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1. Introduction 

Interest in the Cross- Bar Structure is now centred on the energy 
range 100-· 200 MeV. Here it is heing considered as an alternative to 
the Alvarez structure for the 200 Mt:"'V, 200 Mcl s, Pre-Injector I.,inac 
for the CEHN 300 Gf: 'V A. G. S. project (1). Th.::; Cross Bar st.ructure 
o.ff",rs severa] ad'.,-aniages over the Alva.rez Guide: Comparable shunt 
impedance, wid" bandwIdth and high group velocity in 7r -mode op
er'at~on, physical compactness and good mechanical tolerances. In 
th13 energy range., focusing J.s a structurr: sign requirement (though 
no spec:fic calculations have been done so farL .so that drift tube 
diameter must be chosen on the familiar basis of focusi.ng, and r. L 
breakdown cap,::lbility in conflict with shunt impedance. 

It is the purpc;se of this paper to report on the theoretical work, 
p r actica1. measur'l"ments on f3::: • 4, /30. 56 models, corresponding to 
85 and 200 Mc~V, and further work on the early 400 Mcl s Cross~'Bar 
Strur'ju~c, I~escr:lb(,d elsewhere (2). 

The maJor tr:eoretical work 1S being carried out by Georges D~m€ 
at CEHN, and. 8C'm,c of t;he conclusions are presented here. 

The fGrm~tlon of field patterns has heen derived on a ba sis of 
rectangular or square g1.li.de (where the side of the square eqll.als the 
liner diam<-:ter), and the fields computed as if the currents were 
carried on the c'C;ntr~:;s of the bars. Shunt impedance and Q at 7r -modf~ 

have been found as funct-jons of bar diameter d s and /3, by assumir:g 
losses in the eurrl:::nt carrying h".rs and side walls only. Losses in 
drift tubes and the nl)n (total) current carrying bars are noi. included. 
If L, D, d, have meanings given in flgure 8, and 1f k:-.· w! c, 2. co (D··d) 12, 
we have 

·-1 
~ 7rD/L } 16,-,--(,: __ 

1+2e- 1fDiL 
o •• i) 
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where K is the complete elliptic integral: K = 11"/2 (1 + 2e- TfD/L + ... )2 ; 

Q o = LOg( 2L J 7rds J CT is the Q-value for losses on bar s only ... 
KdsJ A. 7rEf 

( 
, ··1 

and F :;: 7T /2 k.Q + sin kR cos kR) ?: 1. Since D/ L is usually» 1, 

K ,.... 11" 1 2, and equation i) reduces to 

-1 

Equation iii) has been checked against the early 400 Mc/ s model to give 
Q = 11,200 against a measured 11,900 (scaled from brass). This.is very 
good agreement. Shunt impedance is given by: 

. .. iii) 

... iv) 
k~ (1+cot 2kJL)+ cot k.Q. 

where Zo = 60 log (2L ) 
Kd s 

is the characteristic impedance of a coaxial 

line, centre conductor d s ' (square) side L; and M is the transit time factor 
(the experimental approach to T. T. F. is given in section 4b). The 
varia tion of maximum shunt impedance with bar diameter and velocity is 
found by considering the maximum value of (Q 201 L) with d s and f3 . 
(The term inside the square bracket of eqn. iv) is proportional to (particle 
energy gain) 2 1 (stored energy), again discussed in section 4b). Con sidering 
only the second terms inside the bracket of eqn. i), we must maximise 
the function 

A good approximation to the maximum is given when 

Log (jJ:~_) =. 1 + e + ~1 + 0.541"l 
;rd s 

1rD (2kJL) 1 
where e =- 2 log (1 + 2e - 7fD/L+ .. ) = 2 log [1 + 2e-" rr=a -~ 7f] 

Since' and?{ increase vdth f3, 7J decreases (slowly) 

, and 
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with fJ. If the optimum shlmt impedance at fJ = 0 is given by unity, then 
we have for TJ and {L/ d s } opt: 

f3 
0 

. 5 
1 

(Lids) 
5.8 
8.7 

16.6 

opt. 77 max . 
1 
0.69 
0.42 

It is of interest i:o note that the bar need not be changed for /3:=; O. 5 to 1. O. 
Over the energy range of interest (l00·-200 MeV), the fall of 77 max is 
12%. 

Furtherm(::'.surem?:nts have bet::n cR.rried out on the early, sym
metr:~c3}, 400 M.c/ s mGd/c':l to detprmine field patterns in the various modes. 
ThIs W8S d()EE': hy field perturbation, and by magnetic ~lOOps through 
holes in the Liner. Thfc' results are summarized in figures land 2. In 
additicln t.o the two Ii') •.. f3 branches shown 3n figure 1, there were many 
other r~;sonar:ces, 3..11 them very much smaller than thOSE: plotted (of 
the ,·.)rder 30 db down) and may})(.; H-modes, cable r8sonances, or 
harlTIOrdc re·sonanc":eg from the sjgnal generator used. 

ThF: upper brar.ch of the w .'. f3 curve is obtained when the guide 
behaves a.s (:(11lp.led coaxictl reS('D.ators i.n the TEll mode, giving rise to 
the TM01 ill(',de a1nr:.g the gUjdF·. In this mode the magnetic field lines are 
purely drcnmferent;Lgl) but rl.istorteri into oval, rather than circular, 
loops. Note also that for the TEll modi:: (coax.) or TM01 guide, the zero 
mone can exist 3.S the hourdary conditions at the end plates can be satis
fied. {The zero mude poInt it! Figure 9, reference 2, is in fact the zero 
modf~ point for the upper hronch}. This mod.f: has a forv;rard fundamental, 
aDd is similar to the fundamE::nt8.!. mGde for the AJ.varez structure. That 
this is so can be seen by Enking togeth,..'r 8. series of coaxial resonators 
in the TEU mode. Distorting th{, outside diameters to give a cylindrical 
waveguide with p:s.:rtitJon,s redU(>C!R boi:h 0 B.nd 1r mode frequencies. Note 
the current flOVir is in. opp,ositp directicms, 0 "-mode, and in the same 
direction in 1'(. ~'mode on eIther side of a partition. Cutting slots in the 
outside edges of the: partitions :In the direction p~rpendicul;..).:r:· to. the plane 
of the bars) dof;'s not aff8ct the current Lines in O~mode, but shortens 
them in rr · .. modr:-:, L 8. OlllSeS thf; 1f ~mode frequency to increase. The 
same effect can be se'en by (xmsidering the capacitive effect of the slots. 
Putting in drIft tubE,S leads dmvn tht~ tVITO frpguen~ies by roughly the 
same am <)l}nt. 
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The " Cross-Bar Mode " is the lower branch in the w - {:3 diagram, 
and has been previously (2) described in terms of coupled coaxial 
resonators in the TEM (fundamental) m ode*. (It should be remarked 
that this synthesi s of modes in terms of partitioned coaxial resonators, 
rather than by s tar ting with cylindrical guide with thin partitions, is 
preferable since it does .allow for the effect of the finite thickne ss of the 
structur e components). As such it is not possible .to terminate the 
structure in 0 or 2 7r (i. e. when all the bars act as coaxial resonators) 
mode s. On the 4 whole section m odel used with terminations in half bars, 
in 7r - m ode the magnetic field was seen to exist in loops round one set 
of bars, and none at .all in the second set containing the terminations. 
Figure 2 shows the magnetic field patterns, and the axial field plots 
(N. T. S.) in some of the m ode s m easured in the m odel. It can be seen 
that for mode s El <: 1r , cir cumferential as well as coaxial H fields can 
exist. How m uch the circum ferentia.l c omponents of H fields depend on 
the term inations than perhaps on s om e hybrid coaxial mode is not clear 
at present. Further measurements on th e model with flat-plate term
inations are to be done to clarify this (and, m ore important to enable u s 
to find th e characteristic s of the structure with one set of bars removed). 
For modes 27T > El 2: 7r H-lines coaxial with the bars only were found. 
In this short symmetrical m odel no dege neracy was seen (but not sur
pri s ingly) . A long 30- cell model, without drift tubes, with bars whose 
diameters are in the ratio 2: 1, has been made to study the iT" -mode 
region, but there are no results to r eport as yet. Although there is a 
physical a$ymmetry in a long structure, it should be possible to have a 
continuous· w -/3 cur ve at 7r m ode and hence a high group velocity. 
For small ga.ps with r esulting uniform E fields, asymmetries in the dr ift 
tube lengths wil.l have only.a second order effect on capacitance, re
ferred to one set of drift tubes or the other . Equalizing the bar 
diameters (or nearly so) to give the same 7T - m ode re sonant frequencies 
has only a sman effect on the shunt impe dance . Fine tuning can be 
obtained by u s e of tuners in the neighbourhood of one set of bars. 

*NBo In Yale Conference R eport P121, figure 9A ·0 ' - m ode, ALL E-lines 
should go from bars to liner, and not only alternate bars as drawn. 
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4. guarter-Scale Models for CERN 200 MeV Linac 

Two 800 Mcl s (1+2 (1 /2)) cell models have been made, for velocitie s 
/3 = • 4 ( -- 85 MeV) and f3 = • 56 ( '" 200 MeV). The two sets of drift 

tube s are of diffe rent lengths but constant diameters dl A = 0.0868, 
corresponding to d = 5. 12 5 inches, full scale, to enable them to house 
quadrupoles; drift tube bore s d'l A = 0.0233, as the value taken for 
the stage 1 design for the Alvarez structure. In each model. 3 different 
diameters for the current carrying bars b orresponding to LI d s = 6, 8, 
10 ) and 3 values of liner dia meter (D I A. = 0. 373, 0.4, 0.427, i. e. 
14, 15, 16 cm at 800 Mcl s) were used. For a given liner diameter, for 
each diameter bar, the length of the 'large I drift tubes was adjusted to 
give a 7f - m ode resonant frequency within 2 Mc l s of 800 Mcl s, and the 

TJ I Q measured. The liner was then bored out and the measurements 
r epeated. The same sets of drift tubes a nd bar s could be used, since 
boring out the liner increases the cavity inductance, and reducing the 
lengths of drift tubes (i. e. increasing gap lengths) r edu ces the capacitance 
and restores the r e sonant frequency. Bandwidths, defined here by 
(f27f' - fo) If 7r cannot be m easured dire ctly for the reasons given previously, 
but extrapolation fr om the m odes measured give values of the order of 
100%. 

Further aspects of these models are discussed under separate headings . . 

(a) R. F. Breakdown 

As yet there is no detailed information on the field distr ibution 
across the d.rift tubes, s o that r. f. breakdown capabilitie s are not known. 
To this end, hi gh-power measurements are to be carried out in t he near 
future . However, rough estim ates on performance can be obtained from 
data given by Wilkins (3) for re - entrant cavities . Treating each half·· 
c ell as a s eparate cavity, for which T . T. F . (mea sured) and Eo (the m ean 
gap field, assumed uniform) are known, then for the drift tubes for the 
given diameter and profiles given by r 0 1 A == 0.0127, r1 I A = O. 006 2, 
(i. e . the same as the Rutherford Lab. or CERN 50 MeV Linacs), values 
of Esl Eo in the range 1. 2 - 1. 5 for f3 = .4 - . 56 can be expected, and 
for Es » 14. 7 Mv I m (Kilpatrick's Criterion at 200 Mc l s) accele ration 
rates of the order 4 MeV 1m could be achieved. Alternatively, and 
subject to the practical requirements of quadrupole focusing, smaller 
drift tube diameters could be used with a lower a ccel eration rate , with 
an improvement in shunt impedance. (Maximum shunt impedance re
quire s that dl L a nd i l d be as small a s pos s ible for a given (g l d), where 
the terms have the meanings given in figure 8) . 
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It was (:h~;lr from the measurements on the early 400 Me! B 

model that althougb the shunt impc~dance was high, so too 'Nas the content 
of higher order s[,a(;( harmer'icB. Siu:::e the se contribute only to the 
losses., and not to acceleratirm, ire Cross··Bar Structure is from this 
point of 'vie'N sLU.1 Bome'wh;::.J; ir>.2ffider;t. By changing the lengths of dr'ift 
tubes, but keeping the gap leEgtl:1s constan.t so that the effect on re:30na.nt 
frFI:{uenc.y is only second order, a change in harmonic content can brr: 
obtalr'f-d. 'l<'he "ff "mode wave form is gIven in the sket<::h, where 

~ is the length of the smaH dri.ft tU.be 
Q,! is ~he ~F:rgth of the large dr:J'i,. -l:uhf" 
L, pr-::ri.odj,=, lengtr, '" .i+Jl.I+~,g; 

f3 ,:)L "1'f f(Jr or - ml)de 

The fie.l.d lsassnmE:c2 unit'ocm :IE tLf~ region of the gaps (a fair assumption 
provjdiEg P:1e g::-:.ps are smaliL E.nd ~::;rG inaide the drift t,~l;('s 1,.[', 

f' n +}, h The amp.U (~ .. '~ .. r':f~· !1 ~~. ~ , .. eli fn 

L L 

~r E(z) ('('8 (:3 :::1 Z dz r E{z) dz 

o 

and IC'!"" U.l8 fundam"ontaJ, t.he • J'. F, is 

M := sin ...:."TJ!...._ 
2L 

sin 
2[,) 

o 

8.ln r?n_( g -r ~ I ) , 

2 ~ 
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the greater the T. T. F.. Curves of T. T. F'. to include the drift tubes 
geometries of the two models are given in figure 3, and compared with 
measu.red values: agreement is good for small gaps, '" 3/4%, but for 
larger gaps the error is larger, f"V 5-1/2%, as to be expected since tbe 
gap field becomes non-uniform (but nnre like l/r variation from the 
large drift tubes, as for a co~xial field). 

The optimum efficiency for the structure is when the ratio (Energy 
gain. per unit length) 2/ (Stored energy per unit length) is a maximum, 1. e. 
the stored energy needed to produce a required accelerating field in a 
mlmmum. This ratio is proportional to 1] /Q, and for small gaps, 
proportional to M2(2g/L). Curves of M2(2g/L) against (2g/L) for values 
of st 1 Ii are plottfd in figure 4. For most valu~~s of £' Ill.- the optimum 
r;ci:i;ios aTe for (2g/L) ~ o. 7-0. 8. Note th:2~t tree maximum value is for 
J,.' /j' ro, L e. when there are no small drift tubes, and (2g1 L) -:: 

O. 74, bOt,It since field lines exist round these b2.rs and drift tubes in the 
(1r , 2 ur ) region., doing this removes some capacitive loading, with a 
('onseql~.ent reduction in bandwidth. For Jti /J,. 3--4 there is little 
varia.tion in lVr2(2g/L) with (2g/L) in the ran.ge 0.6-0.8. For a given 
small drift tube length Jl (as used in both models where J ::: stem diamo 
:: 2x outer profile radius, equal to 1-1/2 inches at 200 Me/s) M2(2g/L) 
is given in figEre 5, wb.ere the optimum values are for;'! 11. "'" 2, 
{3= • 4; .l' /1 ~ 3, {3=. 56. 

For a given liner diameter, for each value of bar diameter, the 
large drift hlbes wp.!'e machined to give the correct frequency, and the 
( 1] I Q) value was measured, accordi ng to the formula 

L 
(f \C) 

o £(z) cos /3 n Z dz) ''-'! w <€ L J f3n::: /3 0 == trr / L 

where rf! the stored energy, and A '" 2 for T. Wo operation, c:.: 1 for S. W. 
(e. g. 1r ). (H.esuHs glvE'n previously (2) were in fact for To W. opera.tion, 
so that Yf ·~modeva.1ues should h8 reduced by a factor 2). Results obtained 
so far art:': giVE:Il in figure 6, ar1"1 scaled to 200 Me I s ( 1] I Q oc 1/ ~ ), 
t9.ble 1 belovT. Vo.LC.f;S r; / Q are between 2 (at /3 '" . 4) and 3 (/3 :: . 56) 
times greater than corresporcding values for the Alvarez structure (1). 
That thlfire is a chs.nge of shape in the sets of points ({3 := • 4) is in agree
ment vdth figure 5, where for D -= 14, 15 em {model} an points are to one 
skit of the peak, 1::1u:: for D =: 16 cm. includes the peak. 
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Of particular interest is the set of perturbation curves shown in 
figure 7, for the /3 = • 4, D= 14 cm modeL The distorting effect on gap 
field of increasing gap length can be seen, Comparison of the LI d s .c: 6 
and 10 curves shows that for Lids = 6, 7]/Q is 7% greater and the peak 
total E-field 18% LESS than for Lids = 10. Generally as the gap increases 
(i. e. )tf gets smaner), the peak total E-field decreases, but not necessarily 
( 1? I Q). 

Q values on the models are also included in figure 6 and the table, 
showing generaHy that as the volume of the cavity is increased (increasing 
D for a giver: L, or 'lice versa) Q increases, and for a given model, Q 
increases more rapidly than ( 7] I Q) decreases with D. For a given D and L, Q 
decre;?;,ses slowly with increasing L! d s ' The actual Q values are Imv due 
to the multipLicity of dry (c.emountable) joints: in particular the joints of the 
curreEL carrying bars with liner used indium rings in grooves in. the ]iner. 
(Since these joints will carry a heavy current in high power conditions, 
their quality becomes a major problem). The final 800 Mel s model will 
have soldered joints to give a more representative Q-value. Scaled to 200 Mel s 
and copper, the model values become of the order 12-14000. At least a 
doubling of this value is hoped for in the high power structure with good joints. 

(c) Dimensional Toleran::es 

.A s alrEady stated, for given D, d s the large drift tubes JlI 
were machined to give the correct frequency. A summary of dimensions for 
constant frequency in the models is given in figure 8. From the data obtained 
we deduce the following toLer8.nCes per thousandth inch 

(3 .. - .4 200 Mc/ s !3 " . 56 

D 7 kc/s 7.3kc/s 

har d s 25 kc/B 21 kc/ s 

j' llkc/s 8.75kc/s 
(or tOt2_~. gap) 

T::Je se tolera.nces arc:~ generally very similar to the Alvarez structure at 
200 Me / s s.nd can be st-een to get e2lsier '.IV-ith increasing energy, 

Model me~3~f3U1'ements shmv tbe C1'038- Bar Structure to have ( ry / Q) values 
between 2 cW.d 3 times greater than the Alvarez Structure in the range 100-
200 MeV. Prov:'.:Hng the theoretical Q-values can be achieved - and this 
require 8 attention t:) r. f. jo~nts, particularly between tr:.e current c;;.rrying 
bars and UD.E3 - then the CroGs- B~Lr Structure should have shunt imp£::. dance s 
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(200 Mc/s, f/J s = 0) of the order 25-20 M f2 /m between 80-1 00 and 
2qO MeV. These values a re comparable with the Alv arez structure at 
80 -100 MeV, and certainly better at 200 MeV. (At much higher energies 
(f3"'1), the shunt impedance would be of the order 30%-50% less than the 
values quoted (Le. '" 25 M Sl/m at V= 0,8 00 Mc/s).) Further enhance-

. ~ent of these figures can be achiev ed by increasing D and reducing ct, L 
to obtain ratios nearer (2 g / L ) '" . 7, ()..' / J. ) '" 3 - 4, giving optimum 
values for M2 (2 g / L ). Reduction of J.., d now depends on requirement~ 
for focusing, and r. f. breakdown capabilities. Future work will include 
high power model measurements to assess the r. f. voltage breakdown 
performance, and to check the des i gn of r. f. joints. 

Further advantages of the Cross-Bar Structure are its physical 
size (where the liner diameter is now of the order 60 cm, comp ared with t h e 
~ 80 cm Alvarez guide at {3 = .4 ), its mechanical tolerances (certain~y 
no worse than the Alvarez guide), and its high group velocity v g' If the 
structure is symmetrical, then at 17"-mode v g # 0 (and on the early 
400 Mc/ s model Vg = O. 193 c ); if the structure is asymmetric (as is 
r;equired by transit time considerations above), a continuous w - f3 curve 
at 17" - mode is still poss ible by selective tuning. Ag a in, future work will 
include a study of the region around 17" -mode to determine the magnitude 
of mode splitting in an asymmetric structure and the effects of correction . 
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NAGLE : Did you say your p ractical value for shunt impedance was 20 
megohms per m eter ? 

CARNE: Yes , 20 megohms per meter at 20 0 MeV and 200 Mc is a v alue 
that we expect to achieve . This includes all losses. 

KNAPP : How did you s c ale that result? 

CARNE: Taking the Q values th a t we have in t he 800 Mc model, Q's of 
around 3000 to 3500, and scale from brass to copper, and from 800 to 
200 M c , we get Q's of about 14, 000. Experience suggests that we c an 
increase this v alue by a factor 1- \/2, by making t he m odels with better 
joints. An import ant point about these model measurements is that th e 

. cavities were demountable in m a..11.Y ways in order to change the outside 
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diameter, stern diameter and 
drift tube length. In particular, 
the cross section of the joint of 
a current-carrying bar with the 
liner is shown in the sketch. 
Contact was made by compressing 
indium rings in grooves in the 
body of the liner. (Three grooves 
were cut: one for each of the 
three liner diameters, D, usedL 
It was hoped that this system 
would give good rf contact, but, 
in fact, it turned out to be rather 
poor. This is similar to the 
experience that we also had on 
the original 400 Mc / s model 
{described at the Yale Conference}. 
There we had dry joints, and the 
Q's were poor. As we increased 
the number of cells, instead of the 
Q increasing as expected, we found 
it actually went down due to the in
crease in number of joints. We 
have really to make good soldered 
rf joids to get good Q values. 

Indium 
Ring 

HUBBARD: How many cells are there in your model? 

Drift Tube A---+-
Stern 

Liner 

Groove for next 
indium ring, for 
increased liner 
bore 

CARNE: On the 800 Mc models we have one full cell and two half cells 
for doing the R/Q measurements. We are not taking end plate losses 
into account for the Q values, it not being necessary in the cross-bar 
structure. 

GIORDANO: As you increased the drift tube diameter, you found an 
increase in shunt impedance and a decrease in field intensity. Was this 
decrease in field intensity on the axis? And were there any other regions 
where the field was higher? 

CARNE: That I don't know. The actual plot you saw was just that of an 
axial field perturbation. 
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