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A NULTIGIGAHERTZBEAM-CURRENTAMI POSITIONM3NITOR

R. L. Carlson and L. E. stout*
Los AlamosNationalLaboriitory

P.O. BOX 1663
Los Alamos,NM 87545

Abstract

A self-fnt.grating magnetic-loop device having a
risetime of less than 175 ps has been developed to
monitor the temporal behavior ot the electron beam
current and position within each 3.3-ns m!cropulse
generated by the PHERMEX rf linear accelerator. Beam
current is measured with a 2-GHz bandwidth by combining
these loops tn a four-port hybrid sutmner. Another isp-
plication of these loops uses two 180° hybrids to 9fVe
2-GHz time-resolved beam position to an accuracy of
1 m. These sensors are nonintrusive to the propaga-
ting beam and allow ultrafast beam measurements
previously restricted to the technique of recording the
Cerenkov-light emission from an intercepting Kapton
foil using a streak camera.

Introduction

The PHE17MEXelectron-beam facility at Los Alatros
is being used to study the propagation of electron
beams in gases at various pressures. This facility is
a three-cavity standing-wave rf electron linac princi-
pally used for flash x-radiographyand is described in
[1] anti [2]. The PHERMEX electron-beam pulse is a
burst of ten 3.3 ns micropulses esch separated by 20 ns
with a peak current of 500 A and an energy of 30 MeV,
This paper presents improved beam current and position
monitors that are used to characterize the propagating
electron beam. In particular, the emphasis has been on
improving the monitors to resolve beam oscillations or
disturbances that might occur with frequencies as high
as 2 GHz. Most monitors whose bandwidth is extendeo to
these extremes are plagued by self-resonances~nd arti-
factual responses. Excellentmonitors for beam current
and position referred to as “beam bugs” are described
in [3] and [4], and increased positional resolution via
Fourier-analyzing coil arrays is discussed in [5].
Neither of these types of monitors has t’!en~cessary
bandwidth for resolvinq the sub-nanoseconddetails of a
propagating PHERMEX micropulse. The new monitors
described are non-intrusiveto the propagatingbeam and
allow ultrafast beam measurements previously restricted
to the technique of recording the Cerenkov-lightemiss-
ion from an intercepting Kapton foil using a streak
camera [6].

Theor~

Consider a pipe of radius R in which d t.urrentI
is flowing d distance r from the geometric pipe axis
(SW! Fig. 1), The magnetic field at the cylinder wall
can he derived by superpositionof the flnlclsproduced
by the current neaj the axis and an lmaqe current
flowing a distance R /r from the pipe axis. The field
at the wall is given by

(1)
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Fig. 1. Orientation of current probes monitoring the
magntitic field of d filamentary current
displaced from the axis of a conducting
cylinder.

where ~=r/R and the displaced filamentarycurrent is at
an dngle IIrelative to probe #1. B. is the magnetic
flelu for the case with the filamentary current flowing
on dxis. Expression (1) can be expanded as

B(R,O) ■ B. (1+20coso+, ,.) (2)

where the error of dropping the higher order terms will
be discu~sed later. The fields Bi at each of the probe
locations are given by

B1 I R. (I+20COSO) (3)

B2 ~ Ho (l+2psin0)

83 . !ln(

84 ~ IJO(

-20COSO)

-20slno)

The PrOS!Wt monitors consist of d wire 1Oop
pr’strudingfrom the wall of the ~jropaqationpipe. The
voltage induced in the loop iS proportional to the
time-rate-of-change of the net electron beem curroot
and loop area dnd must bts interjratedto recover the
fields and her,cethe Iletcurrent~s a function of tlnre.
Typically this integration can be accomplished by
digitization or by using passive external RC networks,
Neither of the!e techniques fs appropriate for multi-
yigah~rt? band~idth$. The present monitor is shown in
Fig. 2 and coltsist,?of a wire loop torminatea in a
radial resist,dnce. If the wire Ioap and radial
resistor can be considered lumped elementl oher the
desired bandw’dth, the monitor can b- modeled ds an
inductor {n series with a re~istor driv~n Dy the ba~m
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Fig. 2. Cutaway of a self-integrating probe monitor
shown mcunted In the propagationtube wall.

cumnt induced voltage. Such d network hes the
solution

~ UOA
v(t)•~~”T I(t) .+

J
v(t)dt

where V(t) is the voltage output of the probe,
ratio of the loop inductance to the radial res
A fs the looF area, ar,d I(t) is the net electl

(4)

is the
stance,
Dn baam

current. For large T and current pulses short relative
to T, the Integral term (typically referred to as
“droop”) cun be made acc~ptably small as compared to
the desired beam current term. There ~s an optimiza-
tion of the iooD area, resistance,and Drobe sensitivi-
ty that must be’balanced agatnst droop,’self-resonance,
and the upper bandwidth at which the circuit elements
can be considered lumped ve~sus distributed, Referrlnq
to Fig. 1 and using equations 3 and 4, the net beam
current I and displacements AX,AY are gi’~ocby

v\-v3
“x”R-Vy

(5)

(6)

V2-V4

‘y””~

dhersrVi d;~ thu voltage o~tput$ from irtentlcal probes.
8Y summfng and diff?rdncing the four prob~s th,ehewn
current m positton ar~ resolved, Thl! analysls
ncglocts the errors associated with a four probe
discrtto array monitorlnq large beam dlsplacernwst!ar,ri
the ranga effects due to the probas belnq responsive to
both local cnd distant axial di$placamsmt! (!es! [51 for
a furthw dl$cus$lon).

-t-andcallbr~tton of Monitors—— .—

The electron-beam propagation experiments utlllze
305 am diameter aluminum, brass, and stainless steel
pipe. The current monitors as well as other
diagnostics are mounted on removable 101.6 nsa long
flanged pipe sections. For development and calibration
of the current monitors, a coaxial test stand was
built. This consists of a 500-asn-long biconlc input
transition from a type N connector to 570 nsnof coaxial
transmission line, the 101.6 mm monitor section,
another 570 nsn of transmisss~on line, and lastly a
500asn biconlc exit transition back to a type N
connector. The inside diameter of the test stand
coaxial line is 305 nsnwith a 127 mm outside diameter
center conductor giving a calculated characteristic
impedance of 52.5 ohms but a measured value of
51.5 ohms. The test line was driven by either of two
reed pulsers: one has a risetime of 270 ps at 400 volts
and the other has a slower risetime of 500 ps up to
5000 volts output. The measurements were made using a
4.6 GHz sampling scope while simultaneo~sly recording
the same data on a Tektronix 7104 oscilloscope. The
7104 type oscilloscopes are used to record the beam
current monitors during propagation experiments. This
class of scopes is advertised to have a bandwidth of at
least 1 GHz but most are usable beyond 1 GHz and
exhibit an amplitude decrease of a factor of 2 at
1.5 GHz, a factor of 4 at 2 GHz, and no output at
3 GHz. The outout of the test stand when driven by
either pulse exhibited no measurable degradation in
pulse rise time or sh,lpe.

Referrifig to Fig. 2, a probe consists of a
modff~ed type N connector (UG-30 O/U) termii?atedwith
two l-ohm cer~mic radial resistors in parallel, The
probe was tested without the resfstors and had a
risetime of 170 ps with a slight self-resonant.zat
2.6 GHz. fhe inductance of the loop wa! measured to be
32 nh, which should give a probe droop of about
10 percent for the nominal 6 ns tt?stpulse. Note that
an external integrating network would need to have a
bandwidth in excess of ? GHz to recover the integral of
the loop response. The self-integrating probe exhfb-
ited no observable difference in risetime as compared
to the 27o PS pulser but had a self-resonance of
2.8 GHz producing a 10 percent modulation across the
flat-toppedportion of the test pulse.

In order to extract beam current and position from
the orobes of Fig. 1, opposing pairs are connectQd to a
pair of 2 MHz to 2000 MHz, 0°/1800 hybrfds (Anzac Model
H.,)), This yfves the two desired difference signuls,
hut additionallythe 0“ ports are summed using a 1 MHz
to 2000 Ml{?0’)hybrid (Anzac Model H-8-4) to give the
sum of the four probes, The sign~ls are then trans-
mitted over 23 m of 12,7 mm foam flnx cable to the 7104
oscilloscopes in tht!diagno$ttcs area. Figure 3 shows
a comparison of the test stand output voltage using the
500 PS PUISer and the s’Jtmnf!dnutput,of th& four probes
using the above hybrid comtlnation as recorded on the
71[,4oscilloscope, [t 1s evident.that there 1$ about a
10 percent droop as expected due to the L/R ratio of
C4 ns/ohm and that the slight 2,8 GHz self-resonanceof
each probe has been rejected primarll,yby th@ c~ltoffof
the 7104 oscilloscope and to a lesser dugree by the
conservative bandwidth of thd hybrid sursnlny
combination, The ptilsecan be corrected to first order
for the droop by a simp!~ Ilnear corr?ctlon in time; n
pa$stve network that accomplishes this at the oscillo-
scope Input i! nov’being desfgnud.

The positional response of the probas was tinted
by rtipldcingthe center conductor of the test stanli
wtth a 1! m dtametw copp,r rod terminated In a
movable shortnd end plate, Figure 4 plots the measured
(il$plac~mentindfcated hy the monitor .s~’stemversus the



Fig. 3. Top trace: test stand output
(2 ns/div).

voltage

Bottom traCe: current ds recorded by monitor
(2 ns/div). 1

t
Fig, 4: Electrically measured displacement versus

actual mechanical displacement of a current
carrying rod in coaxial test stand. (1 nsn/div
both axes)

actual displacement of the rod along the axis of an
opposing pair of probes. This test at o-O results In
an error of 2 percent for fjdl,l in making the
approximation from equation (2) to (3); however, the
electrical signals and mechanical displacements wore
not read to better than 10 percent for motions of Ie.ss
than 3 nsn. For o{().2the approximdtlon has a maximum
error of Ie$s than 10 percent.

Results Usln~ PNERMEX.— — .— .

The monitor system was tested using the PMEIU4EX
electron-beamand the beam current 1$ shown fn Fig, 5,
The droop In the beam current ~$ as predicted and the
monitor system Is os$ent!dlly fr*e of no~se, reso-
nances, and firtifacts as comparad to previous lmonttors
daployed for propagation experiments at PHEIMX. The
positional capability of th@ monitor arrtsywas vcrifted
by movln~ the propagat~on PIPQ and array r~lat!te to
the few mllllmo%er dtameter and collimated ~lectron-
bedm at the output of PHEIV4EX. The positional \enst-

Ftg. 5. PHERMEX Electron-Beam Current at 450 amps
using Monftor System. (signal has been
attenuated, 2 nsldiv)

tivity 1s limited in practice to sev$ral millimeters by
the signal to noise ratfo of the difference signal.
This is entireiy acceptable for monitoring the expected
excursions of the beam centroid associated with the
propagation experiments. In sunsnary, this monttor
system allows non-instrusive beam Current dnd position
measurements ~t a bandwidth of 2 GHz,
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