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Abstract

The possibility of using a normal conducting photo-injector for the TESLA
linear collider is investigated. It is shown that the 8 nC, 3 ps bunch can be produced
with a normalized einittance less than 100 IT mm mrad. The generation of the train
depends on the feasibility of the laser which has to be looked at more carefully.
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1 Introduction
The necessity of a luminosity exceeding 1033Cm-2S""1 for a future 500 GeV linear collider
has led to proposals for several ways to achieve it: very tiny spot size, very high charge
single bunch, large number of bunches, etc... TESLA (TeV Superconducting Linear Ac-
celerator) [1] has chosen to use a multibunch scheme taking advantage of the possibility
of very long RF macropulses offered by the superconducting operation. This solution
allows one to reach the desired luminosity without considering nanometer spot sizes, and
therefore releases many tolerances.

TESLA injector specifications are then quite different from those of other linear col-
liders or conventional electron linear accelerators. In this paper, we will review these
specifications and recall the schemes that have already been proposed. We will then dis-
cuss the possibility of reaching these specifications with a photo-injector and show that
it is very unlikely to achieve the required emittance without the use of a damping ring.
It, will be shown that a normal conducting photo-injector producing the desired bunch
lengt h, charge and repetition rate seems feasible except for the laser, for which no solution
is yet available, and therefore might be a possible candidate for the TESLA Test Facility
injector.

2 TESLA injector specifications
The TESLA linear collider injector should provide, to the main linac, a macropulse of 800
bunches 1 /is apart, repeated at 10 Hz. Each micropulse has an rms length of 3 ps (1 mm)
and contains 5.1O111 electrons (8 nC). At the interaction point, the required normalized
emit tances are 20 n mm mrad in the horizontal plane and 1 w mm mrad in the vertical
plane [2j.

Considering these very small emittances, it is planned to use a conventional injector,
followed by a damping ring and one or t'vo magnetic compressors. However, due to the
large spacing between the bunches and th? large number of bunches, the damping ring,
if conventional, has to be the size of HERA. Therefore, it would be interesting to develop
an injector that could produce the required beam qualities without a damping ring. This
is even more attractive when considering the proposed 400 MeV Test Facility [3]. For
this Test Facility, it is impossible to build such a large damping ring. Nevertheless, it
is highly desirable to produce a beam having the TESLA parameters, in order to test
wakefields and higher order mode dissipation. In this case, the requirement on emittance
is not crucial.

3 Review of proposed injectors

3.1 Superconducting photo-injector
C. Pagani [4, 5] proposes to use a superconducting photo-injector. Since very long
macropulses are required, it seems natural to think of a superconducting injector. More-
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over, normal conducting photo-injectors have proven their capability to produce very
bright brains [6] and good photocathodes in a superconducting cavity have already been
made [7]. Since very high charges and low emittance are required and because supercon-
dnrtiiig cavities can not sustain a very high field gradient, it is necessary to use pulse
compression. Long bunches (around 50 ps) with a lower charge density are produced,
accelerated and then compressed in a magnetic compression system. The long bunches
impose the use of a low frequency (500 or 650 MHz). To compress the bunch very effi-
ciently, it is necessary to have a linear phase energy diagram which is difficult to achieve
with long pulses. In order to improve the situation, a decoupled half-cell cavity is added.
This ext ra cell allows one to improve the linearity of the phase energy diagram while keep-
ing the emittance at its minimum level [8]. A complete simulation of the beam dynamics
including the bunch compression has to be done to see whether it is possible to achieve
the stringent beam emittance requirement. We will come back to this discussion later in
this paper.

3.2 Classical bunching plus superconducting capture
Several designs are based on more conventional solutions. The first scheme proposed by

Saclay [9, 10] includes:

• a 500 kV gun

• a 250 MHz normal conducting (NC) pre-buncher

• NC focusing solenoids

• a 499 MHz NC pre-buncher

• a NC solenoid

• 3 superconducting (SC) solenoids and 2 SC 1.5 GHz cells in the same cryostat.

This scheme is then followed by magnetic compression to reduce the pulse length by a
factor of 5. Before this compression, preliminary simulations show that-the normalized
emittance is already 400 TT mm mrad.

3.3 Classical bunching plus "flat-topping" and SC capture
The scheme presented in the previous section led to large emittance. In an attempt
to reduce it, one can think of using the so-called "flat-topping" process [9]. Harmonic
frequencies are used to linearize the accelerating field thus allowing acceptance of longer
pulses with less emittance growth. This new scheme is the following:

• a 500 kV gun

• a 217 MIIz flat-topping NC cavity

• a 650 MHz flat-topping NC cavity
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• a 100 MHz NC buncher

• a sot of strong focusing NC solenoids

• a set of 1.3 GHz SC single cell cavities.

This scheme also fails in meeting the specifications both for bunch length and emittance.
Thp performances are comparable to those obtained with the previous scheme.

3.4 Classical bunching and NC capture
As the previous schemes are not satisfactory, Jablonka and Klein investigated the possi-
bility of using a NC capture section that allows improved solenoidal focusing [H]. This
new scheme is composed of:

• a 500 kV gun

• 216 MHz and 433 MHz NC sub-harmonic pre-bunchers with superimposed NC
solenoid focusing

• a NC 1.3 GHz buncher with NC solenoid focusing

• a four magnet compressor.

Preliminary simulations show that this injector can produce a pulse of 1.3 mm with 4.3
1010 electrons and a normalized emittance of 120 it mm mrad. This scheme is somewhat
better than the previous ones but does not yet match the specifications.

4 On the possibility of using a photo-injector

4.1 General considerations on RF gun designs
Over the past ten years, RF guns have quickly acquired the reputation of producing very
bright beams. Although this technology is still growing and developing, much experimen-
tal evidence already supports this reputation [6]. The most outstanding results are those
obtained at Los Alamos with a 1.3 GHz RF gun using CsK2Sb photocathodes [12].

K.J. Kim has given an analytical formulation of RF gun physics [13], that is very useful
for preliminary designs and first round optimization. This theory describes the beam
properties of a simple RF gun made of n + 1/2 cells with a pure sinusoidal accelerating
field, not, including any solenoidal focusing. According to this formalism, the normalized
emittance (expressed in this paper as 4 times the rms value) includes two contributions,
one due to the RF fields (crj) and the other due to the space charge effect (eac(^o)). For
short bunches having gaussian distributions in longitudinal and transverse planes, these
two contributions, expressed in TT mm mrad, can be written in a simplified way:

er/ = 1.09 10-10EAX (1)
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= 37.8 . I(Tb (2)

E sin <t>0 (2(T1 + CT4)
wlir-rc / is the RF frequency in MIIz, E the maximum gradient in MV/m (supposed the
same in all colls), / the peak current in A, (Tj the rms bunch length in picoseconds, Ox

the nus transverso beam size in millimeters. <#0 is the RF phase as the central particle in
I ho bunch loaves the cathode and is choson to minimize the space charge emittance. This
optimum phase satisfies the following relation:

sin ^0 (*72 - <M = 0.0107^ (3)

where / is given in MIIz, E in MV/m and 4>o in radian. Formula (2) is not valid for small
4>o, typically for 4>o < 30°. For <j>o > 30°, one can write:

^ ^ = 75-5 E T ^ ) (4)

For the sake of simplicity, t,c((t>o) will be replaced by e,c in the rest of this paper. This
roncsponds to an ovcrestimation of the emittance of, at most, a factor of 2. Since equa-
tion (2) generally underestimates the emittance calculated by computer simulations, this
assumption is reasonable.

The peak current is defined here as the current corresponding to the full width half
maximum (FWHM) bunch length. For a gaussian longitudinal distribution, this length
is equal to 2.36 ffb and corresponds to a uniform pulse with 76% of the total charge Q. If
Q is expressed in units of nC, equation (4) can be written:

The total emittance e due to the beam dynamics (not including the emittance at the
cathode) satisfies the following unequality:

(6)

Since there is at most a factor \/2 between ^/e^ + t2
sc and er/ + e,c, we wijl assume in the

following that t = erj + csc.
These simple formulas allow us to do preliminary designs by choosing the few key

parameters such as frequency, field gradient and beam size. When compared to computer
simulations they generally prove optimistic by a factor of 2 to 4. This is due to the fact
that this formalism neglects several effects such as: transverse expansion of the beam,
longitudinal bunching or debunching, non-linear RF field effects, dynamics at low energy
near the cathode,...

Unlike the RF gun dynamics presented above, magnetic compression is not described
accurately by simple formulas. Reference [14] quotes a formula giving the net emittance
growth At in TT mm mrad for a simple magnetic compressor as a function of the output
current / in Amperes and 7, the energy expressed in units of the electron rest mass:

Ae = 25-^ (7)
2
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This formula shows that, if compression is necessary for the TESLA injector, it needs to
l>c «lone at a substantial energy in order to lead negligible emittance growth.

4.2 Practical design without bunch compression
In this scctio i, we will determine what is the best possible emittance for a photo-injector
using TKSLA parameters for bunch length and charge without bunch compression at the
gun exit. Equations (1) and (5) can be written:

tTj = 9.8 1 ( T 1 0 E / 2 ^ (8)

' " - E ( a , + 1.5) ( 9 )

We have then to include in the design the following physical and practical constraints:

o practical frequency: the range considered in this study is:

144 MHz < / < 17000 MHz (10)

Ml MHz is the lowest, frequency ever used for a photo-injector [15]. Since the bunch
should be much smaller than the RF period (< T r//20), the highest frequency is
limited to around 17 GHz which also corresponds to the highest frequency considered
for an RF gun [16].

• maximum practical field: formulas (1) and (4) show that for agiven frequency, small
oinittance requires the highest possible gradient. This is the reason why we consider
only normal conducting cavities for which it is well known that the maximum gradi-
ent depends on frequency. The precise scaling depends on the accelerating structure
and different authors give slightly different scaling laws. We will use here the old
Kilpatrick scaling [17]. Fig. 14 in reference [6] shows that 2 times the Kilpatrick
limit is a good fit of the maximum gradient used in the different RF gun projects
in progress. The gradient is mainly limited by the dark current coming from the
cathode which should be kept low to avoid the loading of the cavity and damage to
the cathode. According to [18], the "2 times Kilpatrick criterion" can be written:

(11)

where E is expressed in MV/m and / in MHz. This scaling is shown in fig. 1.

minimum field: equation (3) tells us that if, for a given frequency, the accelerating
gradient is too low, there is no solution for <f>o. This just means that in this case,
the phase that minimizes the emittance is small and that equation (2) is no longer
valid. In order to stay in the validity domain of equation (2), we will only con-
sider accelerating gradients that allow equation (3) to have solutions for <f>0. This
condition is expressed in practical units by:
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maximum practical beam size: for frequencies larger than 1.3 GHz, accelerating
RF cavities are generally pill-box type and their dimensions scale with the wave-
length. Therefore the cathode size and the beam size should scale inversely with
the frequency. For lower frequencies, cavity dimensions still roughly scale with the
wavelength but their shapes are somewhat different. They usually have "noses" and
the beam aperture does not follow the scaling with wavelength. It is more or less
constant. To establish the scaling coefficients, we used the following real photo-
injector cavity beam apertures: CEA [15] (144 MHz, 30 mm), ANL [19] (1300 MHz,
24 mm), BNL [20] (3000 MHz, 10 mm), MIT [21] (17000 MHz, 1.8 mm). These
apertures are shown in fig. 2. The beam dynamics described by Kim's formula as-
sumes that the accelerating field is purely sinusoidal and independent of the radius.
In a real cavity, this is the case only near the axis. Near the cavity walls, the field
is strongly non-linear. If the beam size is too large, it will see this non-linear field
and the emiUance increase will be significant. In order to minimize this non-linear
effect, the beam size ax is taken to be smaller than one third of the cavity aperture.
This requirement on (T1, together with the fit of the real cavity apertures, lead to
the following condition on Ox.

10"
= Minimum (10,—) (13)
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where O1 is expressed in mm and / is in MHz. £(/) is shown in fig. 2.
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space charge effect: if the charge density extracted from the cathode is too high,
the space charge field can balance the accelerating field and thus no more particles
can be extracted from the cathode [22, 23, 24]. At low energy, the beam pulse is
infinitesimally thin and the decelerating self-field is expressed by:

Q (14)

(15)

In practical units (MV/m, nC, mm), this formula is written:

r A ^ Q
Edec = 4.5 - J

For metallic cathodes, this field is doubled due to the image charge. Electrons are
extracted when the decelerating field is smaller than the accelerating RF field. To
take into account the fact that the optimum laser phase is not sitting on the RF
crest and to ensure that the trailing electrons still experience a substantial extracting
field, one sets this decelerating field to be 10 times smaller than the accelerating
field. For TESLA parameters, this condition is written in practical units:

EaI > 45 Q = 360 (16)



A more detailed analysis of this limitation taking into account relativistic effects
can he found in [25].

• cathode einittance: one usually assumes that the emittance of the cathode is neg-
ligible. In reality, at the level of 1 7r mm mrad, this is not necessarily true. The
thermal emittance at. the cathode is given in MKSA units by:

where Ef is the transverse energy of the electrons as they leave the cathode. This
energy is well approximated by the difference between the photon energy and the
cathode work function. With a typical ET of 0.2 eV, one gets:

where (lJ^y is expressed in 7r mm mrad and <rxy in mm. This emittance adds quadrat-
ically with the emittance coming from the beam dynamics. To reach an overall
emittaiice of 1 7r mm mrad, equation (18) shows that it is necessary to have a spot
radius much smaller than 1 mm. This is not compatible with conditions (11) and
(16). Since the emittance achievable under conditions (10) to (16) is larger than a
few tens n mm nirad, the cathode emittance will be neglected in the following.

Hy using conditions expressed in equations (10) to (16), one gets the following un-
equality:

Tho minimum of the right-hand side term of this !inequality is obtained for 58.2 MV/m
(see fig. 3) which corresponds to a frequency of 1000 MHz and a beam size of 10 mm. For
these values, one gets: trj = 5.7 7r mm mrad, tsc = 145.2 TT mm mrad and thus f — 151 7r
mm mrad. The minimum is reached for the largest beam size and the maximum field.

The smallest emittances corresponding to different typical frequencies used in existing
RF linacs are computed in table 1.

In order to check the validity of this simple approach, a computer simulation with
l'A Ii M RLA [26] was done for the case corresponding to the minimum emittance. One
obtains a total emittance of 300 v mm mrad, two times larger than that obtained by
the simple formulas. The mis transverse size of the beam supposed constant in Kim's
approach, is actually increased by 50%. Fig. 4 shows the longitudinal distribution, trans-
verse and longitudinal phase spaces, energy spectrum and beam envelope as calculated
by PARMFLA.

Ï
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Minimum omittance obtained at different typical frequencies
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Fig. 3: Minimum emittance vs. frequency

4.3 Practical design with pulse compression
Since it seems difficult to reach the specified emittance value for 3 ps bunches, it is worth
considering bunch compression. Longer pulses are produced, accelerated to several tens
McV and then compressed to 3 ps. The bunch length becomes now a free parameter of
the design. Equations (1) and (5) become:

= 1.09 (20)
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CoiKlitions (10) to (IG) remain valid. The condition, already mentioned, that the bunch
s'lould he much smaller than the RF period (< 7'r//20) is expressed by:

m
where <TJ is given in ps and / in MHz. One has then to minimize e under the constraints
(10) to (Hi) and (22). The minimum is obtained for the following parameters: f = 144
.MlIz, H = 26.7 MV/m, ox = 3.7 mm, crj, = 159.9 ps. As suggested by equation (20),
this minimum corresponds to the lowest possible frequency and the smallest beam size.
For these values, one obtains: erj = 21.1 T mm mrad, e3C = 43.5 IT mm mrad and t —
(il.fi TT mm mrad. Using this longer bunch would allow one to decrease the gun emittance
by at most a factor of 2. However, the bunch has now to be compressed by a factor 53
wit hout emittance increase ! Unfortunately, for the laser phase <j>0 that leads the minimum
emit tance, the energy-phase di?igram is not linear and does not allow a very significant
bunch compression. In order to improve the bunch compressibility, without increasing
the emittance, it has been proposed to add an extra unsymmetrical cavity downstream
of the gun [S, 27]. In this scheme, the laser phase is chosen to linearize the phase-energy
diagram which consequently increases the RF induced emittance. If the beam at the gun
exit is sufficiently divergent, the extra unsymmetrical cavity can compensate this extra
Rl" induced emittance and bring it back to its minimum level. This scheme has yet to be
experimentally tested. A simpler but less efficient solution to improve the linearity of the
phase-energy diagram is to lengthen the first cell of the gun [28].

4.4 Flat beam

In order to reach smaller emittances, it has been proposed to use flat beams [29]. Although,
no theory or 3D simulations have been done, it is possible, as a first approach, to extend
the Kim formulas and thus obtain:

(23)

(24)
rj{6y/VXUy T Ut) UX T Uy

The constraints are now written:
(25)

EaxOy > 360 (26)

One can now find the minimum emittance for different aspect ratios 2^. Tables 2 and
3 present the results corresponding to a 3 ps bunch and then to a longer bunch that gives
the minimum emittance. The ratio of 6.3 corresponds to the TESLA final focus ratio. The
ratio is limited to 16.2 by conditions (25) and (26). With a flat beam, it seems possible
to bring the vertical emittance close to 10 TT mm mrad at the expense of the horizontal
emittance which increases drastically.

11
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Table 2: Results for different aspect ratios for a 3 ps bunch

Vx/"y

E
f

Cx

°y
(x

(y

6.3
58.2
1000

10
1.59
531
84

10
58.2
1000

10
1

657
65

16.2
58.2
1000

10
0.62
794
49

unit
MV/m
MHz
mm
mm

T mm mrad
7r mm mrad

Table 3: Results for different aspect ratios for optimized bunch length

Tx/ffy

E
f

°y
f r

ey

6.3
26.7
144
182
10

1.59
266
15.6

10
36

313
104
10
1

505
13

16.2
58.2
1000
40
10

0.62
1155
12.6

unit
MV/m
MHz

ps
mm
mm

v mm mrad
TT mm mrad

4.5 Designs using emittance compensation techniques

TIK- preceding sections have shown that with a straightforward RF gun design, it is
difficult to match TRSLA final focus emittance requirements. One has now to discuss
whether it would be possible to compensate this natural photo-injector emittance induced
by RF and space charge. Very bright beams being very interesting for many purposes,
this subject has already been addressed by many authors. References [30, 31] review the
different techniques presently under investigation.

• Space-charge omittance compensation

The first technique proposed by B. Carlsten [32] and experienced successfully at
Los Alamos [33] uses magnetic lenses to compensate the correlated space charge
emittance growth. According to [34] this technique is fully efficient when:

Q > 1.4 10" (27)

This condition together with condition (16) implies that the accelerating field should
be less than 52.9 MV/m. In other words, this technique does not work at high field
and therefore at high frequencies. For practical reasons (difficulty of making a lens
with a well defined magnetic focal point), it does not work for low frequencies or
for superconducting cavities due to the large size of the cavity or cryostat. This
scheme is practical for normal conducting cavities with frequencies between 500 and

12
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1500 MHz. As an example of its efficiency, one can quote the Los Alamos HIBAF
performances [12], For the following parameters: f = 1300 MHz, E = 26 MV/m,
O1 — 2 mm, IT6 = 1 ps and Q = 5 nC, an emittance of less than 50 7r mm mrad
was measured, while Kim's formalism gives a total emittance of 580 it mm mrad.
The gain is already significant although it was shown that the correlated emittance
was not fully compensated in this experiment due to several effects, for example
quadrupolc fields coming from the RF coupling slots between the different cells. In
a perfect design, it would probably be possible to reduce the emittance further.

For HIBAF parameters, reference [33] gives an empirical scaling of the emittance
(expressed in TT mm mrad) with the charge in nC:

e = ,J(W+ 3Q)2+ 37.5 (28)

This scaling leads an emittance of 34 7r mm mrad for TESLA charge. In reference
[35], B. Carlsten discusses the design of a 433 MIIz injector producing a 70 ps, 8
nO bunch. The emittance obtained by computer simulation using this emittance
compensation technique is 25 TT mm mrad. After magnetic bunching down to 10 ps
(FVVHM) which corresponds to at = 4.2 ps, the emittance is increased to 35 7r mm
mrad. These experimental results and computer simulations tend to show that a
TKSLA photo-injector including emittance compensation by magnetic lenses could
achieve a normalized emittance in the range of 30-50 n mm mrad.

Another technique to compensate the space-charge induced emittance is to properly
choose the laser transverse distribution [36]. In the case of very short bunches,
Serafini shows that if one uses an inverse parabolic transverse distribution for the
laser pulse, the emittance scales inversely with the beam current. With this method,
it seems possible to reduce the space charge emittance by at least one order of
magnitude. This special laser transverse distribution is well approximated by a
dipped gaussian distribution which can be obtained by collimation of a standard
laser beam. This method has to be experimentally proved.

It should be noted that these two methods for space charge emittance compensation
cannot be used simultaneously since they are both acting on the linear contribution
of the emittance which is almost completely removed by one or the other method.
The remaining contribution is essentially non-linear.

• RF emittance compensation

For TKSLA parameters, the total emittance is dominated by the space charge term.
It is therefore normal to try to cancel this term first. However, if one is able to
cancel the RF emittance growth, it becomes possible to use long pulses and large
beam size and therefore to reduce also the space charge emittance.

Several ways to cancel the emittance caused by the linear, time dependent RF fields
have been investigated; they can be classified into two categories: those dealing with
the space harmonics of the electric field and those dealing with the time harmonics.

13
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The few following methods are more or less equivalent to the introduction of higher
order space harmonics for longitudinal or transverse fields: RF focusing [37], length-
ening of the first half cell [28], unsymmetrical extra-cell [8, 27], RF quadrupole cell
[38, 39, 40]. These techniques usually allow reduction of the linear, time dependent
HF induced emittance by a factor 2 to 5.

Serafini et al. [36, 41] propose to use harmonic modes to cancel this RF induced
ernitlance. By superimposing the 3rd, 1th ... harmonics to the fundamental, simu-
lations show that it is possible to strongly damp the emittance (almost one order
of magnitude). Another advantage of this method is that the minimum for the
transverse and longitudinal emittances occurs in this case for the same phase <j>0

thus allowing efficient bunch compression. The difficulty of the method is to build
a cavity able Io support several harmonics.

These RF eniittance compensation techniques, though very interesting are more
suited for low charge beams. In the case of TESLA, where the beam dynamics is very
much dominated by space charge effects (even if longer bunches and compression
are used), they cannot compete wiih space-charge compensation techniques.

• other methods

Other methods using very exotic schemes or dealing with the non-linear emittance
are described in references [42] to [44]. They are not as practical as the solutions
described above.

4.6 Train generation

The previous sections dealt with the single bunch dynamics. TESLA requires a train of
800 bunches, 1 /is apart. The generation of this train implies long RF power pulses and
a suitable laser.

• RF power

It is obvious that using a superconducting RF gun will solve easily the RF power
question. However the previous discussion has shown that the TESLA injector being
space charge dominated, it is most favorable to operate it at the highest possible
field for a given frequency. Furthermore, the presence of the cryostat makes the
use of Carlsten's correction technique very difficult. These arguments do not favour
superconducting cavities to reach the smallest achievable emittance.

For the normal conducting case, there are two problems: the generation of a large
peak power (necessary to create the high gradient) during the long pulse (around
1 ms), and the average power that has to be dissipated in the cavities due to the
high duty cycle (1%). It is out of the scope of this paper to discuss the feasability of
a power source able to generate the optimized gradients presented in the previous
sections. We will just consider some existing power sources from THOMSON [45]
and see how they compare to the requirements. The peak power P in MW, needed

14
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to generate an acceleration voltage U expressed in MV is given by:

U2

( 2 9 )

where R, is the effective shunt impedance per unit length in Mfl/m and L is the
structure length in m. An RF gun is made of one half-cell followed by n cells
operated in the standing wave -K mode. The total length of the gun expressed in m
is given by:

1 n̂
L = (n + 0 .5)-^ (30)

with / expressed in MHz.

Assuming a perfect cosine distribution for the accelerating field and the same gra-
dient in all cells, the peak power in MW can be written:

P=U-R7 < 3 1 )

where E is in MV/m, £ in m and R3 in Mfî/m. The shunt impedance depends
on the cavity geometry. We take here a scaling with frequency starting from Los
Alamos HiBAF value of 35 MSÏ/m [46].

(32)

where / is in MHz and R3 in MQ./m. This scaling is compatible with the value of
57 Mn/m given for BNL gun at 2856 MHz [20]. These relatively low values of shunt
impedance are due to the fact that RF gun cavities are designed to minimize RF
effects on the beam and not to maximize shunt impedance. Combining equations
(30), (31) and (32), one gets the necessary peak power in MW:

P = 62.6 (n + 0.5) E2f~* (33)

where E is in MV/m and / in MHz.

Since the beam average current is low (8 mA), all the power available at the klystron
can be used to establish the accelerating gradient. Table 4 shows the possible
performances corresponding to four existing THOMSON klystrons able to deliver
a pulse long enough and the 10 Hz repetition rate. The last column is about the
results for the TESLA klystron that will be used to power the superconducting
linac cavities. All the results are presented for one and a half cell RF gun in order
to maximize the possible gradient. They do not include any emittance correction
schemes. The emittance results have to be compared with those of table 1. They
are a factor two to four larger since the available power is not quite sufficient to
reach the Kilpatrick gradient limit.

Let's consider further the case of 1300 MHz which corresponds to TESLA super-
conducting linac frequency and which is close to the optimized frequency found in
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Table 4: Results for different klystrons

klystron type
frequency

mat ropulse length
peak power

L
power loss

K
kinetir energy

< for <T(, = 3ps

optimized (Tf,
iiiinimiini e

TH 2089
352
CW

1
64

15.6
8.4
2.7
10

1006
87.8
302

TH 2134
432

1
2

52
38.4
13.8
3.7
10

613
50.5
271

TH 2105
508
CW

1
44

22.6
11
2.5
10

769
53
329

TH 2115
1300

1
2
17

115
31.6
2.8
7.7
337
12

274

TESLA
1300

1
4.5
17

259
47.4
4.2
7.7
227
7.5
208

unit
MHz
tns

MW
cm

kW/m
MV/m
MeV
mm

•ÏÏ mm mrad
ps

Tr mm mrad

the previous sections. With the THOMSON klystron, the maximum accelerating
gradient for a 1 + 1/2 cells gun is 31.6 MV/m somewhat lower than the 65.2 MV/m
Kilpatrick limit, but of the same order as in the HIBAF injector. For such a high
field, the power oi: the cavity walls is very high: 115 kW/m. With the TESLA
klystron, the performances are very close to the optimum described earlier at the
expense of an even larger average power.

High duty-cycle linacs with high average power dissipation are of interest for several
industrial applications such as irradiation for food preservation or medical products
sterilization. Therefore a lot of work has been done to study the maximum power
handling capability of accelerating structures. Reference [47] indicates that a 2450
MHz prototype accelerating structure has been operated at power levels up to 210
kW/m. In this experiment, the structure was operated in CW regime at low average
gradient. A recent design of photo-injector by BNL and Grumman Corporation has
a power dissipation of 649 kW/m [28] in the high-gradient pulsed operation. From
these references, it seems that the power dissipation in the walls mentioned in table
4 are within achievable values.

Table 5 shows how the wall loss could be reduced by increasing the number of cells
and reducing the gradient.

To reduce the average dissipated power without increasing the emittance, it is pos-
sible to use different gradients in the different cells as is done in the Los Alamos
HIBAF. The highest gradient in the first cells produce a low emittance beam, the
low gradient following cells accelerate it without damaging its quality. This is the
most efficient way to use the available power.

Laser and photocathode

On the existing photo-injectors, essentially two types of lasers have been used:
Nd:YAG or Nd:YLF at Los Alamos, Brokhaven, CERN, CEA for example and
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able r>: Results for different number of cells at 1300 MHz using the TESLA klystron

I,
power loss

K
Hn erg y

£ for (Tj, = 3ps

1
17

259
47.4
4.2
227

2
29
152
36.7
5.4
291

3
40
110
31
6.4
344

4
52
85

27.4
7.3
388

5
63
70

24.7
8

430

6
75
59

22.8
8.7
466

unit
cm

kW/m
MV/m
MeV

it mm mrad

Ti:sapphire at Orsay and MIT. These lasers are essentially made of an oscillator, an
amplifier, a pulse compressor in case of the glass laser and a frequency multiplier.
Table 6 gives the parameters of LANL [48] and Orsay [49] lasers.

The oscillator delivers a continuous pulse train with a repetition rate of several tens
of MlIz and an energy in the pulse of a few nJ. The useful pulses have then to
be selected and amplified by three or four orders of magnitude. The TESLA train
is quite different from what has been done so far for the existing photo-injectors
mainly dedicated to FEL. Therefore there is no off the shelf solution for a laser
amplifier that can produce the TESLA train. One has now to consider carefully the
problem and see wether there is a way to amplify long trains. This paper will not
propose a practical solution to this question but only presents the requirements on
the energy per micropulse which depends very much on the type of cathode used.

The relation between the charge Q in nC, the photo-cathode quantum efficiency r\
in %, the energy of the laser pulse W in /zJ and the laser wavelength A in nm is
given by:

Q = 8.07 10"3 r]W\ (34)

For the charge required for TESLA, the necessary laser energy is given by:

W = 991 A"1»;"1 (35)

The quantum efficiency depends on the cathode type and the wavelength. Table 7
gives typical quantum efficiencies for three types of photocathodes: CsA'̂ Sfc [46],
dispenser [22] and Yttrium [23].

The practical inquired laser energy is ten times the value given in table 7 to take
into account the losses in the transport to the cathode and the cathode quantum
efficiency decrease due to the lifetime. The cathode lifetime depends very much on
the operating conditions and especially on the vacuum. Moreover, when submitted
to high field, the cathode emits a parasitic current named dark current. The ex-
perimental values for cathode lifetime and dark current were obtained for relatively
short macropulses (< 100 fis). Experimental work would be necessary to show that
these values hold for much longer macropulses.
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Table 6: Parameters of Los Alamos and LAL Orsay lasers

Parameters
Type

LANL
Nd:YLF

LAL
Ti:Sa

unit

Wavelength
Fundamental
2nd harmonic
Vd harmonic

1053
527
351

800
400
266

nm
nm
nm

Energy in micropulse
Fundamental
2nd harmonic
3rd harmonic

Micropulse length FWHM
Micropulse rep. rate
Macropulse length

Macropulse rep. rate

30-40
10-12

-
7-15
21.67
200

1

3000
1200
200

0.2-10
-

1 pulse
12.5

/xJ
,,J
/|J
ps

MHz
(IS

Hz

Table 7: Quantum efficiency of different cathodes and the corresponding laser energy

CsK2Sb
Dispenser
Yttrium

266 nm

7(%)

0.035
0.03

W(fiJ)

106
74

355 nm

0.014

W(tiJ)

199

532 nm

V(%)
6

0.0023

W(ni)
0.3
809

5 Conclusion
In this paper, the possibility to design a photo-injector for TESLA was considered. The
following conclusions can be drawn:

• the TESLA final focus requirements for emittance cannot be reached by an RF gun
design.

• the best conventional design (without emittance compensation) is not likely to pro-
duce normalized emittances smaller than 100 v mm mrad.

• by using proven emittance compensation technique, it seems possible to achieve
emittances between 30 and 50 7r mm mrad. The parameters for such a design would
be very close to those of the existing Los Alamos photo-injector and would require
all the state-of-the-art photo-injector technology.

• more complicated emittance compensation techniques might lead to smaller emit-
tances, but they still need experimental evidence. Unless unexpected progress oc-
curs, it seems that, the vertical final focus emittance requirement is out of the reach
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of a photo-injector. This statement allows one to conclude that a damping ring is
necessary for TKSLA.

• the generation of flat beams from the cathode helps to reduce the vertical emittance
hut the overall gain is small.

• very long macropulses are possible both for superconducting and normal conducting
IU1'. The normal conducting RF gun benefits from higher gradients and therefore
leads to lower emittances. The large average power dissipated in the cavity walls of
the normal conducting gun does not exceed what has already been achieved.

• there is for the moment no practical solution for the laser mainly because the prob-
lem was not considered before for other applications. Laser experts have to tackle
the problem in order to know whether there exists a practical solution for the laser
amplifier.

Kxcept for the laser, the present status of RF gun development and understanding
makes possible the design of a normal conducting injector capable of producing the TESLA
Ijc.ini with the right charge, bunch length and repetition rate but with a horizontal (re-
spectively vertical) eniitU.nce 2 to 3 (respectively 50) times larger than that required at
the final focus. However, an optimized photo-injector would allow to reduce the normal-
ized emittance at the entrance of the damping ring by almost one order of magnitude
when compared to a conventionnal injector.

Though a photo-injector performances are not sufficient to match the TESLA final
focus requirement, it seems very interesting to use it as injector, both for the real TESLA
collider and the Test Facility.
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