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ABSTRACT

pi 2

This is the Final Report on the research and development .werJ

of high brightness pulse laser-driven thermionic electron .-.. _

sources. -/

Enhanced coupling of electron beam energies to radiative

fields in accelprator-driven free-electron lasers requires

injector cathodes of higher brightness than is possihle with I

conventional dispenser cathodes or plasma-forming field

emitters. Cesiated refractory surfaces and dispenser cathodes

which are pulse laser heated may offer such an increase in '

brightness, by the emissison of monoenergetic beams of

electrons at high current densities. These studies were

designed to investigate the omission characteristics of both
0

of these types of thermionic cathodes. Experiments were . ..

performed with 50-ns pulses of 1.06- m laser radiation on
I

0.75-cm 2 or 1-cm 2 surfaces. Measurements indicated that

thermionic space-charge-limited currents are generated which,

for the cesiated surfaces, are due to thermal nonequilihrium

processes. The rapidly rising (<10 ns) current pulses were

often observed to turn into plasma dominated emission. __.____ --

Dispenser cathodes are conventionally operated in a con-

tinuous mode at maximum current densities of 10 to 20 A/cm 2.
iFor..' t

Even higher levels are possible if the dispenser cathode is t

operated in a pulsed mode with temporal lengths tailored to d4 "- -,

the accelerators' characteristics. Pulse widths of 20 to 50

ns, required by LI,NI,'s Advanced Test Accelerator (ATA), can ,on/ .
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be achieved by rapidly heating the dispenser surface with

existing Q-switched lasers. Thermionic currents of 75 A and

current densities of 200 A/cm 2 are reported herein from

such single-shot experiments. The irradiating source was a

Q-switched Nd:glass laser operating at its fundamental

frequency. Corresponding observations of the fluorescence

from the diode, at a wavelength of 600nm, indicated an -

initial region, nominally 50 ns wide, of non-fluorescing %'-

purely thermionic flow. Additional evidence for the delay in

plasma formation was obtained from experiments using a triode

with the third electrode (Faraday cup) at the same potential %

as the anode.
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I N T R O D U C T IO N 
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Requirements for pulsed, temporally well-defined, high-

brightness electron sources are increasing. A class of % 1-
%%

devices especially in need of such emitters are free-electron

(FELS). Conventional plasma and dispenser cathodes are

limited in the brightness they can achieve. However, laser- '.

driven photoerissive and thermionic cathodes are good candi-

dal sources . Such photocathodes have been developed(1,2) %%

and testpd( 3 ) in a I MeV injector and shown with visible laser '-. .'

irradiation to gonerate current densities of hundreds of amp- 1 41

eres per square centimeter in piilse lengths of tens of pico- , '.. "

seconds, and at high repetition rates. The brightness of the

beam approach loll A/m 2 -rad 2 , an order of magnitude better

than that obtained with other cathodes. By contrast, thermi-

onic emitters are still in an early developmental stage, but

show great promise as generators of equally high current

densities in longer (tens of nanseconds) pulses, and operable -%

,6 .* .-in less stringent environmental conditions. Moreover, the

necessary irradiating lasers driving such thermionic cathodes

S
emit in the more available IR region (e.g., fundamental radi- . --.

ation from Nd: YAG, glass, or ('02 ) . Furthermore, the electron

emission in thermionic processes is exponentially dependent on

the incident radialtion intensity, which is superior in energy

conversion efficiency to the linearly dependent photoemission.

The thermionic sources are well suited to FEIs driven by %

induction linacs. For example, LLNL's ATA requires pulse

,.- .- .- -
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lengths in the range of 30 to 50 ns, which correspond to the

Q-switched laser pulse widths used in our experiments.

Thermionic emission from both laser-driven cesiated- and - _

dispenser-cathodes have been investigated( 4 ). Rapid heating

of the emitting surfaces by the laser pulse appears to gener-

ate during the early part of the pulse, an electron flow domi-

nated by thermionic processes. A larger current, subsequently .

generated, is attributed to the formation of a plasma, which

becomes more pronounced as the capacitance furnishing the P, 0

charge in the diode is increased. Reducing the capacitance to

picofarads has only a modest effect on the thermionic flow,

but seems to severely limit the plasma formation by reducing

the available charge.

Although laser-driven cesiatod cathodes appear superior

to conventional cathodes in brightness, and have relatively -v.

long pulse length-,, they must be operated in a reasonably

clean environment. Oxygen, water vapor and organic species <

will rapidly poison the surface. Furthermore, the high *.

volatility of cesium from a heated cathode surface requires

that this element be continually replenished from a nearby

source. With proper design, a cathode enclosure can be

provided which effectively isolates a region adjacent to the

emitting surface from the rest of the accelerator. Differen-

tial pumping and cavity cooling can be used to keep this

region clean. Such isolation is impractical for larger

emitters but is adaptable to cathodes emitting small area

beams of a few square centimeters or less.

0
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The concept of pulse heating conventional dispenser

cathodes with ir lasers in this manner is attractive, because

it will allow high currents to he generated with standard %W

devices operating in conventional accelerator vacuums of , V'N*

10-6 torr. Commercial B-type cathodes composed of barium,

calcium, and aluminum oxides, can emit current densities of

100 A/cm 2 when pulse heated to about 1625 K. Excessive

evaporation of barium from the dispenser surface will be

minimal, on a time-averaged basis, if the accelerator is ,

operated in a low-duty mode. For example, 50-ns pulses at a

repetition rate of 2 Kliz result in reducing the average barium

evaporation rate to ( - 3 of that when such an emitter is

continuously operated at its customary temperature of 1400 K.

Chemical activation and proper diffusion of the barium to the

surface is accomplished between pulses by a "keep alive"
.t, . --.

continuous heating of the cathode to a temperature below that

which would generate significant electron emission.

The objectives of the study were to perform experimental

investigations of the phenomenon of thermionically emitting

electrons from either a c siat.ed tungsten surface or a dis- .

penser cathodp, frontal ly iI imi nated and rapidly heated by a

pulsed laser. The(, mphasis was on gaining some basic under- r**.

standing of the physics of the surface interactions and en-

suing plasma processes in order to determine, what limitations

may be imposed on these new sources of potentially very bright

electrons beams. In line with these objectives, measurements

w(ere made of the thermion ic emission of electrons from a B-type %
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%

dispenser cathode in a diode configuration and from a bare .-.

tungsten substrate in a triode gometry, both frontally heated . ,

by a 50-ns (FWHM) pulse from a Nd glass laser radiating at its

fundamental wavelength. ()bservat ions were made of the tempor-

ally resolved emitted current and fluorescence from the diode,

and of the currents to the anode and Faraday cup in the .

triode. Ry varying the charg, supplying capacil-ators, the

characteristics of the electron (omission processes could he %

dedue( id from thos masurements. . -
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..%
EXPERIMENTAL STUDIES

Both cesium-coated and H-type dispenser cathodes were S

frontally illuminated by a 0-switched Nd:glass laser beam

emitting at 1.06/m with a pulse width (FHWM) of 50 ns. Tests v

on these two types of thermionic cathodes were performed

sequentially and are descrih(d separately in the following.- .

sections:

CESIUM-COATED CATHODES .

The experimental arrangement for investigating thermionic

emission for cesium coated surfaces is shown in Figure 1. A

circular tungsten cathode, 1 cm 2 in area, is positioned 1 cm

from a cylindrical anode in a vacuum chamber pumped to below

10-7 torr. A cesium reservoir (not shown) is connected to

this chamber. The reservoir consists of a small tube contain- -

ing a glass cesium ampule. After initial installation, the

ampule is mechanically cracked by pinching the tube, and %

heater tapes are used to drive the cesium into the experi-

mental chamber. With this enclosure at room temperature, the -

cesium vapor pressure- in the diode is 10-6 torr. At such a

pressure, monolayor coverage of the tungsten cathode occurs in

about one second. Fractional (0.2 to 0.3) monolayer coverage ,;.' .

will provide a minimum work function for the cesium/tungsten e

combination of approximately 1.6 eV.

With the Nd:glass laser beam pulse heating the cathode "

and the charge supplied by 0.5/ F capacitor, a series of %

temporally resolve d traces was obtained of emitted current, at S

1...N '.'N
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an applied potential of 900 V and increasing laser powers

(Figure 2). These oscillograms showed an initial rapidly

rising thermionically generated electron beam followed by the ff_ or 'r
.%

formation of a plasma. For the multitrace figures, the

differn t profile s were temporal ly staggerod for easier

visualization. Temporal separation between the thermionic

emission and onset of the plasma decreased with increasing %

last-r power.

wpialitative ly, we inte rpret the results to show that

la' -,r i rra(ila on of the cesiatod surfaces rapidly initiates

I (Irm i eMIl 4 e1'l ron emission , with sihsequent plasma formation

rm r, ,,serhd ,eium atoms ionized by these electrons. As the

t ,.r 1-iwter is ri.ised to incroase the intensity of the

,.'r, I rn beim, thf plasma is formed more quickly after the

*nI ~( )t irradiation.

Th, ,extent of plasma formation can , in fact, be

r,,s.i ricl , by I imiling the available charge stored in the

h-arg ing 'apar i tor. A series of experiments was performed

wilh lowetr capacitances of sevoral tens of picofarads

furnished by sinal I lengths of coaxial cable. With the '.

corresponding charge to the diode also reduced, a series of

temporall y sho rter -Ioctron pulse-s was recorded as shown in

Figure 3. At the lower laser powers, the initial current rise ,.

is moderate, consuming a limilfd amount of the available

charge. Thus, there appears a longer tail, due prohably to

the formation of plasma, until a sharp drop in current signals . J,

that the charge has been dep let.el. As the laser energy .-I

7 S -
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increases ,so does the intitial rise in current with a reduced

pulse duration. The nonzero do current at the end of theA

pulse can be virtual ly elimi nated hy increasing the value ofpr

the capacitance-charging resistor. The current rise appears

to saturate at the space-charge-limited value.

Increasing the applied field raises the space-charge-XF14

limited current and the charge available to the diode . The

two current prof i les presented in Figure 4, for applied

vol tagos of I1.5 kV and 2?. 5 kV , show peaks imni ted by space-

cha rge e-f fec ts. As the applied voltage, was increased further,

the pe-ak corrrent isecame- e-mi-sion- limited rather than space-

cha rge I imi tM a t the ava i Iab le laser powe rs . Such chargeA0

I imitation can h. seen at two of the highest appl ied voltages %,1

used in these tests where, the peak currents, shown in Figure

0
5, were bel ow the ir space-chai.rge- I i.- i I -H v, I ires , and were seen

to sca le wi th thre applIi ed volItage, i fe., wi th t he ava ilah le

c-hatrge .

BARIUM-DISPENSER CATHODES

The rmion i r dispenser cathiodes. are, composed of a porous

re frac tory mar x hase impre-gna ted with bariumn compounds.
0

These e-m itter a rl f irst the rmallIy ac t ivateod , dulr ing wh ich

t i met fe- ha r r iim dIi f fusi es to) t h ( su rfaitc . A c'ombinat ion of .*

barium and ha r ium o)xideF at the surface prov ides the low work :

tinriously at 1.100~i K.

10 7
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The cw-emitted current density from a typical B-type ''''

dispenser cathode is shown in Figure 6 as the solid portion of '

the "dispenser" line with a maximum emission of 10 to 20 A/c 2  0

The dashed region of this line represents the extension to ...

higher current densities and temperatures which may be Nx .e ' -

possible by pulse- heating the surface with a laser beam.

Pulse heating dispenser cathodes , for example , to 1625 K

is, acceordi ng to F igutre 6 , su "ffic ient for tle rm ion ic emiss ion

of a current density of too A/ca 2 . However, at this

temperature, the vapor pressure of free barium is 150 torr, ore ,

about an order of magnitude larger than when the cathode is €.

operated at a conventional cw value of 1400 K. Although this .. e.)

increase in pressure would be intolerable under continuous -'.

~,-." v w

operation, heating the surface for, say, 1 s at a repetition ".--

0

rate of 100 Hlz results in a duty factor of 10 - 4 , with an a

average evaporation rate of only 10 - 3i of that sustained .- "

at a constant 1400 K.,-

A pulse Id I a sf,r c a n, t hf-efo r, be u s ed to h ea t t he- T,

surface of the dispenser cathode enough to allow an electron , .

eission density larger than that possible under cw operation .

Because the pulse duration is so short, chemical activation of

the cathode and proper diffusion of the barium to the surface

must he accomplishod between the laser pulses. Consequently ,

_ q'

the cathode should a continuomly heated to a lovel appro- -

priate to rfurish the surface for the la ser sa. Such

background ic hating wil, alsi ridntce the (.nergy requirements %

13 -.. " "no c n n o ( c H e t

tempratue, te vaor ressre o fre baium s 15 tor, o

abou an rderof mgnitde lrgerthanwhenthe"athoe;i
" S.V .
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of the laser, because each pulse only needs to raise the -

surface temperature several hundred degrees.

In order to evaluate the usefulness of laser-driven

dispener cathodes, a series of experiments was performed with

the ces i um/ tiing s ten di ode geometry modified to accommodate a

dispenser confiVguration. Specifically, a planar B-type

cathode, I cm in diameter, and containing a resistance heating

element, replaced the previous tungsten electrode. The

cylindrical anode wa, modifi ed by installing a 30 x 30 moly- i

bdenum mesh grid of 2.5 mil-diameter-wire across the opening

nearest the cathode. (,rid-to-anode interelectrode spacing was %

reduced to approximately 0.25 cm (Figure 7).

The interelctrode reg ion could I)e viewed at 900 to the

laser beam, through a chamber window. Any visible fluor-

0escence emitted from this region , indicating the formation of

a plasma, was spc,,trally and temporally resolved with a /4- -n

Jarre II-Ash monnchromator and an 1P 28 photomul tipliPr. The

Nd:glass laser was o)pirated in a O-switched mo(,e at the

t1Indamental I Mi *Im wavelength. The laser puls- width was 50 ...

n.s ( FW0I) with rep, i., ion rates I imited to about 1/min. Out-

put powe.r could he varied from 5 to) 70 %1W. The laser signal .;.

was mon itnred by a si I icon phot,athode . The diode voltage

w i mon i to ret wi I h a capaci I an (e-dividing pr()h c)ns t ruc ted . ;-

i n-house, . All ignals wf.r,, r,,cord(,d as sos cill()grams. a-ba]-i

,rh e (+ s (,l r l, van -f f i n t r,,( I t r ()d t, f I i or ., en C f i n a ba nd :.:.'

centered at 600 nm, where strong emission fr( n both BaI anl .

Ball is expected, was considered to he indi ,al ivye of plasma

15 I
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formation. Temporally resolved traces of this fluorescence

and of the diode current showed that the onset of the

fluor scence occurred nominally 5) ns after initiation of

electron flow (Figure 8). To ensure that successively taken

traces of current and fluorescence lined up temporally, the AMJ
laser signal was sometimes suporimposed on these curves.

Moreover, this signal was delaye d hy a constant value on each

trace to preclude interference with the data of interest .. * -,

(Figure 9). 'With the cathode, preheated to between (300 and ..

800 C prior to laser irradiation, a series of oxperiments was

performed in which the applied voltage was raised from.

approximately 11 kV to 33 kV, and the incident laser energy

was 0.5 J, corresponding to a power 10 MW for the 50-ns (FWHRI)

pulses. The measured currents, 50 ns after their initiation, %

rangted from abhut 3 to 40 A. A "hest fit" space-charge- "
• ~% .'..•

limited curv, is presented to show that within the accuracy of ..

the measurements it appears that th electron emission is

sp a ce-chae - c lhargeIi m i t ed (F i gr e I0 Such a limit would be

expect-d for pur, therm ionic em iss ion , i e., when a plasma has .-.- -

not yet formed, it the lasor power is sufficient to generate

the required electron flow. From Child's law the active area

of the, cathode needed to supply these currents is computed to

he 0.ii cm2 ( for the 0.25 cm interelectrode spacing) cor-

responding to an active cathode diameter of approximately 0.5 '

c m. Visual inspection of the omitter's surface indicated a %
, ,' .4 , _ ,

somewhat discolored darker central region, corresponding to %

these dimensions (Figure 1 1). The thermionic curre*nt .- , ..

17
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jfrs o'es (is stont with this areat and the observed currents

wr v ~oA m cm a t t he( ighs atp i)e 1d volItage ( of 33 k V

I' irolrn thet i"'ath()df of appr)x uit l -I' 0).7 cm, resulted in%

drw a Iurn l7 . tt o tag(, wh ich corresponds

i ita rer n I i I v of Id A\/cm. Clirront prof. les take-n

a t t hiree iit firinl voltages agatin shnod the peak currents to

AThe.I(ctt T eiehte arge' i n the -x 1p4r imonts d i st-ussed so fa r

was f urn i -;hted li a 1 (- foot- lwng -ahble( wi th a oapa ci tance of

about :iotl nF. Incroasit ngiiis capaci tancie by the addit ion in

paral tel of up t, 500 )Fp, bad nio of toct eni the( iitial part of

thle cuiir ren t pr) loc o t h ih-1 r pa k vtii(, 's, a nd prod uceod on Ilv

m in or e Io n ga t ion i n thef sub 1)se(quen (t pu I o lo I In g th . However ,

when the to()talI capo ci taintc was, rae isod to a val jo of 2100 pF -

fhe or ma I ion r t ;strong I: -1 am: wa s obhs rvo . I'nd er these

o n d it1, 1n~e iit ia pe j k was soson a t n o m inal n ;tI1 0rs, whosp

ainpi i tuid was, iwi''- thait ()bser ve in the- low.,r capaci .'tinco

tss Sine rat io of thoso( in~itiali polais for,( difeforent

I il i'd Io Ia i bi Ch ('i I i ]' lw , itI st rin Iv ug sted

I h:0. no 1) 1 m i I orm) tiuri tgi,, h,. f rs i s of the pulsof

1,1 o rdfr' to ttlilr syiuiv p1 a sma fermi ttion and Ii ode(

* lusur i , ii, to 05imato, tho inetk i efpraiir oft the pulse-

laer irri aIIcitl hodo surf-ict, a tr'joule was corsi rnete-d

Figure f. I n tis greomt rv the rode a nd F-a ,.day cup wfore

ra i -i I, tb'-if,~ pot-nt 1.i a ii the, I X Pe'r . it 1 1 we 1.
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Figure Did urn tVarious Voltages
(Irradiated Cathode Spot Diameter %0.7 cm; ,

25 A/DIV; 100 ns/DIV)
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Figure 13. Diode Current with the Charge Supplied
by 2100 pF of Capacitance (SO AIDIV; 100 ns/DIV)
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simplified by using a hare sintered tungsten cathode with a

work function of 4.6 eV. In the first series of tests, a

large resistor limited anode currents to milliamperes or less.

Simultaneously, currents of several amperes were drawn by the

Faraday cup at applied voltages of 5 to 11 kV. As hefore, the

ratios of peak currents (at the Faraday cup) were in agreement

with Child's law, thus indicating no appreciable formation of

an interelectrode plasma during at least the first part of the 2
pulse. Since only about 10 percent of the stored charge was S

consumed in the entire pulse, significant palsma formation at

any time in the pulse is doubtful. The incident radiative 4
energy ranged between 2.25 and 2.75 j/cm 2 . For the approxi- •

mate 8-mm diamter (0.5 cm 2 ) cathode surface irradiated , and

the expected 50 percent absorption by tungsten at the 1.06rm

wavelength, the surface will. reach a maximum temperature near 0

its melting point. At 3000 K, for example, Richardson's

equation predicts an emission of 20 A/cm 2. The measured "

space-charge-limited currents of up to 8 A (16 A/cm 2 ) are,

therefore, within the range oxpected. %

When the impedance in the anode circuit was reduced to

lOosL or less, significant current signals were observed from

both the anode and Faraday cup. During the anode signal's

initial rise of' approximately 25 ns, the Faraday cup signal

also rose indicating that any plasma front which may have

formed had not yet closed across the interelectrode region.

At the end of thi.s period, the anode signal showed a first

peak indicated by a wIl -defined hump, after which it con-

26.
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tinued to rise. During this cent inui ng rise, the Faraday cup

signal fol, iggeting that the cathode-anode gap was filld e P

with plasm,- ( Figir, 15. The, observed bump had also been seen •

in the pre i,,s d1 , pe nsf r cal hol(e, xperiment s, where it was

thought to signatl Tht, beginning ,)f a plasma. These triode

tests confirmed that ,uspicion.

The inf I e fn. of varying th, charge available to the

cathode-anode circuit is shown in Figure 16. For the results

presented in th, figure , the anode and Faraday cup had differ- ,

ent amounts of charge available to them. (They were connectd %AN"N.

to different capacitors). The Faraday cup was coupled to the

cathode by a constant capacitance( of 500 pF. Roth electrodes

were charged to the same potenti:al . The upper traces show the

Faraday cup and anode currents with 17 pF available to the

anode, whereas the' lower traces present these curves for 5(1

pF. The Faraday cup signals during the first 50 to 100 ns are

reasonably similar in both sets of traces, suggesting that

this region is dominated by thermionic electrons. Subsequent-

ly, however, as a plasma forms, the low capacitance of the

upper cathode-anode circuit restricts the electron flow to

this electrode , thus forcing the plasma electrons to appear at '.;.,

the Faraday cup. In the lower traces, the larger capacitance

of the anode circuit. allows some of the plasma electrons to

flow to this electrode with a corresponding decrease in the

current to the Faraday cup. Eventually, no more charge can be

collected by the anode, and the remaining plasma electrons

flow to the Faraday cup.
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When a single capacitor was used to supply the charge to)

both the anode and Faraday cup, a longer (apparently

therm ion ic ) reg ion , lasting approx imatel y 150) ns , was obse rved

(Figure 17). Subsequent plasma formation was seen in the i PP

decreased Faraday cup signal anti the , concurren t Iy, inc reas ing

anode current.
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FARADAY CUP
CURRENT
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ANODE CURRENT
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Figure 17. Faraday Cup and Anode Currents with the Samer~.Capacitance Supplying Charge to Both of these Electrodes
(V =11 kV; 100 ns/DIV) .*.
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CONCLUS ION

OverallI, the resulIts from these experiments indicate that,

% hoth ces itm-coatod tungsten sur faces and dispenser cathodes

will. thermionically emit (loctrons when rapidly heated by a

la-ser pulse. Thfe process, at least for cesium, is a nonequil-

re ~ ibrium one in that tho pe-ak surface temperture is far in

e Kces s of that, wh ic h al lows the ces turn cove rage needed to

explanin the observed currents under equilibrium conditions.

Tho thermionic c-urrents were always seen to rise rapidly to

t he ir peak valueif . In many cases, subsequent formation of a

plasma was evidentt. For large microfarad capacitance, this

p)lasma greatly elongated the pulse. Reducing the capacitance -

to smal t valutis in the picofarad range decreased pulse widths %

A raidl risng -switched las-er pulse irradiating a

I h rm ion ic dji I"pnser cathode generated a short , i nte-nse-.

t e t ronI pii I ;(e who se i n i I ia I re g i on i s dom i nn 1 -1 by the rm io0n i

prcesses-,. Perak thermionic current densities ovePr- 200 A/ cm2

were observed in this study. These currents wore limited by

* the, appliod vul taigo in the experiments which ranged uip to 31

kV . Max imum ciir'rn of 75 A were recorded. \ eas 'irements of

t he f I 'iore s ce*nt rai atI ion T a t M~) 11M, PM itIt$d frfo(II the i Ode 'S

i nie.relt rod( regio n, we-re, usei d as a n i nd i(:tor of pl 1a smn

f orma t iofn . This flntoresctfnct showe-d a delayv of nominall 50

tic wi th respet!- to the begi nn inrg of the curren t pulse The

(if- a y va r ied sorrewh i t i(epo nd i ng on the, mag n i i tide of I he

32
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*current drawn. Further evidence for an init ial thermionic-

* dominated region was provided by the data from the triode

*test s. Although a pure tungston cathode was used in this 0

geometry, the current profiles were similar to those obtained

with the dispenser cathode . Comparison of the time-resolved

NFaraday cup and anode currents showed an initial Faraday cup "

signal cor respond ing to the thermionic region . The subsequent

* formation of a plasma caused tho expected decrease in theJ

*Faraday cup curront . The pe.ak currents drawn from the

tungsten cathode vent fied that the cathode surface was heated

by the strong la se r pulses to max imum temperatures near the

material's molting point.
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