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PHOTOELECTRIC INJECTOR DESIGNS AT
LOS ALAMOS NATIONAL LABORATORY*

Bruce _..¢arlsten, Richard L. Sheffield, and Brian D. McVey

Los Alamos National Laboratory, MS-HS25
Los Alamos, NM 87545

DISCLAIMER

This report was prepared as an account of work sponsoredby an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their

employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bi|ity for the accuracy, completeness, or usefulness of any information, apparatus, product, o,

process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or se.rvice by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-

mendation, or favoring by the United States Gove='nment or any agency thereof. The views

and opinions of authors e_pressed herein do nol necessarily state or reflect those of the
United States Government or any agency thereof.

ABSTRACT
We will describe the photoelectric injector design philosophy and capabilities at

Los Alamos National Laboratory. We will discuss our simulation ability and general
considerations to minimize the space-charge and rf emittance growths. In particular,
we will also outline a high frequency design without magnetic bunching and a low
frequency design with magnetic bunching.

*Work supported and funded by the US Department of Defense, Army Strategic
Defense Command, under the auspices of the US Department of Energy.
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INTRODUCTION

We will describe the current photoelectric injector design philosophy and

capabili.ties at Los Alamos National Laboratory. Los Alamos began investigating

photoelectric injectors to meet the low emittance, high peak current requirements

for Free Electron Lasers (FELs), which could not be provided by conventional

accelerator systems. Scientists at Los Alamos have helped pioneer photoelectric

injector technology, from the original work of including photoemissive cathodes in rf

Cavities, starting in 1985,1'2 to the design and construction of HIBAF, the first high

brightness, high current (several hundred amperes) accelerator using a photoelectric

injector, in 1989. 3

This paper is broken into five sections. First, we will examine the choices for

photoelectric injector design parameters that are available. Next, we will discuss the

simulation and designprocedures available for these choices. We will also provide

a short description about the major physical processes involved in the injector,

and why the emittance is lower than that of en injector based on a thermionic

" cathode. Tile last two sections will discuss higher frequency (> 1 GHz) and lower

frequency (<1 GHz) designs, respectively. Two separate high frequency designs

will be presented, including the one ased at HIBAF. Comparison with experimental

measurements are provided for this design.

PHOTOELECTRIC INJECTOR DESIGN OPTIONS

Given typical accelerator gradients (twice the Kilpatrick electric field limit 4)

that can be sustained for pulse length formats suitable for FELs, and charges of 5

to 10 nC, there are two separate regimes for photoelectric injectors. The injectors

can be designed either with accelerator frequency above or below 1 Ghz. The higher

gradient available above 1 GHz allows use of phasing the laser pulse relative to the rf

to provide some velocity bunching. This bunching as well as the rapid acceleration to

i relativistic velocity minimizes the axial electron pulse spreading due t'b the repulsive
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space charge force. Final electron pulse lengths of 10 to 15 ps are possible for 5 nC.

Although the high current in the pulse generates a large emittance growth due to

the nonlinear space charge forces, the use of an external magnetic lens can virtually
,

eliminate this emittance. _ However, emittance contributions from both the nonlinear

or linear but time varying rf fields can result in measurable emi ttances. The optimal

lens placement becomes physically blocked for gradients much above 35 MV/m, and

the space charge induced emittance compensation is less complete, Going to a higher

frequency tomake room for the lens is not satisfactory, since more emittance growth

from the time varying rf forces also occurs. The optimum frequency for this type of

design for 5 nC, 15 ps pulses is about 1.5 GHz.

The other type of photoelectric injector design assumes that we can bunch a

longer electron pulse to 15 ps with only a small emittance growth, at worst. In

that ca_e, a sufficiently low accelerating frequency can be picked so there is only

negligible rf emittance growth. Even with pulse lengths five times longer than the final

desired length, the space charge iuduced emittance growth must be compensated.

This emittance growth remains since the accelerating gradient also dropped with

the frequency. The residual space charge induced emittance growth is also more

dependent on the axial distribution of the bunch. At the appropriate frequency, only

a small emittance remains after the compensation, and very little from the rf. If

sufficient rf power is available to bunch at an arbitrary high energy, the emittance

growth from the bunching process can also become negligible. Typically, though, rf

power is limited, or the final energy is low (say 20 to 40 MeV) and a modest amount

of emittance growth results. The brightness capable from either type of design is

nearly the same.

DESCRIPTION OF SIMULATION CAPABILITIES

At Los Alamos we have developed the INEX 8 (Integrated Numerical

_'Y,-,,_,-;,-,_,_r,_h _r_nrc_ch to model the FEL system. In INEX, specific codes suitedrl
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for modeling different particular elements of the FEL system are linked together by
,,

passing from one to another the complete description of the electron beam. Typically

104 particles are followed in a simulation, and their entire phase space representation

is passed from code to code. Various other codes are also used, to generate the

appropriate external magnetic and rf fields the particle pushing routines need. .

In particular, the FEL system can be broken into four sections. First, we

define an injector system, to include up to the second rf cavity. The next section

is _the acceleratorsection, including beamline transport tOLthe wiggler. The wiggler

section is next, and followed by a final accelerator section which brings the beamto a

dump. The main particle pushing codes used are ISIS, r PARMELA, 8 and FELEX. 9

FELEX pushes the particles in the wiggler, and includes the interaction with the

light. Since we are concerned with high brightness accelerators only in this paper,

we will not go into any more detail on FELEX.

ISIS is a fully 2-D Particle-in-Cell (PIC) code which solves Maxwell's equations

for the rf and space charge fields, and uses the Lorentz force equation to push

the particles. Except that it only supports 2-D effects, it is quite general.

PARMELA is a very specifieaccelerator code. It uses external magnetic and rf field

distributions generated by POISSON, 1° MAFIA, 11 and SUPERFISH, 12 which can

include azimuthal effects. The Lorentz force equation is used to push the particles in

these fields. Space-charge fields are calclxlated by making a relativistic transformation

to an electrostatic frame, with an infinitely long conducting wall at the beam pipe

radius. Effects of wake fields produced bythe real wall opening into cavities is

included by calculating the wake potentials from TBC112 and including it to the

particles' energy after they leave the cavity.
11

i The injector region is simulated by both ISIS and PARMELA, in order to get
a feel for the accuracy of the simulation. Typically, they give practically identical

i results, including beam brightness, a Because ISIS requires full cavity descriptionwithin its mesh, i_ ..... ,-- :---J..._ _,_ _,-_ ,-,_,_p]o.of accelerator cavities The_ CU.J, ULJLlvY ll&_ J.U.,,.A'_, _ ,,._ _., .......... '
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accelerator section, including magnetic t_ends and bunchers, is Simulated only by

PARMELA, using TRACE to help tune up the focusing.

Ttie accelerator modeling is quite sophisticated. We include in the _imulation

the effects of nonuniform transverse quantum efficiency maps, nonuniform transverse

laser intensity, 3-D space charge effects, and g-D cavity asymmetries'from the coupling

slots between accelerating cavities.

SPACE-CHARGE AND RF EMITTANCE GROWTH CONSIDERATIONS

The space charge emittance compensation technique by focusing with an

external lens was developed at Los Alamos. 13 This technique simultaneously reduces

the emittance as the beam envelope is focused (Fig. 1). The emittance reduction

basically results from nonlinear space charge forces after the lens cancelling nonlinear

space charge forces before the lens. The amount of compensation depends on how

close the effective lens center approaches a particular location. This leads to a

relatively small diameter of the lens to axially localize its field.

Since the beam pulse is not infinitely long, there are effects associated with the

axiat ends. The initial emittance growth is caused by nonlinear space charge forces

which expand the beam at different rates at different axial positions. This causes

a "bow-tie" to develop in phase space previous to the beam reaching the lens. The

motion of the particles is phase space is at least quadratic; in general the motion is

more complicated. The lens reinitializes their trajectories so that at some later time

the "bow-tie" vanishes. This same thing can happen with no lens, if the right initiM

boundary conditions are used. Consider a drifting beam starting with

X--Xo

! !
X "---X 0

Under a radial force of _v2m, where the particle velocity is v and mass is m, the

beam expansion is
_..2 ,

x =X,,+ _,_ -XoZ

..... _lqII[V/"...... I, .... ,, _l,
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Fig. 1. Emittance and beam envelope size plotted against axiM position.
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The angular width of the "bow-tie" is given by the spread of x'/x, given by

_t z/_ -- _glo

x _o+ _z2- _'oZ

which is in generM a function of axial position within the bunch if ,_ is. If we pick

2
p • ,

X o -- Xo--
Z

" then

x _ 2

X z

independent of axial position, and the "bow-tie" has vanished. This effect is shown

in Fig. 2 for a photoelectric injector and ,_._.'_-"_,,..,...c;'_""_,_....,_,_;_._.n_o._............ is a ouadratic,, or
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Fig. 2. Phase-space diagrams showing emittance reduction due to nonlinear space
charge forces.

higher order, function of axial position, 14 it can be made to vanish at least at twoo

axial location, for the proper boundary conditions.

In practice, not all space charge induced emittance can be eliminated. This

occurs for the following reasons.

1. The space charge forces are originally radially nonlinear for short pulse lengths,

and as the bunch lengthens they become axially nonlinear.

2. Particles at the bunch's axial ends often crossover, instead of forming a waist

like the particles at the bunch's center.

3. Particles at the front of the bunch don't see the same space charge cloud before

them_ as they leave the cathode as do the ones at the back end.

The amount of residual space-charge-induced emittance growth also depends

on the initial pulse length and gradient. Longer pulse lengths lead to less emittance,

because the average space-charge force has dropped, and because (1) _bove has been

l '
eliminated. Lo_:ger pulses are also more sensitive to axial distribution and require a
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more uniform distribution. Higher gradients accelerate the particles faster, resulting

in less time at the nonrelativistic energies where the nonlinear:space-charge forces
,

cause emittance. However, as was pointed out earlier, the emittaace that does occur

is harder to compensate. Lower gradients are worse yet, because the beam distorts

rr ore from the space-charge forces and the emittance compensation suffers.

Electron pulses longer than ten degrees of rf phase tend to pick up eInitt_mce

from the time variation in the rf fields. For pulses shorter than that, the main worry

is radial nonlinearities in the fields. Since the emittance scales as the beam radius to

the forth power, this can become quite large. Cavities with completely linear radial

fields Can be designed, 15 but they are unusable because of too low shunt impedanc e.

On the other hand, cavities designed to maximize the shunt impedance have seriously

nonlinear fields. Intermediate designs, with shunt impedances of three quarters the

maximum, 1:ave only slightly nonlinear fields. These cavities are useful for beams up

to 8 mm radius for 1 GHz. The different cavity shapes for 1.3 GHz and 1.2 cm beam

pipe radius is shown in Fig. 3.

Depending on the availability of rf power, some trade offs are possible. If the

electrons can be magnetically bunched at high (greater than 50 MeV) energy, and

an initial uniform pulse can be generated, a very bright photoelectric injector can

be made at frequencies less than 1 GHz. The initial pulse length can be increased,

dropping the space-charged-induced emittance. Below 500 MHz, the space-charged-

induced emittance starts to grew, resulting from the physical limitations of the

nonlinear compensator.

HIGH FT_EQUENCY DESIGNS

We have two high frequency designs, both at 1.3 GHz for 5 nC electron bunches.
E

The peak current, emittance, energy, and energy spread are outlined below:

The z,,ajority of this section will cover the HIBAF design; only differences

introduced in the Advanced FEL (AFEL) design will be mentioned, l

_
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Fig. 3. Cavity shape selection trades off field lirlearity for shunt impedance.

Table 1

,XE EnergyIpeak e norm, 90% --_

HIBAF 320A 27_r mm rarad 0.35% 40 MeV
AFEL 340A 12rr mm mrad 0.20% 20 MeV

We will first review the HIBAF design philosophy, and its connection to the

INEX procedure. The actual design and the INEX verifi :ation parameterization will

also be covered. Current HIBAF status and experimental and INEX nominal case

comparisons will be shown. One parameterization case will also be compared.
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HIBAF was designed keeping ali previous low emittance lessons in mind. a In

particular , we wanted to:

1. Avoid all low energy beam drifts

2. Avoid axial mixing of the particles

3. Avoid wakefields, particularly in bends

4. Avoid beam loss near the cathode to prevent cathode poisoning
, , ,

Part of the justification for building HIBAF was to verify the INEX design

procedure for high current, low emittance machines. Many low emittance, low peak

current accelerators exists. Accelerator:optics are usually linear, and well understood.

HIBAF is the first machine in the new regime of low emittance, high peak current,

and there has been no previous benchmarking of the codes here. In particular, no

device has previously been built with the correlated emittance ccmpensator. In

order to compare experimental and simulated results in this regime, a sophisticated

understanding of the accelerator is required, as was discussed earlier. In particular,

we want to use HIBAF to verify that the complicated nonlinear space charge forces

calculated in INEX give essentially the right results. Although HIBAF is in the higher

frequency, r._onbunching regime, a magnetic buncher was designed in it, to verify the

calculations in the lower frequency design.

' HIBAF was designed to be maximally flexible, in order to do large

parameterization studies. The wider the range of parameters that are within reach,

the Inore regimes INEX could be tested in. In addition to the usual parameters

easy to vary (charge, accelerator gradient, initial rf phase during emission, cathode

radius, transverse beam profile, among others) variable amounts of radial rf focusing

was provided, by changing the initial phase. The effective lens position for the

compensator can also be changed, by varying the ratio of current in two separate

coils.

In 'Fig. 4 vce see the HIBAF master oscillator, power amplifier (MOPA)

q
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configuration. The accelerator consists of four standing wave tanks. The first tank,

A, is an on-axis coupled structurewith six cells (Fig. 5), and accelerates the beam

6 MeV. The other three tanks are side-coupled accelerators of 15 cells each, and

accelerates the beam 11 MeV apiece. The final design energy is about 40 MeV. An

isochronous and achromatic 60 ° bend transports the beam into the optical axis of an

oscillator wiggler. ,', second, 150 °, bend then guides thebean: onto the optical axis

of at, mrlplifier wiggler. The secor bend can operate in both an isochronous and a

nonisochronous manner.

• Optical Transition Radiation (OTR) screens at locations 0,1,2, and 3 are

available to measure the beam profile. Because of background subtraction issues

and signal-to-noise resolution, beam full-width-half-max (FWHM)measurements are

easier to make than are beam rms measarements.

The back wall of the first cell is recessed slightly (2.6 mm) at the cathode, to

introduce some radial rf focusing, as the beam is accelerated. Another effect of the

rf focusing is to drop the accelerating gradient at the cathode 25%.

. Currently, HIBAF has only run as a 17 MeV machine (tanks C and D have not

yet been installed). Fig. 6 shows a schematic of the 17 Mev machine. A nominal

case has been established, and using the same tuning procedure, has been simulated.

Screen 0 Screen 1

A- " Tank B .

Quadrupole doublet

| Fig. 6. HIBAF 17 MeV schematic, showing screen locations and beam envelope.

W
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The nominal case is established by this tune-up routine:

1. With tank B detuned, measure the maximum acceleration through tank A with

the spectrometer while varying the laser phase.

2. With tank B back on, measure the maximum acceleration with the spectrometer

while varying the relative phase of A and B. This gives us the gradients of A

and B to use in _. EX.

3. Micropulse charge is determined from wall current monitors.

!_ 4. Electron pulse length measurements at the streak camera (located at screen 3)

i
and initial laser pulse length measurements gives us the initial laser phase.

ii 5. Relative rf phase of tank B is adjusted to minimize the energy spread.
6. Solenoid strength ratio is known experimentally; absolute strength is found by

:| matching spot size on screen 0.
I]

t

- 7. Ratio of quadrupole strengths is also known experimentally. Absolute strength

is determined by minimizing beam spot size on screen 3.

There are only two free knobs available in the simulation setup - the solenoid

and quadrupole strengths in steps 6 and 7. In Table 2 we see the summary of the

nominal case, showing excellent agreement at ali screens. The emittance for this case

is 50 rr mm mrad.

A crack in screen 0 interfered with the rms measurement. Tile HIBAF rms

'_ sizes measured by fitting gaussian distributions to the data, and neglected the
were

Jm actual distribution wings that formed at the beam focus.
:_ HIBAF parameterization studies have just begun. In this set of experiments,

:i we plan to vary solenoid strength, cathode radius, micropulse charge and initial

i rf phase. These variations will check the INEX calculations of the nonlinear-
m
_ space-charge compensator, tile nonlinear-radial-space, charge force calculation, the

ti nonlinear rf force calculation., and the effect for the rf focusing, irl Fig. 7 wc _ee
I

|
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Table 2

HIBAF INEX

charge 3.6 nC 3.6 nC
energy 15.7 MeV 15.6 MeV
energy spread 0.3% 0.3%
peak current 180 A 200 A
pulse length 20 ps 20 ps

s roo.0M:S;screen 1 FWHM 3.8 mm 2.4 mm 3.4 mm 2.1 mm
screen 3 FWHM x/y 0.82 mm / 1.32 mm 0.75 mm / 1.20 mm
screen 0 rms x/y 1.96 mm / 1.64 mm 2.0 mm / 2.3 mm
screen 1 rms x/y 2.2 mm / 1.0 mm 2.2 mm / 1.0 mm
screen 3 rms x/y 0.44 mm / 0.72 mm 0.58 mm / 2.5 mm

a plot of micropulse length versus initial rf phase, plotted from both experimental

measurements and simulation. The agreement indicates that the interaction of the

axial rf fields, radial rf fields, and the axial space charge fields is done toan acceptable

accuracy in INEX, for this regime. By comparison with all the parameterization runs,

agreement throughout the high current, high brightness regime will be examined.

40-

35-
"-'% o

30- o25-

HIBAFDATA

0

20 - _ 0

15- o
o

10 I i I ', I I r , i
0 10 20 ,30 40 50 60 70 80 90

FZLATIVERF PHASE (deg)

i F'ig. ? Experiment and ' ' '" - "snnu1_zuzzco,_i.,_i_,,,, ,-,c.-,:...... I_,, 1_n_-,l-.,vor_,,._inlti_.l

j laser phase.
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i
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A brighter high-frequency linac can be designed, by removing the flexibility

included in HIBAF. This requires that the necessary trust irt INEX has been

established by these verification experiments. The AFEL, shown in Fig. 8, consists

of only one accelerator tank. Correct phasing of the rf to minimize the energy spread

is provided by small additional drifts between accelerating cavities in the tank.

__i______ II I =_'\t\

[_ I '

CmNSnLE RiVE- _,,_

,.....e i .... oo

IIELECT{
--=-_=_w------_- - :___¢s---nf------3

.... =---=_ K L MEIER 4/i3/9880 FT_ ......................... t

i . Fig. 8. Compact, AFET, layout.
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LOW FREQUENCY DESIGNS

In Table 3 we see a summary of a low frequency (433 MHz) photoelectric

injector design shown schematically in Fig. 9. , ' '

Table 3

initial length 70 ps 25 rr mm mrad
bunched to 10 ps 35 rr mm mrad

453 MHz 8nC

' 0.5% Energy Spread

nitial pulse 70 ps 25 7: mm mrad

Bunched to 10 ps 55 Tr mm mrad

- I "I kH MAGNE:,CINJECTOR LINAC LINAC LINAC LINAC
BUNCHER

Fig. 9. Low frequency photoelectric injector schematic.

The 8 nC electron pulse was bunched at 22 MeV. The idea for a photoelectric

injector below 1 GHz is different. Since the accelerating gradient is lower, a 10 ps,

5 nC pulse would blow apart to greater than 20 ps. In order to regain the high peak

current, magnetic bunching is required. Depending on the rf power available and

the final design energy, a trade off is now possible. At lower frequencies, a longer

initial pulse can be used to minimize the space-charge-induced emittance growth.

The penalty is that more magnetic bunching is needed. Even for pulse lengths
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of 70 ps, the emittance compensator is needed to maintain high brightness For

frequencies less than a few hundred megahertz, the size of the first cavity starts to

push the compensator away from the necessary location, and the emittance increases.

An alternative is to drop the gradient below the twice Kilpatrick limit, but then

additional emittance is generated, from violation of rule (1) of the HIBAF design.

In Fig. 10 we see the two classes of magnetic buncher; those with positive

dispersion and those with negative dispersion. A typical example of each is shown.

The dispersion is three times larger for the "circular" buncher than for the "chicane"

one because the endpoints in the buncher where the trajectories of particles at

different energies come together are closer. Either type of buncher will work, but

they each have advantages.

low

. Positive Dispersion

hicjinerenergy
/

Fig. 10. Positive and negative dispersion magnetic bunchers.

The main emittance growth mechanisms in magnetic bunchers-are nonlinear
[]

.:,li optics, radialspace charge forces, axial space charge forces, and t he potential
........ IIr, , ' lp , rl ,, ,, ' ,' " " ' ,I_" Ii ,c , , f= ii , f i, , ,,_, li ,, , R,i i ,m lr ' ,Trriii ,i,_ ,lt II_ ' ,_ iJ_ j_j]
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redistribution due to the bunching. The nonlinear optics refers to the order of

nonachromaticity in the bend. Large energy spreads required for bunching over a

short path length exacerbates this problem. Providing a high dispersion is important
!

i

i to keep this effect down.
i

The radial space charge force, which scales as one over gamma squared,

effectively add in a defocusing lens within the bend. This can not be completely

compensated for by focusing optics 1_ within the bend as the space charge force varies

axially along the bunch. This effect can be minimized by decreasing the path length

within the compressor, and by focusing the beam to a waist in the final dipole.

The axial space charge force and the potential redistribution, which scale as

one over gamma, lead to angular dispersion after the last dipole. This also is reduced

by making the beam small there. In addition, the axial effect is make smaller by

. limiting the path length. Thepotential redistribution is independent of path length,

but can be made uniform for the entire pulse. In that case, the final dipole just needs

to be retuned to eliminate the emittance growth. These effects are discussed more

17
completely in another paper,

CONCLUSION

At Los Alamos, we have identified two separate regimes in which photoelectric

injectors can operate for high brightness, high peak current devices. For electron

| charges of 5 nC, this corresponds to pulse lengths less than 15 ps and normalized

emittances less than 40 7r mm Im'ad. The first regime is where no magnetic bunching

is used. The emittance is dominated by the nonlinear-space-charge forces. This
design can operate between 1 and 1.5 GHz..Most of the emittance growth can

i be reduced with the correlated emittance compensator, but some is left. Hig':ler

frequency devices do not lead to less space-charge-induced emittance, until extremely
| high gradients (> 200 MV/m) are achieved. Higher frequency devices also result in
l
.| additional rf emittance growth. Lower frequency machines have lower accelerating
!
.I

I
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' ' ' _r...... , ,, ,,, _ , ,



8

k

t,

gradients, and both the space charge induced emittance growth increases and the

peak current drops. Measurements at HIBAF are currently verifying the design tool

INEX Used _n this regime.

A regime also exists in which we can magnetically bunch an initially longer

pulse to 10 to 15 ps. In this regime tt:.e initial pulse length is long enough so that the

space-charge-induced emittance is small after compensation. The emittance is then

composed of rf effects and space charge effects in the magnetic buncher. The lowest
',

i[ reasonable frequencY in this regime is around 400 MHz, for 5 nC. Lower frequencies
J_

start to physically restrict the amount of compensation possible. The emittance is

more sensitive to the axial charge distribution in this regime.

Photoelectric injectors from either regime have comparable brightness. The

design of both requires equal accuracy in the simulations. The higher frequency

ii device depends on accurate space-charge field calculation at low energy. The lower-

i] frequency device needs just as accurate calculations of space-charge effects in themagnetic buncher.
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