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INTRODUCTION

Understandinq the phenomena of emittance growth in space-charqe-dominated par-

ticle beams is of importance to any application thdt requires a small final

emittance. Many researchers have looked at the process of emittance growth

under these conditions (Refs. 1-6). Wangler, et al., (Ref. 1) uses the idea

of nonlinear field enerqy to describe emittance growth. In brief, a beam with

a nonuniform radial intensity distribution has a notential energy associated

with this distribution. As the beam propagates throuqh the magnetic optic,

this potential energy is turned into transverse kinetic enermy and manifests

itself as emittance growth.

This report briefly reviews this theory. An experiment to check the validity

of the theory is described, and some of the details associated with the

experiment are enumerated. The third section describes the apparatus used in

this experiment, which includes an electron gun that yields beams with a 0

variable radial intensity distribution. The gun uses a directly heated

lanthanum hexaboride (LaBb) cathode to produce the variable intensity beam.

The characteristics of this electron oun are given in the fourth section.

. .. . m .-.. m mmmmm, m,. m m m m ) . m -0
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THEORY

Studies by Wanqler, et al., on the relationship between nonuniform radial

distributions and emittance growth in a space-charqe-dominated transport

system, have recently been published (Ref 1). A nonlinear differential equa-

tion was shown to govern the emittance as a function of the position alono the

transport line. This differential equation was als.o derived by Lapostolle

(Refs. 2 and 3) and by Lee, Yu, and Barletta (Ref 4) for a beam with no exter-

nal focusinq.

dz xK d ) (1)
dz= 2 dz w

where x (twice the RMS beam radius iq defined as x = 2 v7) is interpreted

as the total beam radius of an equivalent uniform beam, and k is the

generalized perveance given by

qI (2)

2Tremv 
y1(2

and

u w - Wu (3)

Here W is the field eneroy given by

W = 7cTf' r Er' dr (4)

and the field enerQv uf a uniform beam, Wu, is oiven by

W W + 4 in b > x (5)

where

w (qN)' (6)
n T-611
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N is the number of particles per unit lenoth, and b is the radius laroer than

x that dcfines a volume over which the real beam is averaqed. Equation 1 is

integrated and assumes an RMS-matched beam with constant x. The resultino

equation relates RMS emittance and the term U/wo, called the nonlinear field

energy.

- (U - U1 ) W
2  1 /2

where wo is the zero current betatron frequency, wi is the initial betatron

frequency for an equivalent beam including space charqe, and ci, Ui are the

initial emittance and nonlinear field energy, respectively.

Quotinn Wangler, et al., "We find that U/wo is zero for a uniform charae

distribution and is positive both for peaked and hollow distributions,

increasing as Lhe distribution becomes more nonuniform. Furthermore, U/wo is

independent of both beam current and RMS beam size, and is only a function of

the shape of the distribution" (Ref. 1). Thus, the analytic result of this

equation is clear; if the beam distribution is flat, then zero emittance

growth will occur.

Excellent agreement between thesj analytic predictions and computer calcula-

tions have been obtained to support this theory (Ref. 1). The final value for

the nonlinear field energy must be known before Eq. 7 can be used to predict

emittance qrowth in real systems. In the computer simulations, the nonlinear

ield energy was observed to chanop as a function of the distance the parti-

cles traveled along the magnetic optic.

To enable an analytic estimation of the final emittance qrowth, Wangler,

et al., made the approximation that the final nonlinear field energy would

evolve to a steadv-state value of zero. This estimation will be quite

accurate for a space-charoe-dominatpd beam, where th- emittance orowth is

larest. For an Pmittance-limitpd case, this aooroximation will provide an

*jnpr hound for the emittancp qrowth observed. Equation 8 is an aporoximation

to F,-. 7.
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cf U. 0o !I1/2

2(8)

Figure 1 shows a graph from Ref. I that compares Eq. 8 to the computer simula-

tion discussed previously. As can be seen, there is good agreement between

the two. This comparison is made after 100 plasma oscillations, where the

length, Xp, is defined as

x..(2zrzxz )1/2 (4T 3X2EOMV 3 )1/2 (9)

and is the distance the beam travels during one plasma period.

Reiser (Ref. 5) shows that the initial betatron tune ratio, wi/Wo, is given

by

W i E2m 0cS y

W 0 - r2 qB (0)
0 Z

where r is the matched beam radius. This radius is given by solving the enve-

lope equation with the second-order differential term set equal to zero (Ref.

5) resulting in Eq. 11,

ksr4 - Kr2 - E2 = 0 (11)

where ks is the external focusing force of the solenoid (Ref. 5).

Szy
2moc~y) (12)

Inserting Eq. 10 intn Eq. 8, and using the field energy constant for a

Gaussian beam given by Wangler, et al., (Ref. 1), we obtain

0.154 r2qBz 1/2

=11 (13)

4
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1 10

(a) Flat distribution.

5.00

1.0

(b) Peaked distritbutiqn.

Fiqure 1. Analytical rrdict ion oF emitt - nqrowt-h.
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Equation 9 is then solved to yield the enerqy of the beam required tn obtain a

given plasma period.

m (Yp QI \ZI/ 3  (14)

2E 7- Te --2

where E mv3/2.

Equations 14, 13 (when solved for Bz), and 11 are coupled equations which

yield the experimental conditions necessary to check the theory.

To aid solvinq these three nonlinear equations, rewrite them in terms of

the unknowns Bz, E, R, and c, nstants aL, 8, 8, 8, y9, yz. Assume

that x in Eq. 14 is equal to R in Eq. 11.

E - 0
R 4/3  (15)

B'B ZR4 R
- Z - .. . 0

E El4 2

yZRBz z (17)

E -

w, e ro

qI

27\/rrm 0 2)3

2 =

31 -~-
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-i E] 2w n

Y2 q2

Solving Eq. 17 for R4BZ2"/E qnd suhstitutino into Eq. 16, we obtain

Snlvina Eq. 19 for E 3/2 and suhstitutina into Eq. 18, we obtain

B8±m B2R4

we now so,)vp directly for E, R, and B. respctively.

K3/2 (B21 - B3) (20

'1__ (21)

R~4 /3

4 
(yE 11

To eva luat e thF- - t :ants we need to know X~ 1, E, f /'Ci, and w0 /U. The

olasi-ma n~rind ;io relatpd to the 1-noth of the snl-nnid. Since thp maonetic

fi-ld needs; to he many plasma periodslno the plsm eriod ne-ds to bp

1, s hrt f. Th- rrenrt and thin emlhtanre are determinpdl by thi electron

ntin ilesiqo. The la-st two parampt-rs aro- dintormined by the beam nrofilo an~d

,he amouint of -miltance orowth dins;iredl. Tahlin I shows F, R, andI B~z I the
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parameters shown. Here we have assumed I = 10 mA, X0 = 20 cm and E

2.5510-' mrad (estimated from acceotance of electron gun).

Table 1. Calculated parameters.

Ei R(cm) E(eV) Bz(Gauss)

1* -

2 2.7 57 11.5

3 3.4 42 9.7

4 4.0 34 8.7

5 4.6 29 8.1

6 4.9 25 7.6

7 5.3 23 7.2

8 5.7 21 6.8

9 6.0 19.3 6.4

10 6.4 18 6.4

*For f/E = 1, no solution was obtainable because

8, was oreater than By 1 /y2 for the parameters

chosen.

Note that most of the emittance orowth is seen in the first plasma period

(Ref. 6). Thus there are two ways to perform an experiment to check the

theory. The first experiment would use a solenoidal field of many plasma

periods in length that erabled the final beam energy to relax to zero. The

Pneroy, magnetic field and radius of the beam would be varied as shown in

Table 1 to produce the emittance growth predicted. The second experiment

would use a solenoidal field of one plasma period or less with a fixed tune

depression. The emittance growth seen could then be compared with tbe results

predicted in Eq. 8 as a function of z/Xp.

For either of the experiments, a beam with a variable intensity distribution

is needed. This will allow the emittance orowth for a peaked and flat beam to

8
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be checked aqainst the theory. One electron gun should be used to produce

both profiles to ensure that emittance qrowth caused by factors other than

space charge is present in the same amount for each experiment. The next sec-

tion details the experimental apparatus used to achieve a peaked and flat pro-

file beam in the same electron qun.

0
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EXPERIMENTAL APPARATUS

The experimental apparatus consists of an electron gun with variable inten-

sity profile, a solenoid magnet, and an emittance measurement device. The

entire experiment is run at a pressure of 10 - 6 torr in a vacuum tank evacu-

ated by cryogenic oumps.

The electron gun with a variable intensity profile is the heart of the experi-

mental device. To achieve a variable intensity beam, a directly-neated

lanthanum hexaboride (LaB6) cathode was used. The cathode is a thermionic

emitter, so the temperature profile across the cathode determines the emission

profile of the electrons. Thus the profile is changed by changino the temper-

ature profile on the cathode.

The cathode is heated in a coaxial manner with the current flowing through a

center rod, across the cathode face, and returnino through an outer graphite

connector attached to the outside ring of the cathode. The coaxial

design results in a free-field emission region in front of the cathode.

Figure 2 shows the cathode assembly in a disassembled picture. The araphite

center rod and outer "fingers" are clearly visible along with the LaBb

cathode. The entire assembly is cooled via an external cooling jacket.

Graphite is used in the cathode assembly since deoradation nf the LaBb cathode

occurs if it comes in contact with most metals (Ref. 7). The outer graphite

connector is a cylindrical tube with pipe threads cut into one end and 24

finoers cut into the other. The ends of the fingers are beveled inward and

make contact with the edoe of the cathode. These fingers are made by cutting

2.54-rm-long slots, 0.064 cm wide, into the graphite connector. The inside

diameters of the fingers are radiused at the bottom of the slot to reduce

breakage of the fingers under thermal and mechanical stress.

The graphite inner connector determines the temperature profile across the

face of the cathode. Two different inner connectors are used to produce the

two differinq temperature orofiles. For the flat distribution, thp inner

connector is a threaded hollow tube about 2.54-cm-long containino a disk

10
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Fiqure 2. Picture of disassembled cathode.
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0.3175 cm thick. This disk makes contact between the copper rod and the LaB 6

cathode. The distribution can be fine tuned by adjusting the tension in the

fingers of the outer connector.

For a peaked distribution, the inner connector is a solid graphite rod with

threads cut into both ends. The threaded end which makes contact with the

cathode is tapered. The angle of the taper affects the peaked distribution;

generally a larger taper angle increases the center temperature of the

cathode.

In both cases, the cathode is pushed against the outer connector, resulting in

the fingers spreading outward. The tension on the cathode is directly related

to the distance the fingers are spread. Best operatino conditions were

obtained for the cathode when the fingers were spread from the unstressed

diameter of 2.54 cm to the stressed diameter of 2.576 cm.

The electron gun was designed to give a 3000-V, 30-mA beam. A Pierce cathode

geometry was chosen for ease of design and a focused beam (Ref. 8). The anode

is a flat plate with an aperture of 1.91 cm. The cathode/cooling jacket

assembly is held at the same potential as the Pierce cathode. The anode is

connected to system ground, and the cathode assembly floated to the final

operating voltage. The anode/cathode gap is variable, and was optimized at

3.81 cm for the beam parameters desired. Figure 3 shows the electron gun

assembled with the Pierce cathode in place.

The cathode was heated with a pair of Advance A1500 5-V, 300-A power supplies.

The power supplies were run in parallel, yielding 5 V, 600 A. The accelerat- 0

ing potential power supply was changed several times due to limited beam

current available from the supply. The final supply chosen was a 3-kV, 30-mA

Fluke high-voltage supply.

12
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Fiqure 3. Picture of assembDled electron gun.
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EXPERIMENTAL RESULTS

The experimental results are presented in three categories. The first

category details the temperature of the cathode as a function of heater

power delivered to the cathode. The second details the beam current as a

function of various parameters. The last details the electrical properties

of the cathode as a function of temperature.

Two diagnostic devices were used tn find the cathode temperature. The

first was an optical pyrometer, which was used to find center temperatures

and rough temperature profiles across the face of the cathode. The second

was an Inframetrics infrared (IR) imaqing camera. This camera oave detailed

temperature profiles of the cathode. The camera operates in the 5- to 15-um

ranqe and requires the use of a zinc selenide window for IR transmission.

Since the optical pyrometer required a Plexiglas window, use of the two

diaonostics at the same time was quite difficult.

The Inframetrics camera was sensitive to chanqes in the zinc selenide window.

Dirt particles, oil, and water vapor on the surface of the window appeared as

hot and cold spots on the cathode. These oroblems were minimized by increased

care of the window. The camera was also sensitive to emissivity changes in

the LaBb cathode itself.

Durinq the exoeriment, the LaBb cathode reacted with residual oxygen in the

system and created deposits of LaBO3 on the surface of the cathode. This

chanqed the emissivity of the surface, and finally required termination of

use of tY, IR camera. The optical pyrometer was less sensitive to emissivity

changes, and was used throughout the experiment to obtain temperature measure-

ments.

Fiqure 4 shows the surface of the cathode after the LaBO, deposits had become

apparent. The composition of the deposit was determined using X-ray diffrac-

tion techniques. The cathode was cleaned usinq hydrochloric acid. Fioure 5

shows the cathode after cleaning. The obvious deposits are gone, with the

X-ray diffraction data showing no signs of LaBOr. The deosits occurred at 0

pressures above 10
- b torr.

14 "10
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Flaure 4. LaB6 cathode close-un before cleaninq.
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Fioue 5 Lab cahod clse-p afer leaing
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Figures 6 and 7 show the center temoerature of the cathode as a function

of heater power for the peaked and flat distribution. Data from both the

pyrometer and the IR camera are presented. In both cases there is roughly a

200 0C difference between the two measurement techniques at similar powers.

The difference between the two measurement techniques is still unresolved.

This difference may be due to sensitivity of the camera to emissivity changes,

or to changes in the electrical characteristics of the cathode. The fioure is

a compilation of different experimental runs, and some changes were observed

in the resistance of the cathode as a function of power during different

runs.

The optical pyrometer data were chosen as the reportable data because they are

less sensitive to changes in emissivity. The IR camera is used to show the

relative shape of the temperature profile as seen in Fig. 8. Here the peaked

and flat profiles are seen in the line scan mode of the IR camera. The flat

profile is uniform to within 1 percent. The center of the peaked distribution

is 25uC hotter than the edge of the distribution. This difference can be

increased if desired by changing the taper angle on the center conductor and

the tension of the outer conductor. 0

The beam current obtained for the temperature distributions is shown in Fig.

9. The current was measured using a graphite Faraday cup biased to 300 V to

reduce secondary electron emission effects on the current measurement. The 0

beam current was power-supply and space-charqe limited. In no case was the

emission limit reached.

Figure 10 shows curves for different accelerating potentials as a function of 0

beam power. The two curves are for 500 and 1000 V. The effects of the space

charge limit are clearly seen in these two curves. The data show that the

current approaches the limit predicted by theory (Ref. 9).

In all cases, after the cathode had been let up to atmosphere the electron

current was greatly reduced. This agrees with other studies of LaBb emission

(Ref. 10). Figure 11 shows the increase in current as a function of time at a

power of 830 to 940 W. As can be seen, the current reaches a steady state

after an elapsed time of 10-15 min.

17
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0

(a) Peaked.
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Electrical characteristics of the cathode assembly are seen as a function of

heater power in Fig. 12. The flat distribution has a lower overall

resistance. The peaked distribution required lower powers to reach similar
temperatures and currents when compared to the flat distribution. The dif-

ference in resistance is due to the length of the inner graphite connector.

2
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CONCLUSIONS

The theory and partial experimental results for measuring the emittance growth

dup to nonlinear field energy have been presented. An electron beam with

variable intensity distribution based on a directly heated LaB 6 cathoue has

been assembled and tested. Beam parameters necessary for the exneriment have

bo>-n produced on a repeatable basis.

Emittance measurements on the electron beam have not yet been performed.

These measurements, plus the construction of a solenoid with oarameters shown

in Table 1, are the remaining tasks necessary to comolete the experiment.

a 1 h,-retical understanding of emittance growth due to nonlinear field

P' :would areatly assist in the design and manufacture of high-quality,

lov-ivergence magnetic optics for many applications. Since a theory requi-es

verification by experiment, further testing is recommended.
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