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PAR T ICLE MOTIONS AND THE FOCUSING SYSTEM 
IN PROTON LINACS* 

S. Ohnum a 
Yale Univer sity 

Last year, at the confere nce on p roton linacs, compute r progra ms 
developed at Yale for pa r tfcle m otions and some of their prelim i nary 
r e sults were presente d. (1 Since t he n , there have been a number of 
modifications in our des ign para m eter s , particular ly in the iris-loaded 
section. The results here are mostly based on the design par a m eter s of 
the proposed 500 MeV injector for th e AGS in Br ookhaven which was 
presented by G. W. Whe ele r . T he computer p rogram s are essentially th e 
sam e as the one discusse d in Ref. (1 ). 

Buncher 

No change has been made to t he buncher which was pre s ented las t 
ye ar . (2) The es s ential r e qu ire ment here is that the beam m us t be tightly 
b unched near the synchronous p oint ( A tfP :::: A"If ::: 0) . The distribution of 
particle s fr om a double buncher is shown in F i g. 1. If the ion source can 
produce 100 rnA , a b out 7 9 rnA will be confined to withinAfIi= ±14° and AW 
= ±20 keV. On the other hand, there are s till particles near the boundary 
( "" . 5 rnA) which c ome out of the drift tube section with relatively large 
v alues of (41' , btr ) . F or a linac of higher inten s ity, a bunch ing s chem e 
t hat gives very small fr action of beam s near the boundary would becom e 
importa nt . 

Dr ift Tube Section , 

P hase and tra nsver se oscillations of pa r ticle s 1 and 2 in Fig. 1 a r e 
given in F i gs. 2- 3 together with thos e of the sYILchronous particle. The 
focu sing system used he r e i s s h own jn F i g. 4. Two differ ent doublet 
a rra ngements, (A) a nd (B) J have been tried in the last two tanks t o s ee t he 
cha nge in the e mittance shape . In Tank s No . 1 and No. 2, he strength s 
of qua drupole m a gnets are chosen such that they correspond to optimum 
valu es for the synchronous pa r ticle . F or non-synch ronou.s particle s , the 
optimum condit i on is different and th e a mplitude of the transverse 
os cillation m ay increase instea d of da mping down. (see Fig. 3.) Since t he 

* The work reporte d h e r e ha s been d one by R. Bakem an, T . W. Ludl a m , 
J . N. Vital e and S. Ohnum a . 
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focusing system is continuous from Tank No. 1 to Tank No. 2 with a very 
short drift space, no matching magnet is required. This, howeve r, is 
not true between Taq.k No. 3 and No. 4 where the system suddenly cha nges. 
At l east one set of triplet is necessary in order to achieve a near perfe ct 
matching in x- as well as y-direction. After that, the system is continuous 
(i. e., the change is "adiabatic") and the matching system can be eliminated 
enti rely. 

The acceptance in x - x' space of the drift tube section for the 
synchronous particle is shown in Fig. 5. When the smallest bore r adius 
is .75 cm, the area is 177f cm-mrad. For most of the non- synchronous 
particles, the acceptance area remains fairly close to the 177f cm-mrad,. 
but the shapes are quite different. Thus, if the input beam i s matche d to 
t he shape given in Fig. 5, the effective acceptance value for pa r ticles in 
(A (J = ±14°, A Y = ±20 keV) region i s reduced to "y 167T cm-mra d. For 
particles 1 and 2, the shaded area in Fig. 5 is not acceptable and the area 
is less than 15 ." cm-mrad. It is, of c ourse, possible t o get a larger a c ceptance 
by s imply taking a larger bore radius. This, however , will give a larger 
output bunch in (6 rp) - (4 r') space and may cause particle loss when the 
fr equency is increased in the high energy section. If (NNSS) configura t i on 
i s used instead of (NSNS) type, the acceptance for the synchronous pa r ticle 
is 147f cm-mrad. The change of the acceptance shape for non- synchron ou s 
particle from that of the synchronous pa rticle is more s e r iou s than (NSNS) 
configura tion. 

The maximum radial excursion of the beam in Ta nks No. 3 - No. 7 
will be substantially smaller than shown in Fig. 3 if the fo cusing syste m i s 
(NSNS) throughout instead of doubl ets with gradua lly inc rea s ing repea t le ngths 
taken here. The particular advantage of the doublet sy s tem will be discussed 
later. 

It would be useful for the purpose of shielding de s ign s to see wh e r e 
particles are lost radially. The location depends on the initial position of 
particles in x - x' ~ y - y' and (~ <tp) - (A 2r) spaces. F or example , m ost 
of the particle 1 in the shaded area in Fig. 5 are lost at drift tube s No . 7) 
No.9, and No. 13 of the first tank and at drift tube s No. 2 and No. 6 of 
the second tank, whereas the particle 2 are lost a t dr ift tube s No. 5 a nd 
No. 7 of the first tank a.nd No. 2 of the second ta nk. By a s suming a pa r ticle 
distribution,o.ne can calculate the distribution of lost pa r t ;i. cle s along the 
drift tube section. However, extensive study of thi s probfem ha s not been 
made so far. The results we have accumula ted clearly in.dicate that the l oss 
will be entirely in the first two tanks and most likely below PV 20 MeV. 
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In the (.6 cP ) - (A r-) space, part i cle s com ing out of the dr ift tube 
section with the final eri~rgy of 187 lVIeV a r e all contained in the tilted 
ellipse shown in Fig. ' 6. Several dots a r e those pa r ticle s with ( 6 4' )~ 
1. 0 or ( A cP )..s -. 6 a t the injection. Since the ir " effe ctive" t r a ns -' 
verse acceptance is v e ry s m all (0 - 3 IT cm - mrad), the t otal intens ity of 
the se stray particle s is les s than 5 x 10- 5 of the main output current 
(i. e . , the ellipse in Fig. 6). The other ellipse in F ig. 6 is the pa r ticle 
bunch assumed in calculating pa r ticle m otions in the iris s e ction. 

Fig. 7 shows the e mittance f r om the dr ift tube section in x - Xi 

space. The area is very clos e to 7T cm - m rad. (A) and (B) cor respond., 
re spectively, to the doublet configur ation (A) and (B) shown in F i g. 4. 

In the low energy r e gion (/J ~ . 2) wher e the r ate of t he change of 
j3 i s , large, the accuracy of the cal cula tion is not too good. As has be e n 
alr e a dy suggested prev iou sly(3) , it m ay be necessary to integrate the 
e quations of motion point by point. Th i s, however, r equires a detailed 
informat ion on ele ctri c and m a gnetic fields at every poin t . When the r e is 
no bor e hole, the f ields of the shaped drift tube (4) a r e a ccurately known 
but the effe ct of the bore i s difficult to evaluate . It is hoped t hat the 
cal culation at MURA and at L os Alamos CfMESSY MESH't)(5) will eventually 
give the fields with the de s ired accuracy. 

Matching between Drift Tube and Ir i s Sect ions 

It is clear f r om Fig. 6 tha t a long dr ift space betwe en the two 
s ections must be a voided in order to keep the resulting phase sp rea d as 
small a s p ossible . Although ;'9 he r e is large (. 55), the spread could be 
as large as ±2. BO/m (for 4(( '" ±. 8 x 10- 3) so that a. drift space longer 
than A,~ 4m will definitely cause trouble . This i s pa r ticularly serious 
for a linac injector of a large synchrotron where a small m om entum 
spread ( .6 pip) i s e ssential in getting a h igh capt1J.re efficiency. On the 
other hand, it i s h i ghly de sir able to have a bendin g m a gnet (to guide the 
beam for the ene rgy m easurem e nt), one or two slit boxes (for m easuring 
the beam shape in x a nd Y'~ space), and one or two curr ent t r a nsformers. 
If, in addition t o these, two or three s ets of quadrupole triplet are 
required to match the beam shape in b oth x and y -direction sim ultan.eously, 
a 4m long space doe s not seem to be sufficient. Two schemes have been 
t ried to solve thi s problem. 

The first is t o e mploy a m atching s che me in the longitudinal phase 
space that i s ba s ed on the principle of the strong focus ing ( 6) . A tank 
operated at the s table synch r onou:,? I?hase 'P ~ ~s act s a s a Itfocusing lens" 
a nd a tank ope r ated a t cP =-f/s a s a It defocu s ing lens". The drift space 
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then will be an element of the matching optical system. and does nd necessarily_ 
have to be short. The system will be composed of 10 .... 15 regular tanks 
with reasonable values of rf level. Based on the linea'r theory, we found 
that we can achieve an almost 100%, matching even with a 10. m drift space. 
However, numerical calculation has shown that the non-linear effects are 
so serious as to make the s che m e rather impractical. ' It may be possible 
to design an elaborate system composed of very special .t anks just for the 
matching purpose but this does riot s eem too easy. 

The second choice is to eliminate the mat ching m a gnet s for two 
transverse directions entirely, or use only one doublet. This m eans that 
the focusing system in the drift tube s ection (at least in the last two tanks 
or so) must be joined continuously to that in the iris section. Othe rwise, 
one doublet or triplet cannot give a pe rfect matching in the both directions 
simultaneously. _ Since a doublet is u sed after each even-numbered tank 
in the iris section, one doublet just before the first tank together wi th a 
properly spaced doublet system in Tanks No. 6 and No. 7 Will achieve the 
desirable matching. With 3. 5 m space between two sections, we have 
found that the matching efficiency could be as large as 950/0 in both directions. 
It will be even better if two or three auxiliary magnet s are placed in the last 
few drift tubes to make adjustments. 

Iris Section 

Various systems of quadrupole doublets and triplets to be used for 
the focusing in the high-energy section have be en invest igated in order to 
get the necessary information for the choice of m ultiplet type (7). The 
doublet system used in the calculation and its acceptance shape are shown 
in Fig. 8 while the stre ngth of m a gnets and the maximum (theoretical) 
excursions are given in Fig. 9. If the transverse phase;; space area is 
101T cm-mrad at the inje ction (.75 MeV), the a r ea at 187 MeV is .6 7T 
cm - mrad. One advantage of doublet system is the r (81atively large space 
available between two magnets for a given drift space (1 m in this des ign). 
The maximum x or y excursion at 500 Me V is 68% of the excursion at 
187 MeV. This is due to t1~)increase of the m om entum and the decreas e 
of (Courant-Snyder) ~max . It is, of course, possible to take l onge r 
magnet repeat lengths gradually as the energy increases. Th i s , however, 
will increase the value of fimax and, for Anax (500 Me V') / ~max 
(187 MeV) = 1. 75, the maximum excursion stays con stant. If, on. the 
other hand, the focusing system is changed at some point s, some kind 
of matching device will be required. 

A good matching at the entrance is e ssential in achieving the smallest 
possible xmax or Ymax. Different systems r equire different acceptance 
shapes so that a particular. point in x --x' space leads to an entirely different 
m aximum excursion. In connect ion with the m atching, a device that can 
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a c curately m easure the beam shape in x-x ' andy-y' ~pacewill be 
extremely useful. 

The theoretica l m axim u m excursions in :Fig . . 9 are comp'Uted for 
synchronous particles. F or non-synchronous particle s, the acceptanc e 
sha pe is slightly different from those g iven in. Fig. 8. This slight 
mismatching would, in general, give large r excursions for non­
synchronous particles. The large s t deviation r ecorded fr om the 
theoretical value is .25 cm. Of course, only those particles which a r e 
near the boundary of the acceptance ellipse in Fig. 8 deviate from the 
theoretical maximum excu rsion. For example, particles within an 
ellip s e of size. 6371" cm-mrad in x-x' space are not lost if., in 
(A fJ ) - (A a") space, they are inside of the (large r ) ellipse in Fig. 6. 
On the other ha.nd, it seems very difficult to keep the iris apertur e 
smaller than 1 cm (radius) and still not l ose p a r ticles . One obviou s 
solution would be shorter tanks at the b e ginning to r educe t h e m a gnet 
repeat length. Since a s maller iris aperture gives a smaller pow~r loss 
for the sCl;me structure, furthe r s t udie s of this point may be called for 
in the future . 

The choice of the doublet arrange ment instead of a triplet was 
m ade because of the better over - all quality in focusing the high energy 
beam. (7) Tripl et arrangements (+) (_.) (+) (rf tanks) (+) (-) (+) are not 
sy mmetric in x and y directions s o that the best op e rating point in one 
direction is very close to the stability b ounda ry in another direction . 
Thi s s ituation is shown in Fig. 10(>l<} whe re gs i s r elated to H' by 

H' (kG/cm) ::: .313 ( '6;3) g s2 

a nd the parameter. Jl, for each curve is 
j t 

.Q'Y 
dz 

::: c os cp 

Symmetric arrangements (+) (- ) (+) (rf ta.nks) (-) (+) ( - ) give a v ery 
narrow s tability range with 19-rge values of fi . as can be seen from 
Fig. 11 (,:<.) • There is a p ossibility of using arFt~per stability region 

(>:~) Figs. 10 and 11 are taken from Ref. (7) . Tank length i s 2. 5 m 
instead of 3 m h e r e a.nd /~ax is slightly sma.ller t h a n for 3 m tanks. 
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where f3 max a):"'e m uch smaller. Howeve~,. aside from large m agnetic 
fie lds required in the high energr r e gion, non'-synchronQus particles may 
spend some time nea r the stability boundary or even cross the boundary 
int o the stopband and get a large r adia,1 excur s ion. Unless, a n extensive 
num erica l calculation i s done~ it does not seem safe to design the 
focusing syste m ope rating in upper stability regi ons . 

The only remaining question i s whether tolerance r equirem ents 
for doublets are too difficult to achieve in the proton linac, as they appear 
to be in the Stanford two-.m ile electron linac ( 9) , so that orie is forced to 
take triplet s. This has also been invest igated in a semi-analytic fas~io~ 
in Ref . (7). The m ethod used there is outlined by R. L. Glu ckst ern. 10 
A s hils been discussed in Ref. (9) and Ref. (10), the advantage of triplets 
is the p ossibility of 'tbench alignment" which makes the effect of m agnet 
displacem ents entirely negligible (m axim um tole r ance s are order of 
100 m ils). F or doublet s , bench alignm ent offe rs no improvem ent a s far 
as the tole rance of II skew" (r otation about transverse axe s) i s concer ned . 
On the othe r hand, it does not s eem at all difficult t o a chieve the 
required tolerances for d(:uBlets (as well as for t riplets) with the he lp of 
aligning m onuments . (10) 11 A computer program has al so be en used 
t o check the validity of the semi-analytic r e sults. All t oge ther 50 random 
s e ts of misaligned doublets have been investiga ted a t 400 MeV, 580 MeV, 
and 750 MeV. The displacements in x a nd y dire ction (indiv idually) a r e 
larger than the ana.lytic r esults in 5 case s a t 400 MeV, 7 cases at 
580 MeV, and 2 cases at 750 MeV. However, the radial displacem ents 

a re a lways smaller than the expected value s. Sin ce the s e 50 r uns are 
perfor m ed for a particular particl e, we will have to r epeat the similar 
calculation for m any different particle s . Never t heless, we feel that the 
tolerance requirem ents for doublets are not t oo s t r ingent to ac~ieve , 

Loss of Particles due t o Failures of rf Tanksand Focusing Magnet~~ 2) 

The computer progra m for particle m otions ·in the iris s e ct ion can 
be used t o find out whether th e loss of particl~s is, in general , localize d 
or e xtended over a l ong distance when ce rta in tanks or a pair of focusing 
m a gnets fail. 
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If an amplifier tube fails, two consecutive tanks will be de-excited 
and there will be no increase in particle eEergy. The 8Eergy g&in through 
+ . . t k . . 1 t· +h tl' f th II f' L If I' d . t . ) ewe, an s are, In gen'3ra J grea .er lo .. an .~le Size 0'.0 e _Isn ,In b. ([ ~lrec .lon 
so that all partides will become longitudinally unstable after passing de'­
excited tanks. The energy of sL~ch particles fluctuates around a certair'. 
value thai is l,rery close to what tbsy har) :illst before becoming unstable. For 
a~.l practical purposes, the problem is then !'ed-)_ced to the transportation of 
particles with a constant mom(~!:!.tum Un z direcCor.;') thro1.::_gh a focusing system 
that is optimizE:d for particles wHh increasing momeE+'a. This means that 
\~-e can predict where particles be lost fromUx'. stability diagram of the 
focusing system. A detailed rllJmeric2J (;a1culation }:.as confirmed this r.mt 
it has also shown that partides ar2 loi3~ j",l 8, rel:8.t:hfe~;y ~or..g area ("" 1 00 m). 
F'a:dlc1es with 400 MeV or more er1.ergy 2.re t1:'!C exrectil"d to be lost hi-: 2.n. 
:t J..s Eot possible to retab t!l>8 bunch lLsi,dE the lOF'gEudj:"'!.8 1_ st:2cbEity region 
1 •• ,. "h f] -. 1.- - ·1':n oy E>lmply IncreasIng t e r .. eVf:~ lr~ l"l€aruy taE1<~.8 \ <!. 

Since two quadrup0le magnets 'will b2 getting pcrwer from the same 
source, the problem it', case of magEet fail::':Tes Isb fiLd tIle increase a,f 
the transverse amplitudes (Ax, Ay) wren one pa:r of dfJ·c..~Ue': is missiEg. 
At tt.e "optical" centers, (x, Xl) and (y, y!) v'i'i~1 s<,,!.:tisf)" 

with 

VI x and .Wy are t.he ph8.se Spac;r:'. ~!'(;~l. . ,~: by 1T in x acd y dlrt,,:ctjor~ .. 
respectIvely. BecaUSE: of the m188J.ng p:,nr·'.. sc eEipses win be dis­
t:orted to other forms (Wit:-lOl~+' cbar,ging the size): 

"J 2 
ax~ + b:x: i ~ + 2hxx' -- 1 

where 1/ 
'J 

-- Ax~'! A .,., ana 11 1- m".x 

If these distorted eUipses :?l.re eLt:re~y iESi(;!e 

y". + X'" .-') j1 ') 
.~ max 

")/ 
·;l1':-· _~ 
J 
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with R =., quadrupole aperture) there wE: be no loss of particles. For R :: 2 em 
and Ax := Ay c:; 1. 5 em, the fractions] loss in both x and y directions chan.ges 
from 30% at 200 Me'i to 20% at 500 - 700 ME , For R "" L 5 em and 
Ax :: Ay =: 1. 0 em., eorresponcirlg figl'cre:s are 40% and 30%, respectively, 
The important feature here is that most 0: theBe po.rtk1.es a.re lost in a 
relatively localized region (AJ 15m) 1::)F;C2.~.:se they can travel the distance 
which is at most one-half of the irc.:.ns.erse wave leng-::h (29m) before ge"!:ting 
the maximum excursions, Again it eot possible to adjust the strength of ( ... ) 
adjacent doub1.ets "., such that th(" JoS8WO;J- bet." decreased substantially. 
Pre1i ml'r1ary resul+,~ of 11rmer;r'a1 ','C'Y "~ st.,o'·'" .L·h· "" r"'c:c'·-T':'ry of or-Iv So1'j . .. .... ~.. ..~, . .1.",b .. ~u.. '? .l.~' • .1. _'~"'-'~L~ib ~ 11 (IV /... ,,___ \~ ~\ c ... 1 J ,--", 10 

or less at an energies. 

VISSCHER: What is the radius of the aperture ir: your iris section 
calculations? 

OHNUMA: The aperblre radil.ls really does :~:ot affect the calculation. 
It simply gives a criterion when you are concerPEd about the beam loss, 
Theoretically, the size of the beam would be about 1. 5 em or less, In 
calr:ulating the misalignment effer;ts, we: vsed 2 em radius. 

VISSCHER: The 'laIue 7T cm·-mrad of +JH: transv'?1:::;e phase-space area 
you are using must ha'J2 bee:'! based on some ape:::t·.:re radius, 

OHNUMA: No. That is what we get O~jt of t.he dr-H-:; tu.be section inde­
pecdent of the iris section, The acc:eptaGcE:' of: the iris section is of course 
m~jch largeL The calculation is a cw-fin.;oi":.s one: for both sectio!:.s, 

LAPOST01.,LE: About the possibility of a correction of the missh::.g gap 
and drift spaces betweer. tanks, especially ire the Alvarez seetio.t:., I thiEk 
that, for transverse motions, i.t IS pos~:.:;;bl.e to cornpeEsate wHh a slight 
correction of the quadrupole m.':±,gr.ets, ~, -Viior~der vlhei:hE:r o for the 
longitudiEal motioe!., it would rot bf:~ possible also ~;o compe~.sate by a 
sHght displacement of the acceler'Gti::':g gaps i!-:; ord,c:Y' to change the phase 
when the bunch crosses thl? gap 8.':".1 mod~fy ~h'2 phai3e·~focusiEg condition, 
Did you think about the idea of,ng t.o compensat(: for any disturbance 
due to spaces between tanks, possibly by some modif~(a.Hor: at the end of 
the taEK? 

IJeI'e it j s a€iSumed. th,::; st:CC2:ngth :cn 8.. doub1.et 
can be ch.anged onJ.:! SlmL;.c.-::;a.:r:.r-:: 
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OHNUMA: We have Dot studied this problem in any detail in the Alvar'ez 
section. I believe that in the actual operation one must always make fine 
adjustments of the focusing magnets. As to the compensation for the 
longitudinal motion, it seems very difficult to adjust unless we can ac~ 
curately measure the position of the bunch relative to the rf field in 
tar,ks. In the iris section, unless you change the strength of each magnet 
independently, even the transverse adjustment is not easy. You must 
::emember that each doublet is '7 m apart. If one tank is out of operation, 
the bunch is completely out of the longitudinal stability ['egion and there 
is no way of recovering it into the bucket. Of course, the focusing system 
still could transport this low energy beam down to the end witholJt any 
beam loss. It depends on the energy acceptance of your focusing system. 

KNAPP: You have two drift tubes closE' to one another that have magGets 
in them and then you have a large series of drift ~ubes with no magnet in 
them. Could you describe the distribution of magnets in the last fo-tJl 

tanks of the Alvarez section? 

OHNUMA: In Tank No.3, there are 14 pairs for 46 fun drifi tubes; in 
No.4, 6 pairs for 34; in No.5, 4 pairs for 28; in No.6, 3 pairs for 25; 
in No.7, 3 pairs for 23 full ddft tubes. The distance between the center 
of a focusing magnet to the next one, the magnet repeat l'?ngth, ranges 
from 0.89 m to 7.3 m. The value of /.) changes gradually from 

rmax ' 
1.45mto12.5m. 

TENG: About the longitudinal phase space matching oetweeE the drift 
tube section and the iris section, have you considered the use of disper­
sive magnets? The distortion of the bunch in the longitudinal phase 
space due to the drift space can be compensated by such magnets. 

OHNUMA: No, we have not thought abol;;.t it. I donlt know how wise it is 
to construct a special section or system just for this particular purpose. 
If we can use some regular seci:ions as an option, it will be all righL 
Besides, such a system would require additional transverse matchir1g 
systems and might not be desirable to have for the overall matching 
purpose. 

TE\:G: You might have to bend the beam so that the drift tube sectioE 
and the iris section are at an angle to one another. As far as the trans-
7erse phase space matching is concerned, you can always do that by a 
numb8r of qu.adrupole magne ts. 

WHEELER: The figure of 10 m, which we have been using, was a some­
wha-t~ arbitrary number which ,wo-uld allow us to have ample space betwt't'E 
the sections. We have not looked carefully at how far down we, caE brhlg 
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this distance. I expect that it can be brought down quite a lot further, 
far enough so that it will satisfy beam dynamics requirements. 

LEISS: Isn't it true of course that the reason for a short distance is 
removed if you do put a phase compression system such as Teng was 
talking about? 

WHEELER: Yes, but I would rather try for a shorter distance than to 
try to put in a major magnet system which would be expensive, because 
of a longer tunnel length and require additional complex equipment and 
be consuming in manpower 0 

WALKINSHAW: Have you looked at the possible advantages of coming 
down in frequency to 600 Mc or even to 400 Mc where, I think, this 
problem would be less serious? 

WHEELER: It would be nice to come down to 600 or 400 Mc for the 
purpose of solving this problem but the cost is going up proportionately. 
I think we are caught here in an attempt to keep the cost down but still 
meet the dynamics requirements. Based on our' numerical calculations, 
we feel that we can operate at 800 Mc. 
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