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NEW PHOTOELECTRIC INJECTOR DESIGN FOR THE LOS ALAMOS NATIONAL
LABORATORY XUV FEL ACCELERATOR*

B. E. CARLSTEN

Los Alamos National Laboratory, MS-H825, Los Alamos, NM 87545 (U.S.A)

The injector for the Los Alamos National Laboratory XUV FEL accelerator has been
redesigned to provide more charge to the wiggler. Tha new design can deliver 8 nC of charge within
26 ps with a normalized 90% emittai.ce of <25n-min-mrad to the wiggler at an energy of
209 MeV. In addition to the new design of the injector, we analyze the emittance growth and
subsequent reduction through the injector, including the different mechanisms for emittance growth

and the methods used to eliminate the correlated emittance.

1. Introduction

As has heen reported before [1, 2], Los Alamos National Laboratory proposes to construct an
XUV FEL system, extending from 1 to 400 nm, as a user's facility. In a previous paper[1], two
preliminary rf linac injector and accelerator designs were presented that met minimum quality
values for the electron beam [2]. The first design started with a photoelectric injector and used
ma netic bunching to obtain high peak currents. The se-ond design, meant as a backup, started with
a conventional thermionic Pierce gun and also relied on magnetic bunching. The emittance from the
second design, although more than 50% larger than {rom the firct design, still was below the
minimum emittance requirement for lasing at 560 nm.

There were several reasons to redo the design using the photoelectric injector First, only
2.5 nC of charg> was available at the wigglers (about 250 A), which is only marginally larger than the
minimum of 2 nC. The beam was filtered by an aperture at relatively low energy, which could
generate deleterious wakefiolds. Also, from the experimental program at Los Alamos National
l.aboratory, we learned that magnetic bunching is very dangerous (3|. In addition to the wakefields
reported in that reference, beam emittance is affected by the petential depression as the beam is
bunched and also by higher order (sextupole a 1d up) nonachromatic transport components in the
bend. In addition, n.agnetic bunchers are sengitive to energy jitter in the accelerator, resulting in
arrival time jitter at the wigglers. For these reasons, we redesigned the accelerator usinga

photoelectric injector without raagnetic bunching or an aperture for filtering. Computer simulations

*Work supported by the Division of Advanced Energy Projects of the US Dept. of Energy, Office of
Basic Fnergy Science, and the i.on Alamos National Laboratory



were done with the particle-pushing codle PARMELA. In the earlier review, beam breakup and other
instabilities were studied for the 1.3-GHz cavities used; the study will not be repeated here.

In sect. 2, we will review the electron beam requirements determined from theoretical FEL
interaction studies.

In sect. 3, we will analyze the emittance growth mechanisms in the injector and show how it is
possil;le to achieve extremely low emittances. Design considerations resulting from this analysis will
be used in sect. 4 to generate an alternative photoelectric design, still with good emittance, but with

8 nC delivered to the wiggier.

2. Electron beam requirements
Simulatior s of the free-electron lasing interaction have indicated the following minimum

quality values for an electron beam entering an undulator [1]:

Wavelength 50 nm 12 nm 4nm

Energy 250 MeV 500 MeV 750 MeV

Normalized 90% < 40 n-mm-mrad <24 n-mm-mrad <4 n-mm-mrad
emittance

Peak current =100 A = 150 A = 200A

Energy spread (FWHM) < 02% s01% <0.1%

The required micropulse charge is at least 2 nC within these specifications.

The proposed facility will have a series of FEL oscillators through which the electron beam will
pass sequentially (fig. 1). The oscillators requiring better electron beam quality are first in the
sequence. There will be slight energv extraction from the electron beam in each of the osci'lators,
hence only slight beam quality degradation. Thus if the electron beam satisfies the requirements for
the first oscillator, the »eam will still have sufficient quality by the time it reaches any »f the latter
oscillators to satisfy their less stringent requirements too

All emittances quoted in this paper refer to the normalized phase-space areas occupied by 90%
of the beam’s particles. Thus ifthe beam has a waist with radius r, and maximum divergence angle

r,' the emittance will be slightly less thanyn r, r,’

3. Emitiance unalysis
There are four mechanisms in the injector that contribute to ernittance growth:
° l.inear space charge
o Nonlinear space charge
] Nonlinear time independent rf
.

Linear time dependent rf



We will examine each one of these mechanisms in turn. We will show that the irst one will
dominate, but can be eliminated completely, and that the residual emittance will primarily be due to
a tradeoff between the second and fourth ones.

31 Linear space charge

This is the most important mechanism, so this part will comprise the bulk of this paper. In
fig. 2 we see a typical emittance plot as a function of distance down the linac for a typical simulation
for an 8-nC, 20-ps pulse in a 1.3-GHz photoinjector We see an immediate emittance growth to about
100 n-:mm mrad and subsequent reduction to a minimum of about 25 n-mm-mrad at a location
zrdownstream_ The location of zfcan be pushed arbitrarily far away, and at a sufficiently high energy
there is essentially no emittance growth after that location. We will show, 1n this section, how this
emittance growth and reduction occurs with a4 simple model. We will study a drifting slug beam
(fig.2): the effects of rf acceleration and rf focusing will be shown to be a variation in the definition of
the space charge force m,\, the distances z and >, and the initial size and divergence of the slug For
convenience we will also define an internal coordinate system p and { to indicate different points in
the slug beam, with p = r,defining the initial radial size [n fig. 2 we define points B to represent the
axial edges for p = r,and points A for the center at p = r,. We let the slug beamdrift a distance z; to
a lens and a distance z after the lens.

The emittance growth mechanism that is due to linear space charge [which we will define in
eq (8)] has been outlined before (4] for a drifting beam However, the physicsis very different after
focusing with a lens, as we will show

First we will examine the effect of constant space charge We will call this the weak focusing
limit. This case with zero initial beam divergence has a solution that is consistent with a well-focused
beam downstream, which is not true in general We assume the space-charge force m,l is a function
only of p and { and not of 2. The edge of the heam initially at location (r,, {) will obey

r() =r, +A(r,, () 2;2:2

r'ed) =hir,, )y
atthe lens Ifweassumel(p () =(pr,) L({), weobtain a laminar beam, although this is not required

for the subsequent development. We next assume a l'near lens at position z = 0 of focal length I a;
Then at position z the beam edge obeys
r(Q) =rg + M2y + 212 .ap [roz + A 2,21/2]
r'( =Atay +0) apr, + 1 2,2/2) (1

Infig 3, we examine the phase space plots corresponding to different axia: locations We observe in

(d) that the emittance is different from the emittance in (¢) This difference is because the relative

velocity between points A and B varies between (¢) and (d) by
At —x'p) = 2 IMA) - N (B))



Because of this effect we can reduce the emittance. It is important to remember this is only possible

because the space charge varies for different particles. In fact with

zl+ 2 2]
a, = 2 5 ,
z
we obtain
2+2:2 R
rQ = QG -2 -2r) .
2z °
and (3)
2 +2z 9 2
P = zz Az —zl)—2ro)
therefore,
rJ(O 2 (Zl + 2) (4)

rQ  zz+2z)
which is not a function of either 1 or {. This is an important result because now at z the emittance has
been reduced to zero because all points lie along a line at the same orientation in phase space.
There are two major regimes to examine. The beam can either make a waist or a crossover

(fig. 4) depeading on the relative strengths of the lens and the space charge. By using eq. (2) ineq (1)

we obtain
— =z —22—2r A)lz+2z,) .
I o I

The three solutions fur r = 0 ure

2= Zere
Z = “2cry
1 = 224

where we deline

2 = 12 - 2r/\ .
ert 1 ')

Because we are only concerned with z >0, only the first solution is important. From eq. (3) we see
that for 0 <z <z, r <0andforz>z.q, r >0 Thus we have two regimes: a crossover will occur for
z <2.p1, 0nd one can show only a waist will occur for ¢ >2.;. Thus our analysis is only valid for
2 >z, hecause we assumed a constant nace-charge force. The analysit fails if there is a crossover:
in fact the analysis can only show that there is a solution and cannot predict if it occurs before or after
the crossover We will examine this regime later with a more general form for the space charge

For validi‘y of the space charge approximation, the beam must always be nearly the same size
In particular, the beam must undergo a waist, but also must not expand much beyond it. Thus, we

must obey



z2=2z.qy(l + &)

where ¢ is about 1/10 or so.

(5)

The above analysis can be extended for general space charge as long as the beam expansion is

self-similar, meaning that the ratio of the space charge forces at two points in the beam is a constant,

or

d (“pl'(ﬁ)) —0

dz \ ) (py Q)
Typizally, A is a function of the radius of the beam; thus,

r

r= '—;-=Mr.p.0
dz

Equation (7) is in general hard to integrate. However, if the beam expansion is self-similar,

A(r,p. O = k(p,Qr(2) ;
thus,

r'=k(p, OAl2) .

Integrating with boundary condition r’(-z;} = 0,

! § ‘2
r=r + Ak [ ] A (2Nde dz
o 2
i
and

H:h[ A de

1
Jp to the lens; then

v .

r=ro+h(l [2 .\(i)dz'dz2+z[ Hz’)dz’)
-1 -z -1

1 1 1

0 1,
-aLz(ro+k[-‘ ’_. A(:’)dz'dzz)

and ! !

1 0 12
/:/.(I A(z')dz')-—aL(ro+kl [ N dey )
h Bl T
after it. These equations, similar to eq. (1), are of the form
r=A +Bh-a (C + Dhk)
r'=E + Fk-a;.(G + Hbk)
where all the p, { dependency is in k. The only solutions for a;, for zero emitrance at z satisfy

0=aq? +ba +C
where

a=-DG+CH

(6)

(N



b=BG-AH -CF +DE
¢ = AF -BE .

For this case,

2 22 re
b=r J J \2d'dz, - r 2 A2V d?
o 0 . 2 )

1 o

} 1
c=r J A2 d
o -

and

4
[ A(2Nd?
5
af = ‘ , (8)

' 12
z[ N2"hd - l [ .‘\(z')dz'dz2
[7] 2

o
which reduces to eq. (4) in the weak focusing iimit. Thus, as long as ‘he beam expansion is self-
similar (eq. 6}, eq 7 holds which leads to the unique solution for the lens’ strength , eq. (8).

A solution exists for an initial divergence of the beam. In that case, with the weak focusing
limit,

r - }Ha(z‘+ z))(zl + 2)

0L= 2

—r +r z)
2 ) c 1
Fromeq (8), we know a solution occurs, but in general we don’t know if it is before or after a

beam crossover. We will next examine the case of a crossover with constant space charge before z = 0

and
A
2~ 4

forz > Owitha = -l/z, indicating a focus at z = z, For this model one can show that a sclution

=

exists for both z < z,and also z >z, for non-zero r," Although this is not a regime that orie wants to
operate in (because 2 crossover will introduce nonlinear space charge emittance growth), it is unusual
because there are two minimum emittance locations.
One can also show for the weak focus model with initial divergence r,'that for z; = Oand r.’
>0, if
ro =22 +r'y(32)

one solution occurs before and e second one after the waist



With rf acceleration and focusing, z, z;, A, r, and r; take on different values. With rf
acceleration, new functions A'and z' are defined by
A= Ny2(2)
dz' = dz/y(z)
because the transverse acceleration goes 1/y3. An explicit form for the emittance with rf acce'eration

can be derived by integrating the above two equations [5]. If we assume a linear constant facusing

field for the rf without acceleration, we can replace eq. (1) for r by

a
. L
sin(VvVa 2 7 [A(1 —oos(\/azl)]+roucos(\/azl) 9)

a [l - cos( Val(z - zl)]
where q; is the usual iens constant and a is a distributed focusing term so that

r"=A-ra.
Including the focusing a effectively changes the valuesof r,, A and r, ‘to use. This will be examined in
more detail in another paper (5]. [n general, we know that if a is a function of z, a solution still exists
from the linear nature of the equations, but is is hard to write an explicit formula fora;. [fa(2)is
piecewise constant, a solution of the form of eq. (9) in a series is possible. In fact, any functiona(z)
can be represented sufficiently well by a series of piecewise constant values, if the intervals are taken
sufficiently close together. A computer can aid in this type of analysis.

If the beam expansion is sufficiently self-similar, then we can write an explicit solution fox 1.

If
" =k(p,Q)Az)-(p/pg)alz) ,
then
ar = N'M
where

z 2 2 1 1 0 1
N=(r, - [ I a(z')dz'dz1)(l .\(z')dz')+([ |7 Nerdzds, + [ N@dr ) [ a@ds
N 1 N “H T N 4

12 ) 0 [l 12 ]
I NVdr'dz) ) + l [ a(z’)dx'dz(' J \(2) de dz
- -1 -1 -2 -z

1 1 | 1 1

ur. .\(:')d:')+z(l ‘

l2 F 2 [1]
[ A de' ds, ] a(Nd7 - [ I u(z’)dz'dzzl \ (z')dz’)
-4 - T Tn N hTTh I

0 2

o 3 b}
_ j ’ ? a(dr'ds, ' A(z')dz')
-1ty -1



3.2 Nonlinear Space Charge

Nonlinear space charge effects cannot in general be removed. Thus for the weak focusing limit,
the criterion of eq. (5) must be used to minimiza the non-self-similar beam expansion. As you will see
in sect. 4, with this criterion, the nonlinear space charge still are not negligible. In addition to nen-
self-similar beamn expansion, nonlinear space charge can occur from beam divergences and

convergences. With a bcam angle of 6, the emittance grows like

2 2 54
07 L
e=2 \/2.\92/‘1—4,——
24,2 80
o

for adrift of length z and a bunch of length L. The first term is a constant for any angle, but the
second term grows for arger 6.
3.3 Nonlinear, time-independent rf fields

This term refers to the nonlinear component in the rf fields, i.e , the component that deviates

from

E (rz2) =E,(z) rcos(wt + ¢) . (10)

An earlier work has calculated cavity shapes for linear rf fields for sufficiently low frequencies that
the electrostatic solution can be used (6]. An extension to electromagnetic fields is possible and
necessary; at 1.3 GHz the nonlinearity of the. fields contribute something like 15 n-mm-mrad to
the normalized 90% emittance.
34 Linear, time-dependent rf fields

For one of the cases we will consider in sect. 4, the emittance of 15 n-mm-mrad arises from a
combination of 11 n from the nonlinear space-charge effect and 11 rn from the linear, time-dependent
rf fields for a pulse of 20 ps. This last effect occurs from the time dependency of the rf fields. We
assume the rf fields obey eq. (10). Then the emittance resulting from the time dependency goes as[7]

e ~E,riL

where r is the radius of the beam and L is its length. The physical size of the beam can be reduced to
make these efTfects smaller until the nonlinear space-charge forces appear. With zero charge in the
beam, it is possible to eliminate this efTect with a third-harmonic cavity following each linac section
because there will be no radial mixing. However, with space charge, the radial mixing destroys the
correlation before the third-harmonic cavity. To reduce this eTect with space charge, either a third-
harmon ¢ component must be introduced into each of the first couple of cavities or the constant E,
must be veduced for each one. E, can be reduced by proper selection of the parameters p and y in the

linear field solution extension of [6] for electromagnetic fialds.



4. Photoelectric injector design

Using the above analysis as a guide, we were able to design a robust injector for an XUV FEL
with 8 nC of charge within 20 ps. In fig. 5 we see the design and the PARMELA simulation output
corresponding to it. The results are well within the requirements outlined in sect. 2.

The cavities used for the simulation in fig. 5 are ones currently in use at Los Alamos. They are
somewhat nonlinear; the tinal emittance of 23 n-mm-mrad resulted from half nonlinear rf fields
and nonlinear space charge. We artificially linearized the rf fields to observe the benefit. It allowed
us to enlarge the beam radius and drop the nonlinear space charge part until it was equal to the
contribution from the linear-time-dependent rf. The overall emittance was then 15 n-mm-mrad.
[f we enlarged the beam further to eliminate all traces of the nonlinear space charge, the linear, time-
dependent rf part grew to 18 n-mm-mrad. This is how we would like to operate the injector if at
this point we could remove the linear-time-dependent rf contribution by one of the techniques

discussed above.

5. Conclusion

A photoelectric injector design analysis has been presented. The emittance growth from the
dominant mechanism has been shown to be eliminated with a simple lens configuration, leaving only
a small residual emittance resulting from the other mechanisms. This analysis can lead to general
design considerations including electrostatic and rf focusing, which is addressed in another paper [5].
The new photoelectric injector design shows very low emittance for 8 nC, and the leading remaining
contributors to that emittance have been identified. Techniques to reduce this emittance further

have been outlined.
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Figure Captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Configuration of the proposed Los Alamos XUV/UV FEL (1 to 400 nm). One rf linear

accelerator drives multiple FEL oscillators in series.

Typical transverse emittance versus beamline position plot for a photoelectric injector,
showing quick initial growth and subsequcnt reduction for a slug beam and physical

description of a slug beam, with internal coordinates p and ¢.

Transverse phase-space plots showing emittance growth and reduction.

(a) initial phase-space plot with very small emittance.

(b) phase space plot after drift z; to lens, showing the emittance growth due to the
different expansion rates of points A and B.

() phase space plot immediately after lens, showing rotation due to the lens. The
emittance is unchanged because we assume the lens is linear.

(d) phase space plot after drift z behind lens, showing the emittance reduction due to the

different expansion rates of points A and B.

Definition of a crossover and a waist. The solid line is the initial transvrse phase space
distribution and the dotted line is the final distribution.

(a) A crossover is formed when converging particles cross the r’ axis while transforming

to diverging particles.

(b) A waist is formed when converging particles cross the r axis while transforming to

diverging particles.

Photoelectric injecor desi~n of first few accelerator tanks and corresponding PARMELA

output showing energy spread and emittance as a function of energy.
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