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ABSTRACT 

l,inear colliders, such as the SLC: are among those accelerators 
for which a high-yield positron source operating at the repeti- 
tion rate of the accelerator is desired. The SLC. having electron 
energies up to 50 GeV, presents the possibility of generating 
positron bunches with useful charge even exceeding that of the 
initial electron bunch. The exact positron yield to be obtained 
depends on thr particular capture, transport and damping sys- 
t,em employed. Using 31 GeV electrons impinging on a Wtypc 
converter target, and with adequate matching of the positron 
l~carn phase-space at the target to the acceptance of the cap- 
ture RF section, the SLC source is capable of producing, for 
every electron, up to two positrons within t.he acceptance of the 
positron dalnping ring. The design of this source and the per- 
formance of the positron system as built arc described. Also, 
future prospects and limitations for high-yield positron systems 
nrc: discussed. 

1. INTRODUCTION 

‘To achieve high luminosity at the interaction region of a 
linrar collider? both the positron and the electron beams must 
have high intensity and low cmittance. The emittance consid- 
errtl hrre includes the full six-dimensional phase-space volume 
(.r. .r’,y,v’,dP/P, and d;). RF linacs for high-energy acccler- 
ation operate with pulse repetition rates in the range of hun- 
dreds of Hz. It is possible to accelerate many more than one 
microbunch of particles in a single RF pulse, but for colliders, 
t,he disruption of the initial colliding pair of bunches at the iIl- 
teraction point presently precludes any usefulness of closely fol- 
lowing pairs. Thus the luminosity is proportional to the inten- 
sity of a single microbunch. III conventional RF accelerating 
st,rllcturcs, tllc useful int,ensity is limit,cd by the beam-induced 
fields intcrarting ba.ck on the beam in the form of wakefields. 
Since these intensity limitations apply equally to the accelera- 
tion of positrons and electrons, the positron source system must 
be able to d(%livcr at least, as many positrons to the linac as the 
~loctron source and at the same pulse rat,r. This requirement 
is t tic, primary difference between positron source systems dc- 
signed for linear colliders and those designed for other types of 
accelerators. One might note in particular that storage rings do 
not rcquirc a high-intensity positron source in any critical sense. 

I’or tile SLC. which is designed to operate at a maximum of 
120 11~. ~11~ flllx required per beam is G x lOI particles XX-~. 

2. METHODS OF PRODUCING POSITRONS 

‘I’wo methods havp been used to produce positrons for ac- 
ccBl(trators. The principle method. I)air-protluctiori: will be dis- 
cussixtl bc~low. The second mcthocl, incorporating various forms 
of nuclear /?-ticcay, has hren utilized unt,il now only in small, 
low fm~rgg accelerators. but may prove uscflll for future gen- 
c*ratiorls of c~ollitlcrs. Sevrral inv) reactions have been pro- 
posed as a source of very high positron flux.’ In particular, 
t hc- 5”Ni( np)jsC’<> reaction has been singled out because the 
rlciltrori-activatecl nlaterial can be transported and enriched out,- 
sidr a fission reactor. The maximum rxpected flux from this 
reaction, 10’” e+ SK-~, could bc improved upon by use of the 
“1(‘(~(~,*,)64~‘~~ rcxaction, but present radiation handling tecli- 
Iliqurs would rcaquirtt in-rca.ctor post,-activation enrichment. Al- 
t bough thrz tcchIlical mclans to produce positron fluxes of these, 
tnagnitudes exist. the suhscqucnt formation of high-brightness 
pulsc~l bcxams is not wrli tlefincd. 

* F6ort-c s~~pporti~<l t>y the Ihpart rnrnt of Fhrgy. cont.ract, DE: AC:03 
xi 7 13‘ 0 0.5 I :, 

Bombardment of positron emitters with energetic protons 
generated in the plasma of a fusion reaction has also been sug- 
gested as a route to high positron flu~.~ 

High-flux nuclear B-decay positron sources may prove more 
useful in the foreseeable future for high-duty-factor accelerators 
than for linear colliders. 

At present, all positron sources for high-energy accelerators 
generate positrons in a converter target by pair-production. The 
basic mechanism for the production of electron-positron pairs 
by photons is well described in the literature. When travers- 
ing material, photons of sufficient energy will initiate a cas- 
cade shower involving pair-production, Compton scattering and 
bremsstrahlung. For photons above 10 RleV, pair-production 
dominates over Compton scattering. 

Accelerator positron sources in use or proposed for the near 
future differ in the method of obtaining photons for initiating the 
cascade shower. The initial photons can be produced external to 
the material, or with impinging electrons they can be produced 
within the material itself by bremsstrahlung. 

.41though bombardment of a converter target by high energy 
electrons is the conventional technique, there are some invit- 
ing features to using photons to initiate the cascade shower. 
‘I’he proposal for the VLEPP collider includes a positroll 
source in which the high energy post-collision bunch is trans- 
ported through a helical undulator to produce very high energy 
circularly-polarized photons. 3 The electrons are then bent out, of 
t.he way and the photons are allowed to continue straight ahead 
and impinge on it positron converter target. The positrons exit- 
ing t,he target are then collected and transported to the begin- 
ning of the positron linac. For unity yield, the electrons must 
have an energy 2100 GeV and a long, very strong undulator is 
required. The unique feature of the proposed VLEPP positron 
yo,lrce proposal is the production of pola.rizrd positrons. 

.4 different proposal for producing t.he initiating photons is 
to use channeling. Channeling is a thoroughly studied technique 
in bvhich high energy particles are passed t,hrough a crystal that 
act,s as an atomic wiggler. Chehab and collcagllcs at ORSAY 
have proposed directing a multi-GeV f- beam along the <I lO> 
asis of a Ge or Si crystal to produce photons for initiating a 
cascade shower in a converter target. 4 They conclude that with 
an SLC-type positron collection system, a yield 2 1 could be 
achieved for 20 GeV incident electrons. The advantage of this 
method over the conventional one with electrons incident on 
the converter is that the heating of the converter itself, which 
is a serious limitation for collider sources, is expected to be 
less severe. However, the resistance of the crystal to radiation 
damage is yet to be t,ested. 

As stated above, all high energy accelerators with positron 
sources now initiate a cascadr shower by using high energy 
c,lc,ctrons impinging on a converter to produce radiation by 
brc~msstrahlung. To optimize thr yield, a high-Z material with a 
thickness equal to shower maximum is chosen for thr converter. 
‘The incident e- beam must have a multi-GcV energy to give a 
yield on the order of unity. 

The positron yield at any point in a conrcnLiona1 positron 
system depends on the details of at least three factors. The yield 
is here defined as the ratio of positrons at a given point in the 
system to the number of electrons impin 
ta.rgct. IMned this wa.y, the propert,ies o B 

ing on the convertcbr 
the electron beam 

L11e beam cross section and hunch length at the convertc,r as well 
as the energy-are important. The second factor is the positron 
collection efficiency downstream of the converter. Finally, the 
phase-space properties required of the final positron beam must 
be taken into account. Each of these three fact,ors will he cluri- 
dated below hy using the example of the SLC positron source’. 
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3. PROPERTIES OF INCIDENT e- BEAM 

The SLC is the first linear electron--positron collider to be 
built. It has t,he only operating high-yield positron source. The 
SLC source is used here to illust,rate the factors that determine 
the yield. A schematic representation of the collider is showu 
in Fig. 1. The SLC has a single 50 GeV 3-km RF linac. To 
product positrons, an electron bunch is damped after initially 
being accelerated to 1.2 GeV, then accelerated to approximately 
31 Ge\’ at the two-thirds point, where it is deflected onto a COIL- 
verter target. Positrons from the converter are collected, accel- 
crated immediately to 220 MeV, transported 2 km back to the 
beginning of the linac, reinjected into the linac and accelerated 
to 1.2 GeV. The positrons then have their transverse emittance 
damped in a separate damping ring (DR) and finally are accel- 
erat,pd to 46 GeV along with a companion electron bunch. With 
the aid of the two arcs, the e-/e+ bunch pair is finally brought 
to collision at the final focus. The present e- beam parameters 
at the converter are given in Table I. 
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Pig. 1: Overall layout of the SLC.’ 

Table 1: Properties of incident electron beam. 
Typical Value SLC Specification Parameter 

UC = uy 0.6 mm 

UE 0.5% 

flz 0.5 mm 

E 31 GeV 

Intensity 2 x IO” e- pulse-’ 

Rate IO- 30 Hz 

0.6-0.8 mm 

0.5% 

0.5 111111 

30-35 GeV 

7 x 10’0 t- plllse-’ 

120 II2 

The positron yield is fairly insensitive to the electron beam 
energy spread and bunch length. The beam size at the converter 
is established by a spoiler located just upstream. Under normal 
conditions the positron yield depends strongly on the position 
of the beam at the target. A feedback loop corrects the target 
position to within 100 pm every six minutes. A history plot 
of the command variable for this feedback loop indicates that 
the position rarely strays more than 300 pm before correction. 
(In part, this is because the extraction line transporting the e- 
beam from the linac to the converter is not only designed to be 
achromatic, but also because its magnets are scaled in energy 
every six minutes by a second feedback loop.) 

4. COLLECTION OF POSITRONS 

A sketch of the SLC positron system6 between the converter 
target and the beginning of the 220 MeV transport line return- 
ing the positrons to the beginning of the linac is shown in Fig. 2. 
The target is closely followed by RF-accelerating sections to 
minimize any increase in phase-lag, and to boost the energy to 
220 RlleV. Solenoidal fields surround the target and the first por- 
tion of the accelerator, followed by a FODO array that contin- 
ues for the remainder of the return line. The two 180’ bending 
systems-a vertical bend shown in Fig. 2 after the booster linac 
and a horizontal bend not shown near the 1 .O GeV linac reinjec- 
tion point-are both achromatic and isochronous. The trans- 
port system is designed to have an acceptance of 7~ = lo-* m. 

The converter target itself is shown in Fig. 3. It consists of 
a cylinder of W-26 Re that is 6 mm in radius and six radiation 
lengths long (about 20 mm). The target cylinder is encased in 
cast sterling silver embedded with stainless-steel tubes for wa- 
ter cooling. This target has operated for about one year with 
incident e- pulse rates of IO-30 Hz and an intensity of generally 
2 X 10” e- pulse-‘. No target deterioration can be detected 
after the estimat,ed total of 2 x 10” pulses. Computer-modeled 
simulations of the heat stresses induced in the target material by 
the incident e- beam indicate that the maximum power capa- 
bility of this target is about 7.5 kW at 60 Hz. A higher-power 
target, which is scheduled for installation in Fall 1989> is de- 
scribed later. 
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I'ig. '3: Cros.~ section oj /hr prrscnt SI,C conwrter target. 

The time structure of positrons exiting the target is sim- 
lar to that of the incident e- beam. The energy distribution 
of the usable positrons peaks at about 10 hleV, with a signifi- 
cant number of lower-energy particles. To avoid debunching, as 
wr~ll as to minimize the transverse emittance, it is desirable to 
accclrratc> the positrons to ultrarctat,ivistic energies as soon as 
possible. HOWWW-, thr positrons, which emerge from the target 
ill a phase space with small radial extent but large angular dis- 
p~rsion, must first be mat,ched to the acceptance of the capture 
sccl ion with its rtltatively large radial extent but small angular 
acceptance. 

For t,his phase-space, t,ransformation, most accelerator 
positron sollrccs ~1s~ a quarter wave transformer (QWT),7 Al- 
though a QwT rnakrs a significant irnprovrment in J-ield over a 
simple> solenoid, it dors have a fairly narrow energy bandpass. 
For the original SLAC positron source, Helm proposed an adia- 
ijatic nlatching fic,ld tllat would have a large rnergy acceptanctl.” 
Oiher possible focusing techniques include a. Li 
pulsed current throllgh the target matrrial itself. 

tens, or rven a 

i\ pulsctl rnagnr*t ic field provided by a flux concentrator (Fe) 
atldcd to a tapered l)C field provides a pseudo-adiabatic phase- 
space t,rarisfornlation for the SLC source. Tllc FC, which is 
plac,cd as close to t tic targf% as possible (3 mm). consists of 
I:! turns with a conical internal cross section. To maint.ain tht> 
csflic-ic>ncT of the tlrviccb. thr turns are cut, from a solid block of 
(‘I/ by F,D\I (c,lrctric dischargr machining) using a 50 pm wire. 
.Zftc-r cleaning and work hardening. the spacing between turns is 
100 I ,5O ,~m. wllich is still less than thr skin drpth at 100 kIIz. 
,Sio inslllnting materials are risrd in thr F(’ rxccpt for ceramic 
slipports at the low vott,age rnd. 

‘1’11~ f;C in relation to Lhr target and the following accel- 
rralor section is shown in Fig. 4. The targrt and FC are sur- 
rounded by a DC’ tapcrcd-field solenoid while a DC uniform-field 
solenoitl surrounds the acrrlerator. The DC’ field profile calcu- 
iatetl by POISSON is shown in Fig. 4: along with the mcxasured 
field of the FC‘. ‘Tllc vatuc3 of the relevant, parameters are given 
in l’ablr, ‘7. 

Table 2: Magnetic field properties. 
Flux Concc~nfrator 

Nulnber of turns 12 

Spacing 0.15 mm 

n )” ilk 5.8 7’ at 16 kA 

I’nlW 100 ktlz, half-sinewave 

‘l’aperod Field Solenoid 

f3 prnt 1.2 T 

ITniforrll Fidti SolCblloitl 

I3 0.5 1 

For an adiabat Ic ttrzvice. tllcl firld should br as high as pas- 
~ijl)lc ai the% target, tltcll slowly taprr lo a lowrr Iiniforrn valric,. 

Input Dtsk ho 
End =ote 

1 IY 
6lO’I. cLLiX CONCENTRATOR CGPTUQ; SECT,“?, 

Fig. 4: Tht SL? q. 1 - d’ b f’~ I _- fransformaiion pru 0 a Ia a I‘ p L(I,SC apace 
,y.~tfrn. The units shown in cross .s.pct~on of bottom arc to s&r. 
TIC computed DC solcnoidal fields and mrasurcd FC puked fkld 
arr shown above with the same z-scolt. 

The condition shown by IIelm to be sufficient for an adiabatic 
transformation is 

< 1 , 

where F’ is in unit,s of mc and I3 ill me/e per meter. Although 
the combined solenoidal field of the ST,c’ source is only psrudo- 
adiabatic (f -0.3), the h an pas5 is in fact slightly larger ttlan d : 
l,he 110 hfc\’ acceptance of thr two 180” bend sysr,rms. 

5. ACCELER.ATION AND TRANSPORT 

RF acceleration hrgins . immrdiatel,y following the FC. 
‘I%c capture section Is a 1.,5 m. travelhng wave. disk-loaded 
waveguide operating at the standard SI,C linac frequrncv of 
L’S56 MlIz. .4 constant,-iIrlpcttancP structure with an ir;‘s of 
!I mm radius was ch0sen to maximize the radial acceptancr. 
‘I‘hr s&ion is powered with a dedicated SLAC 5045-klyst,ron 
opc,rating with a 9.5 psrc R1’ pulse into a SLED caritv. The 
sctction has been partially processed to an accelerating giadieilt 
of 50 MeV/m without beam, and now operates routinely with 
high-intensity beams at, 40 RleV/m.’ 

‘The high-gradient capture section is followed by the first of 
tllrcr standard SLAC 3-m accelerating sections powered bv a 
srcontl 5045-klystron with a SLED cavity, as shown in Fig: 2. 
Again, to achirve rapid acceleration, the first section receives 
half the RF power. The uniform field solenoid ends with the 
first booster section, after which the quadrupole FODO lattice 
begins. 

F. COMPUTER SIMULATIONS 

The sliowcr ra?cade ill 1,he convftrtcr target can be calc~ 
latcd in detail with a hlonte Carlo program called 1CGS.l” This 
program is used to establish a matrix of positrons at the exit of 
rhc> target, each particle being tagged for position, momentum 
and time. To track thesr particles through the solenoidal and 
accelerating fields of the source region, a rc~lativcly sirnpl(’ ra\- 
tracing program, ETRAh’S, by II. Lynch, has been writtc>n at 
SI,.AC to facilitate setup and variat,ion of parameters. E’I’RANS 
ignores tile effect,s of space charge and wakt$ields. The effect of 
t II<’ FODO lattice must, he separately studied using a mortl con- 
pl~tr program such as TIIRTLE. Igi g 3 ?I lows some positron r ,l 
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Fig. 5: Fig. 5: Energy (ordinate in MeV) 
D,,r,“. /nr,i;n”tP ;n MpV) “.& time&o and time-lag (abscissa from -15 to +lOl psec) distributions generated using ETRANS 

for 200 anczaenr e for 200 incident e- particles. The total number of positrons is shown in the lower righthand corner. The final acceptance 
p”““‘c.3. 11 

at the LTR is At = 4118 ps. TI at the LTR is At = f18 p.s. The four distributions correspond to: (a) Positrons immediately after the flux concentrator; (b) Positrons after first booster (b) Positrons after first booster section, including the angular cut of the FODO lattice and with the RF phase adjusted for 
ie prompt acceleration; (c) Positron prompt acceleration; (c) Positrons after the energy cut of the first 18oD turn; 

and (d) Positrons at 1.2 GeV, before the phase _ 
cut of the bend to LTR. cut of the bend to LTR. 
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cnrrgy and time-lag distributions generated from ETRANS by 
liulikov. ‘I‘hc init ial EGS matrix used here is based on 200 elec- 
trons hitting the target. Fig. 5(a) shows the positrons exiting 
tllc> FC’. ‘I’hc~ 1737 positrons are reduced to 847 bv the time 
tlley emerge from the first booster section at about-120 hleV, 
tv11(~1 the simulation results can be compared with measured val- 
u~j. The energy-phase correlation seen in Fig. 5(b) is a typical 
rc~ult of RF acceleration. The distribution of Fig. 5(b) includes 
t hc, effect of the quadrupole lattice (a 4.6 mrad cut) between the 
first I)ooster s&ion and the measuring toroid (TORO 529). In 

the: simulations, the energy is boosted to 200 GeV. The distri- 
bution of Fig. 5(c) includes the i5% energy cut of the first ISO” 
bt*nd. The remaining 596 positrons are expected to make it to 
the% putI of the 1.0 GeV linac, as shown in Fig. 5(d). 

‘The mcasurrd yield is compared with the simulation results 
i11 Table 3. The conditions for this comparison are given in 
‘I‘al)lr 1 (except the simulation here uses E = 33 GeV and o2 = 
2 mm for electrons) and in the first part of Table 3. The results 
;I~I’W well until the positron beam is injected into the linac-to- 
ring (L’I’R) transport line to the damping ring. The LTR energy 
acccsptancr is &2.50/c, which should accommodate the energy 
sprc>ad in the beam generated in accelerating to 1.2 GeV by the 
ran tier large bunch length. At present, about 30% of the charge 
in tile LTR is apparantly lost because of a very long, low energy 
t.ail, the origin of which is not yet understood. Anot,her loss of 
apl)roxilnatcly 20% occurs in the 1.0 GeV linac itself, possibly 
d11(‘ to a bet a mismatch. The measurrd and predicted beam 
par~~tn~tcrs are compared in Table 3. 

Table 3: Comparison of design and measured results. 

Design or Measured OI 
Simulated Operational 

l.‘ltIx cor~cciitrator 
T K ‘1’8 p<Wd flc,ld solenoid 

, 11c.1 urn linr Fnergy 

L 
[-iclld (r’+/r:-) 

I-rid of first boostc*r srct,ion 

Ilij(~ction into 1 .O GeV linac 

~\ft.c~ illjcaction into LTR 

‘ositro]L Ibealn parameters in LTR 

5.8 I 5.0 T 

1.2 T 1.1 7 

0.5 T 0.5 7 

200 bleV 220 MeV 

All at model All but 1 at 
values model valuer 

4.2 4.4 

3.0 2.7 

3.0 1.4 

0% 2.0 1nm 2.9 i 1.0 mn 

“C 1.0% 0.s f 0.1 % 

7( 250 x iO-5 m (150 f 50) x 
lop5 m 

7. NEW DEVELOPMENTS AT SLC 

‘l‘hc posit,ron LTIt was originally designed for an energy 
~Lccc~pt,ance of il .S’%, or, correspondingly, a bunch length (or 
,>II;I~~~) acceptance of *15 pscc. The accrptallcr of the damping 
rifle, t urncd out to b(x about fl.O% and some losses were expe- 
ricllc(‘d b(,t wcc11 the LTR and the DR. Since an energv-phase 
r,orrcllation already e.xist.cd in th<x LTR hunch, it was d&id<*d to 
t)et t (*I‘ nlat.ch to the DR energy acceptance by installing an erl- 
<‘rgy compressor in the I,TR. ‘I’hc~ trchniqur is to pass thr beam 
t Irrough t tic. zc,ro-crossing of the, RF of a 3-m accelerating sect,ion 
l~c,rvly inst allctl in t hp Leigh-dispr,rsiorl region of the LTR. Wit,h 
t tic, r.orrtac-t, RF phase and arnplitudr, thea beam energy disprr- 
si011 sl~c,~iltl he significaritly reduced. To realize the full potential 
of tilr corr~pwswr~ t ti(b apt>rt,ure of the 1lpstrcam portion of the 
1.'1'11 has lm71 op~r~l to f2.5%. ‘I’hca I,Tft now shows no loss, 

but tile DR parameters still have to be properly set to eliminate 
a loss of about 25%, which is now seen in the first five turns. (A 
final loss of about 25% while the beam is st,orcd and extracted 
is also expected to be rliminated.) The present yield at the final 
focus is about 0.7 positrons for every electron at the converter 
target. 

‘1’0 a.ccomodate the 40 kW of bean1 power expcctcd at the 
converter target when the SLC is fully operational, a new mov- 
ing target module is being prepared. This will be a K-26 Re 
target in a cast sterling silver cooling jacket, similar in design 
to the present target described above, except that it will have a 
1n11ch larger radius of 32 mm. The target will be trolled from the 
sitlo through a long-life hydro-formed bellows (lifetime m 10s cy- 
cles) at a rotational frequency of 1.7 Hz for a 120 Hz SLC beam 
rate. Computer-simulated heat-stress studies indicate this tsar- 
get can accomodate up to 7x10” e- pulse-’ at 120 Hz if the 
I)cnln width is u > 0.8 mm. 

8. FUTURE POSITR.ON SOURCES FOR. COLLIDERS 

Sevtsral possibilities for positron sources for future collid- 
ers were indicated earlier. An effort is now underway to find 
a k-cry high power positron source for the multiple microbunch 
beams desired for a future B-factory. Sievers is developing a con 
ccptual design for a 1.5 MW rotating target with high tangen- 
t ial speed. ‘I To somewhat overcome the effect of the expected 
breakup of the high-% target material, he proposes placing manv 
small target,s inside individual graphite containers around the 
periphery of a large wheel. The individual targets must be 
wntcr-cooled from the inside radius of the wheel, as well as from 
the outside. Studies of the intense radiation and heat problems. 
as well as unique focusing techniques, continue. 
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