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Summary |
For close to a year and a half, a study has been in

[progress at NAL to examine the feasibility of con-
•structing the "Energy Doabler" - an accelerator em-
jploying superconducting magnets which would increase
ithe energy of protons available at the Laboratory sub-
stantially above that provided by the present accelera-
'•tor system and possibly to 1000 C5eV. In this paper,
we report on the progress to date and on plans for
continuing the study in the immediate future. '

i ;

• The Energy Doubler Concept

'; The design parameters of the NAL accelerator
rwere set primarily by the funds available for construc-
tion. There was no sharp guideline of an energy
threshold at which some crucial physics hypothesis
'could be tested, nor did accelerator technology dictate
a limit to the energy that could be achieved. Thus,
there was considerable incentive to build a potential
for higher energies and to conserve funds so that this
potential could be realized within the initial ?250
million construction authorization for the Laboratory.

! The NAL proton synchrotron was initially intended
•to be a 200 GeV machine. It now regularly operates
at 300 GeV and has occasionally produced protons at
•400 GeV. In the near future, tests at energies up to
.500 GeV are planned. ,
1 It was recognized early in* the project that an even
higher energy or an improved duty cycle was conceiv-
able if a ring of superconducting magnets were to be
installed in the same enclosure as the present main
accelerator, which would then act as the proton source
for the superconducting ring. Space in the tunnel and
in the service buildings has been saved for just such
a possibility. Because superconducting bending mag-
nets might be expected to reach 4 5 kG, twice the field
of the conventional magnet ring at 500 GeV, the super-
cpnducting ring has been designated an " Energy
dbubler." i

i

• - • - Origin of The Design Study '

After the accelerator came into operation in 1972
and high enc-rgy physics experiments got underway, it
;Was not only possible to devote some attention to the
JDoubler idea but it was also timely. Of the funds
.authorized for construction of the Laboratory some
i$30 million remained uncommitted at that time. Of
Icourse, it was expected that a significant portion of
•this sum would be needed to bring the accelerator and
^experimental areas to a reasonable state of comple-
tion and some $10 million has since been spent for
those purposes. But if it were possible to obtain the
major components of the Doubler - the magnets and
their associated refrigeration system - at a cost in
the neighborhood of say, $20 million then the opportu-
nity would present itself for a further increase of the

;* Operated by Universities Research Association, Inc.
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[energy capability of the Laboratory within the initial
authorization. The design effort to date represents a
first step in the exploration of this possibility.

Though the next section offers comments on the
various roles that the Doubler might play at the Lab- •'
oratory, the purpose of those remarks is intended
only to provide a context within which to view the sub-
sequent discussion, since the emphasis of the work
thus far has been on magnets and refrigeration. There
are many other accelerator-related tonics that deserve
.study, but given the limited resources that could
appropriately be diverted from far higher priority
activities associated with bringing the accelerator
performance up in terms of intensity, reliability,
proton splitting and beam spill and with initiating the
ambitious experimental program at the Laboratory, it
was clear that the focus of the study should be on those
aspects of the Doubler most intimately associated with
new technology. 1

At the outset, a number of tentative design princi-
ples were established, among which are:

- the Doubler cycle time will not exceed 100 seconds
but in order that thermal loads originating from time
varying currents not be the major factor in determin-
ing refrigeration system capacity and cost, shorter
cycle times are not essential.

- the magnet dewars will themselves play the role
of transfer lines carrying coolant, from and back to the
refrigerators located at the service buildings.

- the magnets will have a cold beam tube since the
relatively low Doubler beam current will have less
stringent vacuum and surface cleanliness requirements
than a storage ring.

- the magnet enhancement iron will be at room
temperature and non-saturating, two criteria intended
to provide magnets whose fields are linear with excita-
tion and within the smallest possible total cross-
section, including dewars and to reduce the refrigera-
tion requirements for reasonable cool down times.
i - the superconducting material will be NbTi since
this is the only material which industry presently is
able to provide in a filamentary configuration in
large .quantity. ;

- the current in the conductor wN4. be consistent
with utilization of existing main accelerator power
supplies for Doubler excitation at the highest practical
current density.

The discussion below will summarize the work thus
far in developing cryogenic systems and magnets
consistent with the above. •

; General Descriptions of the Energy Douhler

Location and Magnet Distribution |

The position that the Doubler might occupy is shown
in Fig. 1; at the top of the tunnel its orbit, would be
some 3 feet inside of and 4 f'6t^by|? tf% <5f'the ma
ring. Only limited variations
magnets in the present accelerator is pos
doubler lattice, having selected the enclosure. For

tunnel its orbit, would be
fq'6t^by|? tfi% <5f_'the main
ns|fQ*pi^|ft,eidi"Ki5&itioii of
elerator is possible for the

. ..L :



(example, the doubler geometry must duplicate the six
long and six short straight sections of the main ring.

'Some of the flexibility that remains may be used to
advantage to facilitate injection and extraction, but

ifor the purpose of this discussion it is sufficient to
[think that the Doubler replicates the main accelerator
• bend-for-bend and quadrupole-for-quadrupole.

j We have adopted a length of 20 feet for our super-
jconducting dipole prototypes - the same length as the
,'conventional dipoles in the main accelerator. A total
of 744 such magnets would be required. A duplication
:of the main ring lattice implies 192 normal cell quad-
:rupoles and 48 long straight section matching quadru-
poles. If the tune of the Doubler fs to be the same as
.'that of the main ring, then B' j for the normal cell
would be 1260 kG-m at 1000 GeV, and just over 60%
of that figure for the matching quads. Thus a total of
1044 superconducting magnets are needed for the
•Energy Doubler.

'Uses for the Doubler

• As a Conventional Accelerator. In its basic form,
:the Energy Doubler idea is that of a slov.--cycling
machine with a period of 100 seconds or less at 1000
GeV, but not an order of magnitude less. Today the
typical operating intensity of the NAL accelerator is
8 x 10*^ protons per pulse with a 6 second cycle at
.300 GeV. If, by the time the Doubler is functioning,
the accelerator has achieved its design goal of 5 x
protons per pulse and if this charge car. be conveyed
to, accelerated in, and extracted from the Doabler

'without significant loss, then a 60 second cycle time
Doubler would deliver to the external beam lines ap-
proximately the same average intensity as the acceler-
ator produces at present. Of course, for internal
target experiments causing negligible diminution of
the circuiating beam current, the effective intensity is
independent of cycle time. Fig. 2 shows how the acc-
elerators might operate in this mode. In this and the
following examples let's assume that the Doubler ramp
rale is limited to 20 GeV /sec. One out of every ten
300 GeV main ring pulses is injected into the Doubler;
the remaining nine are extracted and used as at present.
The Doubler accelerates to 800 GeV at which energy
•the beam is extracted. Higher energies would imply
longer Doubler cycle times. ,

i As an Energy Saver. The present accelerator
.system, operating at 300 GeV with a 6 second repeti-
tion rate and a 1 second flat-top, requires an average
power of somewhat over 40 MW. This already sub-
stantial demand increases rapidly'wilh higher energy
or duty factor. It is easy to think of ways in which a
superconducting ring may help in this situation. Fig. 3
illustrates two approaches to a 12 second 400 GeV
cycle each having a duty factor of ~ 1 Ik. The dotted
line represents the main accelerator going to 400 GeV
with a 2 second flat-top. The average power required
i s 60 MW. In contrast, the solid lines depict an acc-
eleration in the main ring to 300 GeV, fast transter to
the Doubler, acceleration in the Doublcr to -J00 GeV,
and subsequent extraction using a 2 second Hat-top.
We estimate1 the average power required in this case
to be 22 MW, almost a factor of three less than that
associated with the present accelerator system alone.

I As a Hcam-Slretchor. In this mode, the Doubler

does not accelerate at all. Rather; the beam is t rans-
ferred to it from the main ring at the peak of the cycle
of the latter, and slow extraction from the Doublcr
lasts, hopefully, until the next pulse is available for
injection. In principle, a duty factor of close to 100%
could be obtained. j

As an Injector to Storage Rings. The NAL Long
Range Advisory Committee has recently recommended
that the Laboratory's long term planning center around
the design oi "POPAE" storage rings, (J^roton On
proton And Electron), with the proton rings to accom-
odate energies of 1000 GeV. The Doublcr could be the
proton injector to POPAE, thereby providing protons
at the siorage energy and making it unnecessary to
contemplate acceleration of the high current in the
storage rings thereby simplifying their construction.

i
Dynamical Questions * j
i Since the Knergy Doubler as pictured here closely
•resembles the main accelerator in number and dispo-
sition of magnets, many of the aperture arguments arc
the same for the two machines and need not be detailed
here. Finding and improving a closed orbit, provided
a suitable beam position monitoring system is avail-
able, is a well-understood problem. Given reasonable
magnetic measurement data, a careful survey, and a
means for beam steering, it is likely that a circulating
beam can be obtained without unusual difficulty insofar
as magnetic length and placement effects arc concerned.

Efficient extraction imposes a more severe aper-
ture requirement. In a resonant extraction scheme
the aperture has to be large enough in the extraction
plane to permit a betatron oscillation of sufficient
amplitude to develop so that the amplitude-dependent
step size becomes sufficient to jump an extraction
septum with high efficiency, A measurement made at
300 I3eV in February of this year indicated that the
extri-ctior: system of the main accelerator uses 1. 3
inches of aperture in which the unstable betatron
oscillation builds up. To this we add twice the septum
channel widi'.i of 0. 4 inch, and arrive at an aperture
requirement of 2.1 inches. At present, the extraction
efficiency is typically 96% and is limited by effective
septum thickness. t

! The full scale Doubler prototype dipoles discussed
below have a geometrical (in contrast to good-field)
aperture in the horizontal plane of just i-ndef 2. 2 in.
Though the fundamental guide line in the doublcr pro-
position is the acceleration of protons to the 1000 GeV
range at minimum cost, clearly their effective deliv-
ery to external experimental areas is a most desirable
feature, and it remains a subject for further study to
determine whether or not improvements in the extrac-
tion scheme or in the good field width of the magnets
can be made to compensate for the aperture constraints
considered here. As the design progresses it may
also Be necessary to make the magnets slightly wider
in order to accomplish high efficiency slow extraction
from the Doublcr. :

The second principal accelerator related question
associated with the Doubler magnet desiijn concerns
non-linear effects. Interpretation and correction of
non-linear resonances in the main accelerator lias
proved to be a difficult and time-cnnsitniini; process;.
Measurements on field quality of the supercoiuluciinR



'magnet pi-ototyj>es proeiucctl thus far Rive cause for
concern. The cost trade-off between increasing the
coil aperture to improve field quality versus an
elaborate correction system remains to be assessed.

Refrigeration System J

The design principles upon which the magnet cool-
ing system is based were reported at the t*J"J Particle
Accelerator Conference in San Francisco. * Very
briefly, the idea is thai subceoied li.;uicj helium will b«
pumped from 12 (or 24) reiriteration stations, located
at it (or 24) main accelerator service buildings into
the coil eolume of ma;<fl£t<t .•;»:u:a«<i upstream and down*
stream of each such si.i'ieu. At the point hclftvay to
the next refrificration ss.it imi, she coolant "•ill pass
through a Joule-Thomfwors pressure re<£«ciion valve.
and flow back toward the refrigerator cs boiling H««it$
in an annular space surrounding the CMbcosled liquid
helium coming from the refrigerator. 0ae et the 12
(or 24) modules of the system is suclci-.eii ta Fig. 4.
The realisation of this <*cnemc with Use magnets is
discussed under .Magnet Dovglattnten; below. In this

-

section we report on experimental wart; ©a the $*««
helium feature and on progress toward a refrigerator
specification.

Liquid HeH'.sm Puma Loop j

i Large pumped helium systems of the sort required
for the Energy Doubter have not been b«i?t. Accord-
ingly, a significant effort in :h« design.study is the con-
struction and testing of a li^s:«! helium »««*f* l&ap on a
scale large enough to provide experimental verification
of Energy Donbler refri^crasson conceptit. A <&s&iSe«i
report on the pump lonp will be pisUHr*i<e& shortly;'*
here we summarize this activity. •

The basic pump loop system ir. sketched i« Fir;. 5.
Refrigeration is provided by a 1S0-2&3 f/fcr helium
li^ucficr (equivalent to •» 400 W of refrigeration at
At S°KJ purchased from Gardner Crvc^c-ntc*. Inc.,
which m<ii:cs liquid into a reservoir. The reservoir
contains a li utd helium pump which circulates ii^ujtt
helium through the puro» loo;i. In »«S£ition so the ii^-jisi
helium pump, the reservoir c«»;ai»j; a hum cschan;;er,
which (together with a vacuum pump} v.-?ii »:;«iV.c i;
|ios»iblc to operate the loop at ternjjcrat«»f:s as tow as
J. &°K. j
! The loop itself consists of 2 lengths t:,i 2eo feet of
coaxial pipe forming a tct;al !cn;"!» <»;' -500 k-'.:; {space
constraint;; re j-.iircd thai the line <!<ntiMt «>.%<;'; o*t
itself). The helium pump forces liquid ihrosi^h she
inner tuba. At the end of the* iOO teal, ihn U r.:it! is
expanded through a J«iulc-'l'h«.::'.p;;t»;* VAIV ;«»»,; tow
prcRnurc liquid helium ii?ttirtt.. t!»o«;?h t.Hc outer a»-
nulus to the reservoir. Typicut temperatures of the
subcooled r.i»pj»ly and low pressure return itireamn are
4.6°K and 4. •«**!; respectively. The pressure difference
between the two .<;trcnm<; l ie; in the r.-»n;:<r of S-Si Jb/itt^.
The loop is equipped with icmperalure, pressure and
flow inonitori;, licalcr;; ih;ti ::i:i',i(lai*j thv t!i«it'trt.tt l»ad»
of magnet«, and v.ilvc» lo :;(!i.t«!;;lc Utc (>t»:r.;:urc drop»
of the mngncir..

« It is intended that Kitcrcy Doubter snnr.nfns will tn;
inncrlcd in lln; !ooj> by rcnu*vin$* :;cclit>(t« of |>ip» ;*n«t
;rcp]ncii>;* th>j:;« with iiiitswts. liven withtwl mafineds,
however, an tntcrc:;ii<tj: aiul useful lest program hnr.

carried out.
i The system has bcuii operated for tiiree runr. of
109, 70 and JOfe hour."! duriuion, Tlwac lest* were
vary valuable in I'tvinj; eKpericnce in th<t «jKT.-::tun «>f
• cryogenic system on this scale. As noted aijr.vc,
discussion of the rcKtiH:; '.vitt appear <?lf;tr.vhc«re:J we
only enumerate some of the subject* of su;dy here.

fceli«m pump *as
Aviation a««l was dev«taped

for thir. appttcati^ i»aK<i«l on ihcir CKĵ es-swRce with
livjukf hydrogen pumps. Mcssurtmi-ws at flew
versus clavetepesl heasl ar«s in a^r««m«ttt '̂
tiom; of the jrt.nniifsctarpr. To il!ttftes*.*v;« a
operating condition, a flow of 2t£ t%ts/hr
to a pressure rise of IS. 4 li>s/i»^ acsos.'; Uvc jsa;n

The eJcctricat power measurements compare
favorably to the fss-iver fncasared by ihe fiwid
ties. Heat ir,;v,;; to the H ,̂
condition H »pprttHitnai^fy

SSSl*. t*«*ior alt flow eo««is!io«R. 4S
afe 4^»j»s were |

p on t$« liquid line as meastenitt bj' She
gauges for the <5CsG feet leoft'sre in the rtfien »sT
of
; The prcsnorfi drop as mtssurert cm (He 2 ft!
return line, with an unknoA'tt «iuaU:y, in
<2" of H^O.

Precise measurements wilt be made wish the i»-

beatera in iUtt sub*

two Ktrca«*«. the heat trsnxtar
the nuUteeJt^ and t^-o-jshsKe r«g*«tns e*« fee
The (ft*a!!«re««efiis arc is* i^ femem wUN
the prift£ipi(? unc&rtaiftty t>e:i}» in the quality of il*e

Thermal.

ca«*;«
fretptently tibserveti. itotJ
conversion i& r#id «u«2«U v
o&«(ltattofts »t «5c*ijp flew
the third run.

Bwr .u ts tfse first r«n» lher«*al

5
. were

y the

by lite t tee of

Tor o»r fir3>t full ncale prmittyptt majrr.etjs, we
«ettled oft & >ni»lti*fil&«ne»t MsTk wire. c«»»sisii»{: of
about ?.)0& fit^mems: Ji t:ci in <iia;»«tcr «-s
Csi matris, wii« ottisitif «n«*ensi«»» oi (k. S"f>
0. ISO inch i«KlM?fin̂  » 0. CftJ inch layer »f polyvisiyi ntvi
for«*war in»Ml»tii»ft. The ai'un sampte test r<?;{«ir«;-
tnsnt was* jipsrciifietl«« be J S«*3 A in a 50 fcC fieri*! s(
4.2BK. This cnnfit;urafi«r» »ff«fred Hsu hirh c«rr«m
and high c»rr#iit deimity t!&fir«t<l for our»«»};«tft«
12S1 ft A and •?!.(» fcA/rm2 M 4S *iC*» yet «a« also fell l«
be achievnblf with present t«t-!i«tiioj*y.

Since we .ire interested in developing «».•»;;»»«?!:'
coiln that can be wotintl by more «r l«*« vonvvKtieswl
(eetij»t.|i*<:ft in ittdustry. tho ««fti)itct(«r ;;twt4<i rc:.c!r,Sil«'
a "«tiff" capper wire. Initially, this: prciented KMIWW

.4..
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problems at the current densities desired since most
conductors offered wh«n this project fe«j»;tn optimised
the critical current d<m<»i:y by cold werfciRg the wire.
In response to our invii;t;w.s«s; for proposals, y
CornoratUm of American r«coR*.snen«fcd ths ssse of
superconducting alloys that would opitmtee the ertl
current by tho solid state jireeijviiasiGa ©f £$:kroicro«
scoptc normal particles wisbin Use filaments. An
order was placed with this vendor, and the conductor
that they feavo supplied h:>r, mes o-tr jjseeiilestiian with
regard to critical current. With few exceptions, the
JVlndabMUy" of this material has bees eseellem.

t With its relatively tart;e fsi;>.i*cc?t sf?.e n;v»J low-
resistfvity rn.ttri.se, this ctarJucmr is nM yuiied 10 hSgSt
repetition rate.;;. Caicitta;to»s in^ic»:e Os&t hysteresis
lasses domi;iat« a! a to© !.-.n-t»y,i reset it fo» rate ant! it
Is not until cycle ttmes Rharsea u» about i s .'KicDr.tU
that hysteresis ami ceu»ti»:! Senses becoms compara-
ble, * b»!f»f»r as tne i**:u:*s rs«sSs:ci«r terser was
concerned, we fe» that she m*r* iKt$M»ruiitt g$al was s«
esUWish that a High corrirot *i«?s#ity wire could he matte
mid that feter i««J«tftry e«»id dftvetej* K «imiiar wire
but with SRtatter ftts*u«r«5». Ws atxo hav« «$t order a
*}«*afttily of «-Ai*5fc e*»<lsic!«is- sw?;tcs«s5 for she fsferiea-
tiofl of tv.-o fuit Keale tls;v;»k* ni-jj'.siyKBK: tttig c^Sie t*
to be ma«J« ©f s«ViB» wires each co»tatotog fil.i(n«ntji
lexr. than ?C( n«* t» tlhsmesf-!- ĵ:d ,»i»;?;tt*;»!ttJ t?-nt iretn
itftoilter by « tti&fe rirsis;tvr.y

tftti Knev$& f>»at»!er «oi*lsJ require 6 motion feet
t»f Ihs:; «i*
c(3s;r>v We

t h a t U*r ifefcjit* l««fj!?tsf sJ*t *»«.t |?*r f«s*»5 «.•«>»}
down to !>« uf^yin^enc lev*l sj^resehins* i«sa ifssn
ef preheat coss». At>ditieft^!t,v. sh* c«»t ts»f'«r«?sce

r«?t;»:i'«*t-ly s«p3*i;iUs:»*»i«s»J ssm;*l} ^Jarssesi cable
fila*tte*« wtr* «»«y i»e Ki?*̂ ;t, l-'fe. 6

our CRiimasc of cost t»er f«o; i--: a f«ac:w:i of total
Itrogtit,

I Here ivf wilt only «s»fn$»:>rts<c worl: on tJssmle
nets. A fail-scale 4Ma«!r<s;wtl« f»rotot>*̂ ># is

dipoles.
. however, the <atnt»hvn*is so fas* haif l»een en

V ;:howf; a ir.-m»vcrfie j,cc!it»;> titrnugh a

,vacuum chMtXTVaTtii Use !o{r;«5;»s; surface for
,tl»o coil.';. l« ero3£-ttecti«». 58te J'-ssc ^eojns'.ry con-
s i s t s of two t;emi-«irel«ii fointsai by flat ;*&rtioit.t to}»
>nt! lKittr>»« to provide a ;>;-»•,«n )<C;I:T) «;»«:•:strc inc.tr.ur-
•i»j« Z.2 incl»t!» hi>:-i;*.o!U;!Jjy by t .4 inches vertically.

hare twbc in a c«»v,»t»: it*.- «r«f »n inner C«. 0 J2 inch
a

* tw j>r«>vUJ»j a re|»rtrtlucii>ic fiwuiauu;; base for
_the ,

I 5^1'!' J ' i e c o ' l ! i a r f t ^ouiid as three concentric
•j;ticH-!•};»: liiyers, with «n;ui<sctor piaccutiriit calculated
•to (ifovid» » field tunftM'ttt to 0. I". v.-iUitn a iv('»«jii sim-
ilar tn!;h:*()t? to titt; inner s-.tirf.tci' of the cot!:; l»al ?.C-">
li» SOT* PtmiHwr in linear dimvtt»ion». Tin,* r.M»«iucior
t» i;radcil in ;*••'•>•• h%r «'tnm>!t>y; .»;;tsi;i!lt>r crn.;*t Keciion
wire (0. Of.O iturh x 0. tf>0 itu-h) funned by an adiSitional
drawinc of IIM bn»ic cojutticixr i:: ur.ed tt» rci'ionts of
cufficieutty tower field. I'rior to wimiini', the wire is

keystones) so that it may be close-packed into the shell
Windinj; is performed on n specially

fixture in which the mandrel oscillates about
its loni'ituttinnt .is is while the conductor supply reel
" walks" at a projjramfr.ee! Kneed around the table in
which the t»s<idf«l is mounted. j

CoilTC«x»Ung Passages, Liquid helium flows along
the length tti th& magnet in* the spaces above and below
the coil. The conductors arc to be cooled by vertical
convection through passages between the innermost
coii and the b»re tube, bcriv/ei?n the inner she!) and the
second shell, and between the third shell unit the wall
of the vessel. It is intended that at least 40% of one
edge of every conductor fee csfmsed to the convective
flow, that fraction representing a eompromi^e between
the demands for cooHo:; en ©«e hand and fat- adequate
rigidity ef the structure ;o withstand the magnetic
forces ©n the «*!hsr. The passages are formed by eir-

i»l j*re»ves en the tsare tube, by C-tO spacers
:t.* fitrsi and zbt-nntl roil shell, and by the
i the outer coil b»ad!e as described below.

!n the f»f«-r-<?r,; deRi^n the p%s?fs;»es extend 0.2S> inch in
the <i{f«t«S;«:.;( (taratlet tt> th& ;»si;; ot the magnet. The
v.'to inner pai»£&g«s are 0. Ot.2sncj» in depth.

Cfott Banging. The coils are held against the beam
tube it^ jirtt •.-«:, ;fef;e<J br»o?Js, -vtih a periodicity and
width determined by th« c«£<Si.ii§ passage re^tiircrncnts
mentioned aUave. Until r«i:»r«:iy» a thin hijgh strength
mylar w*s used as the b£s»di»i? material, applied at a
t«n**etn of -* i§T» of its brea?;iK^ strength. As thf*
masciisl vtut; Hvtuiifibts in it Vta&.r.csx of only . COO? 5
j»eb, 216 fays??, -••••arc needed to produce the required

resalesn^ in sn overly e&;;5!y and time-con-
ta^« at magnet fabrication. At present, we

are tssta;* stainless steel as the banding material.

at. The helium are formed by two
concentric 3*u»t«»!e%s steel cyJj.-.ccrs, separated by a
corrupted r>tr»ct»re to transfer clectromaignctic
forces en the ros^ngt to the »a$pension members,
•fheso, co»tai»irii< the coil, ferat the 4-S°K volume of
the magnet. A precisely centered energised coil is in
«»ist.*ibie equilibrium with re»nect to the shield; at 45
fcG, the "negative snrin^ co»£isnt" is ^ 750 Ib/in.
Thus a strong, tow heat loss suspension must be inter-
posed between ihs inner chambers and the outer cryo-
slat jacket. The use of an intermediate temperature
(tS*2G°K of gaseous helium} shield makes this problem
more tractable and is now being incorporated in proto-
type ir.at'nbis. Prototypes completed to date have, for
simplicity, not included a heat shield, and although
co»&it!erable effort has pone into the development of a
suspension which would be sutoquate for use without the
shield, the results have not been encouraging.

Iron Shield. The iron enhancement shields ccstsist
of two )nmi»;aictl half cores stacked in one of the orig-

;inal main rinj; inagmu fiMures with a prccarnhcr to
compensate* for the sub,sc.;sicni deflection umler gravity.
The turnin;ittans are first roller coated with a room-
cure (tptttcy and stacking of a 20 fool half-core is then
easily accomplished within the three hour pot life of
the resin.

Kinds nnd lnlergojHicctioiif!. In a sense, the trans*
verse »;i*c:lkm duscrtberi ;i!iovc is the t;im|>l« part of
the ma|>nct. Space does not permit us to describe
present designs for ends and interconnections. whtch_

i , .
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stay be fortunate, since ideas concerning these aspects
of the magnets are changing daily.

Magnet Tests
[ Prior to the construction of the first full scale
prototype dipole, seven short marmots id dipoles and
1 .{tiadrupole with icnjiths ranging from 12 inches to
40 inchesj were bail!. The first five were in a sense
fabrication studies. s Two coil nonmctrnis were in
competition - the shell configuration described above
and a pancake style. Tests in bosh vertical and hori-
zontal dewars suggested that the shetS of&rcd a f,au-
sttlry more appropriate to effective* eooltag. AS a
result, the shell coil was adopted for further develop-
ment. ;

• The last two of this seven magnet series were a
pair of 30 inch long dipotcs intended to he identical*
Compartivc Kte-u-iitre^e:*;.'; «jf magnetic tongth and
field quality were msde in order to determine «h*s!t«rr
or not ihe magnets were indeed identie.it insofar as she
design goals csia&Usheti for them were ewsicerncd.
Their magnetic lengths did in fact a^re* as the 0. l«V
level, however a significant {{uatSrupote component in

•both magnets {•*• 0.-i^/inchi indicated sftat some syro-
wsiry ha'J bsss Issi in c£»st?ei<iU«»M."

! In general, results o» this set of short prototype
mbgnets were <;o::e esicci>;i-i;;:f%T. The sufjcrcon'jMGlimj
wire precssred far the ?«JI ssaie magnets was not yel
available, so the coils of t,*:ese massess tvere wound
from * variety of conductors ;4v.t:l.iL.k- at the time.
These conductors did no: permit eseitMssn to the 4> fcG
level demanded of the Ooubier, however, in alt casts ,
these short prototypes were ea?&»le of excitation at
* f0% of the short asunpin current for tse materials
used In their fabrication, in all cases, magnets were
tested in pooS-boiling helium.

: In February of this year, a full sonic, 20 foot long
prototype was ready for test. This «?»s the first
lakgnel WCMHK) from th» wire ins ended for use at tS UG.
Also, it was the first magnet incorporating the com-
plete counter no* cooling scheme proposed for the
Doubler. Thus far, the $>arfe*r;n»ncc! of ihis magnet
has been, in pent rat, tm?..v,i;,.';ft$or>\ It has .{uenclt&d
repcaltrily at lo-.v cwrrene levels - lam than SOT* of
design current. Though the current at ,f;;gnch has tonest
increasing gradually, wti&i'tt&r or not ih&
eventually reach Us. design c»rr«nt is a»
question, for the proci«r>.'.t«!; &f a iar^e number of
magnets in this way is impractical.. NVver!hf.)csr., the
construction of a full SKitc rn.uwai at ::«e earliest
pocsiblft time in our f*ro(;r;i.*;j w».s very vitis»;«blc in

improvcnicm?; in fabrication methods.

I In order to isolate ;tnd itlaniity the source, or
sources, of difficultv in uto fun ffcate mar.net we are
now enfi.'ificd in a |>roi<r:>*n of te»(insf )& inch lout; til-
poles. Thcr.e maRnets have ceorttetrical cross t;eciions
similar to the ?.O fool tfotibk-r t»:t;:n<:i Un allcnv us 10
make clt:tn|;cs »•• HKKJIK-I conjunction itt a known nutt
controlled way - for c»;t<«:fi«, opcrai::::: -.vtih one, two
or three f.hcll:;. To date, a l!»r<?tf s--hc-ll vers:ion itl««t«-
cal to the 20 fuol rnae;net «.-s<rc;*[ for hns:•.'.!! and slain-
less utcol vice mylar tiaiulinj; lt;ts u»hti«ui;d Uuhavioii-
similar to the 20 font mnviu-.i ant) a iii:i;:lc, inner J;IIL-II
version impregnated with <:|>e»;y and I».II-.«JC<I with siain-
lesii steel h«-i» (•one to the short sample limit, -1000 A

at 23 kC>, in a vertical dewar. This program is con-
tinuing in full force and is expected to shortly provide

jtht engineering data that will allow us to resume con-
struction of the 20 foot magnets. i

Plans for the Near Future

As the discussion of the proceeding paragraphs
would imply, our immediate goal is Che production of
full scale dipole magnets capable of excitation to fields
in the neighborhood of 45 kC without excessive proces-
sing 1

The next phase will bring (he magnet and refrig-
eration systems program:! together by installation of a
series of mugncts in the pump loop, Actually, a step
in this direction is already underway, for the second
full scale prototype is beiis'j readied for insertion in
the loop. This magnet do&s differ significantly from
the first, so Its excitation characteristic; arc UUcly
to be the same, however, useful experience will be
gained in the loop system by this exercise. Completion
at this phase will be nm-V.ed by the insertion in she
loop of a complete basic Innicc period of the Doubicr -
8 dipok;: and 2

As indicated earlier, the design effort te daic fcss
been highly concentrated on the magnet »«<) refrig«rn-
tion sy?i»m» for the Ut»»i»icr in order it ostatflish their
feasibility for a cost of st&Htethinc; tike S20 cnillion. Ss>
far. in oe<l<tr of descend:;^ conftdeHce. we have had
industrial estimate* Jftadc en the refrigerator, the
sup^reoR'Jacsin^ vHn: a««i s;;c tr;;»tN*)ct3t. On this prelim-
inary bsKii«. it appears h;trtl!y p»sstf>k- to f;ti;; about
these items bcinij acc«m;«Si»hcd tnr the period we ft.ivc
allowed,. We nave * lmw_ a-*y to JJO, hoa-evcr, in cesn-
pleting'the design and hutt'Jir-.'t s,tis!^;te'.»ry f;roJo!y{j<.-r,
and prtnl::iMvR ma&etti b»fe«-« we can say 6omeitiing m
more definite. We, like everyone c!."e, are alno CK-
pcriencin-; sharta^es afi'i higher costs for raw r».-u«.rt-
als, and !h« current suisc of uncersainsy in the ccotumv/
will no tl&ahi play an as yet unknown role in the finni
estimate for the doubler. parttettSariy in view of the
instability of the superconducting wire business.

Many more metn'jtu-n af the Laborasory staff have
d ttt this c'fttrt ihstn is reflected in the a-,t!J-.oj-

sisip of u*hi p.triieulair pttuwr. ^Jicnc-t da;iit*n and fab-
rication .'».'t); been carried (tut by Tcci»)ic-i>l Services
headed (*y If. Ilinlerberctrr: C. tttaita.*:. tt. Brocfcer,
and \V. tiiinstm have tlcvoutl much of th&ir lime to thin
activity during the past y<;;tr. S. Snowclcn of the
Accelerator Theory Ciroup has performed .1 number of
the more difficult calculations relating in the (R;t}:Hct.n.
We are indebted to It. U. Wilson ior hi» supiwrt,
guidance, and welcome participation. >

" I
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Fig, 2. The proposed Kncrny Double r cycle supcr-
tt on the pr< ;.CJH Main Itiit,-; cycle.
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Fig. 3. The proposed energy saver cycle. Here the
; Energy Doublcr is used to accelerate protons
! from 300 to 400 CeV and provide an extended

flat-top.
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,Fig. 4, Schematic diagram of the pump loop showing
i one refrigerator servicing the magnets be-

tween two service buildings. Note the main
features of the pump and the Joule-Thompson
expansion valves at the end of each string of
magnets.
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Fi(j. S, Schematic diagram of the pump loop presently
installed in a prototype tunnel at the NAI.

This is basically the same system
triiown in F1f«, 4 except for the elimination of

______ the magnets. . . —



•i >: : i - / . v ;::? :-?.rv-E :o? & 1/3 x i : • ;.*.::

iuo|

ftoo

V 150]

COST OK WHE VS LEN6TH

a_BRAID-22WRES

A-SOLID V.1RE

t . . . . . I

FEET OF WIRE
» •

1 Fig. d. The estimated cost of the present conductor
i for the Energy DoubSer as a funciion of the
1 total order is shown. It is assumed that at

high quantities sufficient economies of scale
will bring the price down to less than half of
the present cost.

Fig. 7. Transverse section through the latest
version of the Energy Doubler dipoles. This
shows a fully shielded magnet. Note the
features of warm iron, counter flow dewar,
heat shield and low loss suspension.
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