinitely small thickness). For the case of the RF gun dimensions, we can make an
elliptical approximation with dz; = dz; = 0.508 cm, dx; = 0.165 cm, dx; = 0.229 cm and
an average wall thickness t=0.025 cm. According to theory [20], the factor f(t) ranged
from 0.49 to 0.52 for such coupling hole dimensions. As a result, the directly calculated

polarizabilities are a, =5.28*10 °m® and a, = 6.62* 10 °m°.

Fig. 4 shows the S,; frequency dependence calculated using these values compared with
an experimentally determined Si; curve. It is seen that the elliptical approximation used
to describe the coupling holes is only approximate and can not be used to accurately
describe the cavity coupling characteristics. Determination of the actual polarizabilities
of the coupling holes is complicated by the non-élliptical shape of the holes as well as the
non-uniform thickness across the holes. In order to obtain accurate results, the
polarizabilities a; and a, of the holes need to be considered as free parameters of the
coupling theory described above. These parameters can then be determined from
comparison of an Si; curve obtained from experimental cold tests of the cavity and the
theoretically calculated Si; curves given by equation (7).

2.2 Characteristics of the Actual Cavity

In order to completely characterize the filling characteristics of the RF gun, certain
critical parameters must be experimentally determined. The most important of these
parameters are the coupling coefficient b, of the cavity and its ohmic quality factor, Qcay.

These two quantities dictate the attainable stored energy in the RF gun for a given



incident power, Pin.. As described in the previous section, this stored energy can be
expressed as a mixture of the two unperturbed (i.e. no coupling holes) modes calculated
by SUPERFISH. Accurate determination of the relative amplitude of excitation of these
two modes requires an experimental measurement of the polarizabilities, a; and a,, of
the coupling holes. These four parameters (b¢, Qcav, @1, and a,) along with the knowledge
of the field profiles of the unperturbed 0 and p modes completely characterize the RF

gun.

In order to obtain values for the Q, b, and polarizabilities of the RF gun (Table 1), cold
tests of the cavity were performed using an HP 8510 Vector Network Analyzer. These
tests consisted of the measurement of both the amplitude and phase of the reflection

refl

—— , where P, is the totd

inc

coefficient of the power incident on the RF gun, |S,|=

reflected power. The coupling coefficient is defined to be the ratio of the cavity quality

factor to the external quality factor (b. = Qea 0 ) and can be determined from the

ext

measurement of |Si1| at resonance from the expression

_1' bc

|Sll|resonance - 1+b (11)

c

For our cavity, S11 = 0.22 at the resonant frequency of 17.142 GHz, which gives a
1+[Sy| _

1 |S | 1.56 for an overcoupled cavity while Q_ is
- 11

J1+b?
¢ =0.72 and is

1+b,

coupling coefficient of b, =

determined from the width of the resonance at the level of |S,| =

egual to 1060. The unloaded quality factor is then given by Q.. = QL(1+b) = 2700.
The power dissipated in the cavity, Pcay, iS determined by the coupling coefficient be:

10



Pcav = ch I:)inc = 095l:)mc .
(1+b,)

(12)
Expressions (11) and (12) are only valid assuming a single mode. Note that while the
excited mode is being expressed as a combination of the two SUPERFISH modes, it is
nevertheless a pure mode of the actual RF Gun/coupling hole system, thus the single
mode expressions are valid. As shown below, the great mgjority of the stored energy at
this resonance is in the unperturbed p mode, thus the measured quality factor of the
cavity should be similar to the SUPERFISH Qs,.  The measured Q..,=2700 for the p
mode in the experimental cavity is 70% of the calculated SUPERFISH value.

The actual polarizabilities of the coupling holes are determined by matching equation (7)
to the measured S;; curve. Specificaly, the polarizabilities a; and a, are determined to
match the measured resonances at 17.142 and 17.118 GHz (Fig. 4). This leads to the
values of the polarizabilities listed in Table 1. The resulting ratio of the amplitudes of
excitation of the 0 and p modes is Ago/As, =(0.815- i4.648)/(- 0.227 +i12.817) for

17.142 GHz. The field profile in the RF gun can now be determined using equation (6)
along with the known field profiles of the unperturbed 0 and p modes, which are shown
in Fig. 5. The resulting superposition of modes is plotted in Fig. 6. The ratio of energy
stored in the unperturbed p mode to that in the unperturbed O mode is about equal to 20
for the operating frequency of 17.142 GHz. Note that the field strength in the first cell is
amost 5 time larger than the field strength in the second cell. While this is not ideal for
efficient acceleration, it does facilitate the production of ultra high gradients in the first

cell by lowering the incident power required to reach a given electric field at the cathode.

It should also be noted that the current RF gun geometry and resulting cold test results
mentioned here differ from those of the originally constructed RF gun in that the full cell
diameter was increased by about 0.13 mm (about 0.9 %) after initial cold testing revea ed
a large mode separation and a p mode almost entirely in the full cell done. Increasing
the full cell radius significantly improved the field balance of the RF gun and brought the

p mode resonant frequency closer to the ideal operating frequency of the klystron.

11



2.3 Effects of a Partially Reflecting Short

In the experimental determination of the cavity coupling characteristics described above,
a perfectly reflecting short at the end of the waveguide was used. However, in the high
power experiments, the short was replaced with a Bragg filter (see section 4) to eliminate
the reflection of spurious higher frequency modes produced by the klystron. At the RF
gun resonant frequency of 17.142 GHz, the reflection coefficient, R, of the Bragg filter
was found to be about 0.67 rather than the ideal value of unity. In order to account for
effects of the partially transmitted wave in the coupling theory, we modify the single-
mode RF filling expressions to account for areflection coefficient R not equal to 1. For R
= 0.67 and coupling coefficient b, = 1.56, the expressions for S;; at resonance, the cavity

dissipated power P.,,, and the external quality factor Qe are given by

R-lszc
SuWe) =|—37 7027 (13)
1+ b,
2
Pcav = % I:)inc = 082|:)mc ’ (14)
1+ b.)?
2
and
2 Q
= @& =2070 . 15
Qext 1+ R b ( )

We can use these expressions to estimate the maximum electric field at the cathode
assuming a steady state. Using the measured value for Q.. (Table 1), equation (14), and
SUPERFISH simulation results for the electric field magnitude and stored energy we
wind up with a steady state expression for the cathode electric given by

12



Ecathode [MV / m] = 18 P [MW] ’ (16)

which gives Ecathoge = 366 MV/m for an incident power of 4 MW. In the experiments,

however, Ecanode 1S Obtained as a function of time through integration.

The “two-mode” coupling theory formulated in section 2.1 has also been modified to
account for the Bragg filter. Theoretical and measured Si; curves are plotted in Fig. 7. In

the future, the Bragg filter will be modified to achieve areflectivity close to unity.

2.4 Simulations of Beam Dynamics

Extensive simulations of the beam dynamics in the MIT 17 GHz RF Gun have been
performed. The expected beam parameters include an initial bunch length of 0.3 mm (1
ps) and atotal space charge of 0.1 nC. Results of single particle 1-D ssimulations as well
as 2-D simulations (2-D in fields, 3-D in particle motion) using MAGIC [21] were
employed to examine the single particle (i.e. low space charge) dynamics. The effects of
gpace charge were examined by use of coupled envelope equations as well as MAGIC

simulations.
The 1-D model employed is a ssimple integration of the equation of motion,

id_p = Cgsﬁ = E (EI (Z)Sn(vvt) + Er(Z) COS(VVt)) ) (17)
m dt d m

where Ei(z) and E,(z) are the RF gun on axis electric field profiles given in Fig. 6, b =
v/ic,and g = (1- bz)-%. The space and time dependence of the electric field can also be
expressed in the form E(z,t) =|E(z)|sin(wt +q) , where q is an approximately constant

function of z except for an 180 degree phase shift between the first and second cells. Itis
shown (Fig. 8) that 1 MeV electrons are to be expected given a maximum field gradient

13



at the cathode of about 300 MV/m. Defining the phase j °wt+q(z=0), it is also seen
from the single particle simulation that there are optimum phases of injection for
minimization of energy spread and maximization of beam bunching. Bunching
corresponds to a negative slope of transit time vs. injection phase, and generally occurs
for injection phases < 45 degrees. The 2-D MAGIC simulations with very low space
charge (Fig. 9) show good agreement with the 1-D single particle ssimulations.

The effects of space charge on the beam dynamics can be seen from the MAGIC
simulations shown in Fig. 9. Perhaps the most notable effect is the increase in energy
spread of the beam. Also, there is no longer any minimum in energy spread or emittance,
as they are both seen to monotonically increase with increasing injection phase. The
reason for this behavior is that for space charge dominated beams, the RF effects which
determine the single particle dynamics are no longer the dominant factor in the transverse
dynamics of the beam propagation. For this case of high space charge, the simulations
suggest that for low injection phases (j < 30 degrees), we should expect to produce a
beam with a rms energy spread of about 1.5% and an rms geometric emittance of about
0.1 mm-mrad (0.3 mm-mrad normalized). This corresponds to a brightness, B, of about
1000 A/(pmm-mrad)?, where brightness is expressed as

B :L ,
€&

(18)

where | isthe peak current of the beam and g, is the normalized transverse rms emittance.
The effects of space charge on the beam dynamics can be analytically examined with the
method of coupled envelope equations [22]. We use the axial motion equation and two
envelope equations for bunch envelope dimensions. The motion equations for the

relativistic factor g and the electron phase, F =wt-k,z, are given by

g9¢=2a,..k,F(z)sn(F +k,z) (19)
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and

Fe=k,(1/b-1), (20)

where the prime denotes a derivative on z , k, =w/c is the axia wavenumber,

:—eECatg"de is the accelerating parameter at the cathode, and F(z) is the normalized

2mck

z

acc

field distribution in the RF gun. Note that equation (19) is simply a transformed version
of (17) with F(z) incorporating the combined profile of the real and imaginary fields.

Also notethat F is not the same asthej defined earlier.

The equations for the bunch radius r,, and bunch length 2z, are as follows:

rnq:+g_2¢ rrg = I:rf + Fsc (21)
b“g
and
20+ 6 22 - +1ee :—Zkf‘a;c I Sn(F +k,2)2, - Qbf 7 L (22)
bg”> 9g bg” dz IAb°g" My
where
F, = kzazacc & d—Fsin(F +k,z) + bF cos(F + kzz)grm (23)
b°g & dz 2
and
_3 Q¢ 1 m O
F. == - g (24)
© T2 1,0% e & 3,
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where F,, is the space charge force, F; is focusing and defocusing RF force along the

axis, Ia = 17000 A, and Qy, isthe bunch charge.

The motion equations (19) and (20), and the coupled envelope equations (21) and (22)

have been solved for the following initial variables: gy = 1.01, initial phase F =40°
which is about optimum, r,, = 0.4mm corresponding to a UV laser spot size at the RF
gun cathode, bunch length 2z, =0.3mm corresponding to the 1 ps UV laser pulse

duration. We use the bunch charge Q, = 0.1 nC and the accelerating parameter a,.c =
0.82 corresponding t0 Ecanode = 300 MV/m in these calculations. The results of the
simulations are in good agreement with the MAGIC simulations using similar initial
parameters (Fig. 10). It is aso seen (Fig. 11) that the Fsc and Fs are of similar
magnitudes for the 0.1 nC case. This is consistent with the discrepancy between the

single particle ssimulations and those including space charge.

3 DESIGN OF THE EXPERIMENT

The major system components of the MIT experiment are shown in Fig. 12. The RF gun
cavity is located in a large vacuum vessel shown at the bottom of the diagram. The RF
gun cavity is a traditional Brookhaven (BNL) style sidewall coupled 1.5 cell structure
[23]. The RF gun is composed of three pieces of OFHC copper which are clamped
together and attached as a single piece to the WR-62 coupling waveguide.

The experiment utilizes a 17 GHz relativistic klystron amplifier constructed by Haimson
Research Corporation [24] to provide a50 nsto 1 s pulse of up to 26 MW of microwave
power. The klystron is driven by a 580 kV, 1 ns flattop modulator pulse. A 0.27 nperv
Thomson CSF gun produces a 120 A space-charge limited electron beam at 580 kV. The
amplifier chain includes a TWTA to provide up to 5 W to the klystron. The klystron gain
is approximately 60 dB.

16



The Kklystron amplifier has been found to generate power in spurious modes when
connected to a mismatched load. Microwaves associated with these modes are slightly
higher in frequency than the operating frequency of the klystron. To eliminate these
modes, which reduce the stability and gain of the amplifier, a Bragg filter was designed
and installed on the RF gun coupling waveguide. The Bragg filter structure is shown in
Fig. 13. Thisfilter is reflective for frequencies between 16.7 and 17.2 GHz, and transmits
for higher frequencies. The use of the Bragg filter allowed cavity coupling at 17.15 GHz,
while minimizing impedance mismatches at higher frequencies that would cause the
spurious oscillations to occur. The power reflectivity, R?, of the Bragg filter was found to
be about 0.43 at 17.15 GHz through cold tests. While this is not optimal, it is sufficient
for coupling breakdown threshold power levels into the RF Gun. Up to 8 MW of
klystron power was coupled into the cavity, with amplitude stability of £5%. Breakdown
in the RF gun occurring on some shots with incident power exceeding 5 MW, however,
usually limited operation to a lower incident power. Phase stability was also measured
using a phase discriminator. Phase variation was found to be less than 8° from shot-to-
shot and less than 4° during a single shot. Dark current of 0.5 mA was observed in the RF
gun when 7.5 MW of microwave power was incident on the RF gun cavity [1]. This
corresponds to a peak electric field of about 450 MV/m at the cathode for a 50 ns pulse.

One of the advantages of going to higher frequency is that for a given field gradient, G,
the temperature rise of the RF gun inner surface due to the power dissipated on the walls
decreases (i.e. DT pw ¥4G?) [25,26]. This is despite an increase in the power
dissipated per unit area(ou%S 1 w¥2G?2) thanks to the decrease in the filling time of the

-3/2

structure (trgin 1 W ™) and corresponding decrease in the RF pulse length. Using the

constant surface flux solution to the heat transfer equation [27], the maximum surface
temperature rise for an incident pulse of length t, is given by

at
20,4 P
DT = 4/L (25)
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where gs is the power per unit area incident on the copper surface, a is the thermal
diffusivity, and k is the thermal conductivity. This can be shown to be consistent with the
aforementioned frequency scaling law. For atypical shot (i.e. 50 nslong, 5 MW incident
power or 4 MW dissipated on the cavity walls) this yields a maximum temperature rise
on the RF gun walls of about 80° C. However, the RF gun has aso survived incident
powers up to 8 MW, corresponding to a maximum temperature rise of about 130° C,

which is encouraging for future prospects of higher power operation.

The laser beam for the RF gun photocathode is generated by a Ti:Sapphire laser system,
which produces 2 ps, 1.5 mJ, 2 mm diameter pulses at 780 nm after chirped pulse
amplification. The pulse duration of 2 ps was verified using a single-shot autocorrel ator.
Pulse-to-pulse laser energy fluctuations are approximately £10%. These pulses are
frequency tripled to 10-20 mJ of UV, and then focused on the back wall of the copper
cavity. The ultraviolet spot size is approximately 1 mm in diameter. A UV pulse length
of 1 ps is estimated from the measured infrared 2 ps pulse duration using nonlinear
optical theory. Measurement of the frequency sidebands using a spectrum anayzer [28]

indicated alaser phase jitter of lessthan 5 ps, or 30 degrees.

The timing scheme used in the MIT RF gun experiment is dightly different from that of
other photocathode experiments. A photodiode samples the light pulses bouncing back
and forth in the optical cavity of the Ti:Sapphire laser oscillator. The IR pulses of this
oscillator are used as input to a regenerative amplifier. The frequency of these pulsesis
84 MHz and is dictated only by the length of the cavity. No external oscillator is used.
The signal from this photodiode is used as input to a frequency multiplier box, which
filters and amplifies the signal. The output signal is about 17.15 GHz and is phasel ocked
to the laser system. This milliwatt level signal is used as input to the microwave amplifier
chain which drives the RF gun experiment. Phase stability of this system has been
verified by measuring the percentage of shots resulting in successful electron beam
production vs. injection phase of the laser pulse into the RF Gun (Fig. 14). Theoretically,
emission should be observed over about 100 degrees of injection phase (see Fig. 8). The
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observed width of the experimental curve is consistent with a combined laser and

microwave source phase jitter of better than + 20°.

4 EXPERIMENTAL RESULTS

An example of atypical cavity filling shot is shown in Fig. 15. The forward and reflected
power are measured at the directional couplers immediately before the RF Gun (see Fig.
12). The stored energy in the cavity (and hence the accelerating gradient) in the absence

of beam loading can be calculated from a modified power conservation equation,

W

w
dt Br mc - P

refl ~ —W, (26)

where W is the stored energy in the cavity, Qcay IS the unloaded quality factor, and kg, isa
factor that accounts for the reflectivity R of the Bragg filter and can be derived from
eguations (13) and (14) to give

kg, = =0.90 , (27)

for R = 0.67 and b = 1.56. These measurements demonstrate that peak accelerating
fields of over 300 MV/m have been achieved at the cathode for incident power levels
exceeding 4 MW. This corresponds to an average accelerating gradient of about 200
MV/m over the half cell and about 80 MV/m over both the half and full cells combined.

The beam diagnostics so far employed in this experiment consist of a high speed Faraday
cup for beam bunch charge measurements and a Browne and Buechner style magnetic
spectrometer [29] for beam energy and energy spread measurements. The Faraday cup is

designed as a conical tapered 50 W transmission line. The central conductor is1 cmin
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diameter with a 5 mm diameter center collector. The laser beam is injected into the RF
gun with the use of a prism placed in the collector portion of the Faraday cup (Fig. 16).
During early experiments, it was discovered that rectified microwave signas were
dominating the detected Faraday cup signals. In order to eliminate this effect, it was
necessary to place a 5 mm radius cylindrical collimator between the RF gun and the
Faraday cup to act as a cutoff waveguide. Integrated Faraday cup signals indicated a total
bunch charge of up to 0.1 nC (Fig. 17-a).

Multiple pulse generation by sequential laser pulses has also been observed with this
experimental set up. As many as three separate laser pulses can be produced through
imperfect dumping of the regenerative amplifier cavity. These laser pulses are separated
in time by the round trip time of the cavity (about 9 ns), which is close enough to an
integer multiple of RF periods (about 155) to result in up to three corresponding electron
beams (Fig. 17-b). The laser pulses seen in Fig. 17 are detected by picking off a small
portion of the laser pulse immediately before injection into the RF Gun and detecting it
with a photodiode. In the future, we plan to employ optical beam splitters to intentionally
produce atrain of optical pulses and a corresponding train of electron beam bunches.

The magnetic spectrometer used to perform the measurement of the beam energy is a
circular magnetic field boundary, field radius R = 10 cm, 1 cm gap size, 1 kilo-Gauss
saturation structure. The beam is bent approximately 90° and detected by detectors
placed on the focal plane of the spectrometer. The determination of the detector
placement (i.e. the location where a monochromatic divergent beam from a point source
is geometrically focused back to a point) in a basic Browne-Buechner spectrometer
design is determined by the ratio of the field radius R to the distance L between the
electron source and the magnetic field boundary. The equation for the focal plane

assuming the coordinate system shown in Fig. 18 is

~ ~ .2 ~ .2

~ +1) - +L O _ +LO

gty gmeldy meid (28)
L L 5 L 5
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where L = L/R, X =x/R,and ¥ =y/R, and can be derived using the same procedure
as in the original Browne-Buechner paper [29], but without assuming R=L. The effect of
increasing L relative to R is to move the focal plane closer to the magnetic field boundary
and to decrease the lope. Ideally, one would like to avoid doing this since the dispersion
on the focal plane will accordingly decrease. For our measurement, the electron source
was taken to be the RF Gun exit. This simplified the beam line design by eliminating the
need for a pinhole or focusing elements. The size of the RF gun housing structure and
the necessity of the collimator limited the minimum drift length between the RF Gun exit
and the magnetic field boundary of the spectrometer to L =30 cm, or L=3 (Fig. 18).
Simulations of the energy measurement using PARMELA [30] indicate that after
traversing the distance between the RF gun and the spectrometer, the rms energy spread
of al MeV beam is about 2.2 %. The increase from the rms energy spread of about 1.5%

at the exit of the gun is due to longitudinal space charge forces.

Two types of energy measurements were performed with this setup. The first utilized a
single Faraday cup placed on a 90° arc from the beam line. The percent energy
acceptance of this detector was about 10%. The low energy end of the detector was
approximately located at the focal plane of the spectrometer, allowing for an accurate
measurement of the maximum energy of the beam by observing the maximum magnetic
field for which a beam is detected over many shots. These measurements yielded
electron energies as high as 1.1 MeV. The second type of energy measurement utilized
an array of up to six detectors, consisting of 2mm wide Faraday cups placed side by side
along the focal plane (Fig. 18). Due to mechanica constraints, the array was placed on
the low energy, low dispersion end of the focal plane, resulting in a maximum energy
resolution of about 2.2%. This measurement provided similar results as the other
measurement, yielding energies up to 1.1 MeV and single shot rms energy spreads as

small as+ 2.5% (Fig. 19), roughly in accordance with simulations.

Both energy measurements yielded results that are consistent with simulations in terms of
the energy of the beam, indicating maximum accelerating gradients of over 300 MV/m at
the cathode (200 MV/m average over the first cell) consistent with the theoretical

analysis in section 2 and the measurement of the stored energy shown in Fig. 15. The 2
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to 3 % measured rms energy spread at the spectrometer is also roughly in accordance
with theoretical expectations. From PARMELA simulations of space charge effects
during transport of the beam, these results are consistent with an energy spread of about
1.5 % at the exit of the RF gun.

5 CONCLUSIONS AND FUTURE PLANS

The experimental results presented here for the MIT 17 GHz RF Gun demonstrate the
potential for high gradient acceleration at high microwave frequencies. Measurements of
the electron beam energy as well as high power measurements of the cavity filling of the
gun suggest peak accelerating fields of about 0.3 GV/m. These measurements are
consistent with theoretical studies of the RF Gun coupling and beam dynamics also
presented here. Up to three separate electron bunches have been produced on a single
shot corresponding to the splitting of the laser pulse. Analysis of the temperature rise of
the RF gun walls indicate peak temperature rises of about 80° C corresponding to peak on
axis electric fields of about 300 MV/m were sustained without damage to the RF gun. In
order to demonstrate the superior beam quality promised by high frequency, high
gradient RF Guns, plans for measuring the emittance of the electron beam as well as
plans for the development of an improved, better field balanced cavity are underway.
Eventually, an emittance compensated gun will be employed with the hope that a record

high brightness el ectron beam will be produced.
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Parameter Label Value
Loaded Q Q 1100
Unloaded Q Qcav 2700
Coupling be 1.56
Coefficient
Polarizabilities a, 6.85%10° m°
ar 7.10¢10° m’

Table 1: Measured RF Gun Characteristics
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Figure 1: Cross section of RF gun {bottom) and illustration of RF coupling scheme (top).
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Figure 2: Normal modes of a 1 %2 cell RF gun (Top: 0-mode; Botiemmode).
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Figure 4: Comparison of experimental and theoretical S,, curves. Solid line: measured
S,, curve. Dotted line: theory for matched polarizabilities. Broken dotted line: theory for

directly calculated polarizabilities.
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Figure 6: Actual on axis complex field profile of the RF gun calculated with coupling

hole theory using the SUPERFISH eigenmodes.
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Figure 7: Measured and theoretical S_, curve with the Bragg Filter attached to the RF gun.
Solid line: measured S,, curve of the RF gun. Broken dotted line: theoretical S,, curve.

Dotted line: measured reflectivity of the Bragg filter.
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Figure 8: Single particle simulation results. The peak field at the cathode is 300 MV/m.
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field at the cathode is 300 MV/m while the initial beam length and radius are 1 ps and
0.4 mm respectively.
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Figure 10: Comparison of MAGIC simulations (solid lines) and Envelope Equation
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of an electron bunch while being accelerated in the RF gun with initial radius 0.4 mm,
initial length 0.3 mm, and bunch charge 0.1 nC. The maximum electric field at the
cathode (z=0) is taken to be 300 MV/m.
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Figure 13: lllustration of the Bragg Filter.
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