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ABSTRACT 
Jtme 13. 1990 

For the new Hcsonanf ll’okc Fit-/d Ttansformcr concept, at present 
in de!-elopnlr,nt at DESY and Darmstadt as a candidate for a future 
linear arrelerator. a new kind of Hollow Ream Curt is necessary. This 

concept requires a hollow electron hram of 10 cm in diameter with a 
cnrrent of 50 A and a pulse length of 1SOns. I!sing the generalized 
Richardion effect, the gun is driven bv a pulsed laser. The required 

pnlv length of the electron rmjssion exrreds the laser pulse lengtlt. 
One way of arhie\-ing this is to in<ulxtr the cathode therinallp in such 

a aa!. that the cathode tcrnperirture and the thrrntionic emission de- 
rreaw slowly after the end of the laser pulse. A thin tantalutil surface 
of some ten nanometers thirknesh on a ceramic substratum serves as a 

cathode. In a first experiment with a IOns laser pulse and a tantalum 
la,ter of abont I 00 nm. electron emission of 20 ns has heen measured. 
The lab-out of the gun, calculations ahout the thwmic hehaviour of 
th? cathode and results of the mrasur~nnntn are presented. 

INTRODIlCTIQg 

‘Ihr principle of the wake field acceleration mechanism [ij. the Ilhkc 
Fit/d ?mn~forrrtc I experiment at DEW 1’2.3) and the Re.wnant JIhkr 
FYf/d Tra1I~foI.I7ICI~ (rrl1.T) - c It-d ‘o t 6~ f9: have heen described in detail 
11, r~lhcr papw. Fur the RWT - C’ollidrr a train of90 hollow electron 
I~unches at a iirqurr!c~ of 500hIHz is needed as R driver beam. The 
I~~rnrhes nest have a diameter of IOOmtn and a charge of 100 nC per 

bunch. Therefore the gun must provide a current pulse with a 
length of at 1eas1 180nsec and a current of 50 .4mpere. 

For the hollow beam gun a laser driven gun with a tantahrl cath- 
ode WAS chosen The light of a short-pulse, high-power laser is ai,- 
sorbed inside a very thin layer of the cathode. The emission nwcha- 
nism is explained by the generalized Richardson elect. TWO possihili- 
ties have heen investigated to reach long current pulses with a hollow 

bran1 gun. 
The p&e of the laser. which has a length of 10 ns. is divided 

b!- a beam sp!it~er 50 that half of the intensity is sent into an opti- 
cal delay line. If the circumference of the delay line corresponds t.o 
the pulslength. the intensity of the wtgoing pulse decreases nearly 
quadratically and con~per:sates the temperture decrease on the cath- 
ode surface. 

Another possibility i$ the use of thin fihn cathodes. A thermally 
insulating ceramic suhstraiun is coated with a tantalum film of a 
few hundred nanometers thickness. If the surface ie heated by a laser 
pulse. thermal diffusion can only take place within the t.antaIum layer 
and not backwards into the substratum. The temperature on the sur- 
face rises fast compared to the length of the laser pulse. hut decreases 
mnch slower. depending on the thickness of the layer. This corre- 
clwnds to a delayed thermionic emission of electrons front the surface. 
hleasurenIentE have shown. that current pulses twice as tong as the 
lawr pulse can he reached by these nwthods. 
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Figure 1: Layout of the loser driven hollow Ltotn gun. 
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&AYOCTT OF THE GUN 

The layout of the hollow beam gun is shown in fig. 1. A Kd:Y.4G laser 

(wave length 1.064pm) is used as light source. It yields pulses with 
a length of 10 ns and a maximum energy of 900 mJ. The laser beam 
has a donut profile of 8mm outer diameter with a 4mm hole in the 
center. 

The pulse of t,he laser can be divided by a beam splitt.er so that half 
of the intensity is sent into an optical delay line. If t.he circuluference 
of the delay line corresponds to the pulse length. the intensity of 
lhe outgoing J~SC decreases nearly quadratically. Figure 2 show< a 
schematic view of the optical delay line. 
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Figure 2: Pulcf knythrnzny by nn opticnl dcloy I~II<. Thr light JH,/,~c 

of o ins?? ia splil and parf of the puict 1s delayed. Tht irghf is wf7tcttd 
bg tao pisns otld coupled out bg the bromsplztte~. 

The laser light enters the vacuum section of the gun through R 
common viewing port. The beam will be enlarged by a conical mirror 

and focussed on the cathode ring by a lens. The conical mirror i\ a 
glass cylinder with a polished inrerse cone at the top. making use of 
the total reflection at the glass vacuum surface. The cathode con- 
sists of a ceramic ring. coated with a tantalum filnl of about 100 mn 

thickness. The reasons for choosing this material are the high ~a- 

porizing point of tantalum (z 5700 I;) and the well known nlethod 

of evaporation. The mt ire gun is embedded in a solenoid field (field 
strength - 0.2 T). The cathode ring is held by an inner ring made of 

stainless steel and surrounded by an iron ring. These rings form the 
magnetic and electric fields. so that they are parallel at the cathode 
surface. Fig. 3 shows the magnetic field lines and the electric equipo- 
tential tines between the electrodes. calculated by PKOFl 171. and the 

rmittd hollow electron heam, calculated by TRC’I-SF [8]. Ceramic 
uas chosen as the substratum for thr, cathode. hecause a thermall\ 
insularing. but nlechanically stable material is required to produce a 

ring of 1lOmm diameter. but onI1 1.5nun thickness. The ring has 

IO be as thin as possible to get the magnetic field lines at the inner 

ciculi&rence. i.e. the emission surface. nearly perpendicular to the 

surface. 

Figure 3: Magnetic field lines and electric equwotentzallmr.~ betuen 
the clrrttadch, calculetcd by PROFI, and the emitted hollow rlectron 
btam. calculated by TRCI-SF. 

The electrons are extracted from the tant.alum lilm at the inner 
surface of the ceramic ring via heating and photoeffect. These elec- 
trons are accelerated by the high voltage and follow the magnetic field 
lines through a slot hole in the anode. 

2 PRjN(:!PL.~ QF LASER G~JY~YAJ.j3q_E_LECTRON EhlISSlON 

The special property of the laser driven hollow heam gun is that the 
work function of the cathode ulaterial (Ta: @a = 4.12eV) is much 
higher than the photon energ> <If the laser light. (hd = 1.165 eV). Thus 
common photoelectric emission is not possible. But in our arrange- 
ment the parameters of the Nd:YAG 1 awr are Fufficient for heating . 
the cathode surface. If the illuminated area at the cathode is small 
enough. the temperature can cross the melting point (TX 3269X). 
Significant thermionic emission and thermionic supported photoelec- 
tric emission is possible. 
2.1 Temperature C‘alculations The heating of a metallic surface by a ___..--. ..~_ ..-. ..-. - 
pulsed laser has been described elsewere [5.6j. Here we want to use 
these methods for calculating the heating of thin metallic films. irradi- 
ated by a pulsed laser at the surface (; .= 0). Solving the classical heat 

diffusion equatjon leads to the following formula for the tcmperat.ure 
T in the depth : at the time 1: 

T(z.11 = To+ $2&J ~‘hjt-+Jz -(;-~)2/(4X-)C~"CdrdS. 

" 

where ‘To is the initial twtperature, 7 the thermal ronductivirp. e, the 
specific heat capicily, p the specific mass. K - 7 /(cup). R the optical 
reflection of the metallic surface and [ the penetration depth of the 
laser light into the met al. Numerical integration of this formula allows 
the calculation of the temperature at different depths and times. Fig. 
4 shows the temperature vs. time for different depth, calculated for A 
semi-infinite tantalum block and a gaussian laser pulse. 

,cmpcrature 
i 

Figurr 1: Irmprraturt vs. fzm( for diffcwnt drplh, colruicri~d fm 
~1 ~scrni-irt,finlit tantalum blnck nnd (i gnvssian luff7. 11ul.w I’nchd 
c-*,lTc: Surfncc lempralutr fm u 100 ,I,?, innlolum filn1 0,i OR l/?U.< 
~xhstlniun,. 

To estimate the temper ai ure of a thin film. a ver! simple model 
was used: The temperature was calculated for a wm-infinite block 
and the temperature changes for the points behind the hack SUT- 
face of the film were reflected at the hack surface (Reflection fac- 

tor Rb). added to the temperaiure in the film and reflected ar the 
front. surrace !Reflection fact or RI T 1.0). The reflection factor 

xb 7 1 jnTm’aAl,U,) - 0.64 is given hy the ratio of the thermal 
diffusion coefficients u of tantahlm and ceramic. The dashed curve in 
fig. I shows the wrfare ,empernt WC for a 1Ofl nm I ant alum film on an 
,41203 substratum. The temperat we maximum is higher and wider 
than the maximum for the thirk cathode. 

2.2 Generalized Richardson Hquation For electrons. emitted from _ ~... ..__ 
a laser ilhmtinatrd metal surface. the current density of the thermionic 
emission and the therlrtionic suppurtrd photoelrctric emission is given 

by the generalized Richardson squat ion 

with 
J :: -x j,,, 

“10 
(21 

j,, = A T:an I” n: In!1 + toner) dr; 8, : 
I 

o* - nhu 
.-. -----, 

~BT, 
(3) 0 
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where .4 is the Richardson constant. I the absorbed laser int.ensit\. 
n is the number of photons of energie h d absorbed by one electron 
and ,V the largest integer less t.han @A/&-. if 4~ is the workfunction 
of T hr nwlal. JO rrprewnts the pnre thermionic em&ion, for n :J 0, I,, 
reprcwnts the n photon photoelectric emission and a, are the appro~ 
priatr c wfirie~~~ s related to tlw matrix element of quantum n-photon 
p”OC6ASS. .J\t ij+tal t?lilJ’“‘atliE’S RIld fOr Tl 5 I\’ the exponential 
I erm of I he iut q,ral is linlch lvss t11zr11 we and :hr rurrent dennit y is 
approximat el! 

,,, = .4 T,2a,, 1”~“” 71 1. . ..?I-. (4) 

and for 71 .: 0 the expression is the well knuwn Richardson-Dushman 
cquat ion. 

3. &I! tgtJ\Im~;t~< .B ES I 1 LT $ 

In thts glrift space l)ehin(l the gun a gap monitor ‘4. was installed t 0 
~nvaswe rhcs longitutlir~al turrenr di>trilnltiorl of the hollow electron 
hranr. .4 typical ~urrrnr xerws time. mr~asured with a 1.5mm thick 
tan, alun~ c.athodr and witbout laser pulse lengthening is shown in 
fig. 3 for a rat hcidr voltage of 80 k\’ and a laser energ? of 385 mJ per 
~mlse. AI t ilee pwatxter raises the hollox- beam gun ii working in 
lhe ~rni~~ion limited rrgion and it is possible to compare the measured 
pulse &ape wiih thcorcticat ralcularions. The calculated surface ten- 
pt’ra~urr and current are also shown in fig. 5. The measured current 
pltl:r, ~hapt~ i. nrarlv in agrwment with thr calculated pulse shape. 

F~gllre 5: (‘al~rrlclfcd surfacr tenprroturr [dotted) for [I sum-infinifr 
tor,inlir m mfl!odt lor~g~tud~nnl rwrrnt distrihutlon (solid) for a g?~n 
lmt I pui,~~ (do.<h+d) rind mrnsuwd longiiud~nal cummt dinfribution of 
,rrc !,ollou. brnm fov u cnthodc voltage of RO bl. and u lusr? rm-,yy of 
1.“) VI./ WI puisc, PuI,*< lrngth IO n.~. 

‘IO get longer current pulses. the optlcal delay line j see fig. 2) 
was se, up. As the laser p&e consists of three separeted maxima 
(see fig. 5). the circumference of t.hr delay line was chosen so that thP 
last nlanjmuzr: of ~hr d&r% pulse coincids with the first maximum of 
the tlelaverl pulse. The theoretical efificirnry of the delay line, which 
gives an intensity of 25 ‘Z for the dela!rd pulse. was not reached in 
practice. I‘tg. 6 shows. for au inlensitr of 21 %. in the delayed pulse. 

the calculated current pulse and the mra>ured current for a cathode 

voltage of ~061’ and a laser rxergy of 4iSmJ per pulse. agreeing 

reasonably wrll with the calculations. 
\?‘it hour the optical d~=lay line. the gun produces currents up to 

i3 .4 at a cathode voltage of 140 k\. and a laser energy of 620mJ per 
pulse. \Vhen using the delay line. the current is limited by the daxn- 
age threshold of rhe hram splitter. .4t laser energies of 500mJ/pulse 
the beam splitter was dalnaged. This gives an energy of 250 mJ for 
the direct pulse and therefore currents of a few Amperes only. With 
optical elemen:s of higher quality+ both the eff~rrrtcy and the damage 
threshold of the delay line ronld be raised. 

A further increase in the current pulse length can be achieved by 
combining the optical delay line with the tantalum coated ceramir 
cathode. Fig 7 shows a typical current pulse, measured with both 
methods of pulse lcngthcning. and the corresponding calculated pulse 
form. Obviously t.he pulse length was increased and the pulse shape 

changed from a needle (fig. 5) over a t.riangular (fig. 6) to a rectangular 

lime. lon,,dw 

I’ipure 6: .Ile(jsuwd cwrcnt p&r and culculatfd cwvc rzi dtstrihuflon 
.~OI o 1.5 n,w thlrl, cothodc and an opt?rnl delay lznr us& un rrrt~,.aity 
of 21 R iv the dtlnycd pulse. P&C length 15 r(s. 

Ti,,, IOnr,'diu 

F‘i;ure 7: Mtosur~td currtnt pulsr and calculated current distribution 
rcl! ,I 100 ‘r~~i filnt cothod< and an oplicul d&y line. P&c kngth 20 ns. 

A laser dri~cn hollow beam gun with a pulse length exceeding the 
length of the driving la\er pulse was investigated. The emission mech- 
anism of the gun is explained by the generalized Richardson effect. 
At a cathode voltage of 140 kI’, the gun produces a hollow beam of 
1Ocm di~mrter with a space charge limited current of 73A over a 
pulse length of a few nanoseconds. Lengthening t.hc laser pulse and 
the use of a thin film cathode leads to a pulse length of up to 20x1s 
with a current of some Amperes. The rurrent is limited by the dam- 
age threshold of optical elements in the laser pulse delay line. With 
optical elements of hettrr quality. higher currents should he obtained. 
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