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SurrJnary 

The accelerators for the new National Heavy-Ion 
Laboratory (XHL) being planned at Oak Ridge will 
provide beams of all ions from helium to uranium with 
energies ranging from 100 EfeV/u for light ions to 
10 MeV/u fcr the llesviest ions accelerated.; The heart 
of the proposed accelerator system is a large 4 sector 
isochronous cyclotron of the separated sector type 
with dn energy rating of 440 q2/A MeV. Ions are to 
be injected into the large cyclotron from either a 
large tandem electrostatic acclerator or from the Oak 
Ridge Isochronous Cyclotron (ORIC). The ORIC will 
generally suffice as the injector up to the mass 160- 
i80 range, beyond which use of the tandem is necessary. 
Beam intensities will range from lOI ions/set for 
100 MeViu oxygen to -2 x 10 l:/sec for 10 MeV/u uranium 
ions. The beam emittance is expected to be less than 
10 mm-mrad and the energy spread less than O.lZ. The 
large cyclotron uses auxiliary RF accelerating 
cavities operating at twice the main RF frequency 
to flattop the effective accelerating voltage waveform 
tc thus increase the phase acceptance and reduce the 
energy spread of the beaas. 

Introduction 

The Kational Heavy Ion Laboratory accelerator 
concept has risen out of what we have viewed as a 
crnpelling national need for additional facilities 
for research with heavy ion beams. The accelerator 
will provide beam of ions with low emittance and 
1,~ energy spread over the full nass range and with 
energies high enough to exceed the Coulomb barrier 
of the heaviest target nuclei. Such a facility will 
open up i3any r.ew and as yet completely unexplored 
,ireas of nuclear, atomic, and solid state research. 
In discussing the need and desired characteristics 
of possible new heavy ion accelerntors the ,Yd Hoc 
?anrl on i!eavy-Ion Suclear Science and Facilities 
(Committee on Nuclear Sciences, National Research 
Czur.cil) made the following stdtexxr.t.i 

.::, ..fly. ‘I’ ,,: ,‘:r:,~,-,i%r !1., ; - ‘L ?J: .“<.. *;,,-‘,q ;,-,I ; <l’ 
ri -i.‘L !!,‘,. ; ‘.‘,lk ,‘c-.- i: -” +r,:tir,; ,’ :, i );,,- 

; .?,:a 2, ,7-.,:-::,:5 ,y:<;;: ;: ,r. 
,--n,, ,.vll- I--’ 

’ .# .;:!.:,:1 ,: .q L I ; ; F 
‘,- -7 F,‘~,. 2: .-..,3’i.-r:,..-,i:‘? .:r,: ‘: ‘; :t: ci.,.,: I ;:7.:+ .;.,: 

, :. 
, > _. I ,j- .. :.nL’.,. *cy,;, 

-, :-.-!>..;;,;-; -.“,.. .,I .I c _ 1” ,I.‘i.-r’ t.: r: ’ rr:,. .r:. 

, :li’. ;.;; .:‘- ‘3. ,,I-- : .“, :‘, ‘::*: ‘. zi. .,.-I ,’ I,S..‘Y r,d -‘- 
* ,- ‘.!1 v,,r ‘A:: ,:- ,.--1. :J,’ j .~,?A ,1 ‘:  ̂,, 

‘1, ,.,I_ i:. 

L‘ ,,:i,* I,!,.. ,-:: ;.;r-‘,‘.,:<;, I :, ,‘-.-“,.i‘. )_. 1 .,.. .,z 
, ; ‘p‘ .-, ,. ,./. (,. A:;., : ~. .; . .r’ 

. 
_..s*., 

.‘\...,,.,/,-I’: II ..;i #ii ;I :'c' 1 iby :.'ic . S . .;i8~n?ii i:n~rf:) 
: I,,i !.i<llL l::,llr !- c‘,.,-LI- :i:t y:ith l'lli~~n I:.irbi,Iz i;c'rp. 

The proposed accelerator system meets these 
requirements easily, as will be seen later. In 
,iddition, because either the 20 !Iv tar.den or t::e ORIC 
mzy be used independently, there will always be two 
beams available for use by experimenters. Also, the 
unique capability to provide light heavy-ion beams 
with energies up to 100 XeV/u vi11 open up cew zre2.s 
of research in nuclear physics and chemistry, and in 
materials science. 

T:le new facility, Fig. 1, is to be built adjacent 
to the existing structures of the Oak Ridge Isochronou; 
Cyclotron (ORIC). Additional separate shielded re- 
search areas are to :>e provided so that revercl ?x?cri- 
ments may be in process or setup at the same time. 
Ten new experiment stations are provided; wst of the 
new areas may be served bp either the tandec UT the 
cyclotron. 

In the principal aode of operation a 20 YV tandem 
is used as the injector for the large separated-swtor 
inochronous cyclotron. For the acceleration of lead 
ions for example, ?b- ioxs generated i:? the ion source 
of the tandem injector are accelerated tc the positive 
20 YW terminal of t!ie tandem vhere they pass through 
a gas stripping cell. Emerging from the gas cell, 
the most probable charge of the ions would be 7+. After 
passing through a charge selector the ?b'+ ions :Jould 
be accelerated back co ground potential and would have 
reached an energy of 160 :IeV. The beati tlidn pa.sses 
through a second stripping cell to further increase 
the charge. For a foil stripper the most probable 
charge is 34+ and the final energy from th,e tandem 
cyclotron combination would be 11.7 ?leV/u zr 2&&5 I.leV. 

Gperatioil with tl-.e GRIC cis the icjrctor proceeds 
with multiply-charged positive ions being accelerated 
directly from an ion 7ouzce at the center of the C~~ClO-- 
tron. After acceleration azd extraction tI?e ORIC beam 
passed throul$h a foil 5trin?er to double t?le charge 
after .zhich it is accel.erated in the large izyclotron. 
Tall+ icns would he a-celeratsd in the OKIC to about 

” Of 50 KeV stripTed to T,v and then accelerated in the 
large rycl~otron to an er.ergy of 5.4 Ik'i'!u (970 XeV). 
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The nk.n acceler,ltcr in the syster; ici $3 li-s+ctzr 
i:;oci:ronsus cyc!.2 trtin with .:tral;iit sectors. Tt.. 0 0 f 
the open spaces between tte sectcrs are uSed I'cr the 
l<F cavity accelerator sy;;tc-ms; ti:e two zther ,2pen 
spaces provide r,;am f,,r the hi-331 ;;:Jcctioi: a,ld 12:*:tr3il- 

tion s:istems ,md cnrioius Li:2gnost ic ani- /:~,;Irn ~‘::tl tr821 
devices. The ?lan and ei?vz.rion :?cstions of the c;-c!o- 
tron are shown in 7i;;s. 7 and 3. Yable L gives the 
principal (c!l.lracteris’-ii-r 0f t.le ~:]i~-112tr~i~7. 
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Table 1. ML Separated-Sector 
Cyclotron Characteristics (Design Goals) 

Uranium ecergy (?!eV/ii) 

Relativistic endrl;y limit (?irV!'u) 

>linmus q,'A ratio for 10 XeViu 

10 

100 

0.:5 

3; (kG-CT3) 3018 
ma* 

Energy Ccnstant, K (Z = K q-11.4) 

P!axizum mag3etilz field (kG) 

:4agnrt fraction, f 

?jurber of sectors 

Injection energy, U ions (rreviu) 

Energy r,itio (Z./E.) 
1 

Radius ratio (.7i!l:i) 

1l;jectiz.n mean radius at RiiXi = 3,(m) 

Extraction mean rxius (m) 

ES system frequxxy, 10 ':eV/u (NHz) 

RF system frequency range (PMz) 

Harmonic nxnber (for 10 MeV/u uranium) 

>liigret might i tons) 

440 

16.0 

0.58 (52”) 

L 

0.6 

9 - 19 

3 - 4.3 

1.05 

3.15 

13.22 

6 - 14 

6 

2300 

(1” azimuthal, 0.25 in. radial increments) from 0.088- 
scale Iiodel measuren1ents. The l.ocus in vr-uz space for 
.:ccelsration to 1C >:eV and 100 ?:eV and the several 
r:sonances lixes to '3e avoided are shown. Table II 
gl~~ds the principal magnet characteristics. 

‘:&is II. Piagnet Characteristics 

Nlx1btr of sectors 4 

i‘2cror .angi t, de- D 52 

.!cilJht , ft 18 

3iemeter, o~;erall, ;t 37.5 

i:.Aa xi1 newer . IclJ 540 

:l1ri3~2r of Lrin:.Gng soils 40 

Trizzing coil ',o;u'er, kK 1CO 

!i,x;;rzt c:ap, xeel, in . 4 . 
isI i'!r:e,. y,J;l) .l~J,l;l.~:'~:c :c.i- liiiiii, in. 2.75 

!I.I.g2i.t wei>$lt) :'J?i 2300 

"iin <'0:X cs:p:;er ;zclght. tzns I.8 

I:F 3~8Li.1:. ?'!I< -~>:t. ifi2 fcr .-ix4til;rating the ions 
i,: ;>r;;',i,It-d by 10' ?.>~d.ie-!;l?.ip?d "?c~,~s" l.osatild in t;ie 
,>p"!i ';;,icli-:; l>,tliecn :,i*.-ne t :;e:t.: L-5 . T-LO !~L!Cll .ICCC lrr- 
I t, ,I,;, :~tt-uctldrt ,1 iiT? ;>rovi<etl in loppor:ing tulle:;:;. 

II::. I I: ‘;' 1.j' ( 1 t.,~~tPILIe:s upitr itinr; .it th\: !.eccnd h.ir- 
::!.:ii..: ,>! ii:, ;x!in 'i‘ i3re l;c‘3te.l !Jitlln t11c 30 '7 ;-,A.ic- 
,~d:~.irs, .:.Jc Pi;;<. L :ind j. .'lw.,~ ;i-arvc tc provide iin 

<I/', ..;.c -:A _/1, :. ;: <. ,:/ :*' i/ r.;:ri;;,: .,., >, TV,;-:, .,,,;,."a; >Y"l " L _ I. .,. 
LN3 in~:rca:-c tv?ic, ~'li,l:,e ..ccilptrr!lcc~ 3f tlk ;lzrr,lcr‘ltor 
-i'j I.I!VJ~ ...:,dri! iI iri;: ,. :li v.7.~ r*-uLit:i8,3i;, ,ih il l~istrxttzd _ 
ji, [,‘iv I). !> '[ll,,. i.rinci;fi-!l ~:l!.ir,~cti,ri.:,:.i.c~ ~3i tlic. ilF 
:- ,v ,,,'i.!,- 4. i ,,3.-/ ir. 'P:l:lt ; I I 

Table III. Accelerating System Cl-zracteristics 

Peak voltage, fundamental, kV 150 

Second harmonic voltage, Z of fundamental 76 

Power, fundamental, kW 420 

PCWET, s..zcond harmonic, kW 100 

Resonator length, m 8.6 

Resonator diameter (maximum), 3 3.3 

Amplitude stability 1 in lo4 

Phase stability, deg LO. 1 

- 

Vacuum System. Vacuum requirements in accelerat- 
ing heavy ions are more severe than for light ions 
because of larger charge-exchange loss cross sections. 
The design of the NHL vacuum system was based on 
the report by Schmelzer4 and the Omnitran proposal.' 
The available data predict an ion transmission of 
98.5% when accelerating UzE* ions from 1 to 10 XeV/u at 
a pressure of 10V6 torr. The ?;HL vacuum system has 
been designed to achieve an operating pressure of lo-' 
torr to provide a reasonable safety factor with respect 
to the lack of knowledge of the charge-exchange cross 
sections and to allow operation with modest beam losses 
in the face of less than ideal vacuum system perform- 
ance. To achieve the desired vacuum with minimum 
possibilit-y of sontanination of the vacuum chamber Sp 
;he pumping equipment cryogenic panels augmented by 
small diffusion plnnps for noncondensible gases have 
been chosen as the most satisfactory system. The 
cryopumping system will reduce the pressure to *-KY' 
torr in 15 hours in spite of the large volume ,ind 
surface areas. The principal characteristics of the 
vacuum system are gFTlen in Table IV. 

Tab12 IV. Vacuum System Characteristics 

-____-~.- ___----________~ 
~~'OlUrn2 (0) 95,000 

Surface (cm') 7 x 10" 

Turnping speeds (-isez) 

Air 

IJater vapor 

H;, He, Xe 

140 300 

10' ' 

.X,7, ,sjljil 

________- --___-.--- ___-- 

hJ:ction and ExtractLcn. Tc ;::arsh the various 
33~~s of inj(:cti.on, i.c. injetcti,3n irx!1 the ORIC 
or From tl:e tandt,m, with ~/;irious ,:zribinations .,F 
gas or salid stripFir.g, it is ,cc?sssry that the 
radius sf ir.jcction into the cyclctron 3e &jurtJble. 
Tnjectisn ! rim the IJRIC lr,qcir=::s .zn cncr::y ,oain .>t 19 
(radius-r;:tio 3: 4.3' j) tc :;*iti.:t'y frequdnc:; :ut~:i:li:g 
cnn$lictcns; tile energy gain-r.lt-iI: I-t>qulreci wit'1 -in- 
jcctil,n from tile :.and,:m ma:; i:,rr;~ ;ri:m 5 to '5 ,iilpendi:lg 
iin t!lt! ion cus:~, encwv LT_ , .ind tj:c: :;tri;ipr-r com'bi:i‘~tiu!l 
I;.ii4 . The pret,r~nL ,lc; i21: ~~r-~~~id~~~; 5 ., r ‘;iir ia t i ,:n ,: i 
c:~cr::y gain r,ltiii ~>'icr ti-.r) r.3ni:i' frrxx 9 :c .c;>pro:.;m+?.-- 
ly '0. ‘r’!c< ~l~~,:~e:ni ,i iii ;‘,.b 7:ipnc: .rri!: will i;,- ,)I 

tiw septrrn m;ignrt type. The L:::;n~Ls w!;i~il bin,1 
tt:c br.km :ntii pt>:;!ciir: !,3r ,.I jii‘ti37 ,i:c‘ ".,i<iuie 1.r 1.1~" 
'Ingr.k~tS !di tl! iiypc'rir; >:CE US. r::,l~~~~:.i:i~~ns wit!) tlie 
<‘*?!l!plltl‘r ?,‘<1;;L'.ilil / p: l-i*/ ::',,,-.; :!,,it it: ii: pa.;: 
rl-~,a$,li tlii' 53 Iii, Fli,Q2Lb,d ! <)I* II!<. ".*orhL cLL:>e ?r *'! I,' i c h 
r~~a:i,)n~b j.e pwder i:~ps!r ini +,;fp _I: I Ig:il,ill:y. ;‘:,i' :I: .:;!i'.i': 



fields are cnly required for the highest energies 
with injection from the ORIC or when using the tandem 
as the injector with a gas stripper before the cyclo- 
tron. When foil stripping is used between tandem 
and cyclotron for uranium acceleration (injection 
at 160 MeV, q = 36+) to reach 10 MeV/u, the magnetic 
field in the main injection magnets is only 18 kG. 

The beam extraction system consists of a 1.5 
meter-long electrostatic deflector followed by -0.4 kG 
and -4.0 kG septum magnets on successive hills. The 
natural turn spacing for the heaviest ions (1.6 cm) is 
large enough that the beam can be extracted directly 
without providing special means to enhance the turn 
spacing. On the other hand, for light ions at 
100 MeV/u, q/A = 0.5, the turn spacing is only 0.26 cm, 
which will necessitate the use of precessional motion 
to give some enhancement of the turn spacing. Table V 
summarizes the natural turn spacings for typical ions 
at injection and extraction. 

Table V. Turn Spacings for Injection and Extraction 

Turn Spacing (cm) a 

Particle Energy At Minimum At Maximum 
(MeV) Injection Injection At 

Radius Radius Extraction 

Proton 100 2.6 1.8 0.54 

LHe 400 1.3 0.87 0.26 

;zc 1200 1.3 0.87 0.26 

238 LI 2380 4.7b 3.9 1.6 

aFor average radius, transit-time factors and RF 
voltage distribution taken into account. 

bFor 140~MeV injecclon. 

Beams 

The accelerators of the NHL are designed to pro- 
vide beams of all elements with energies high enough 
to overcome the Coulomb barrier of the heaviest ele- 
ments. The beams will be of high quality with 
emittance typically less than 10 mm-mrad (full phase- 
space area) and energy spread Z/E less than lo-". 
With special care it is believed that the energy spread 
can be reduced to 10e4 or better. 

The maximum energies for full intensity beams 
from the tandem-cyclotron combination range from 
100 &V/u for the lightest ions (including protons and 
deuterons) to 10 MeV/u for uranium ions. The maximum 
intensities are expected to range from lOI ions/set 
for light ions like oxygen to about 2 x lo'- ions/set 
for heavy elcmect beams. These in:ensities dre based 
on the injection of 25 bA of negative ions and take 
into acccunt the efficiency of stripping and bunching 
and appropriate transmission factors. T??e tandcm- 
cyclotron combination can be operated with either a i;as 
or solid stripper in the terminal of the tandem and 
between the tandem and the cyclotron. There are very 
great differences in energy obtained frcm the system 
depending on the stripper choice and the distance 
or the chosen charge states fr-,m the maxima of the 
rh3r.r sestrite rjistryuuL;"ns. -..-& b- The maximum energies vary 
with ion mass for various combiwtions of gas and solid 
strippers as in Fig. 6. The energy vs mass curves of 
Figs. 7 and 8 illustrate the possibilities for increased 

energy at reduced intensity for acceleration of charge 
states above the peaks of the charge distribution, 
These characteristics were calculated without regard to 
energy gain ratio considerations which may limit the 
intensity over narrow ranges of the parameters. 

With the ORIC as the injector, output energies 
above the Coulomb barrier of all elements will be 
obtained for accelerated ions up to mass 180 (tantalum). 
Ihe energy can be increased in a limited way (at the 
expense of intensity) by using higher charge states 
from the ORIC. Final beam energies from the large 
cyclotron when using the ORIC as the injector are 
shown in Fig. 9. Data are given for two levels of 
total ionization potential. At the 600 V level micro- 
ampere beams are obtained; at the 1200 V level the 
currents are in the nanoampere range. The beam 
intensities that will be available with ORIC as the 
injector range from the particle-microampere level 
@ 6 x 1012 cmisec) for the light elements (Ne) up 
to perhaps one-tenth particle-microampere at mass 200. 
An important advantage of the ORIC as an injector is 
to provide the means for acceleration of ions of 
the inert gases heavier than He: the negative ions 
as are required by the tandem are unknown. The re- 
quired multicharged beams of Ar, Kr, and Xe have al- 
ready been produced with the ORIC. 

In the multi-accelerator arrangement of the hHL, 
either the ORIC or the tandem will always be available 
for independent research. Both accelerators have 
important independent capabilities. The ORIC current- 
ly provides a variety of light ion beams: 67 MeV 
protons, 40 MeV deuterons; 80 MeV alpha particles; 
and 120 MeV 3He ions. Heavy ions are available rou- 
tinely with energies up to 100 q2/A MeV. Some im- 
portant heavy ion beam currently in routt;e3yse for 
~;c$ar researc;qpkpics include 80 MeV Ii B 120 MeV 

..," ,;,';~""~~Ar2~ ' 
140 MeV 1EOS+, 110 MeV 'ONe5+, 

The 20 MV tandem will be a unique and very power- 
ful research tool that will enable many investiga- 
tions that are not now possible, especially those 
requiring high resolution beams at intermediate mass. 
The intensity-energy characteristics for typical 
heavy-ion beams from the tandem are shown in Fig. 10. 
The energy spread of tandem beams can be as low as a 
few thousand electron volts and the beam emittance 
of the order of 10 mm-mrad or less. The National 
Electrostatics Corporation !iodel 20 UD and the High 
Voltage Engineering Corporation Model STU accelerators 

-̂_ 
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4. 

5. 
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7. 

being cuuaidered fvr this application. 
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ENERGIES AT MAXIMUM i 
INTENSITY F3R VARICUS / 

SOL.0 - SOLID 

0 40 80 120 160 200 240 
ION MASS (amu 

Fig. 6. The dependence of maximum ion energy on ion 
mass for various combinations of strippers. 

UAXIMUM PHASE WIOTH(dsgl 

Fig. 5. The energy deviation (Emax - Emin)/Eav vs phase 

width for 25% second-harmonic-amplitude and 
various phase errors. 
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Fig. 3. Ior. energy-ion mass relatiocs for several rel- 
ative intensities with pas strippers. 
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Pi,- 7 h' . Icn energy-ion mass relations for several 
relativr inirllsities. iGO?: intewity varies 
jaoothly frcm 101?/sec to 2 x 101'/sec from 
cxygen to uranim. ‘h. 
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I,‘:;.; . ‘, ‘T:lis c:r.er-y VCI ioil ciiz7c‘ ':;i‘~r;r,:t.(3rL;tii~b witli tile 
.:.z d 2; th<. injut:tar El,r the l.ar);t' C:JS~ Lotron. 
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