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Kwang-Je Kim 
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Abstract 

! The emittance and current density achievable in RF photo-cathode guns are reviewed. 

1. Introduction 
In this note we review the capabilities of the RF photocathode gun 1. The subject is 

important because of potential application in free electron lasers (PELs) and linear colliders. 

In Section 2, we discuss the emittance requirement for PEL application. In Section 3, we 

summarize the intrinsic emittance and current density both for the thermionic gun and the 

photo-cathode gun. Section 4, we discuss the emittance growth in the RF cavities, due to the 

time-dependent RF field and due to the space charge effect. A simple model was used to 

obtain approximate analytical formula for the emittance growth. In Secrion 5, we discuss two 

emittance correction methods to remove the emittance growth. The first method uses RF 

lenses to introduce time-dependent focusing. The second method is to introduce a focusing 

lens in the non-relativistic region. Two criteria for the second method to work are discussed. 

Appendix A contains the derivation of these conditions. 

2. Emittance Requirements 

One of the beam qualities demanded often for advanced accelerators is the so-called 

brightness. The brightness is defmed as current divided by emittance. Here, the emittance is 

the area in position-angle phase space. 

For free-eleen-on laser (FEL) application, the electron beam emittance should be about A, 

the wavelength of the radiation. Thus the emittance needs to be small for PEL operation at 

small wavelength. The current must also be high to ensure enough gain. Thus, electron 

beams for FEL need to be of high brightness. 

For application in high energy physics, the high brightness is required to achieve high 

luminosity. Also, beam transport through high frequency, high gradient structure requires 

high brightness beam. 

This work was supported by the Direetor, Office of Energy Research, Office of Basic Energy 
Scjences, Materials Sciences Division, of the U.S. Department of Energy under Contract No. DE
AC03-76SF00098. 



For a more precise definition of the emittance. we consider the transverse coordinate x 
and the dimensionless momenrum px.where 

px = f3yx' . (1) 

Here, x' is the angle, f3 is the electron speed divided by the light speed, and y = 11"1 I _~2. 
The rms emittance is defined to be 

(2) 

Here, the angular brackets imply taking the average value. The quantity defined by Eq.(2) is 

known as the normalized rms emittance. It is invariant under adiabatic acceleration, and 

under linear optical transformation such as free-space propagation and focussing through 

quadrupoles. 

Tne unnormalized emittance is 

(3) 

We can also associate phase space area associated with the radiation field2. For TEMoo 

Mode of optical resonator, the rms unnonnalized emittance rums out to be 

(4) 

For FEL to work, one must clearly require 

(5) 

In the literature , one sometimes finds Eq. (5) replaced by ')J2rr. based upon qualitative 

arguments . 

As an example , consider an FEL at "water window", I. = 30 A. \Vith a 1 GeVeleco-on 

beam, the required normalized emittance will be 

Ex = 5 x J(j7 m-rad = 0.5 rrun-mr . (6) 



3.2 Photo-cathode Gun 

Photo-cathode guns utilize the photo-emission process; a photo-emisssive surface i s 

illuminated by intense laser beams to knock the electrons from the surface. The basic 

advantage compared to the thennionic gun is that the current density is very high so that 

bunching is not necessary. Funhennore, the time structure can be controlled by the laser 

beam, so that the beam time structure can be tailored to match into the RF accelerators 

without degrading the emittance. 

To minimize the emittance blow-up due to the space charge force, the eiectrons produced 

at the photo-cathode surface should be quickly accelerated with a high electric field. Since the 

gradient of a DC field is limited, the photo-cathode surface can be placed in an RF cavity at a 

position of maximum longitudinal field. The arrangement, shown schematically in Fig. I, is 

referred to as the RF photo-cathode gunl . 
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FlGURE I 
Schematics of th: rf laser gun. 
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The intrinsic emittance of the photo-cathode gun is gIven by an expressIOn similar to 

Eq. (7): 
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The required current is typically several hundred Amperes. 

In the following, when we say eminance, it will always mean the nonnalized emittance. 

3. Intrinsic Emittance and Current Density 
The ultimate performance of a gun is detennined by the intrinsic emittance and the current 

density associated with the emission process from the cathode. We review these values for 

various cathodes in this secrion3, 

3.1 Thermionic Gun 

Thennionic gun is based on emission from a heated surface. The emittance due to thermal 

distribution of the electrons is 

(7 ) 

where TC is the radius of the emitting area, k is the Boltzman Constant, T is the cathode 

temperature, m is the electron mass, and c is the light speed. Typically, T= 1200° K. For 

f, = 0.6 em (corresponding to an emitting area of 1 cm2), the normalized emittance becomes 

1 rnm-mrad. This is a very low value. 

On the other hand, the current density of a typical thermionic gun is rather modest: 

J < JONcm2 (8 ) 

Thus the gun current will be limited to about 10 A for a typical 1 cm2 surface area. In order to 

obtain several hundred Amperes of peak current, it is therefore necessary to pull out a long 

pulse (several hundred ps) and bunch it to shoner pulse. The bunching process involves non· 

linearity and mixing of the longitudinal and the transverse phase space, and the emittance is 

increased significantly. For example, the eminance of the 10 nC pulse for SLC gun4 after the 

buncher is 300 mm-mr. Another example is the errrittance of the 1 nC, 10 ps pulse for the 

infrared (IR) FEL design at LBL. which is about 20 mm-mr. 

The emittance blow-up can be minimized if the bunching takes place after the beam is 

accelerated to a sufficiently high energy. However, acceleration of long pulses in RF 

acceieralOrs requires low frequency andlor harmonic cavity. 



(9) 

Here hv is the photon energy and $ is the work function. W may be between 0.3 e V and 

leV. The intrinsic emittance is then 

Ex'" 3 x lQ-4rc _ (10) 

This is somewhat larger than the intrinsic emittance for the thermionic gun. 

The photo-emissive material can either be semiconductors (CsSb, AsGa, etc.) or metals 

(Yttrium, etc.). For semiconductor3, 

J ~ (100-500) A I cm2 (semiconductor) (11 ) 

Thus, current from a 1 cm2 surface will be several hundred Amperes , enough for short 

wavelength FEL operation. The intrinsic emittance will be at least about 1.5 mrn-mrad. To 

reduce the emittance further, it is necessary to reduce the surface area with a concomitant 

decrease in the current. 

The semiconductor as phero-cathode has a good quantum efficiency, up to several percent. 

Potential issue is the lifetime due to poisoning. 

For metals, the current densiry could be much higher5: 

J ~ 10000 A Icm2 (metals) (12) 

Thus, it is in principle possible to obtain extremely bright beams using metal surfaces. For 

example, by using 0.1 cm2 surface area, a 1000 A beam with emittance 0.15 mm-mrad can be 

generated. 

4. Emittance Growth froin RF and Space Charge Effect 

The emittance of the RF photo-cathode gun is larger than the inoinsic emittance given by 

Eq. (9) due to the time variation of the RF field and due to the space charge effect. We 

summarize the approximate analytical model developed in Ref. (6). 
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4.1 The Model 

In this model, an electron pulse with a given spatial distribution p (x, y, Az) is created at 

the cathode and is accelerated toward the cavity exit. Here x and y are the transverse 

coordinates and D.z is the longitudinal coordinate with respect to the bunch center. In order to 

permit simple calculations, the spatial distribution is assumed to be frozen as the bunch 

moves in the cavity, i.e., the particles are assumed to move with their relative positions fixed. 

The longitudinal electric field (the accelerating field) is assumed to be uniform in the 

transverse direction, and is given by 

Ez = Eo cos (kz) sin (rot + <Po). (13) 

Here z is the distance from the cathode surface, co = 2m. f is the RF frequency. and k = role. 

The transverse components of the electromagnetic field are uniquely determined by 

Maxwell 's equations and are linear in x and y. 

4.2 Effect Due to Time Dependent RF 

With these assumptions, the net transverse kick to electrons by the RF field occurs only 

at the cavity exit, with the dimensionless momentum given by 

(14) 

Here the exit phase (h is related to the input phase $0 by 

( 15) 

Thus, the transverse ph,ase space distribution consists of a collection of lines with different 

slopes corresponding to different location &. in the bunch, This is illustrated in Fig. (2). The 

emittance is a measure of the fan-shaped area in this figure. The area is minimum for 

(16) 



, 

Note [hat this corresponds to the maximum kick. Thus, there must usually be a strong 

quadrupoles right next to the cavity exit to focus the beam to a manageable size. 

x 

FlGURE2 
Electron distribution in transverse phase space due 10 time...oependcnt focusing of the r. field. 

Assuming that the electrons' density disnibution p(x,y,6.z) is Gaussian, with the rrns 

transverse and longitudinal sizes given respectively by Ox and oz, the minimum emittance is 

given by 

( 17) 



, , 

'I 

I 
,I 

I 

I 

I 
I 

.1 

i 

4.3 Space Charge Effect 

The electromagnetic force on an electron due to the rest of the electrons in the bunch, 

called the space charge force. vanishes as y2 as the bunch accelerates to a high energy. It 

was shown in Ref. (6) that the space charge force can be approximately represented by 

F =mc2A .JL p =~" 
, Pdz' Y'''''' (18) 

where E = (Ex' Ey, Ez ) is the electrostatic field due to the charge distribution p(x,y,6.z). 

From this and from the relation 

(19) 

which follows from Eg. (13) when the electrons are near the cathode surface, we obtain 

(20) 

In the above, we assumed that Mf » 1 at the exit The emittance due to the space 

change effect can now be calculated by inserting Eq. (20) to Eq. (2), the average being 

calculated with the help of the distribution function p(X,y,£1Z). The result for the Gaussian 

distribution is approximately given by 

(21) 

where I is the peak current and IA = 17,OOOA is the Alfven current. 

4.4 An Example 

Consider the case Eo = 100 MV 1m, the RF frequency m/2T!. :: 3 GHz, ax = 0.6 mm and 

ax = 3.5 mm. This is more or less the parameters for the RF photocathode under construction 

at BNL7 Using Eq. (17) and Eq. (21), we find that 



£if. - 1 mm - mrad , 

eSC ..... 4 mm - mrad x . 
(22) 

These values agree roughly with PARMELA simulationS. The transverse emittance for 

this example is one order of magnitude smaller than thar of the state-of-the-art thennionic 

gun, but still is one order of magnitude larger than that required for an FEL operation at water 

window, given by Eq. (6) .. 

5. Emittance Correction Schemes 

We have seen in previous section that there is a significant growth in the emittance in the 

RF cavity to a value much larger than the intrinsic emittance discused in section 3. However, 

the emittance growth happens more or less in a correlated manner, and can sometimes be 

corrected. In this section, we discuss the emittance correction schemes to remove the 

correlated emittance. 

5.1 Time-dependent focusing by RF lens 

The RF emittance is due to the fact that the phase space slope varies along the length of 

the bunch. (See Eq. (14) and Fig. 2.) A significant fraction of the phase space blow-up due 

to space change effect is also similar in nature; the Ex in Eq. (20) varies along the length of 

the bunch. The emittance blow-up due to such effect can be corrected by introducing a time

dependent lens9. 

x' .... x ' + q(t)x (23) 

where q is a suitable function of time 

q=a+bl+ct2. (24) 

Such a lense can be realized by a properly designed RF cavity. In general, the phase space 

growth due to RF effect also contains non-linear tenns. In that case one attempts to correct 

it by a non-linear, rime-dependent lens: 

(25) 
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where qI and q2 are of the fonn gi~en by Eq. (24). Numerical calculations suggest that the 

emittance can be reduced by a factor of 3 to 5. 

5.2 Focusing in non-relativistic region. 

The emittance defined by Eq. (1) is not invariant under linear focusing when non-linear 

force is present. Thus the possibility exists that, by placing quadrupoles in the region 1'-1 

where the non-linear space charge force is significant, it may sometimes be possible to reduce 

the emittance. In fact, within simplified model, it can, under cenain conditions, be shown that 

the contribution to the emittance due to space change effect can be eliminated completelylO. 

To see this, we neglect the RF effect and assume that the acceleration is uniform: 

dz=ady; 
2 a=mc 

eE 
(26) 

where E is the average acceleratins gradient. Eq. (26) applies pear the vicinity of the 

cathode if we replace E --4 Eosin$o' Next, we assume that the variation in the transverse 

coordinate is small, that the panicle distribution p(x,y,!l.z) may be regarded frozen for the 

purpose of calculating the space-charge field. This is a generalization of the model discussed 

in section 4.1. The equation of motion is given by Eq. (18), where the field Ex is a function of 

the initial coordinates xO, YO, .6.ZO, and is independent of z. 

Thus, in this model, an electron is emitted from [he cathode at (xo, Yo), parallel to the z

axis (Px = 0, Py = 0) and accelerates toward z>O under the influence of the space charge 

force proponional to Ex(xO, YO, .6.ZO). The phase space coordinate after a certain distance 

from the lens will be of the fonn 

x=axo+ ~Ex, 

Px = )'XO + OEx . 

Here, the coefficients a, f3, y, and IS are functions of the focusing strength q. 

that 

ru;- py=O, 

(27) 

Choosing q such 

(28) 



the emittance will clearly vanish. 

Two conditions must be satisfied for the emittance correction method discussed here to 

work. First, the lens must be placed at a location where the electrons are still non

relativistic. Second, the variation of the transverse position throughout the entire trajectory 

must be small so that the model is valid. This latter condition will be violated when the space 

charge repulsive force is not strong enough; for, in that case, particle trajectory after the 

focusing lens will at some point cross over the z-axis. In Appendix A we will derive the 

following explicit fonus of these conditions: 

(29) 

(n£.)' 1.. eEr I
A

" 0.5 . (30) 

In the above, Yq is the electron energy (in unit of me2) at the location of the lens, and r is the 

beam radius. 

Equation (3D) is not satisfied for the BNL gun discussed in section 4.3. Therefore the 

emittance correction scheme being discussed here will not work for that case. On the other 

hand, the inequality is satisfied· for the LANL gun for which E = 20 MV/m, I = SODA, 

r, = 0.5 em. 

Because of these conditions, especially Eq. (30), the emittance correction method 

discussed here is not always applicable. Also, the space charge force is always weak at the 

front and tail ends of the bunch. Therefore, the ends of the bunch have large emittance and 

need to be removed by a suitable bunch manipulation. 

Appendix A 

We integrate Eq. (18) by using Eq. (26), and obtain 

(AI) 



I 
I 

:! 

where PI is the momentum at 'Y = 'YI' and 

from Eq. (1), 

x = x, + af1 P,(y'jdy' 

~'y' 
1, 

(A2) 

(A3) 

To simplify 'he calculation, we approximate ~' in the integrals of (A 1) and (A2) by ~' = l. 

Then 

(
InY-ln y, 

x = x, + ap,(ln y -ln y,)+ all 
y, 

(A4) 

Eg. (A4) gives the transfonnation of the phase space variable under the space charge force. 

The transfonnation under a lens is given by 

(AS) 

Where (xl' PI) and (x2. P2) are the phases space variables before and after the quadrupole, 

respectivel y. 

The transformation under the combined effects of the space charge force and the lens is 

obtained from Egs. (A4) and (A5), staning from the initial phase space coordinate (xo,D) at 

the cathode surface. The final phase space coordinates are found to be 

(A6.a) 



(A6.b) 

Here 'Yq is the value of 'Y at lens. Note that this equation is indeed in the form of Eq. (27). 

The emittance can be calculated from Eq. (A6) and Eq. (2): 

(A7) 

where 

qq) = I - L+ aJL(ln y-In Yq) + L.1..] 
Y ly Y ~ . (A8) 

The second factor in Eq. (A 7) can be interpreted as E;c calculated in Eq. (21 ). This is 

because 11 given by Eq. (A2) is an approximation to the RHS of Eq. (20). 

The -emittance vanishes for C(q) = O. It can be shown that this corresponds to Eq. (28). 

For 'Y ~ 00, 

aq CCq) = 1--. 
Yq 

Thus the required quadrupole strength for emittance to vanish at y ---+ 00 is 

lnsening Eq. (AlO) into (A6.a) 

q = Y. a . 

x = (Yq In y)[ - X() + (I -In YqJria] ; Y->~ . 

(A9) 

(A 10) 

(All) 

We now require that x be of the same sign as XOXj- Otherwise, the trajectory must have 

crossed the z-axis at some point and the mooel breaks down. As the space charge force is 

repulsive, the function 11 is of the same sign as that of xO- Therefore it follows from Eq. (A 11) 

tha t 



(A12) 

This is Eq. (29), which is the precise version of the statement that the lens must be placed in 

a sufficiently non-relativistic region. 

Having satisfied Eq. (AI2), we have to also satisfy the following condition in order that x 

and Xc are of the same sign: 

11a> XQ > Xo • 
l-lnYq (A13) 

This inequality will always break down ncar the front and tail ends of the bunch, as mentioned 

before. To understand the meaning of the condition (A 13) in the middle of the bunch, we 

evaluate 11 for a cylindrical bunch of radius r. We find that Eq. (A13) becomes 

(A14) 

This reproduces Eq. (30). 
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