Electromagnetic Field Vector Components
Precise Measurementsin Accelerating Structures

M. A. Chernogubovsky, M. F. Vorogushin
D.V. Efremov Research Institute of Electrophysical Apparatus, 189631 St Petersburg, Russia

Abstract

Precise method for resonator electric or magnetic vector com-
ponents values and their space positions measurements, based
on application of photosemiconductor plate with different con-
figuration lighted images, formed by projections forming and
measuring optica system of amplitude modulated light radia
tion, is presented. The optical system for 433 MHz RFQ accel-
erating structureis realized by means of serial producted micro-
alignment telescopes; the method allows to descriminate the
field axis fluctuations on micron level and provides severa per-
cents and tenths of percents precision for accel erating efficiency
and modul ation period measurements respectively.

I. INTRODUCTION

An electromagnetic field distribution measurements in accel-
erator resonant structures are usualy carried out by perturbation
method, the data processing gives the field vector modulus as
averaged volumatric value on the perturbation object. The mea
surements accuracy islimitedin principle by the object carrying
system distortionsand unperturbated resonant frequency reading
inadequacy. Operative frequency rise as well as applied fields
complication will cause inadmissible growth of these inaccura
cies. Electro-optical principleis proposed to exclude these er-
rorsand to realize different vector components measurements of
electric or magnetic fields distributions, the method and system
development for RFQ structureis considered.

1. ELECTRO-OPTICAL PRINCIPLE

Perturbation object for the method is designed as a high re-
sigtivity photosemiconductor flat plate, that can be installed in-
side the resonator on athin filament as before. Light radiation
of amplitude modulated source passes through a controller of the
light beam spatial positionand lightsup desired configurationre-
gion on the plate surface in required position. The resonant fre-
guency difference between the readingsin unlighting amplitude
modul ation half-cycleand inthenext lightingone will determine
thefield in perturbated region. Electric field vector components
measurements can be carried out by thin strip light configura
tions, oriented a ong the components; for the plate normal mag-
netic field component a closed-loop configuration is sutable; av-
erage properties can be determined by a spot of accordent space.
A normal to electric field lighting minimizes the dark and light
readingsdifference (that vanish for infinitesimal thickness of the
normad), in quasistaticfield it is equipotential sdetection without
guantity measurements.

Carrying system distortions are entirely excluded, because
the perturbation is formed by exact strightforward light beam.
The second mentioned error is excluded amost completely by

the dark reading in any measurement point, because high-spead
(acusto-optical, e.g.) devices alow to decrease amplitude mod-
ulation cycle up to the doubled transient duration. For al this,
the preci se measurement problem is reduced to implementation
of correlated with the resonant mode light configurations.

1. RFQ MEASUREMENTS

The field symmetry axis can be detected by equa thin strips
lighting on the round plate (1T), fig.1. By (1) and (2) couplere-
moving in OY direction the equal dark-light frequency differ-
ences for each strip can be achieved, i.e. £, componentsin (1)
and (2) regions are equal, the axis coordinate y, iS geometrical
center of the couple; similar OX removing of (3),(4) gives z,
coordinate. Vanes curvature is determined by the stripsturn re-
fer O, and O,y untill maximum (but am. equal) dark-light dif-
ferencesfor (1'), (2'); (3'), (4') will be obtained —fig.1 presents
symmetrical +» bend; for asingle e ement distortionthe geomet-
rical centerswill not form straight linesunder O X displacing of
(2),(2) couple, (3),(4) —in OY direction. So, that kind positions
research yieldsthefield axis coordinates and symmetry destort-
ing causes dl information.
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Figure 1: Lightingsfor RFQ measurements.

Obtainable precision analysisis conducted at known [1] electric
field in the bore with modulation period ,,,, accelerating effi-
ciency 4, inner radius mean rq:

E, = Uz(A—=1/rd), A =20ksinkzly(kr) /K,
E, = Uy(A—i—l/rg), r=+/x?+y?, (1)
E, = (U/m)20kcoskz Iy(kr); K=7/lm.

Spatial selectivity isdefined by frequency deviationsratio of in-
terfluent and separated components, e.g. ! length, a; x as cross-
section strip (4) E,. selectivity in (1) field according



to[App] islly = (6fr, /0fE,) < 4-48(as/20)*(In2l/as —
1)(ro0/1m)* — the cylinder curcle perimeter is equal to square
one. Inthestructurewith @ € [0.003; 0.5], 1, € [4; 20l mm, rq =
3.5mm and operating frequency f, = (kn/27\/Eopo) =
433 MHz for 0.1 x 0.1 x 2.5 mm strip theaveraged selectivity is
I, <2-107%, thatisgreatly lessthan instrumental resolution.
The cavity analysisin the form of coupled shortcircuated sector
radial waveguide sections, |oaded by end capacitances, givesac-
cording to [App. (11)] the deviation

)
L @

M = 5.52-107°. Anerror in desired equaity of deviations at
RF phase measurements is determined by minimal phase count
discrete dy,,,, and (2) result yiel dsthe strip displacement resolu-
tion dzg = 2ro(rM Q)" Lde.m, Q - quality factor. For dp,, =
2.107°, @Q = 5-10%itisdzy ~ 1.6mkm, that cause the de-
velopment of precise optical system for the images forming in-
side small aperture, lengthy (L = 1445 mm) bore without vanes
lighting — the plate excitation by reflection phone is inadmissi-
ble. Autoreflective image forming in convergent rays of tele-
scopic objective can be effected by micro-alignment tel escope
only by placing the light source beyond the graticule on the eye-
piece side.

The system fig.2 comprises (4) and (5) micro-alignment tele-
scopes [2]. Collimated image former (1) contai nes transparency
(2) with adjustablein independent square directions transparent
region; projective telescope (4) formstheimage aong its datum
optical axis with displacements possibility by optical microme-

ters.
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Figure 2: Images forming and measuring system.
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Another telescope (5) is interconnected by pentaprism with
wedge (3) for theimage dimensions measurings on the plate (I1).
Alignment on the base datum targets (6),(7) sets optical axes of
the former and both telescopes in coincidence; the resonator is
fixed on the datum axis by (4) viewfinding on removable trans-
parent targets (8),(9); and datum line of sight can be ascertaned
alwaysby (5) viewfindingon (7) target after (3) removing. Tran-
sparency (2) is equipped by rotary device with 30" count accu-
racy. The system allows to form rectangular images with vari-
able 0.05...3 mm sides, total error of theimage coordinatesis
+(3 + 2D)mkm, D - image distance, M, but the systematic
error can be excluded, [2]. So, the strip position inaccuracy is
3.5 mkm and thefield axis coordinatesreal error ~ 4 mkm. The
structurefine tuning propertiesé /,,, are defined by the minimum
dark-light deviation position detection under radial strip lighting
refer to determined axis. According to [App.], this position cor-
responds to minimal integral valuein (6) equation at the current

distribution(7) for (1) field. Direct variationyieldstheminimum
deviation angle o between Oz and the strip

2(kro)? fé I (kx)F(2) dx
T fé ke F (x) de

arccos (G sin kz)
a fu— M fu—
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F(x) = kx — klsin ka-csc ki, and itisenough to measure o un-
der the plate removing along thestructurefor a4 o™i" values
and o = % positions determination, because

6 = (cos 20" _ cos 20/””)(2(})_1.

3)

Two counts phase method of o mesurment with rms error
(§¢/p) = 2-107%in (1) field gives inaccuracy (Jai, /o) <
1.7 - 10, but the phase dependence is not symmetric refer o
(except o = ©/4), and systematic innacuracy (das/a) < 4.4 -
10~°. Spatia selectivity isample as before, sensitivity decreace
is2.5-10~3 only. Theanglereading rmserror of theoptical sys-
temis1.4-10~%, that determinesrea precision: for longitudinal
coordinate count error ~ 5 - 10~3 the modul ation period innacu-
racy is (3l /1) < 7.1-1073, and (3) result gives accelerating
efficiency with (66/6) < 1.3 - 10~ error.

Asymmetric positioningof R, radius, 7" thickness, ¢ dielectric
constant plate will distort investigating field (on fig.1: ' isfas-
tening point, v/2b —sag to 3 quadrant). But only transversefield
components inside the plate are used, /,,, accuracy under o« =
/4 position determinationin 1 and 3 quadrantsis not changed,
because §«,, rise even to two orders due to sensitivity lowering
will not exeed determinative value. The ¢ error eectrostatic es-
timatingfor Ry = 1, = 10,7 = 0.1 mm, b = 0.05 mm gives
(66./6) < 6-1073, theefficiency error grow upto 1.5 - 102

Photosemiconductor characteristics
analysis by [App.] method yields optimized ratio of the active
light-dark conductivity: for ¢ < 10 theratiois125...130, and
CdS or CdSe materials suit perfectly well.

V. CONCLUSION

Electro-optical principle and its application for RFQ struc-
tures precise measurements method have been developed. De-
signed optical system providessevera micrometersaccuracy not
only for the field axis coordinates, but for geometrica shapes
of the accelerating bore forming elements also — autoreflection
method is effected by contact bore targets or master gauges fas-
tening on the same filament. Devel oped bal ance technique (that
excludes a field quantity measurements) for the structure fine
tuning could be used for precise measurements in other types
cavity resonators.

APPENDIX. Thincylinder formfactor for RF nonhomogeneous
fields

Use of retarded potential Afield operator singularity for axi-

aly symmetric/ length « radiuslongitudinal current 7(z) yields
onitscircumferencein p, ¢, « local coordinates

A=N(p) - 1(@) lpa, (4)
where N(p) = (1/2m)[In(2/kpy) + Ci(kl) — (sin kl/kD)], v =
0,577... - Euler’s constant, C'i(k!) - integral cosine. In two-
component case (4) result inaccuracy will not exceed (a/21)?



evenfor equal longitudinal and transversefield components, that
follows, eg., from elipsoid depolarization tensor principa val-
ues [3]; however, the practicaly used disposing along the sup-
posed field vector will supplement decreace of inaccuracy to
3...4 orders. Boundary conditionsin external £ field lead to

o= —“T@g) 2 = 55— I(a) (e N (@) +2), ©)
where z; - line active resistance of the cylinder material, ¢ -
scalar potentia of (4) field. Now aresonator y-mode{ﬁl,, ﬁl,}
withw,, resonant frequency, @, quality factor isexcited by some
source S' together with the cylinder J current densi ty, and mag-
netic h,,, eectric ¢, fields amplitudes equations are

dp

wwyh, Wy
—g_ 2

Ql/ WV v

ey = iwhy, Jw,; Where W, = e [ |El,|2dv; Uye, ¥ - r€SONALOr
and cylinder volumes. Thus, for any E, () function the I(z)
distribution is defined at E¢ = ¢, E,,(x) substituting in (5)

hy(w? — w?) + (G, E,)dv, (6)

equations:
*(z) . Wweo 2z __weo
o2 + k <1 o ]{;2N(a))[(x) - m Vx(x)hm @)

boundary values are I(0) = I(I) = 0 for distant from the cav-
ity walls cylinder. So defined 7(x) determinesintegral valuein
equation (6), forming the amplitude equation for only S excita-
tion of the resonator with new resonant frequency w,, and new
quality factor @, i.e. the formfactor is defined. Eigenfunctions
means substantiate that the summary field of al other modes
with gradient summand is described by cylinder own field (4),
and only condition for exact measurementsis excluding of other
modes excitation by S source in the cylinder region.
Simplest homogeneous field analysisfor &l < 0.1 gives

Wy w2 — w2 zl kol -1
n = v 1 z & v ;
Q Q Wn ( + Wy, @ /“—”N(a) (kn1)? + 10)

quality factor decrease due to finite coductivity of a thin
(N(a) > 1) cylinder even with z;{ = 10 Ohm will bein 4 order
only. Therefore, z; = 0 valuecan be used indeed, and for any k!
the method yields (in conventiona Slater’sform writing):

[El,x(l‘o)]zefovl(
W, ’
where x( - coordinate of thefield reading, K’ = K, -formfactor:

2 2
wn_wu__

(8)
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Product vK, for (a/l) <« 1,k — 0 coinsides with the re-
sult of electrostatic analysis [3]. However, if the cylinder ap-
proaches the cavity walls (e.g. = 0 endpoint is near thewall),
I(0) = 0 value must beinterchanged by ¢(0) = —1(0)/iwC.,
orI(0) = 3(91/dx)|o, C. - thecylinder end-wall and the cavity
wall capecitance, 3 = C. N (a)/cq:

Ky =

(9)

1—2tan%cotr
_ ). o
5 —T)(l—i—ﬁkncotr)

Ky =Kol 1 kn,
b X0( +8 (Qtan

where 7 = k,l. The end contiguity (3 — oo) yidds K,, =
4K, for kl < 0.1 and than K, decreases up to K, for 5 — 0
with the cylinder moving off, (10) generd relation corresponds
to electrostatic moddl [4].

Practicaly interesting results of nonhomogeneous field anal-
ysis are obtained at polinomid representation, e.g. for £,, =
Asx? + Ajx 4+ Ay themethod gives

1+¢&
(1+n)

4(amsy + K8t 50y (4 9)
K, = K (T 4 ) (1)

WhereT:1+(451_1)<1£T€>2; 5:ﬂ Ayl?

1 _
240 1T 14,1 ¥ )
- normalised variability,

Tz—i—rcotr—l 7—2—1—7'cot7'—2 2 9
51:_3_ ,52:—5_ 3_1__(__1)’
T(T—Qtan%) T(T—Qtan%) T2\ 2
1 9 cotL 4 T
$3=-— — 7, 54:1———%;

2 72 T T2 T—2tan 5

and K = K,, xo = L inform(8).
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