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Abstract 
In this paper we discuss the possibility to generate sub-picosecond electron bunches directly from a photoinjector by 

illuminating a photo-cathode in an RF cavity with a phase-locked sub-picosecond laser pulse. In particular. we address all 

de-bunching effects taking place during acceleration and transport through a photoinjector. We provide analysis of the beam 
dynamics, as well as the comparison with numerical simulations. The possible performances of the present SATURNUS 

linac setup are presented, as well as the anticipated capabilities of a multi-cell RF gun structure based on the PWT linac 
presently in operation at UCLA. 

1. Introduction 

Sub-picosecond electron pulses have many scientific and 
industrial applications. They can be used to study molecu- 

lar dynamics, or to produce ultra-short X-ray pulses for 

crystallography. Plasma accelerators, such as the Plasma 

Beat Wave Accelerator (PBWA) [1,2], requires injectors 
which can generate electron bunches with a length of about 

20 to 30 pm, about one tenth of the typical plasma wave 
wavelength, since the accelerated beam emittance and 
energy spread scale critically with the ratio of the bunch 
length of the injected beam to the plasma wavelength. 

Therefore, the production of high quality and sub-pico- 
second electron bunches is a critical requirement for 

plasma accelerators, or, indeed, for any high frequency 

accelerators. 

There are basically three methods to generate sub- 

picosecond electron bunches. One, the strong bunching 

method, such as an FEL, able to produce longitudinal 
focusing and hence to induce bunching or decrease the 
bunch length. Another method, the weak bunching method, 
obtains short bunches by a phase space rotation, in a drift 
space, of a beam which has been previously modulated in 

energy. Alternatively, one can produce an electron bunch 
at a photo-emissive surface, with just the required time 
structure, by using a sub-picosecond laser pulse. In this 
case one must control that this time structure is not 
significantly perturbed by the de-bunching effects occur’ 
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ring during the acceleration to relativistic energies. Several 

weak bunching systems have already been tested ex- 

perimentally, and some others are under study and/or 

development. A scheme based on the use of an RF gun 
followed by magnetic compressors of various kinds has 

been used by several groups. For example, the production 
of 100 fs electron bunches by means of a thermoionic RF 

gun followed by an Alfa-magnet compressor has been 

recently [3] demonstrated at Stanford. Unfortunately, the 
normalized transverse emittance obtained with this system, 
about 40 mm-mrad, is too large for many applications 
where high quality electron beams are needed, as in Free 

Electron Lasers. The possibility of obtaining simultaneous- 

ly a short bunch and a small emittance has been studied [4] 

with computer codes like PARMELA [5], showing the 
possibility of acceleration of a I-ps electron beam through 

a 1 +-cell RF gun operated at 2.856 GHz, boosted by an 

g-cell PWT linac to an energy of 16 MeV, then reduced to 
80 p,rn rms bunch length (FWHM) in a magnetic compres- 
sor, with an excellent final rms normalized emittance of 
0.5 mm-rad. 

The plasma-klystron is another weak bunching system 
proposed recently [6], based on the concept of the Plasma 

Beat Wave Accelerator. A Langmuir wave is excited in a 
thin ionized gas jet, and is used to modulate the energy of 
a 10MeV electron beam which crosses the gas jet, co- 
propagating with the laser beat wave pulse. The gas jet is 
followed by a drift space where the bunching occurs. 
Preliminary simulations show that a plasma klystron might 
produce a train of 30 p,rn long bunches, spaced 300 p,m 
apart, after a 30cm drift space downstream the gas jet. 
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Another example of weak bunching device is based on the 

combination of an RF gun working in a strong phase 
compression regime [7], with a wiggler used as a disper- 

sive device, to transform the energy chirping induced in 

the beam from the gun, in a bunch length decrease. down 

in the range of 30 km. 
Typical strong bunching devices are the ones using the 

FEL interaction occurring inside an undulator between the 

electron beam and an intense EM wave: the resulting 
ponderomotive potential well is responsible for a strong 

coherent bunching of the beam at the wavelength of the 
radiation field. The simulations of an oscillator-amplifier 

FEL scheme [S], indicate that a 21 MeV beam with an 

input current of I50 A can be nicely bunched on the scale 
of 100 km radiation wavelength. However, the bunching is 

quite remarkable in the head part of the electron bunch but 

somewhat poor in the bunch tail region, due to the slippage 
effect; these can be eliminated by operating the FEL in a 
wave-guide, to reduce the group velocity of the radiation 

near to the beam velocity. 

Another FEL based scheme, the adiabatic buncher [9], 

achieves an adiabatic trapping of particles in the pon- 
deromotive potential well created by a powerful ( 10 GW) 

input signal, by using a tapered undulator. The tapering 

enhances greatly the trapping efficiency, up to almost 90%, 

as well as reduces by a significant amount (a factor 3) the 

energy spread at the output. One of the drawbacks of such 

a scheme is the need of a high power input signal, which 
prevents its exploitation in the sub-millimeter wavelength 

region. 
In this paper we analyze what is the possible per- 

formance of a system based on the last alternative, that is 

the direct production and acceleration of a sub-picosecond 
bunch in a photoinjector. illuminating the photo-cathode in 

the RF gun with a short laser pulse [IO]. Assuming the 

existence of ultra-fast photo-cathodes (response time 
150 fs), we will discuss the beam dynamics in an RF gun 

driven by a 166 fs (FWHM) laser pulse, mainly in terms of 

the length of the produced electron bunch. Two main 

effects, limiting the minimum bunch length attainable with 
such a scheme, will be discussed in detail: the coupling of 
the transverse betatron motion with the longitudinal one, 
inducing a cup-like shaping of the bunch, and the longi- 
tudinal space charge field causing a bunch core lengthen- 
ing. By carefully optimizing the cathode spot size as well 
as the injection phase one can minimize such effects: 
simulations show that 50 pm long electron bunches can be 
produced, assuming zero cathode response time, as far as 
one takes advantage of the phase compression mechanism. 

RF photo-injectors for generating sub-picosecond pulses 
are well within the present state of the art. After more than 
a decade of development, tremendous progress has been 
made in the photoinjector technology [I I]. Therefore. it is 
very appealing to produce sub-picosecond electron pulses 
by using this method. On the other hand, the beam 
dynamics of an ultra-short bunch has unique features. 

which are usually negligible for a long bunch. The RF gun 
design must be tailored to preserve the laser time structure 

during acceleration and transport of the beam. Several 

factors, such as cathode emission delay, finite beam radius, 
and longitudinal self-field can cause electron bunch 

lengthening in a photoinjector. To avoid significant 
lengthening in the tail of the emitted electron bunch the 

photo-emission must be really prompt. i.e. the photo- 

cathode must respond to the laser pulse within times no 
longer than 20-30fs. An R&D activity is in progress at 

UCLA [l2], on the prompt photo-emission from bulk 
and/or thin Mg or Cu films, aimed at understanding 

whether such response time can be achieved with metallic 
cathodes, eventually using back illumination of thin films. 

The beam dynamics related to bunch lengthening is 

studied in this paper. In Section 2, we analyze the bunch 
lengthening in rf photoinjectors. including both single 

particle and collective effects. In Section 3, we present the 
simulation results for two different configurations. one 

based on a I f-cell gun followed by a linac, the other in a 
multi-cell gun. 

2. Beam dynamics for ultra-short bunch in RF 

photoinjectors 

In this paper we assume that there is no significant delay 

in the photo-emission processes at the cathode surface, and 
we minimize all the bunch lengthening effects that may 

take place during the acceleration through the gun, trans- 
port along the beam line, and injection into the interaction 
area of experiments. in this section we discuss the beam 
dynamics effects which can lead to bunch lengthening: 

(1) single particle dynamics effects, due to the non- 
isochronous properties of the accelerating RF field: 

(2) collective beam dynamics effects, due to space 

charge. 

The main investigation is concentrated here on the 

acceleration through the RF gun and the booster linac, 
assuming a straight line injection into the interaction area. 

The additional bunch lengthening produced by a possible 
transport line in between deals with the actual design of 
such a line. 

3 1. Single-particle beam dynamics 

There are two aspects that induce bunch lengthening 
effects in single particle beam dynamics: the finite trans- 
verse momentum and the finite beam radius. The two 
factors can be incorporated into a single treatment as far as 
the parallel component, @, of the particle velocity is 
considered to evaluate the variation of the time of flight 
between the reference electron (emitted on-axis at the 
cathode surface) and an electron emitted off-axis at a 
position rO, when they travel from the cathode surface up 
to the RF gun exit. 
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For the sake of simplicity and without losing generality, 

we make the following assumptions [13]: the initial 

transverse momentum of the electrons emitted from the 

cathode is negligible with respect to the transverse momen- 
tum acquired from the transverse RF field forces along the 
trajectory in the gun; the beam flow is laminar, so that 

off-axis electrons never cross the axis, and the second 
order transverse momentum induced by the RF pon- 

deromotive focusing effect is negligible with respect to the 

first order one, which is given by (in units of mc) 

p, = y’r,) cos(k,: + 4) sin(k:)lsin(4) (1) 

where k = 2rrTT/&, A,, is the RF wavelength. 

The accelerating field in the gun has a peak amplitude 
E,, at the cathode. We assume that the electron kinetic 

energy increases linearly with the distance z from the 
cathode surface, i.e. y = I + y’z with y’ = &,,/(2mc’). It 
is usual to introduce the dimensionless quantity (Y, defined 

as (Y = y’lk, which is typically ranging between I12 and 4 

[7]. Eq. (I) is derived under a bahistic approximation 

which assumes that electrons leave the cathode surface at 
u = c with a phase do shifted from the actual injection 

phase 4” by an amount [ 141 4 = c$~ + 1/(2a sin 4) + I / 

6t(u sin 4)‘. The motion is treated, therefore, as relativistic. 

Since we neglect the second-order ponderomotive force, 

the off-axis position of an electron in the bunch is only 

slightly changed with respect to the starting position r0 at 
the cathode surface. The longitudinal component @ of the 

electron velocity is therefore reduced by an amount: 

A@ = -r”/2 = -(p,Ip,)‘/2 = -(p,ly)‘12 (2) 

The off-axis electrons will slightly slip toward the bunch 
tail and the bunch will become cup-shaped: by simply 

integrating the effect of such a slippage along the accelera- 

tion through the gun we find the total slippage ALY: 

where y, is the electron y at the gun exit. The maximum 
slippage will correspond to the electron emitted at the 
maximum laser spot size R, i.e. when r0 = R. In this case 
ALb represents the total bunch lengthening. A simplified 
expression for the relative change 6, of the bunch length, 

i.e. SJ = lAL,,(/L, (L, is the laser pulse length), can be 
derived as [7]: 

AkR 
Ss =~[(0.12 +0.068$)(~ -0.035(1 -0.14)~~’ 

+ 0.1 - 0.026/a] arc tan[(y, - 2)“‘] (4) 

c!?~ is plotted in Fig. 1 with y, = CC for a typical bunch 
aspect ratio A = 10 (A = R/L,,) and kR = 0.06 for the 
dimensionless bunch radius (which corresponds to R = 

1 mm atf,, = 2.856 GHz). The relative bunch lengthening 

cc 

( A=lO, kR=O.O6) 

Fig. 1. The relative change of bunch length at different LY for 

A= IO and kR=O.O6. 

es is confined within 20% in the range of 0.5 < (Y < 3 and 

for phases ranging from 30” to 90” RF phase. 

It is interesting to notice that Eq. (4) predicts a total 

slippage of 12 pm for a bunch with R = 1 mm and L, = 
50 km, accelerated in a S-band RF gun operated at E,, = 

IOOMVlm (for which cy = 1.64) at 4 = 90” RF phase. 

Such a slippage, usually negligible for standard operation 

(a few ps long electron bunch extracted), becomes a 
relevant problem in this regime of sub-pica-second bunch 

production. 
In most RF guns an external solenoid lens is used, to 

focus the beam via the applied magneto-static field. This 

again induces a transverse component p, in the electron 
velocity, given by /?, = (e/2mc)B,r,ly, where B, is the 

amplitude of the solenoid field. Assuming a constant B, 

field in the first cells of the RF gun, the same integration 

performed as in Eq. (1) gives the total induced slippage 

AL, = (elmc)’ (B,r,)‘l8y’. Again, applying a 1.5 kG B,- 

field in a S-band RF gun operated at lOOMV/m will 

produce a slippage AL,, = IO p,rn for an electron emitted at 
r0 = 1 mm. 

These predictions on the two slippage effects, which 

both produce a cup-shaped curvature of the electron bunch, 
are nicely confirmed by the numerical simulations, as 
shown below in the following section. One should, how- 

ever, recall that the previous analysis takes into account 
only linear transverse components of the RF field. In case 
of significant amplitudes of higher spatial harmonics in the 

RF field on-axis distribution, the non-linear transverse 
components can significantly perturb the single particle 
beam dynamics [I41 as well as the slippage of off-axis 
electrons. 

There are at least two possible cures for this effect: 
either the laser pulse or the cathode surface can be shaped 
in such a way to compensate the electron bunch curvature. 
In the first case the laser pulse should hit the cathode with 
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a concave shape, so that the off-axis electrons are emitted 
before the on-axis ones. The laser pulse curvature C, in the 
(Y, ;) plane is given actually by 

C, = (kl~r)[(O. 12 + 0.0684)~~ - 0.035( I - 0.1 d)(u’ 

+ 0. I - 0.026/(~] arc tan[( Y, - 2)J’i] 

C, is also the coefficient relating the bunch lengthening 

AL, and the bunch radius squared R’ in Eq. (4). Typical 

values for C, imply a bending of a few tens of microns for 
a 1 mm laser spot size. Such a laser pulse shaping has 

already been performed and tested at Argonne [ 151 on the 

scale of 30~s laser pulses. It needs to be proved that the 
same technique may be applied on 100 fs pulses. In the 

latter case, the cathode surface may be shaped according to 
-C, /2, i.e. with a concave shape, such that off-axis 

electrons are emitted first and, at the same time, at a 

greater ; than on-axis electrons (emitted at ,: = 0). In this 

case one should check that the perturbation on the RF field 

spatial distribution induced by the cathode shaping does 

not spoil, by introducing higher spatial harmonics, the 

compensation. Moreover, the cathode curvature also fixes 

the operating point of the RF gun (i.e. (Y and 4). where the 

compensation is achieved, with some lacking of flexibility. 

2.2. Space charge effects 

Another important source of bunch lengthening is due to 
the longitudinal self-field of the electron bunch, which 

tends to push the electrons in the bunch head, decelerating 

the ones in the bunch tail at the same time. During the 
photo-emission process the strong interaction between the 

bunch and its image charge on the metallic wall of the 

cathode further enhances this effect. In order to evaluate 

the total lengthening occurring up to the gun exit we will 
assume that the effect is a perturbative one and the electron 

bunch is produced instantaneously at the cathode location 

(: = 0) with no interaction with the cathode wall [ 161. 
Taking the longitudinal space charge field of a uniform 

charged cylinder of radius R and length L, carrying a total 
charge Q and moving along the z-axis with a kinetic 
energy T = (y - I )mc2, we evaluate the field value E_ at 

. the bunch head on axis (i.e. r = 0 and z = L,,/2), 

EI = Q[l + Aly -~-]/(~~TTF~,R~) 

where A is the bunch aspect ratio A = R/L,. 

(5) 

In the usual operating range of RF guns, EZ is much 
smaller than the applied RF field at the cathode. Moreover, 
since we are considering the regime of high aspect ratio 
bunches (A >> 1 since L, = 50 km), the behavior of the 
longitudinal space charge field shifts from a surface charge 
regime (A/y >> I, E:xQIR”), in the first cell of the gun, 
toward a linear charge regime (A/y << I, Ez~Ql(yRL,)) 
at the gun exit, in case the gun is long enough to enter this 
regime. The total bunch lengthening AL,, can be computed 

[7] taking into account the energy spread induced by such 

a longitudinal space charge field and integrating along the 
acceleration 

4Qc 
AL,< = ___ r, y’:R’ f(A. Yl ) (6) 

where I, is the Alfven current, Q the bunch charge, and 

f@. Y, ) = 

Y/ 
A(I-I/y,)+$+A’lyf+(l-A)log ___ 

[ 1 1 + Y, 

+ A[arc sinh[A] - arc sinh[AlY,]] - log[2](A - 1) 

A’ - y+ + V’l+A’1/1 + A’ly; I) i A’(1 + y,) 

Actually, AL,c represents the increase of the total bunch 
length for a uniformly charged bunch: since the usual time 

intensity distribution of the laser pulse is Gaussian, we 

adopt the increase of the rms length as a prediction for the 

bunch lengthening of Gaussian bunches. The rms length of 
a uniform bunch is L,,l&: this should be equated to 2a 

rms length of a Gaussian bunch. Therefore, once the rms 
length of the Gaussian bunch is fixed, the equivalent 

uniform bunch must have a total length L,, which is & 
times longer. The increase of the rms bunch length, 
AL;lm’, will be: 

(7) 

Taking again Q = I5 PC, E,, = 100 MV/m and R = 
1 mm at S-band, one finds ALfzm* = 17 pm for a long 

multi-cell gun ( yf >> 1 ), in absence of any phase-compres- 

sion effect, i.e. at 4 = 90” RF. It is interesting to note that 
Eq. (7) retains the same scaling (1 /R’) as the one typical 

of the surface charge regime, since the function f(A, y,) 
saturates quickly at the value lag(2) for A > 1: this is 
mainly due to the fact that the most relevant contribution 
to the bunch lengthening comes from the first stage of the 
acceleration (at low y), that is. from the surface charge 

effects. For this reason, we have reduced by a factor 2 the 
quantity ALflm’, since the effective accelerating gradient 
close to the cathode is at least twice the average y’ [14]: 
the gradient decreases with oscillations down to y’ = 
ak sin 4 in the following cells. Taking an average en- 
hancement factor of & for the effective y’ implies a 
reduction by a factor 2 of ALzlm’ with respect to AL,c in 

Eq. (6). 
As far as the exit energy Y, is high enough, one should 

not expect any further bunch lengthening: in other words. 
if the bunch has entered the linear charge regime at the gun 
exit (i.e. A/y, << 1). the following drift space down to the 
injection into the experimental area will not produce any 
significant extra lengthening from space charge effects. In 
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the opposite case, the effect of the residual longitudinal 

space charge must be taken into account: with a similar 

calculation as for Eq. (6), we found the bunch lengthening 

AL, induced by a drift space of length I, traveled in the 

surface charge regime 

AL, = 2Qcz5/( &l,yfR’) (8) 

which gives AL, = 26 km after Z, = 0.5 m for Y, = 9 and 

R = 2 mm (which are typical beam exit conditions for a 

1 + l/2 cell RF gun at S-band and E,, = 100 MV/m). As 

clearly indicated by these scaling laws, the overall bunch 
lengthening induced by space charge effects is minimized 

for long multi-cell RF guns, which are able to produce exit 
energies high enough to freeze the residual space charge 

field. 
Unfortunately, the scaling of space charge effects versus 

the cathode spot size R and the accelerating field Y’, as 

shown in Eq. (6), is just opposite to that of single particle 

dynamics effects obtained in Eq. (4): in absence of any 

compensation for these effects, one should perform a 

trade-off in order to minimize the overall bunch lengthen- 

ing by optimizing the two free parameters R and y’. 

A most powerful and effective mechanism to control the 
bunch lengthening is the phase-compression effect, which 

takes place in the first stage of the acceleration (typically 
the first cell of the RF gun) and it is basically due to a 
single damped synchrotron oscillation around a stable or 

an unstable point of the RF bucket, depending on the 

injection phase. 

It can be shown [7] that for accelerating phases located 
off crest below -rr/2. i.e. for cp <n/2. the phase slippage 

Acp decreases with cp, indicating that particles emitted at 
different q(, will tend to move closer to each other, while at 

q > 7~12 they will tend to move far apart. As a result, the 

phase separation between two different photo-electrons 
emitted at two launching phases will follow the law 

A*=,-COtcp 1 1 

(Y sin cp 
‘+_ 
2 3a sin cp 1 

where AA represents the relative change in the phase- 
distance between the two electrons from the emission up to 

the relativistic motion at the gun exit. In absence of space 

charge effect, the bunch length L,, at the gun exit will be 
given by L,, = L,,,, AA, where Lzr,,,\ is the rms length of 
the laser pulse. The agreement between the analytical 
prediction and the numerical simulations has been shown 
to be quite excellent in the range 65” < 4 < 130”. while for 

lower phases Eq. (9) is no longer capable to predict the 
even stronger phase-compression effect which occurs when 
the electrons are emitted at injection phases +0 close to 0” 
(i.e. when the electric field at the cathode is almost 
negligible). 

In order to enhance the analytical model for the phase 
compression we include the space charge de-bunching 
effect by simply adding the term given by Eq. (7) and 

expressing the total (RF + space charge) change A of the 

electron bunch length L,,, when extracted from the RF 

gun, in units of the laser pulse length L,,,_, that is A = L_:l 
L ?rmr. A > 1 means a global de-bunching which can be 

caused by both RF and space charge, while A < I means 
that the phase-compression effect from the RF is dominant 
over the space charge de-bunching. Substituting from Eqs. 

(7) and (9), we find 

1 
A=l+ 

(o sin 4)’ 

1 (10) 

where the dimensionless constant x is the space charge 

field with the same normalization as (Y and represents the 

ratio x = EJE, between the surface space charge field at 

the cathode E, = Q/~IT.F,,R’ and the normalizing RF field 
E, = mc’kle. ,y can also be expressed as x = 2QclI,kR2. 

In order to check the simple analytical model, we 

derived also a 1D semi-analytical treatment, which can 

provide quickly, by simple numerical integration, some 

predictions over the entire operating range. These can be 

further validated by sophisticated, but long-lasting, numeri- 
cal simulations. 

The model is actually a simple two-slice, representing 
the bunch located at the head and the tail of a uniformly 

charged cylinder of radius R and nominal length L, (the 

rms length is again LZrm5 = Lo/&, which is equated to the 

2u of the Gaussian laser pulse length). 

The equations for the phases (A, +,,) and energies 

(‘yt, Y,) of the (tail, head) slices are as given by Ref. [7] 
with incorporation of the space charge term: 

f 
$? = 2a cos[Z] sin[cp, + Z] - x 

Z [ AdA:l 
1 + 7 - I + 7 

I 
~=2acos[?]sin[~,+?]+x l+y- l+y [ “VT]: 

X + Yh 
Y=y 

2=&-l $-&-l 

(11) 

where 2 = kz, A = RIL, = RI&L,,,,. 
In practical units, x = 1.68Q[nC]l(R*[mm]v,,[GHz]). 

Eq. ( 11) depends on three parameters: (Y, characterizing the 
acceleration in the RF field, plus A and x, which describe 
the space charge field. The bunch length L is calculated by 
integrating Eq. (11) and setting L = (A - 4,,,)lk. The 
initial conditions at the cathode surface are (x = Y, = 1) 
and (A,, = @0 + kL,/2, A, = q$ - kL,/2), where +0 is the 
RF phase when the center of the laser pulse hits the 

cathode. 



It is interesting to evaluate at y >> I. i.e. when the 
space charge term as well as the synchrotron motion are 

completely damped, the quantity L/L,, = (C/J{ - c$~ )/(/CL,, ), 
which represents the relative lengthening (or compression, 

if smaller than 1) of the bunch with respect to the nominal 

length L,,, in analogy with A in Eq. (IO). 

The predicted values for A are plotted in Fig. 2 as a 

function of the accelerating phase 4 (in radians). again for 
a long (IO + I /2 cell) RF gun operated at S-band with 

E,, = 100 MV/m, extracting a I5 pC bunch charge for three 
different laser pulse lengths Lzrm,, namely 25. 50 and 

100 km. As clearly shown, the analytical (solid line) 

predictions of Eq. (IO) are pretty close to the results 

derived by integrating Eq. (I I ), as far as the accelerating 

phase r$ is not smaller than 0.9 and the bunch lengthening 

can be considered as perturbative, i.e. A is not too far from 
I, which is indeed the assumption under which the 

analytical treatment has been developed. 
It is also shown that, in this particular case, only the 

100 p,m pulse can be operated in such a way that the 

phase-compression effect can compensate completely, or 
even over compensate, the space charge de-bunching, 
producing values for A smaller than 1. It should be 

noticed, however, that both these evaluations assume a 

constant radius bunch accelerated through the gun, since 
they neglect the RF ponderomotive focusing as well as any 

other external focusing which may vary the bunch spot 

size. Moreover, it is well known that the transient RF kick 

in the first half-cell of the gun is capable to strongly 
de-focus the beam, together with the transverse space 

charge defocusing effects. in such a way that the beam 

radius in the following cells are typically twice the laser 

spot size at the cathode [l4]. Since the space charge 
de-bunching, which is concentrated in the first cell, scales 
roughly as I lR’, the predictions of such constant radius 
models are supposed to be over-estimating the real bunch 
lengthening effects, so that it is reasonable to assume that 

2.5 
“..J( -50 pm 

-...._ 
x‘------- . . . . ..__ ____ 

-~--loopll 
. ...r_____ _ __..,.... I-.--. 

,___ ___._. -..J, 

x 
x x x 

do 2 

4: 1.5 
0 0 

.-. - +-‘ 
4 

1 
+ 

*.T. ’ 
_-- 

_*_/+-=-+- 

3 ., , .., .., 
x 

--....... 25 pm 

0.5 
0.8 1 1.2 1.4 1.6 1.8 

Acceleration phase 4 (radian) 

Fig. 2. The total change of electron bunch length at acceleration 

phase for a 10 + l/2 cell RF gun: E0 = 100 MV/m, f;, = 2.856 Hz, 

Q= 15pC. 

the numerical simulations will predict bunch lengthening 

roughly smaller by a factor 2 than the analytical ones. 
It is interesting to represent, over an operating diagram, 

the capability of the phase-compression mechanism to 

compensate space charge de-bunching. For this we plot. as 

shown in Fig. 3, the roots of the equation A = I. as 
functions of LY and 4, for tixed bunch charge Q = I5 PC, 

transverse normalized beam spot size kR = 0.06. and three 
different laser pulse lengths, Lzr,,,, = 25. 50 and 100 p,m. 

The dotted lines in Fig. 3 give the roots of A = I at some 
representative aspect ratios (namely A = I, 5, IO. 20) for a 
25 km bunch, while the solid lines are for a 50 km bunch 

and the dashed for a 100 p,rn bunch (with the same set of 
aspect ratios). The thick solid line marks the transition 

between the forbidden region (below the line) and the 
region corresponding to possible values for the accelerat- 

ing phase 4: recalling the relation between 4 and the 

injection phase 4,,, i.e. 4 = 4,,, + I /(2a sin 4) + I /6 

(cu sin 4)‘. it is evident that for too low values of 4 no 
positive values of &,, exist as solutions of the equation. 

The comparison with the results obtained from Eq. (I I ) 
are reported at some points in the diagram, at (Y = 1.23 

(E,, = 75 MV/m at S-band, A = 23 for 25 km, A = I I .5 for 
50 pm and A = 5.8 for 100 pm, respectiveiy), at (Y = 1.64 

(E,, = 100 MV/m at S-band), at LY = 2.46 (E,, = I50 MV/m 
at S-band). The arrows mark the difference between 

analytical and semi-analytical predictions (analytical ones 

are located at the initial point of the arrow). The crosses 
mark the results of semi-analytical prediction derived at 

+,,, = 0”. for which we observed that no compensation is 

possible, that means A > I. Since the compensation effect 
is maximum at 4,,, = 0”. this implies that A > I at all 

phases. Again, the agreement between the analytical 
prediction and the numerical integration of Eq. (I I) is 
quite satisfactory, within an error of 0.1 radian in 4. so that 

Eq. ( IO) can be used to evaluate at first order the 

Fig. 3. An operating diagram to show the capability of 
phase-compression for three different laser pulse lengths. 

the 



L. Serajini et al. I Nucl. Instr. and Meth in Phys. Res. A 387 (1997) 305-314 

performances of a RF gun for the direct production of 

ultra-short electron bunches. 

These performances, based mainly on the phase-com- 

pression mechanism, as clearly shown in Fig. 3. are 
enhanced at higher (Y, where shorter bunches and higher 

aspect ratios can be compensated. A more careful optimi- 

ration should predict whether an operation with longer 
laser pulses over-compensated by the phase-compression 

may be in principle better than the operation of shorter 
pulses with complete or even partial compensation, in 

order to reach the minimum attainable bunch length. 
Another important issue to be investigated is the possi- 

bility to compensate properly the tails in the photo-emis- 

sion due to delayed time response of the photo-cathode 

material to the laser light. 

3. Numerical simulation 

The analysis in the previous section indicates that there 

is stretch of bunch length for acceleration and transporta- 
tion of sub-picosecond electron beams. This bunch 

lengthening occurs mainly when the beam energy is low. 

To quantitatively characterize the performance of an RF 
photoinjector in the sub-picosecond regime, two possible 

schemes based on the UCLA plane wave transformer 
(PWT) linac [17,18] are investigated by numerical simula- 

tion. One is to use the present SATURNUS [19] setup: an 

RF photoinjector plus the PWT linac, with a drift space in 

between. Another is to use the PWT linac as a multi-cell 

RF photoinjector. The beam dynamics in the two cases is 

simulated using both PARMELA and ITACA [20]. The 
results from the two numerical codes are in good agree- 

ment. In all the simulation presented here, a laser pulse 
duration (FWHM) of I66 fs with a Gaussian distribution is 

assumed as well as an instantaneous response of the 
cathode. The total electron charge in a bunch is assumed to 
be 15pC. 

The PWT linac is a novel RF structure. It has been 

developed at UCLA 1211. This linac consists of seven full 

cells and two half cells with a total length of forty two 

centimeters. It is a standing wave RF linac operating at 7~ 

mode. The UCLA PWT linac has many advantages, such 

RF Photocathode Gun 

I Mirror “Box” 
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as high impedance, high efficiency, and simplicity in 

fabrication, over commonly used RF structures. The 

coupling between individual cells in a PWT is achieved 

through a plane wave running back and forth in the 
structure. Therefore, each individual cell is coupled to 

every other cell. The neighbor cell coupling coefficient in 

the PWT is about 0.17. This strong coupling between cells 
makes this structure insensitive to mechanical errors. In 

addition. the ratio of maximum surface field to the axis 
peak field for the PWT is about I.2 (the commonly used 

structures have a ratio higher than 2, which gives the PWT 
the capability to operate at high acceleration gradient. 

Recent high power operation at UCLA demonstrated that 

the PWT linac is a reliable and robust structure [21]. 

For an ultra-short electron bunch, the longitudinal space 

charge effect, as discussed in previous section. is signifi- 

cant at low energy even for a beam charge of 15 PC. This 

longitudinal self-field will induce bunch lengthening in the 

drift space from the gun exit to the linac. However, if we 

illuminate the cathode at such a phase that the electrons at 

the head of the bunch exiting from the RF gun have a 
lower energy than those at the tail, a bunching process will 

occur in the drift space. In this way. the debunching due to 

the longitudinal space charge effect could be, at least 
partially canceled. The optimal injection phase will depend 

upon the acceleration gradient of the RF gun and the 
distance of the drift section. 

The layout for the first scheme is shown in Fig. 4. The 

RF gun is a widely used BNL-type 1 +-cell structure [22]. 

It can accelerate electrons to an energy of about 4 MeV A 
solenoid magnet is used to provide focusing and match the 

beam parameters to the acceptance of the linac. The back 

solenoid is used to cancel the magnetic field on the 
cathode. The drift space between the RF gun and the linac 

is about 50cm, which provides room for diagnostics. To 
propagate the beam to the experimental area, additional 
external focusing elements after the linac have to be used. 

The beamline after the linac is excluded from the simula- 
tion. 

The acceleration gradient of the RF gun is set at 

100 MV/m, which is at the upper limit of the normal 

operation of the RF gun. We assume the peak field on the 

axis of the PWT linac is 70MV/m. Fig. 5 shows the 

PWT Linac beam pipe 

Solenoid 6-way cross Bellows 

Fig. 4. Schematic set-up for option one: RF gun plus a PWT linac. 
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Fig. 5. Bunch length (FWHM) and beam spot size variations along the beamline for lunch phase 70”. 

variation of the twice rms bunch length and the rms beam 
size along the beamline, up to exit of the linac for injection 

phase at 70”. It is seen that the bunch length stretches by 

about 50% before entering to the linac. This number is in 

good agreement with the analysis we made in previous 

sections, if we add contributions from both the slippage in 

the RF gun and longitudinal space charge effects. The 

acceleration of the RF linac induces additional debunching 
of about 20%. The injection phase into the linac is adjusted 

to achieve a maximum energy gain. The total beam energy 

is 18.5 MeV. The rms normalized emittance, which is 
shown in Fig. 6, along with the energy spread, at the linac 
exit is about 0.45 mm-mrad with an energy spread of about 

0. I %. However, at a low injection phase, the bunch length 
will be reduced due to the RF bunching effects, which 

partially cancel the de-bunching due to the longitudinal 

space charge field. The sacrifice at low injection phase is 

1.2 3 ’ ! ! ! ! ! ! ! ! ! ! ! ! ! ’ ! ! ! ’ 0.25 
________ 

1 t 
0-o 

0 20 40 60 80 100 

Z (cm) 

Fig. 6. Normalized emittance and energy spread variations along 
the beamline for lunch phase 70”. 

that the transverse emittance will increase, which should 

still meet the requirements for most experiments. To 

minimise the transverse effects on the bunch length, the 
solenoid magnet amplitude is carefully adjusted to get a 

nearly constant beam size in the drift space. The focusing 

in the PWT linac is mainly due to the RF field. By 

optimizing the solenoid design, the transverse emittance 
can be further improved. 

Another alternative is to use the PWT linac as a multi- 

cell RF gun. The advantage for this scheme is its simplicity 

and compactness. In addition, the elimination of the drift 
space between the gun and the linac should preserve the 
bunch length. With a properly designed solenoid magnet, 

the transverse focusing of the beam down to experimental 
area can be achieved without additional focusing com- 

ponents placed after the linac. Fig. 7 shows the set-up 
schematic of a multi-cell PWT RF photoinjector. Several 

solenoid magnets [23] are used to obtain a smooth 

focusing channel and minimize the transverse beam spot 

size. The bucking-coil is used for eliminating the magnetic 

field on the cathode. 
The peak field on the cathode is 75 MV/m, same as that 

in other cells. The bunch length variation along the 
beamline is shown in Fig. 8 for an injection phase 35”. The 
significant bunch lengthening is seen to occur in the first 
half cell due to the strong space charge force, as discussed 
in previous section. Starting from the first full cell, the 
bunch is frozen by the accelerating RF field. After exiting 
from the PWT linac, the electrons have an energy of about 
14 MeV, where the space charge effect is not significant. 
The final bunch length increases by about 20%. The rms 
beam size is also shown in Fig. 8. It is seen that the beam 
size can be focused down to as small as 40 p,rn (rms). By 
adjusting the solenoid magnet, we can focus the beam 
down to experimental area without additional focusing 
elements if it is not far away from the linac exit [IO]. 

The phase compression at low injection phase is also 
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@cathode; @---@solenoid coils; @iron; @vacuum port; (ii)rf port; @water outlet; @heam pipe 

Fig. 7. Option two schematic: PWT multi-cell RF gun with solenoid magnets. 

.‘....‘....‘....‘....L2 true in a multi-cell RF injector. Fig. 9 shows the total 

bunch length and the normalized emittance at different 

-bunchlength ‘:1’5 ’ 

injection phase. It is seen that a lower injection phase 

.:I I 

significantly reduces the bunch length stretch and also the 
beam energy with a slight increase of the emittance. At 

. \ 8 
low injection phase, electrons emitted from the cathode at 

2 20{ . a later time receive higher acceleration than those emitted 

Z 10:. 

. 
-. 

.-0.5 F earlier. The higher energy electrons then keep catching up 
-. - - spot sire - 

-_ with those at the head and reduce the bunch length. The 

0 . . . . . . . . . . . . . . . . . . . . . . 
-___--.. . . . . . ..rO bunching effects and the space charge force compete with 

0 10 20 30 40 50 60 
Z (cm) 

each other. As a result, there exists an optimized injection 

phase at which the bunch length is at a minimum. For the 
Fig. 8. The rms bunch ength (FWHM) and beam size (FWHM) parameters we used in the simulation, the optimized 
variation from the multi-cell PWT RF gun at a lunch phase of 30”. injection phase is around 10” with a final bunch length of 

bunch length y’ ” 
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Fig. 9. The rms bunch length and rms normalized emittance from the PWT RF gun for different lunch phases. 



55 p,m at the linac exit. A higher bunch charge will 
increase the optimized injection phase and also produces a 

longer bunch. 

4. Conclusion 

The results that we have obtained show that it is 

possible to produce sub-picosecond electron bunch by RF 

photoinjectors, if the cathode response is short enough. In 

particular, the multi-cell PWT photoinjector is more simple 
for obtaining both short bunch length and small beam spot 

size, which simplifies beam transportation. The good beam 
quality from such a RF photoinjector can be used for many 

experiments where a short bunch length and a small 

emittance are needed, as for instance in the production of 
sub-picosecond X-ray pulses by Compton backscattering. 

or for injection into a plasma beatwave accelerator. 
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