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Summarv 

A charged-particle beam current monitor has 
been designed using a coaxial cable trans- 
mission line in a configuration similar to 
that employed in building toroidal-wound wide 
band impedance matching and balun transfor- 
mers. Several sizes of the ccax-wound moni- 
tors have been constructed and compared with 
units of similar ferrite core material and 
geometry that were wound with ordinary magnet 
wire. One of the transformers has been used 
by experimenters at the NAL Internal Tarqet 
area since August of 1972. In order to 
simplify electronic signal prccessinq, only 
average circulating charge is measured. This 
is dcne by measuring the "zero"signa1" base- 
line shift due to the natural L/R response of 
the transformer. 

I Design 

Many designs for measurement of particle 
accelerator beam intensities which use the 
bear of charged particles as the primary wind- 
rnc of a current transformer have been repor- 
ted in the literature.' Most employ some 
configuration of toroidal windings with or 
withoiit ferromagnetic enhancement and are eit:ler 
mace resonant to some characteristic of the 
beam such as revolution or RF frequency or are 
made zs wideband as possible. The :<AL Main 
Ring has a particle revolution frequency of 
"2i ;Isec which changes qdl% during an accelera- 
tion cyclz, 80: of this change occurring be- 
tween 8 GeV injection and 20 GeV transition 
energy. This also applies tc the RF frequency. 
Resonant detectors were rejected,however, 
since the accelerator also operates in a multi- 
cycle In:ection mo2e, accepting from 1 to 12 
1.6 ,.SEC long proton bunches from the Booster 
<and since future plans also call for debun- 
chin,: the bean during extraction. 

In orcicr to achieve a reasonable accuracy 
-.-. +_b.n.:.t i :.r‘?c;t.i g.rl‘ i-p. a nrQ]nnccc! ~?~vr!npsrt~ > 
effort, a design goal was set of maintaining 
,,I:. atscl~~te accuracy for a 1 to 5000>dynamic 
r&ilgl lZ ?iJ.l?. Rl:lg beam intensity (10" to 5 x 
1; / " rr0tor.s). The only obstacle in achieving 
&hi.:; larce a <iyna:nic range is maintaining ade- 

,7ic?lZZ .Sii>~~C-,l tC KOiSS ma r c 1 ;I a t t h c low c-l;:d . 
: Inc 2 ie rri ';,:. toroids are comnonl:i usibd at 
.11q.; frL5~c:cnc~, tL-.ii lo,iier frequens>- limit was 
of r‘GSt ccl?cern. Specifically, it was rf- 
>y:;rerJ tc .Iyi"': 
- '.l,L droop o'ler ~bc,lt 1 rcvc- 
-~itio::, 2.1 see. Sic32 it is nec(,:.i;ary to . ,Ly,cr,lte t:;e =or<~lc at distance.:; 100 feet from 
t.:e :; iq:x 1 prozcs.;inq rzlectronics, ;1 balanced 
_. l,lil c.ll;l<s ',r;i-e ccax w;is sF11CCt(&. 'Ihe cable, 
Lii:1;11.I11 ';:i:c? 8227 slli<:i;icd-twist& pair, has 3. 

;c; -. iiO3iLl ..i-ped<.incu ano ~;ocd lligh frequency 
,y. -, 3 -2 ,y - I.3 L^ 4 ,= + 5. ,y f< f ': r ,-I +T,.Jj :y ts<.><: 7, 3 i l- : --- (4 ci!~,/lOO 
ct ,I-, loi, ::i:;: a;:,.i 10 dt/'lfiO ft-at 400 mHz) A . A 
tCrr;lii r ':.;l,Ol:,:<-. :,:~tn ;1 droop of ,l'd in 21 ;.sc:c, 
'L.:l!i ; <*:1 I?:=lfiC <lnd discoantiny the dc winding 
rt~:-:i:~t,3r.,~~ , :.,oul82 t;ltr. rcduj.ria (ii1 i~~;luCt~lr;cc~ 
'3 f ,2;.0 :-:I;. 
*TJ~~;~~iil~ej)l.-~ cn;.ViGCi. t j. c s .7(-.-;i-arch Association 
iilc. ur.1~r.r czontract >.,:ith t::c? ii.S. ;itomic 
Enc,rgy Com~ri:;:;ion. 

At one time Dr. A. Maschke-? of NAL had sug- 
gested to the author that one should be able 
to wind a beam transformer with RG-174 coaxial 
cable in a way to eliminate electrical field 
effects. The concept suggested is similar to 
techniques using coaxial cable wound on toroids 
for constructing pulse ,*i3mpedance matching, 
and balun transformers. The results from a 
very quick comparison of two 15 turn trans- 
formers, one using #22 magnet wire and one 
using RG-174 indicated that a detailed compar- 
ison of two larger more carefully built trans- 
formers would be useful. Consequently, two 50 
turn units and two 100 turn units have been 
built and tested. 

II Construction 

The ferrite core material, Ceramic Magnetics 
type MN-60, although not well-suited for this 
application, was used because the toroids were 
available at NAL. The initial permeability, ~?o, 
1s essentially constant at ~GW frequencies with 
a 3 db point at -a600 kHz. Three of the toroids 
were cemented together under 200 lbs. pressure 
using Eastman 910 and yielding a toroid with 
physical pro?erties described in Table I. The 
required number of turns for 210 nH iniuctance 
is then ,'dlOO. 

Table I 
Outer diameter 23.3 cm 

-~ 

Inner diameter 17.4 cm 
Axial length 7. 8 cm 
IJO at freq. = 0 4800 

- 
The construction cf the RG-174 coaxial ver- 

sion is shown in Figure 1. 'To wi.nG the toroid 
two equal lengths of RG-174 were joined tocetil- 
er by symmetrically cross-ccnnecting braiii anu 
center conductor as shown. Fifty carefully 
spaced equal turns were wound in opposite di- 
rections until the ends came toget‘ner diamet- 
rically opposite from the crossover joint. Here 
the two shields were joiced and insulated and 
the t:yo center conductors were then twisted 
tightly and brought out. This cocfigcraticn 
presei:ts an GUtijilt i;?pefiance Gf 1CO'Y , ~1 -7iaI:cii 
for the iO0.Y Belden twisted pair. 

Since achieving the least possible si,:.-.al- 
to-noise ratio fcr the lo:,; leriel toroi'd ~out~;:it 
signal was imperative, a rather el,-Lborate 
shielding and supr;ort structure 'car7 buj.l.t. SCF 
Fi.gure 2. The outer magnetic shield is mas3c of 
l/4" cola rolled steel i,:d is ccr-:.pii~tL~ly cpeli 
con the inside f-.cin(: the l-cam plpc. 'L' b-e (2 i ;i vL 2 r 
electrostatic, shif:ld is clectricnlly isclatic 
from the magnetic :iliii,ld which i :i l]rounr-lc 81 
iGCal1.y. A l/(4" 'J .'I 1' 1. .s I L i JFt 311 t:h,i inr;:dc of 
the electrostatic shield fdcin;; -.h(z Lea]. ;;i.::e. 
The el~:ctrostatic shield is ~co:;r.~~ct~~c! 57i,? :I:1 
insulatr,d fixed-through triaxial co:lncctcr :-so 
the I-shield of t?.c, 8227 cable. 

'>iOW 2.t Brookli7:rt:n t:LLtlOllLii L%J:. , I>ptc:;, 1J.Y. 
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comparison of the toroids were made in the 
fully assembled housing, driving %240 feet of 
the 8227 cable terminated in 100:: as required 
in actual use. This is essentially the-input 
circuit shown in Figure 4, the electronics 
diagram. Considerable problems were exper- 
ienced with the test set up because of impe- 
dence discontinuities at the shield gap where 
the toroids were located. The final set up 
used two 1 foot pieces of 6 inch diameter Main 
Xng beam pFpe with a 1" gap, a wire down the 
center and a large piece of aluminum foil con- 
necting the two pieces of pipe around the out- 
side of the magnetic shield to complete the 
prir,ary turn. If further tests are carried 
out, a 50 ohm impedance matched test fixture 
will be constructed. 

Measured characteristics of the two toroids 
are given in Table II, and bandwidth curves in 
Figure 3. Prior to the tests it was expected 
that only the 100 turn outer shield was of 
significance in coupling to the primary and 
determining the self inductance. Since the 
data shows sensitivity down by a factor of 2 

Table II 
~- 

Parameter #22 AWG RG-174 
f Turns 100 100 
Ferrite Cores YLIJ- G 0 MN-60 
Dimensions See Table I 
DC Resistance 4 8a1 
Length of wire/turn 8: 8" 2 F 
R with cable Z. 100.48 109.7 

~"0 Shields: 
L measurement 234.5 mH 994 mH 
c 140 140 
L/R = 7 measured 2.38 msec 9.25 msec 
L/R = T computed 2.33 msec 9.06 msec 

Mounted Inside Shields: 
L neas1rement 255 mH 1060 CH 
II 141 160 
L/R = T measured 2.37 msec 9.26 msec 
L/R = T computed 1.135 mV/mA .55 mV/mA 

for the coax wound toroid (scaled as l/N turns) 
and self inductance up 4 times the magnet wire 
toroid (scaled as N2 turns) one must conclude 
that both the shield and center conductor must 
be considered anil we have effectively a 200 
t1:r:1 coil , "hiis: i? WP ijc-~r~~a.s~ the number of 
tjrns in the coax wound toroid to 50, we 
s!iculG hzve a trar. sformer which is comparable 
to zhe iO0 turn magnet wire toroid but which 
~iso ::a';c:-.es the impedance of the twl.sted pair 
transmission line. In fact, a 50 turn version 

W'S wcur.3 C" a COKC of l/3 t!ie axial length of 
ti:s test units and ins?allcd at the IGiLL Inrer- 
2 -1 1 T;irg,zt in August of 1972. It has been in 
s tcad;. USC si::ce th<at tim(T and shc?is no evi- 
-1 ; .- c P 0 i ,ieteriorati.on d,Jt: to raiiiation cosd,jii. 

'Y.:~s ~~~1s of high concern and a si.ngle test 

t 1 rn 5:as i:::;tnlled as ShGWr: in Fi.gurc 1 to 
;;lli;:i a regular sensitivity check. 

17; Klectrcnics 

Ti:,.: .IL..!i;titv 1 ,of charye ~circiu!~ati~ng in 'ho 
,Izcei~:r,.ltcr would- 110rmli~~ b;e .neasureii bl 
irter;rati:g the zurrcr.t tr;incformer' :; o'utput 
smith rcispcct to timc since the area under tiic 
5;.a~:oicra ronrrscr,ts the tctai charge. Prac- 
t1cCllly, !:hts is cl i f f i c u i t . Since the trar.s- 

fGrmer 15 an ac coupleu tikvlce, the I(no proton" 
L,l:;ei;r:e T,;ill gradually :>e displaced away from 
t;-.c no :slgn.ll ba:>eline u;:til charge equili- 

brium is established. To determine area under 
the curve electronically, the baseline would 
have to be dc restored: a process requiring 
sophisticated techniques to do fast and accu- 
rately, and justified only if the amount of 
total charge must be determined revolution by 
revolution. If an average measure of charge 
is 2CCeptabit2, the following very simple tech- 
nique can be used.+ If I(t) represents the 
waveform produced by the current monitor and T 
is the period of revoluticn of a proton in the 
accelerator, then the total charge Q is the 
product of the amplitude of the baseline dis- 
placement times T, which by the Mean Value 
Theorem is equal to the integral of I(t) overT. 

The electronics are shown in Figure 4. The 
differential input stage eliminated almost all 
common mode noise up to several megahertz. The 
second stage is a classical nonlinear feed- 
back circuit, a precision rectifier in which 
the diode forward voltage is reduced by the 
open loop gain of the amplifier. Both ampli- 
fiers are Analog Devices AD48K's, which will 
probably be replaced by the faster AD46K's. 
The final stage, an active filter with gain, 
uses the very stable AD184J. Frequency re- 
sponse of the circuit is essentially constant 
from ^,lO kHz to 100 kHz. Some drop off above 
this was found and is determined by how fast 
the 2nd stage amplifier can dump charge into 
Cl- Some improvement was made by paralleling 
3 of the HP2800 charging diodes leading to Cl. 

V Conclusion 

A new type of beam current transformer has 
been designed, tested, and operated. With 
present electronics, the desired 1% accuracy 
in measurement of average charge has been 
achieved over a dynamic range of 100 to 1 and 
an accuracy of (5% over a range of 1000 to 1. 
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TYPE MN-60 
FERRITE CORE 

100 TURNS RG-174C/” 
B*LAINCEa FOR 50 TURNS 
ON BOTH SlOES OF 
X-OVER 

Figure 1 Construction of the Coaxial-Cable 
Wound Beam Current Transformer 

Figure 2 Current transformer Magnetic and 
Electrostatic Shields with the 100 turn coax 
Wound Toroid in place 
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Figure 3 Frequn,- 
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GA.cy respcnse of the Magnet Wire (solid line) and Coax Cable (dashed line) 
cesz set -up was driven with a 2.0 volt peak to peak sine wave for all tests. 

'l‘hc Fractional Deviation of iLnplitude is computed b 
the micdle of tile flat region - 

y normalizing to measured arr,Flitudes in 
to 37.2 mV for the magnet wire toroid and 18.5 mV for the 

L?G-1?4 coro;d. 
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U'lgure 4 -I__ Electronics for me‘asuring the average circulating proton bcdn current. 
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