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Abstract 

In this paper a traveling wave type rf gun (TW gun) is 
investigated theoretically. Analytical formulae concerning 
energy gain, energy spread, and transverse emittance are 
derived. Some numerical results are calculated to demon- 
strate further the behaviours of the TW gun and to com- 
pare with those from analytical formulae. 

1 INTRODUCTION 

As a potential high brightness electron injector for FEL 
and future e+, e- linear colliders, rf gun have been exten- 
sively investigated theoretically and experimentally both 
for thermionic cathode [1][2] and photo-cathode [3][4][5]. 
Because of the historical reasons, almost all the experi- 
mental and theoretical works are confined within standing 
wave rf guna (SW guns). However, as pointed out by J. Le 
Duff [6], TW gun might be very interesting also to rf gun 
technology. In this paper TW gun will be theoretically 
investigated in a way different from that in ref. [7]. 

Before going on to the next section, it is assumed that 
the radius of the cathode is small, and the nonlinear force 
effects both from the space charge and the rf fields are 
neglected. 

2 TW GUN THEORY 

Quite different from a SW gun which is similar to a conven- 
tional DC gun except mainly that the accelerating electric 
field is oscillating with time, a TW gun is a little bit dif- 
ficult to imagine at the first glance since there are almost 
no evident rlelations between a TW gun and a conventional 
DC gun. However, if one shifts his point of view from DC 
gun to a linear traveling wave accelerator, the confidence 
about a TW gun could be established without much dif- 
ficulty. Now let’s start with the “capture condition” of a 
linac [g] which says: if 

then 

E, = &sin(d) (1) 

cos(#Jo) - COb(qs,) = Fg(j$y2 (2) g 
where #JO is the phase when an electron is injected, (61 is 
the asymptotic phase when the electron’s velocity reaches 
almost light velocity c, X, is the wavelength in the accel- 
erating structure, & is the peak accelerating electric field 
strength, &o corresponds to the initial injectron electron’s 

velocity, and m& is the electron’s rest energy. If we as- 
sume that a cathode is just put at the end plate of the 
coupler cavity of a linac with PI” = 0, and require that 
41 = 7r/2, one can determine the necessary electric field 
strength Eo with respect to the injection phase do 
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0 
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For example, if X, = lOcm, & = 0 and I$O = s/4, from 
eq. 3 one gets Eo = 45MV/m. It is obvious that & = 
45MV/m is a practically possibilbe value. It is now very 
easy to imagine that when a short laser pulse illuminates 
a photocathode at an initial rf phase $0 < n/4 with Eo = 
45MV/m, the electron bunch will be accelerated continu- 
ously with its final asymptotic phase frozen at dr < x/2. 
In the following section we will investigate in much more 
detail on the beam longitudinal and transverse motions. 

2.1 Longitudinal Motion Due to Rf Fields 

The longitudinal electric field inside a cylindrical symmet- 
ric TW structure is expressed as follows: 

E,(r, z, t) = Ez(r, z)sin(wt - flgz -t do) (4) 

where w = 2af, & is the foundamental wave number of 
this slow wave TW structure and 40 is the emission phase 
of the center of the electron bunch. Since only linear term 
is kept, the electric field near the axis can be expressed as: 

E,(t,z,t) = E,(O,z)sin(wt - @,z + Cpo) (5) 

In the following analytical treatment, E,(O,z) has been 
chosen as a constant. From eq. 5 we have 

where 

d-r qEz(O,t) -XT 
dz Wl& 

44S) (6) 

f#J = wl - fig2 + 40 = k 
I o (72 71)1/Z r( - 1)dr + 40 (7) 

k = 2*/X and JI is the electromagnetic wavelength in free 
space. & has been chosen equal to k (that is to say the 
phase velocity of this traveling wave equals to the speed of 
tight). 7 is the ratio between electron’s relativistic energy 
and the rest energy mot’. As the first order approximation 
of 7, eq. 6 can be integrated aa follows: 

l? = 1 + aain(& + &$)kz (8) 



where E,(O,O) is the peak electric field on the cathode 
surface. I? is an approximate expression of 7. In eq. 8 a 
very important parameter 64 is introduced. The physical 
reason of there existing this parameter is due to electron’s 
low initial longitudinal velocity and the rapid increasing 
of 4 in the cathode region. The introduction of 64 is to 
improve the accura’cy of this first order approximation. It 
should be pointed out that for the theory of SW gun, this 
parameter should be introduced also. By using eq. 8, eq. 7 
can be integrated as follows: 

(a= ,,*$ + jJj@’ - w2 - (r - 1)) + 90 (10) 

If I > 1 then 4 will be frozen at its asymptotic value 

4f= l a,,,(40 + 64) + do (11) 

where 64 can be (calculated from an empirical formula 
which is given as follows: " dEZ(o'z)sin(wt -&z + 40) =--..- 

2( dz 

6qdegree) = 19E*(O, o)-o.y (12) 

where E,(O, 0) is in MV/cm. It is obvious that 64 M 0 
corresponds to E, (0,O) approaching infinity. From eq. 8 
and eq. 11 one can get the second order approximation of 
the final energy gain of a TW gun 

+ (Wz - &)&(O, z)co+~ - 0,~ + 40)) (22) 
where flz = v,/c. From eq. 22 one can get the transverse 
momentum gain due to rf field 

/ 

‘I 
Prf - Pt-0 = Fr dt (23) 

t I, 

I’, = 1 + aain(#t)kL (13) 

where I; is the len,gth of the TW gun structure. For an 
electron bunch emitted from a cathode with the emission 
phase of the bunch center being 40, and the bunch length 
being A&, the energy spread of this electron bunch can 
be calculated readily from eq. 13 

Arf = akLc44f)(l- aain(+o + 64)’ 
440 + 64) )A4o 

(14) 

If f$/ = 90” 

1 
Arf =r ZakL(l - aain(~;, + a~)2 

44 + 64) )2(a40)2 
(15) 

where 4; corresponds to ~$1 = 90°. From eq. 11 the asymp- 
totic bunch length can be calculated 

*” = *&I - asin(& + 6~$)2 
cod40 + 64) A+0 

(16) 

where A&, Ac$~ are the initial and asymptotic bunch 
length respectively. 

2.2 Transverse Motion Due to Rf fields 

FromV.E=OandE~=O 

1 a(&) -- 
r ar (17) 
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r d-%(0,2) 
Er(r, z, t) = -g & stn(wt -&Jr + 40) 

- PgEz(O, z)cos(wt - 13,z + $0)) (18) 

From V x H = ~03, only H, exist, therefore 

From eq. 19 we get 

H, = yrE,(o, z)cou(wt - flgt + &,) (20) 

From 
F, = qE, - q~ov~ H, 

We know from eq. 18, eq. 20, and eq. 21 that 

(21) 

F,=-I( dz qr dEZ(O'z)~in(wl -&z-t&) 

+(Po~o~~z - Pg)E*(O, z)coJ(wt - P,z + $0)) 

pr = & = &7T’ (24) 

where r’ = 2, pr is normalized transverse momentum. If 
we assume that at the cathode surface Pro = 0, during the 
acceleration r keeps constant value, and at the exit of the 
TWgun7>>1,& x 1 and E,(O, z) from constant value 
E,(O,O) in any manner drops to E(0, L) = 0, by using 
eqs. 13 and 22 we get 

Prf = g+$,) + &o@,)) 
Since electrons emitted from cathode around emission 
phase $0 have an initial phase spread A&, at the exit of 
the TW gun there is also a transverse momentume spread 
Aprf which can be derived from eq. 25 

*P~J = %A4o+ - ; ~(*#Jo)~ (26) 
0 

Ap,, is the source of the electron bunch’s transverse emit- 
tance produced by the linear rf field. From eq. 25 one 
can derive the anelytical formula for the transverse r.m.s. 
emittance 

e.,(mra~ rnd) = 4(< pp >< 7’ > - < p,-r >2)“2 (27) 

where r denotes z or y components. Since this analytical 
formula is complicated, it is omitted here. On the contrary 
we use the definition that the transverse emittance cr is the 
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area occupied by the electrons in the phase space divided 
by x, we have 

if aprf - 0 
adO 

Q _ akr,2 
- 4a isi+t)+$$$;) ,(1-*~~~~o++6~~))‘(ABo)’ 

(31) 
where P, is cathode radius. 

3 DISCUSSIONS 

The main advantage of TW gun is that it is suitable for 
providing high electron beam current. Limited by the 
length of this paper the space charge effects and the com- 
parisons between TW gun and SW gun have been omitted 
[9]. Figs. (l-4) from theoreticaI formulae and numerical 
calculation are used to show the behaviour of a TW gun. 

As for the practicel TW structure design it has been sug- 
gested that a backward wave TW gun structure as shown 
in Fig. 5 could be used in order to avoid the problem of the 
unsymmetric field perturbation caused by the waveguide- 
TW structure coupling aperture in the case of a forward 
traveling wa.ve structure [lo]. 
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