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FOREWORD

This report presents the results of an effort to develop &

I=

scurce of electron beams that are fully dlagnosed that are more

reproduc1ble,'and that have a wider range of beam parameters than

- previously attalnable. The program was funded by the USAF Space -

and Missile Systems Organlzatlon under Contract AF 04(694)-901,
CCN 6. The work was carried out during the period from August
1967 through August 1968, Experimental work on this contract was
conducted by Messrs. L. Hatch, D, Wood, D. Pellinen, and R. Buscher.
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SECTION I

INTRODUCTION

Uses for high current, relativistic electron beams have been
rapidly increasing in recent years. High-intensity bremsstrahlung
sources, thermomechanical shock simulation, and plasma héating
représent currently impoftant electron beam applications with con-
siderable future potential. This program was authorized in response
to the need for electron beams that are more fully diagnosed, are
more reproducible, and are more varying in their parameters. In-
vestigations were undertaken specifically (1) to develop more
sophisticated beam diagnostics; (2) to explore the uses of shaped
scattering foils in producing a variety of shaped electron beams;

and (3) to study:.the possible use of beam-shaping magnetic fields.

The results of this work are summarized in Section II with
commehts concefning the direction for future work. 1In addition,

each of the three topics above is presented in some detail in
Section IITI. '
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SECTION II

SUMMARY OF RESULTS :
AND RECOMMENDATIONS FOR FUTURE WORK

A, DIAGNOSTICS

Devices for providing the required beam parameters to document
the electron~beam énvironment include (1) self—lntegratlng magnetic
probes, (2) hlgh current Faraday cups, (3) high- voltage capac1tat1ve
probes, and (4) a magnetic- Spectrum analyzer (MSA). Each of these
devices has subnanosecond risetime response and has been used ex-
tensively on the Model 1140 Pulserad (mean electron energy = 3 to
4 MeV). With the exception of the MSA, the devices have also been
operated successfully on the Model 730 low~impedance Pulserad (mean
electron energy = 0.2 to 1.0 MeV). At present, the MSA is limited
to low current density, i.e., less than 500 A/cm » which is consis-
tent with the Model 1140 hlgh energy beam current density. On the
other hand, current densities of the order ofth A/cm2 are typical
for low-energy, high-current beams. At these current densities, a
variety of difficulties are encountered with the MSA. ©One such

_problem, thermomechanical damage to the apertures, is permanent.

Another problem is plasma formation around the entrance slits,

- which can substantially alter the MSA entrance conditions. These

problems need to be solved if the MSA or s1mllar devices are to be

used effectlvely on low- -voltage, hlgh current electron beams.

Future work is- recommended in- these ‘areas.

. Varlous probes developed durlng this program are belng used
routlnely, they can be modified ea81ly for- specmflc appllcatlons

_where sllght changes in the size of the dev1ce are requlred
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Urgent dlagnostlc requirements exxst in very low- dose
(< 1 cal/cm and very high-dose (lO to. 104 cal/g) regimes. 1In
most cares the high-dose region implies low~energy electron beams;
the basic dlagnostlc problem is the failure (spallatlon or fracture)
of the absorber. Possible new technlques 1nvolve a series of simul-
taneous measurements, such as pinhole X-ray photographs, Faraday- cup
measurements, and Cross correlatlon of results to predlct fluence
profiles and electron spectra. In the low-dose region, the requlre—

ment is pr1n01pally for more sensitive calorlmetry
B.  BEAM SHAPING WITH FOILS

Beam scattering experiments were'undertakea to check multiple-
_scatterlng theory for high current electron beams, and also to ex—
plore the use of shaped foils to obtain shaped beams. Such beams
have more uniform fluence profiles for specific appllcatlons re-
quiring larger areas for sample irradiation. The multiple- scatterlng _
experiments were performed with approximately 3.8-MeV and 1-MeV mean
‘energy electron beams. Despite some dlscrepanc1es in the 3.8- -Mev
beam-scattering results, the data generally agree with scaeterlng
theory in that the mean scattering angle scales with the sguare
root of the foil thickness. The lower~energy results, however,
indicate dlscrepanc1es in even the mean-angle. scallng Since the
data are generally limited, the experiments should be extended to
explore these dlscrepanc1es more fully. Details of the dlscrepancies
are discussed in Section III, B. '

- The shaped f01l experlments were 1nconclu51ve, prlmarlly
because 'variations in beam centering on the scattering foils

'made 1nterpretatlon difficult. Better beam control has 81nce

been achieved by using a new anode-cathode configuration, so these
experiments should be repeated for a more conclusive evaluation

of this technlque. Presentrev1dence,_however,_suggests-that
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other approaches, such as beam shaping with a variable-~diode

.geometry, should be evaluated also in future beam shaping studies.

C. BEAM SHAPING WITH MAGNETIC FIELDS

Experiments were conducted to diséover whether more optimum
‘shaped beams could be obtainéd by using a magrnetic guadrupole sys-
tem. The goals were (1) elllptlcal beams u51ng a 51ngle guadru-
pole, and (2)' focused; ultrahigh fluence beams using a double

focusing quadrupole system. The results were:

1. Elliptical beams can be obtained with reasonable
ease and offer attractive features for irradiation of long, thin
tafgets. If injection into the quadrupole is not done carefully,
however, resultant inefficiency in the beam transport diminish
the total energy of the shaped beam.

2. 'Focused beam experiments were not éuccessful{
apparently duerto the extreme sensitivity of.focusing on the
injection conditions and the alignment of the transport.system.
Conductive cones and solonoidal magnets appear more promising
for future_experiments‘desiring highly focused, reproducible
electron beams. ' -
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SECTION III

TECHNICAL DISCUSSION

A.  DEVELOPMENT OF DIAGNOSTICS

1.  Magnetic Probe Development
a. Introduction

A'fast~risetime magnetic-field probe that generates a voltage
output directly proportional to the magnetic field was developed

for use as a beam-current monitor on the Pulserad accelerators,

The probe is a conducting loop of wire shorted by a small
resistor. If a magnetic. field attempts to thread the loop, it
will induce a voltage around the loop which, since the loop is

virtually shorted, will cause a4 current to flow. This creates. a

magnetic field of polarity opposite to the external field., 1f
the resistance is small, the circuit will maintain the current S0
that there is ne net flux threading the circuit,  or

ex = ¥

where ¢exand ¢, are used to denote external and self-induced
éomponentS'of'flux, respectively. Since by definition

- ] 6= [B - ak

where B is the magnetic field intensity and dA the surface vector,
and noting that inductance is defined as '

‘[ﬁs - an
1

L =
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where i is the current flowing in the circuit element, then we

can combine the above equations

¢ex = La

which indicates that the current flowing in the‘circuit is propor-
tional to the strength of the magnetic field. This suggests. that
the magnetic flelds can be measured dlrectly by measurlng the
.voltage across the re51stor. '

. A-rigorous solution, obtained from Faraday's law, is given by
1= ex - L E-EEEE ex t ) dt
R N |E 7ot S*PAI/R
6] _
We can distinguish two limiting cases; the first where
L
g << tO

and_tofis the period of the event. The solution approaches the

~condition for an open-circuit loop, or

v) = 3t
3I§ the.caselﬁhéré L/r §> to
br'ﬁ
Vo= R/L 9y ()
 6_ 
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Since the current flowing in the circuit is proportional to

the flux threading the circuit, to monitor the nagnetic flux
faithfully, it is

-

necessary only to build a nonreactive resistor

b. Design Criteria

The devlgn criteria for the B—probes were not arbitrary but
were tallored to the requirements of the os0111oscopes used as
the read- out systems and the characterlstlcs of the pulsers.

1. ‘Risetime

The initial criterion for risetime on the B-probe wasg

that it should not be the limiting factor in monitoring. Since
the normal coaxial cable and oscilloscope comblnatlons have approxi-

mately a l-nsec risetime, it is unnecessary to design or test the
probes at a risetime much faster than that.

2., Decay Constant

A reasonable decay constant for a detector is 10 times
the rlsetlme to peak of the phenomenon belng measured. For the
Model 1150 Pulserad owned by the USAF Space and Missile Systems
Organlzatlon {8AMS0O) and operated by PI, this is about 50 nsec, so

L/R was chosen to be about 500 nsec. To place any ringing due to
transit time effects and reflections in- the colil beyond the fre-
‘guency response of the oscilloscope, the ‘maximum diameter of the

loopr was set at 5 cm. The inductance of a single turn of wire is
glven by '

L = 12,5 a [Rn lgg - Z} mH

where a 13 the radlus of the ring in em, and & 1s the diameter

of the wire forming the ring. PFor a 5 ~Ccm loop and a l.7-mm-diam

- wire, the inductance 1s about 105 nH.
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To have an L/R time constant of 500 nsec, the resistanco
must be about 0.2 Q. The design parameters for the B-probe
are as follows:

t,. < 1 nsec (risetime)

L/R > 500 nsec ({(decay time)f,l

a =>5cacm-
R~ 0.2 0
c. Calibration

‘The easiest (and most economical) way to test the probes
was to construct a coaxial transmission line and a reasonably
high- repetltlon rate pulser that would provide a fast rising, _
rectangular current pulse. Such a system would enable the experi-
nmenter to directly measure the risetime, transient characterlstlcs,
and decay constant of the probe, and to determine the absolute
cal;bratlon of the probe in terms of voltage output as a function
'of.magnetic field A 13-in.-diam, 2- ft‘long, 50-Q. termlnated _
coaxral llne and a55001ated pulser were constructed and are shown
1n Flgure 1.7 The pulser is shown schematlcally in Flgure 2. It
consists of a dc charged transm1381on line sw1tched into a load by

a mercury-wetted relay, pulsed at repetition rate of 120 Hz. The

pulser. rlsetlme was less than the risetime (0. 3 nsec) of anytoscll—.'

loscope at Phy81cs Internatlonal Company. It 15 capable'of deliver-
1ng 750—V pulses into a 50-% load such as the coax1a1 model. - The
waveform across the termlnatlon of the llne ~pulser comblnatlon is

_ shown in Flgure 3. The waveform ‘on the termination 1nd1cates an

e- foldlng rlsetlme of the electric and magnetlc fields of less than
l nsec. o
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FIGURE 1.

'TWO VIEWS OF TRANSMISSION LINE CALIBRATION

SET-UP FOR B-PROBES
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#
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' ; Output
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Connector
‘I 1

Charge Line

-
h

;

~ GR874
Connector

. FIGURE 2.
N B—PROBE CALIBRATION APPARATUS

SCHEMATIC OF HIGH VOLTAGE PULSER USED TO FEED
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VOLTAGE AND CURRENT WAVEFORM ACROSS MODEL
TERMINATION (Horizontal Scale 1 nsec/div,
Vertical Scale Arbitrary)
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With the model completed and the probe parameters decided
upon, it was easy to begin testing and developing prototypes.
A number of unsuccessful combinations and thelr characterlstlcs'

. are tabulated below:

'Integratihg-ﬁesistor_ : Characteristics_--
‘Carbon oompoeition -~ Par too inductive{ good power B
' S S handling capa01ty o
.Stalnless steel strlp . Far too 1nduct1ve, used as a
across loop ' _ : fast trlgger on . the 1140
Stalnless steel strlp _ Falr frequency response, monl—'
laminated above ground toring across loop -leads gave_*
-plane, two- termlnal a fair amount of inductance;”
r':reSLStor ‘ ' . worked well at accelerator
' ' ' ' frequency '

The last materlal worked adequately, except for the

1nductance assoc1ated Wlth the connection to the loop.: It
- fwas de01ded to, develop a three-terminal device where the SLgnaI
t 'output carrled only the current to drlve the recordlng osc1l—

eloscope Schematlcally, the device appears as’ shown below
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The resistor chosen is made of 0.00075-cm~thick 302 stainless
steel alloy. The strip was soldered at one end to a copper tube
and a sheet of thin copper was soldered over 'it. The tube was

later soldered to the body of a hermetlcally sealed coaxial header.

A partially completed resistor assembly is shown in Figure 4.
Two Mylar dielectric sheets, 1.25 mil thie¢k (not shown), are
1nserted between the conductors, and the assembly is rolled tlghtly
around the center post. Connection is made to. the center conductor

of the header, the pickup loop is connected and the device is
potted in epoxy. ' |

Looklng from above, the resistor appears as shown in Flgure 5.
The resistor dlmenSLOns are shown below:

Loop

15mm 'I‘ap
o e S
8mm
f mem

'The calculated self inductance of thlS reSlstor, when lamlnated

1s approx1mately 3 x 10-ll H.

The completed’ B~ ~probe. was mounted in the model. and tested

for transrent response, electrostatlc pickup, and decay constant

'and the absolute callbratlon was measured

13
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PARTIALLY

COMPLETED RESISTOR ASSEMBLY
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Stainless Steel Resistor Center Pin
. Connector

. (UG 911 aA/U)
Insulation -

: — o --\:§ Ground Shield of
Connector

Connections /-

Loop Connections

' Tshield and .
- Ground Plane

“MYLAR

Insulaﬁioﬁ

| FIGURE 5. TOP VIEW OF RESISTOR
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- The transient response was measured by recording the output
waveform of the probe and comparing it with the waveform on the
termination. If the signal is induced magnetically, it should
be possible to reverse the signal polarity by rotatlng the probe
180 deg so that the flux threads the probe in the reverse direc--
tion. This test was carried out routinely on all probes. |

A check for electfic—field pickup was made.by orienting the
probe axis parallel to the current vector in the coaxial llne, SO
no magnetlc flux would thread the loops and the output 51gnal would
1nd1cate electrostatlc plckup only The response of one such probe

t(No. 3) to the dr1v1ng function is shown in Figure 6, w1th the’

probe oriented in the three positions described.

Ail of the'pfobe parameters can be inferred from the oScillo—
scope traces in. Flgure 6. The electrostatlc 51gnal is small, as

shown by Figure 6c. Also, it 1s possible to 1nfer the rlsetlme of

' the dev1ce by assumlng that its net risetime 1s given by

WBeteftb'iSﬂthefriSetime of the prObe,t—S is the dr1v1ng functlon

risetime; and t-'ls the output rlsetlme of the source and probe.

”:From Figure 3 the model e- folding rlsetlme is 0.6. nsec, and

b‘»the probe output pulse from Flgure 6 15 0.8. nsec.' Then »*T'

16
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Probe 90 deg

‘Probe lSOIdeg

RB008

(C)

FIGURE 6. B-PROBE NO. 3 RESPONSE TO DRIVING FUNCTION, .
: 10-A DRIVING CURRENT, B = 1.67 X 103 w/m2 =
{2 nsec/cm, 20 MV/cm) o -
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‘The absolute calibration on the probe is also made on the
model. For a coaxial system

where i is the current in the center conductor and r is the radius
from the center conductor to the center of the probe Then

B = 2Ly 1077 W/m>
x ‘
fcr the B- probe callbratlons, i=10 A and £_=-0.12 m; so for

the callbratlon

B'= 1.67 x 1077 w/m?

“the output of'probe No. 3 is 44 mV. Then the‘absolute probe

calibration 'is
= 3.8 x 107% (w/m?) v

'hlid,f Appllcatlons

The B—probes were applled 1n1t1ally as current monltors in
the fleld em1351on dlodes of the Pulserad accelerator - Two.

checks were made on the operatlon of the probes The first was

'to compare a serles of shots where the cathode was shorted to the'

araday cup and both the Faraday cup and B- probe were monltored
* S -
51multaneously o ‘ S

L% 3 B . _. _._.. . - . ' : .--. T . .
- The Faraday cup ig discussed in the follow1ng'subsectlon.

fflgp“_
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Figure 7 shows simultaneous waveforms from ‘the Model 1140
Pulserad on a typlcal short-circuit shot. A similar set of
oscilloscope traces is shown in Figure 8 for tneeModel 730 low-
impedance Pulserad. Short-circuit shots were preferred for this
correlation applicaticn because they ensured that all current

passed into the cup and was measured.

In a second application of the B-probe, the net current in
the. electron beam chamber was measured as a functlon of drift-
chariber pressure. This is an important parameter relating to the
behavior of the beam For example, when a minimum net magnetic
fleld is present the beam electrons tend to follow the direction
of. 1n1t1al 1n3ectlon into the chamber. At its maximum, the magnetic
fleld tends to form a self plnch that concentrates virtually the
entlre beam in a. few square centlmeter.

A‘pIOt of peak current versus drift*chamber pressure is shown
in Figure 9 for the Model 1140 Pulserad operating at 4 MeV. Simi-
lar measurements were taken in the drift tube of the Model 730
Pulserad Operating approximately between 200 keV and 400 kev mean
eneIQy A plot of peak net current versus pressure is shown in
Pigure 10 '

The signifidance of these measurements will not be discussed,
51nce the purpose of the data is to demonstrate the . fea51blllty of

'u51ng a fluxmeter for measurlng net current in a beam plasma system.

Many other programs have made extensive use of this technlque and

. have made exten51ve measurements of net currents induced by the

beam—plasma 1nteract10n

The fluxmeters have been used routinely to establish tube

'current in the accelerator tubes of the Model 730 and 1140 Pulserads.

19
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- FIGURE 7.

B-Probe

_ Faraday Cup

OSCILLOSCOPE TRACES COMPARING B PROBE AND
. FARADAY CUP OUTPUTS ON THE MODEL 1140

PULSERAD, SHOT 2749
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B~Probe

- Faraday Cup

'FIGUREVB.' OSCILLOSCOPE TRACES COMPARING B-PROBE

AND FARADAY CUP OUTPUTS ON THE MODEL 730
. PULSERAD, SHOT 9135
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They are also used as basic diagnostic devices for measuring net
plasma currents in the drift chambers on ba31c electron-bezm

programs and have been supplied to measure the magnetic field

‘near inertial-guidance components being tested on the SAMSO

Model 1150 Pulserad.

2. ‘Faraday'Cup Development'

a. Introductioh

The Paraday cup (Flgure 11) is a charge collector whlch
1ntercepts a beam, then diverts it through an lntegral shunting

re51stor whlch in turn generates a voltage proportlonal to the

'current

The collector, which acts as the inner conductor of the coax1al

-system, is a graphlte cyllnder, 8.7 cm long and 8.7 cm in dlam

Graphite was chosen because it is low Z, which minimizes photon
production, it is an inefficient generator of secondary clectrons,
and it is very resistant to spallation.

The res;stor is a cyllndrlcal tube of 302 alloy StalnlCSS

-steel foil, mounted coax1ally with the collector. Tt is soft—
'soldered to a brass plate on one end and to a flange that prov1des
-the return path to ground. The flange bolts onto ‘the front face

of the acceletrator. The 302 stainless . steel alloy has a re31st1v1ty

'h of 7.2 x 10"5_9-cm (Reference 1). For the hlgh—current cup, the
'jre51stor was made of 0.0025- cm—thlck foil. Connectlons make the.
‘_dev1ce a 94- termlnal network as shown schematlcally in Flgure 11.

" The re51stance of the cup the flrst time it was bullt was 5.6 me;

when it was rebuilt at various times, the re51stance varied from
40t062mQ ' '
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Beam"""--_’_-' ‘ Carbon
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RS,
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, | o Steel (0.0056 Q)

FIGURE 11. FARADAY CUP FOR MEASURING HIGH CURRENT,
: HIGH ENERGY ELECTRON BEAMS
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b. Calibration

The device was dc calibrated first by connecting the cevice
to a battery through a series resistor and measuring the ingput
current while simultaneously measuring the vo
output terminsls. Next,

ltage across the
a calibration with a'fast Pulse was made
using a Tektronix sampling plug-in to monitor'the output waveform,

The output risetime of the cup,” as measured by this technique,

is less than 1 nsec. The‘pulséd—current measurements and the dc

measurements agreed within the accuracy of the meters used.
c. Thebry

In prihciple, the device is quite simple. A resistive voltage

drop is measured along the outside of the stainless steel outer

conductor. When a current is injected into the collector it will

propagate toward the rear and induce an imageé current on the outer

conductor. When the wave reaches the shorted back
mately 0.47 nsec, the voltage wave w

end in approxi-

ill reverse polarity and reflect

- back, largely*cancelling the inductive,voltage domponent.

This wave tends to damp rather rapidly because the graphite
and.stainless-stsel_ars gquite resistive.

Sincegthe Yesistor is
sealed ‘electrically,

the current.must-pénet;ats the outer conductor

to provide a measurable voltage drop along the\cbnductor, The
fractional current penetrating thejSurface'is',_ﬂ

1= exp (~x/6)
O - _ _
where § is'the:skin'depth; For thszl.OG—GHz ﬁransient wave

generated in the cup, the fractional current penetration will be

~

L
I

S
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The outer conductor thus filters out the transrent waveform
generated inside the cup.

a. - Applications

Two applications of the Faraday cup have. been made so far
In the first, it was used as a current monitor in the accelerator
tube .of the Pulserad accelerators; in the second it measured the

relat1v1st1c electron current at a given axial position in the
drift chamber

l. Tube Current Measurement

The Faraday cup was used most often as an absolute
current monitor to determine waveforms and levels on the accel-
erators. On the high- 1mpedance machines, shots were usually taken
by shorting the cathode into the cup to ensure that all current
passes into the cup. * On the low~impedance machines, calorlmetry
and material-damage studies revealed that because the beam was
conflned to an area far smaller than the cup collector, it could
be. accelerated directly into the cup. Typical short-circuit shots
have been shown in Figures 7 and 8 in the section on the B-probe.
Several 1nterest1ng shots resulted when the Model 730 beam was
accelerated at the cup (Flgure 12). The cathode. was shorted to
the cup collector, put the shock of the machine SW1tch1ng broke
the back connection on the resistor and pushed the collector 1 to

2 mm away from the cathode. The beam energy corresponded to approxi-
mately. 150 kv. Evrdently the circuit was compléted by the joint
'arcing Because of the four -terminal construction, the only change' .

was a sllght drop in peak levels on both the B-probe and Faraday
cup. The cup was still ‘reading diode current accurately (see

_Figure 13 for comparison).

Shots have since been made usrng the Faraday cup as the anode on
the Model 1140 Pulserad Currents of = 60 kA- at 4-MeV mean energy
were measured :

27



a
~

1
'
L- FRER- S

PIFR-OQS

' FIGURE 12.

Shot # 9141

Shot # 9143

FARADAY CUP OUTPUT WAVEFORMS ON MODEL 730
 PULSERAD, BACK OF CUP DISCONNECTED
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FIGURE 13.

B-Probe

Faraday Cup

NORMAL FARADAY CUP FOR SHORT CIRCUIT CONDITION
ON MODEL 730 PULSERAD (Current, 0.28 MA)
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Under short-circuit condltlons, peak currents have been

measured up to 0.28 MA with no electrical or mechanical mal-
function of the cup. ‘

2. . Measurement of Beam Current After Traversing
a Field-Free-Region - '

In a second appllcatlon, the cup was tested for measuring
relat1v15tlc beam current after the beam had traversed a rclatlvoly
field~ free region where: the primary beam-space charge and self-
induced magnetic fields were neutrallzed by a plasma. A conductlve
‘diaphragm in front of the cup face acts as a vacuum seal and pre-
vents low- energy secondary electrons and ions from entering the-
collector. The cup was evacuated to a pressure below 10 = Torr
to minimize the possibility of ion formatlon, whlch would partlally'

neutrallze the relativistic beam current., The experlment was tried

'successfully on the Model 1140 Pulserad with the experlmental setup

shown in Figure 14.

A typical set of waveforms showrng diode current, diode voltage,
and relativistic ~urrent at the end of the drift chamber are shown
in Figure 15. The cup waveform mirrored the diode current waveform
the peak current measured in the cup was approx1mately 60% of the
peak diode-current. Pigure 16 is con51stent w1th calorlmetrlc data

,for a target the srze of the Faraday—cup collector.

A 51m11ar attempt Was made, u51ng the Faraday cup, to measure
the relat1v1st1c current 1n the 200~ keV - 200-kA beam on the Model 730
Pulserad Although the orlglnal de51gn of the cup ‘proved faulty,

probably as a result. of space charge 1nduced flelds in the vacuum.

reglon, it prov1ded the;1n51ght for a suCCessful de51gn on a. later

contract In these devrces, it 1s 1mportant to consider the effect
of space- charge 1nduced potentlals in the evacuated region in front
of the collector.

R 1)
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M ' Cathode

'Aﬁodeé
Window

:3\. B Probe

0.01 Torrx
< P < § Torr .

Faraday/////

Cup Side at
High Vacuum

— ‘
| |
|
| |
|
Drift Chambef r Diaphragm 16 cm
!
!

-‘_q_—,._—___a_‘——___..__.‘.ﬁ_

Cup

Sidnal-Out

FIGURE 14.

> To Vacuum tump

EXPERIMENTAL SET-UP FOR MEASURING

ELECTRON CURRENT IN ORIFT CHAMBER
WITH FARADAY Cuyp
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FIGURE 15.

Diode Current

Diode Voltage

Faraday Cup Output

TYPICAL SET. OF WAVEFORM FOR DIODE CURRENT,
-DIODE VOLTAGE, AND PRIMARY BEAM CURRENT

‘AT END OF DRIFT CHAMBER (Z = 48 cm) FOR _
- MODEL 1140 PULSERAD 4-MeV BEAM (20 nsec/cm)
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31/2 in.

‘ ‘

Coaxial Connector
{BNC 911AU )

Resistor, l-mil

] '///// Stainless Steel
T .

O-Ring

Dielectric

B 4

1-in. Diameter Graphite Collector

. FIGURE 16. ' CROSS SECTION OF -SMALL FARADAY CUP
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3. Array of 2.5—cm Faraday Cups

After 1n1t1al testing had established the design techniques for
the large Faraday cup, small Faraday cups were built to measure the
current de\jlty in the drift chamber as functlons of time and space.

A baseplate, which acted as a return path and prov1ded the vacnuum
seal . for the cups, was made with mounting holes for a crossed array of
seven horizontal and five vertical cups . The cups were mounted n
3.7-cm centers. The collectors were cyllndrical and had diameters of
2.5 cn. Because of this smaller area, the nominal Cup resistance was
increased to 20 mQ. The Faraday cups were 1dentlcal to the larger
cup, not only in. pr1nc1ple, but also in performance. They were used
to 1ntercept the bulk of a drifting beam (Flgures 14 and 15) The
cups and a cross-sectional view showing their constructlon are pic-
tured in Flgures 16 and 17, while Figure 18 depicts a calibration
pulse oh the small cups, using the same circuit technique as with the
large Faraday cup. The assembled array is shown in Figure 19. Since
the cup array was used initially to explain anomalies in the maghetic-

spectrometer output the experiments on the cup will be described in
Section III,A,5. ‘

4, _High—Voltage-Capacitative Probe Development

'_a."Introductlon

- The hlgh voltage detectlon system is composed essentlally of a

'oalr of plates located near the outside wall of the fleld em1551on

dlode that leldes the voltage capa01t1vely. A coaxral cable is
connected ‘to the plates. The plates are. actually two lamlnated '
sheets of alumlnum with a 5-mil thick sheet of Mylar between them.
A completed voltage monltor and schematic are shown in Flgure 20.

b. Thedri»
The electrostatlc fleld generated by a charge distribution is

cenerally calculable For coax1al cyllnders, the:potentlal is
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';FIGURE}la.,

Upper Cup Output:

2 nsec/cm
50 V/cm

Lower Output Pulse; =

2 nsec/cm
2.5 A/cm

CALIBRATION TRACE FOR SMALL FARADAY CUPS
(Current 1n = 7 A)
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ASSEMBLED ARRAY OF SMALL FARADAY CUPS

FIGURE 19.
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given as

in{r/bh)

vir) = Va in(a/b)

where V is the potential on the center conductor of radius a,
and b is the radius of the outer conductor (assumed to be at
ground potential). With. a conducting plate in the Space, and
an arbitrary potentlal V (t), applled to the inner cylinder,
the potential of the Space at (b-d) is given as

. ¢n [(b d)/b]
Valt) = Vv (8) ==y

where d is the distance between the floatlng plate of the capac1-

- tance probe and the outer ground cyllnder. If d << b, then

The potential difference between platestat d@ and b can be
derived from the equatioh for the equivalent circuit

= Y . .;.'g.
Vo= vd(t) o

“where V3 (t) is the time-dependent potentlal of the space at g,

q is the charge on the plate at d, and C is the capa01ty of the
plate to the outer.conductor. However, '

q =-/Pidt

R

and if the current, i, flows through an ideal resistor:

a-frae = fYa
‘ t ' t

g
[

Valt)h - RC
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If the period over which V is integrated is muchfiess than RC,
then A ' '

"V ow Vd(t)

Then the potential across the plate that we measuré.is given by
V= kg V(%)

If there is a'dieleétrié.with a dielectric constént, kX, between

the plate and the outer conductor,

k -
E".Va(t)

TE'Shouid be noted that kl is entirely a geometric constant, and
for our coaxial geometry

x. = 2n [(b—d)/b 1
1. in{a/b)

©.  Design Criterja

_‘ChOOSing-and building a,voltagg monitor for,the high—voltage
Puléeradsrreéuirés a combinatiOn of t .
device has a number of disadvéhtages.
mbnitOrrtherpétenti&l directly,
ing.eléétric.fielﬁ, |
-etfy.f

fadeoffs;ifThe'capacitive
"Qne is'that.it_dOes not
but is mé:ély a deévice for measur-
and as such is inflﬁénééd'by.chanqes in geom-
Another:disédvantage is its extreme sénéitivity to charge
pickup ftom electrons ¢r ions drifting across the space. . Apparently‘
very'little'charge reaches the-capacitor during the main beam pulse

in thé'Pulserédgg.an the other ‘hand, the capacitive device has

soméVadvantages'th. ‘Since it can be

_ mounted very near the anode,
it measures cathodé"potential well; Besides being relatively
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inexpensive and simple to build and install, it avoids the
voltage breakdown problems associated with voltage probes in
which the full pulser voltage is applied to the dev1ce

d. Calibration

When flelds are assumed to have cyllndrlcal symmetry,
across the capa01tor is given by

voltage

(d/bk) V_ (t)
%n(a/b)

For the small spacrngs involved (0.125 mm) the spacing cannot be

maintained accurately, nor can the dielectric be homogeneous.

This was negated by noting that the capacity, C, is given by

where A is thé area of the probe; salibration-of the device is
given by

V {t) EO A

v (Rn(a/b))

The capacrtance of the probe was measured dlrectly with an
1mpedance bridge.

The voltage monltors were assembled by bonding aluminum sheets

The early probes were plaqued by delamina-
When a mechanically reliable

little time remained in the program
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to do any extensive testing. Early data dealt primarily with
units that were dimensionally unstable or delaminated. Although
the absolute’ calibration on these units is uncertain at present,
measurements are belng performed to obtain such data.

The voltage‘waveform generally agreed with'data from the
‘magnetic electron spectrometer. Two shots where voltage and

current traces were taken are shown in Figure 21.

5. . Electron.Beam Analysis with Magnetic Spectrometer

a. Introduction

A magnetic’ spectrum analyzer (MSA) was constructed to make
spectral measurements of the time-dependent energy spectrum of the
high-current relat1v1st1c electron beam produced by a pulsed field-
emission dlode source. The development and callbratlon of thls
1nstrument is described in detail in Appendix A.

The objectives of these experlments were to (l) develop a
technigue for measuring the energy spectrum of the electron beam
directly, (2) develop, in conjunctlon with the MsSA measurements,

a technique for. determlnlng the dep051tlon profile of the electron

and (3)‘exam1ne'

configurations..

b. Experlmental Arrangement

Durlng the tests on the Model 1140 Pulserad the MSA was _
mounted on the machlne -axis outside the drift chamber, and was

_ 1solated from the drift chamber by a. 0.003-in. - Mylar w1ndow

The. dlstance between the anode and the Mylar W1ndow was roughly

65 cm.
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a. Shot 3437, 200-needle Shielded Cathode,
20 nsec/cm, Arbitrary Voltage

b. .Shot 2195, B4C Cathode, 20 nsec/cm, Arbitrary Voltage

FIGURE 21. TYPICAI RESPONSE OF CAPACITIVE VOLTAGE MONITOR
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Diagnostics used in conjunction with the MSA were:

1. Optical photograph in drift chamber
2. Current measurements 1n anode cathode reglon
3. Voltage measurements in anode-cathode. reglon

4. 'Depth dose measurements in drift chamber

Forrthe"following reasons, not all of these measurements were
made on evary shot‘ (1) a shortage of sultable osc1lloscopes,
(2) a shortage of current and voltage probes (they were damaged
occa51onally,_and were dlfflcult to replace), and (3) a shortage
of clear windows for . optlcal photography. ' a

The Spectrometer is designed to accept only a small portlon
of the beam. After passing through a magnetically shlelded colli~
mator, the beam enters an 1nhomogeneous B- fleld “which acts like
a prism. to separate the dlfferent energy. components of the beam,
The detectlon system is an: array of 10 carbon blocks. The-magnetic~
fleld gradient and the injection angle are such that the focal_
points are located outside the magnet pole tips, the focal plane
is flat, and the energy spread along the focal plane is 1inear_ |
that is, if channel 10 corresponds to 5 MeV, and . channel 1 to
0. 5 MeV for one value of the field, when the fleld is 1ncreased
SO that channel 10 corresponds to 10 MeV channel l w1ll correspond

to l MeV

o The srgnal recelved by the detectors can be dlsplayed on an

,osc1lloscope and can be 1ntegrated 51multaneously SA Tektronlx 519
: oscrlloscope 1s generally used to monltor the tlme resolved s1gnal,
~and’ a Vldar Integratlng Digital Voltmeter 1s used to measure the

voltage on the 1ntegrat1ng capa01tors
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On a normal shot, the current entering the spectrometer is
typically 1 to 10 amperes. Generally, the mode of operation
was such that 1.0-MeV electrons were seen by channel 2, 2.0-Mev
electrons were seen by channel 4, and so on. The actual parameters
for this conflguratlon are Bmax = 900 G, end Im = 6.3 amperes,
According to the geometry of the system, each channel had a width

of approx1mately 0.25 Mev, increasing slightly in the higher-
numbered channels, '

The lnltlal experlments were performed w1th a six-channel

‘MSA. The bulk of the. tests, however, were made -with a l0-channel
MSA. ' '

Several dlfferent anode-~cathode conflguratlons were tLStOd
Cathodes used were (1) a boron-carbide (B C) rod, 2 cm in diam,
extending 10 cm beyond the "doughnut" cathode holder; (2} two
concentric circles of 18 needles each; and (3} three concentriec
c1rcles of 36 needles each. For the most part, the anode used
was a 10-in. by 0 002- -in,. tltanium foii. oOn a, few shots, a 6-in.

by 0. 002—in titanium foil was used in con]unctlon with a solenoid
magnet (Reference 2)

A spe01al 20-mil alumlnum depth dose, w;th a hole through
the center, was used on several shots with the B C cathode. The
portlon of the beam passing through the hole 1n the depth dose
entered the MSA. A diffuser consisting of a 50—m11 aluminum f01l
was used on sevetal shots, primarily with tests on the needle

cathodes Table I llStS the number of shots taken for each of the

_geometrles tested.

c.  Time-Resolved Output Results

. To understand the results of the time-resolved MSA output,

consider: Flgure 22, A typical voltage—pulse waveform, monitored
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- TABLE I |
_ NUMBER'OE PULSER SHOTS FOR EACH GEOMETRY TESTED ?
_ Number of. Shotg’ .
Experimental cOnditions 72 13214 |16 :8 212 (3 (21alat1 |1
Cathodés _ B,C : A I
- ) Needleé;
18-18 Yl Y Y
Neédles: '
36-36-36
Anodes 10 in. /v ARARANS
6 in, , aw
Switch Gaps 4Z5 in. vV Y VY |V
IV --5;0 in. AN
5.5 in. |
Depth Dose | Y
Diffuser v
‘Magheﬁicllnjeétion Vo
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- in" the anode-cathode region, is shown in Flgure 22a, and a typlcal

' Current—pulse_waveform, also from the anode-cathode région, appears

in Figure 22b. Figure 22c¢c shows the time~- resolved output of chan—
‘nel X. Vx is the energy seen by channel x, and AV is the channel
width." ATl and ATZ are the time intervals during whlch those elec-
trons that can be seen by channel X are being generated During
each of these 1ntervals the average current is Il and I2, respec-—.
tlvoly. The - current seen by channel X is proportional to the area
of the bcam accepted by the CIrcular collimating window, and dcpends

on the beam cross- section proflle. Because the current is incrcas-

lng durlng the flrst pulse seen by channel X and is decreasing durlnq
the second. pulse, the waveforms of these pulses are skewed toward the
center. An example of the results obtained from a. typical shot ex-

hibiting thlS cla581cal response appears in Figure 23.

Departures from the cla551cal response occurred guite frequently.
One of the more common results was an asymmetry in the pulses wherein
one Pulse was con51derably smaller than- the other, Oor occasionally,
nonexistent, Figure 24 shows the results of a .typical shot exhibit-
ing this type of behav10r, and is pOSSlbly explalned by beam wander-
ing.. The results obtained from experiments performed with a Faraday-
cup. array support thls:hypotheSIS.

JA Faraday cup COnSlStS essentially of a graphite block that
lntercepts a. portlon of the beam, and a known resrstor from the
block to ground. By monltorlng the Voltage across the resistor,
one has a dlrect measurement of the time hlstory of the current
{the detectors in the MSA are essentlally Faraday cups) . The

7d1ff1culty in measurlng large currents 13 in obtalnlng accurately
’callbrated small re51stors, and in desrgnlng the apparatus w1th

as. low an lnductance as possible.’ Since Sectlon III A, 3 has
already dealt with' ‘the development of this dev1ce, we shall not

report on the detalls of 1ts constructlon and callbratlon here.
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"Channel 4

Channel 5

Channel 6

= 20 V/cm)
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Channel 7

" FIGURE 23. .CLASSICAL TIME-RESOLVED OUTPUT FROM MBSA, SHOT 3131
(Sweep Speed, 20 nsec/cm Vertical Sensitivity, '
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. Channel 2 =~ 0 Channel 4
~20v/em . m20V/em

N Channel 6
Channel 5 ~ 50
- T -
~ 50 V/em ‘ /ém

Channel 7 | _ Channel 8
?% 50 V/gm.. . w40 V/cnm

Sweep Speed: 20‘nsec/cm

. FIGURE 24.. MSA DATA--TYPICAL SHOT EXHIBITING AN

_(sweep Speed, 20 nsec/cm) .

,1_50} o

... ASYMMETRY IN PULSE HEIGHT, SHOT.3120 -
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Figure 25 indicates the orientation of the Faraday cups.

If the beam h:s a uniform cross section for the duration of
the pulse, then all five Faraday cups should have the same guali-
tative output, -perheps with No. 1 having a larger signal due to
a gaussian- type spread in current density. Flgure 26 shows the
results obtalned with a needle cathode and a 50-mil aluminum

~diffuser. all channels exhibit the same behavror, which is typical

of those tests using a diffuser. Figures 27 and: 28 show results
obtained wrth the same needle cathode, but w1thout ‘the dlffuser
The marked dlfferences between the signdls seen by the five chan-

nels, provides strong evidence of a varlatlon of the beam cross~
section profile - w1th time.

Returnlng to the MsA results, another departure from the
classical response is the appearance of extraneous pulses, extra

pulses, or flne structures superimposed on. otherwise normal pulses,

'as shown in Flgure 29.° The data are rnsuff1c1ent to- explain such

behavior satlsfaotorlly

On the . ba31s of beam stability in the drlftlng mode, a compar-
ison can be made of the relative merits of. the three anode-cathode

4conflguratlons tested. ~Deciding whether a glven shot isg successful

Or not 1s qulte arbltrary Generally, a shot is cla551f1ed as a
success 1f it exhlblts the classrcal behavror w1th asymmetrles in
pulse helght and small extraneous pulses, or both Pa shot is un-

successful lf there 15 no real evidence of the cla551cal behavror,

or if there are gross extraneous pulses. Using these criteria, an

analysrs of the shots taken with the MsA is-shown in Table IT,
Neglecting the serles of shots with the 18 18 needle cathode and
6-~in. anode, we see that 53% of the shots on the B4C cathode, 880
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(:::)Cup 4
Cup 1

<:::)Cup 5 3.1 Cup 3

Beam Direction,
®_ Into Page

in

Cup 2

 FIGURE 25. SCHEMATIC OF FARADAY CUP ARRAY

52



e

E&‘:w:‘:rs:a‘h

B

6237

pIFRfQ95¥;"V

Cup No..2 Cup No, 1

Cup No., 4 Cup No. 3

Cup No. 5

Sweep Speed: 20 nsec/cm
~Vertical Sensitivity: nl0 v/ cm

'FIGURE 26. OUTPUT FROM FARADAY.CUP ARRAY INDICATING UNIFORM
BEAM CROSS SECTION, SHOT 3096 (Sweep Speed,
20 nsec/cm and Vertical Sensitivity, 10 V/cm)
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Cupl5

: S : : : Sweep Speed: 20 nsec/cm
E ' ., Vertical Sensitivity: ~ 10 V/cm

" FIGURE 27. OUTPUT FROM FARADAY CUP ARRAY INDICATING .-
AT NONUNIFORM BEAM CROSS SECTION (SHOT 3099) .- -
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Gup 1 - .~ .- Cup 2

Cup 3 _ Cup 4

.Cup 5

Sweep Speed: 20 nsec/cm

 Vertical;Sénsitivity: ~ 10 V/cm

FIGURE 28. OUTPUT FROM FARADAY CUP ARRAY INDICATING

NONUNIFORM BEAM CROSS SECTION .ISHOT_3097)f
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~ Channel 3 Channel 5 ]
R 20 V/em w~ 20 V/com |

Channel 6 Channel 7
~ 50 V/em =~ 50 V/cm

Channel 8 : ' ' Channel 9
~ 30 V/em o .~ 40 V/cm

SWé¢p Spéed:-.golnsec/dm_'

~ FIGURE 29. MSA DATA--TYPICAL SHOT EXHIBITING EXTRANEOUS "

PULSES AND PULSE HEIGHT ASYMMETRIES (SHOT 3123)
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of the shots on the 18, 18 needle cathode, and 100% of the shots
on the 36, 36, 36 needle cathode are partially successful.

The calorimetry results did not indicate definite dlsper51on

The beam was bent however, and the angle was ‘very close to that

predicted. Figures 30 and 31 are side and bottom views of the beam
showing the magnet pole tips and the calorimeter. In Figure 30

(Shot 2379), the magnet current is off; 1n'F1gure 31 (shot 2378),

the magnet current is on.

A red f01l ‘sandwich (Flgure 32) was then used to measure
the deposition proflle along the focal plane of the magnet.

Deposition profiles as a function of x along the calorlmeter
‘plane showed a decrease in depth of penetration toward the low—
energy end of the calorimeter. Although these . results were

inconclusive, they were not inconsistent with the p0551b111ty
that the beam was being dispersed.

In another attempt to check out this p0551b111ty, a Faraday
cup with a narrow aperture was placed at the site of the calorim-
eter. If the time dependence of the low-energy portlon of the
bent beam showed the double-pulse behavior, then it would be fair
to assume that the entire beam had been dispersed. The results
were disappointing The double~peak phenomenon was not observed.

The pulse shape was roughly consistent with the entlre beam- current

'pulse, 1ndlcat1ng that the magnet was probably not sortlng out

energles Perhaps the. entrance angles are mlxed or the focal

‘propertles of ‘the magnet permit mixing of momenta at the 31te of

the Faraday cup.
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Side View

Bottom View

FIGURE 30. MODIFIED QUADRUPOLE- EXPERIMENT, MAGNET OFF,
2 Torr, SHOT 2319 : o
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Bottom View

FIGURE 31. MODIFIED QUADRUPOLE EXPERIMENT, MAGNET ON,
o 2 Torr, SHOT 2378 S ,
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FIGURE 32. RED FOIL DEPTH DOSE CALORIMETER
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As an additional item of interest, a plnched beam was shot
into the system to see what effect the magnet would have on it.
Figure 33 shows the results. The beam seems to have been bent,
and also appears to have been smeared out by the maghnet. Further

- experimentation is required to determine if this smearing 1nd1cates
energy dlsper51on.

d. Integrated—Output Results from Msa

_ The 1ntegrated output. obtalned by readlng the voltages
on the integrating capac1tors ylelds the number of electrons
versus electron energy as an 1ntegrated 1ntensrty spectrum.
leen this spectrum, it is possible to calculate a deposrtlon

proflle in aluminum by means of an available computer code, PIE 2.

The successful demonstration that the MSA was operatlonal and
the observation of the double-peak phenomenon, prompted the studles
investigating the behavior of different anode- -cathode conflguratlons
However, the 1ong range objective of thls program is to develop. a
technique for determlnlng the deposition proflle of the beam that
does not dlrectly interfere with the beam. Spe01f1cally, we would
hope to use the voltage and current monltors in the anode- cathode

reglon to glve us the desired information.

The PIE-2 code has been modlfled to allow the user to read in
corresponding values of’ current and voltage and ‘obtain a deposi- -

~tion profile in alumlnum Currently this technlque is limited by

the’ accuracy in callbratlon of the voltage monitor, a. dlfflcult
problem for future work. We then hope to obtain a correlatlon

‘between the dep051tlon profiles generated by the 1nten31ty spectrum

and those generated by the current and voltage monitors.
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, : . I BEAM, SHOT 2381 (Magnet on, 80 Microns of
% _ : :.".;5 ,'pressure,_Relat1v1st1c Electrons at Approximately 20 kA)
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R As a result of our experlments with the MSA much work has
. ‘been done to develop reliable depth~dose calorlmeters Deposi-
) : tion profiles obtained from the MSA 1nten51ty spectra did not

agree, even qualitatively, w1th those ‘obtained from the depth-

dose calorimeters then in use. To resolve this dlscrepancy, we
attempted to make some aluminum depth-dose nmeasurements in which
the euV1ronment was very similar to the MSA - env1ronment uSing--
double aluminum collimator w1th a 3-mil Mylar w1ndow

Pressure
- around the depth dose was reduced to -less than one micron by~
;; 1nsert1ng the depth dose- calorimeter in a small vacuum chamber
o ‘ placed within the Model 1140 drift chamber. The results of these

experiments agreed at least qualltatlvelyﬁwith the PIEfZIrESUltS
~(Figure 34). ' '

Recent work. on other contracts has shown - that a sultable
collimator must be used for aluminum depth dose measurements

L5 Excellent agreement exists between. depth —-dose measurements and
- ' deposition profilesg obtalned from current and voltago measurcmonts;
B However, trial-and- —error methods must be used to obtaln a callbra—

tion of the voltage monitor, Once a good curve flttlng is obtalned
for one shot “profiles may be generated that agree closely W1th

depth-dose measurements on subsequent shots Figure 35 shows the
‘results for one . shot -

3 £. Conclusions

The MSA has proved to be a valuable experlmental tool for
analyzing the electron beams generated by the Model 1140 Pulserad

a———

s “machine. The time- —resgsolved output data suggests that it may. be=

. possible to produce a double pulse of monoenergetic electrons :

é . . during a. srngle shot The time-~- -resolved data, Wthh also provrdes

a measure of beam unlformlty and stablllty, has been extremely

"E useful in evaluatlng the relative. performances of dlfferent anode—
-~ 7N cathode conflguratlons
Jg(x/?

!
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The integrated output yields results that agree substantially
with standard depth-dose calorimetry, and w1th current and Joltage
measurements. - More work must be done in this area, but at this
point it appears that we will soon have a rellable method of deter-.

mining dep031tlon proflles from the voltage and current measurements
B.  BEAM SHAPING WITH FOILS

1. Iﬁtroduction

Multiple scatterlng of high energy electrons through a thin
target is a process fundamental to the 0peratlon of the Physics
International electron beam pulsers (Pulserads). Electrons
accelerated from the cathode are scattered in’ penetratlng the

anode- ~window, and this scattering represents a significant contrru

bution to the natural w1dth of the resultant electron beam.

"Multiple scatterlng prov1des a convenlent means of ‘broadening
a narrow beam of. electrons to allow the irradiation of large areas
with nearly uniform energy deposition. Irregularities or. flla—
mentary structure in the beam are also largely removed through thls
process. Further, by inserting shaped or com9051te scatterlng
foils in the path of the beam, 1t would be possible, 1n prlnc1ple,

to grossly alter the spatlal electron dlstrlbutlon at- a target

locatlon

The objectlves of the present experlments were two fold
(l) to determlne the extent to which the’ multlple scatterrng of :
hlgh 1ntensrty electron beams is predlctable by cla551cal multlple
scatterlng laws and (2) to attempt to achieve spatlally unlform

- electron dlstrlbutlons using small; ‘shaped scatterlng foils -

placed betwéen the anode-w1ndow and the target For the first =

'objectlve, scatterlng through alumlnum and tltanlum was measured
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. for both the Model 1140 and 730 Pulserads. For ‘the second
objective, the large beam w1dth and wanderlng of the beam on
the Model 1140 Pulserad perritted only qualitcitive results,
The scattered dlstrtoutlon was determined by depositing the
beam in graphlte calorimeter arrays and using a computer code
to calculate and plot the fluence profiles.

To aid in the analysis, a computer code was wrltten that
will calculate the theoretical scattering distribution for various

foil conflguratlons and for an. arbitrary, composite electron spectrum.

- containing up to 10 discrete energies,

2. Theory K

One of the most commonly applied theorles of multlple
scattering and the one with which the present data are compared
is due to Moliere. The theory is wvalid only for 'small angles,.
i.e., angles less than about 20 deg and is partlcularly amenable
to analytic calculation. The pertinent equations resulting from
this theory as well as a brief summary of the general electron
-scatterlng problem follow.

Electrons passrng through matter undergo elastic scattering

with atoms. In ‘this process the electrons lose energy and are
deflected from their original trajectorles. Elastic scatterlng'
is ‘divided ‘into four classes (1) single scatterlng, (2). plural

scatterlng, (3)- multlple scattering, and (4) dlffu51on, deflned
by the number of collisions an electron is subjected to in pene-
trating the materlal This is determined roughly by the thickness
of the materlal in relation to the parameter 1/0N where o is the
Cross sectlon and N is the number of atoms per cublc centlmeter

Single scatter;ng takes place in materials of thickness @ << 1/oN
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with nearly all the electrons scattered by only one nucleus.

Plural scattering occurs for d s 1/0N for which there is a large
probability that a given deflection is the result of several scat-
tering'interactions. Multlple scattering, the primary concern
here, occurs for material thlcknesses d > 1/0N for Wthh the mean
number of COlllSlonS is greater than about 20. For multiple
scatterlng the distribution of scattered electrons is described

by an approx1mately gaussian distribution about the centerline with
small corrections for 51ngle and plural scattering. ‘The - classical
theory of multlple scattering is well established for scattering.
angles less than about 20 deg. Complete diffusion of the electrons
occurs for material thicknesses 4 >> 1/0N. 1In this case the mean
scatterlng angle attains a maximum value, @ﬁax.me33 deg and changes
little with increasing material thickness.

_ The dlfflcultles inherent in understandlng of multiple scatter-
ing of fast-charged particles have led to a dlver51ty of theories.
However, most of: them 1nvolve approximations, such as thin targets,
small scattering angles, and no energy loss, and are thus limited
in thelr domain of validity. The few "exact" theories often cannot
be reduced to a. form convenient for numerical hand calculations or
requlre so much computation that high speed dlgltal computers are

- used to evaluate them.

Most theories on multlple scatterlng are based on the assumptlon

that the scatterlng is adequately descrlbed by ordlnary dlffu51on

and thls 1nvolves solv1ng an 1ntegral dlfferentlal transport equa—

~tion w1th the de31red boundary condltlons ~ The Goudsmlt Saunderson

theory, for example,_glves an expressron for the angular dlstrlbu—
tlon valld for any angle u51ng an expansion in Legendre polynomlals.
The major dlfflcultles w1th thls theory, however,-are that it

(l) neglects energy loss and (2) 1s dependent on the actual path
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traversed by the electrons rather than on the thickness of the
target. Also, extensive computatlon is requlred to evaluate
the slowly convergent Legendre series.

The Mollere theory is basically Jjust the small angle limit
of the Goudsmit-Saunderson theory, and pertains to electron
energies in the range of 104 to lO7 eV. In this range, the scat-
tering is almost entirely a result of elastic collisions with
nuclei, and energy loss is prlmarlly a result of 1nteractlon with

atomic electrons Bremsstrahlung losses are practlcally negligible.

Accordlng to the Moliére theory, for a monoenergetlc,-colllw
mated electron beam, the probablllty that an electron passing

through a foil of thickness d is scattered through an angle o 1nto
the solid- angle aq is

w(B)dR = [2 exp (- —g—z + Fl- 5 )/B + Fz 9 '/Bz 4 e e 12 an
_ \ X B TAX_YB/ X_vB _ 2 XB

where,

44.8 g T
X = — s |5 (degree)
c E+EO/EO EO/E+EO \/::

This equatlon is a modified gaussian dlstrlbutlon, and the
hlgher order correction terms Fl and F2 account for 81ng1e and _
plural Scatterlng Wthh are dominant on the. "wings" of the dlstrl—
bution. Z and A are the atomic number and atomlc welght of the
scatterlng atoms, respectively, and E and E are the kinetic ernergy
and rest energy, respectively, of the 1nc1dent electrons n is the
areal-density in g/cm2 and-is a measure of the thlckness of the foil.

The w1dth parameter B is a slowly varying function of the number of

71
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collisions, n, where n is given by

. 5 _
1 Y
Log n = 8.215 + Log _ {(3)
2z2/3 1.13 + 3.76Y2]

In this equation y = aZ/8 where o is the fine structure ,
constant (= 1/137) and B8 is the ratioc of electrQn velocity to the
véldcity of light. The table below (taken from Reference 3) gives
B for various values of Log n. Fq and F, are tabulated in severai

references (for example, Reference 4).

"Log n B

1 3.36
2 6.29
3 '8.93
4 11.49
5 13.99
6 16.46
7 18.90
8 21.32
9 23.71

The mean value of the scattering angle, @,,for-the.above—

. distribution is

=5 X, /B (1'+0.982/B = 0.117/8% & ++v) o4y

NTE R

_The-aﬂgular:distribution of'scattered-eléctrons-is a modified
‘gaussian distribution about the centerline. . In the literature,

multiple scattering data are often descfibed,in*ﬁérms Qf eitherf
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the above mean scattering angle 8 or the angle out to 1/e of the
central maximum. Due to the relatively large asymmetry of the
beam at large angles in our experiments, howe#er, the scattering
was described in terms of the angular deflection out to one stand-
ard dev1atlon from the central max1mum, l.e., I(lg = (. 606 I
Considering only the first order gaussian term this angle is

1

8-=‘+e X. vB (degrees) - ' 5
75 e gree o (5}

As a useful rule of thumb this reduces to -

8=0.6 "Zl (radians) ()

where n 1is in g/cm2 and E is in MeV.

A computer code SCATT has been developed during these studies
which calculates the scattering distribution using Equations (1)
through (3). Up to 10 discrete energles can be included SLmultane—
ously and the scattered dlstrlbutlon, through either one or two
foils of arbitrary size and distance from the "source" or object
point of the electrons, can be calculated. The code was written
specifically to calculate the necessary configuration of object-
distance, anode-window and intermediate scatterer which_would
provide an esééntially flat intensity distribution over a given
target area. The code is further described in Appendix. C.

3. Experiments

a. Multiple Scattering

1. Data Handling

The,séattering of the Models 730 and 1140 Pulserad electron
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beams was measured as a function of scatterer thickness for both
aluminum and titanium and is described by plots of the square of

the standard deviation and peak intensity versus foil thickness.

The standard deviation g, of the 1nten51ty distribution
resulting from scatterlng through a scattering foil is, from
Equation (5}, s = d tan 6 where d is the distance between the
scattering target and the calorimeter array. However, for small
scattering angles (tan 6 =~ 8),

g =9 1 X VB (radiene)
s 57.4 /3 ©

Substituting'Equation (2) and squaring gives,

N 2
\E+E0/EO - EO/E+EO) A

The relation between the peak intensity I and the thickness
t of the target lS obtained hy 1ntegrat1ng the 1nten81ty distribu~
tion over an 1nf1n1te plane 1ntersect1ng the beamn. Representlng
the flrst order term in Equation (1) by I(r)_'='I0 exp (-r /20
where r is the . radlal distance from the peak of the dlstrlbutlon
-as measured in the plane, we have

W= 27 o, I - - N D!

O
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W is the total incident energy and O, is the standard dev1atlon
of the intensity distribution as deposited on the calorimeter
array. However, since the electron beam incident on the sca.-
tering foil is not paraxial, the total standard deviation Oy
includes contrlbutlons from the natural beam w1dth from scatter-
ing through the anode w1ndow, and the geometry of the cathode-
anode region as well as from scattering in the scatterlng foil.
For small angles the scattering is independent of the natural
width to a good approximation and,

S (9) .

Substituting into the previous equation gives,

_ o 5
W.= Zﬁ (GO + ott)_I0

and for a small natural beam width such that 052 >> 002 we have

(%) -1, © oo

This equation gives a linear plot of I versus 1/t for constant W
and ¢. . However, in the experiment W and o were only approx1mately
constant. At least three effects contributed to varlatlon of the

total energy W depos1ted in the calorimeter array: {1) the non-

j reproduClblllty of the output of the pulsers, (2) the energy loss

in the progre531vely thicker scattering foils, and (3) edge losses
in the calorimeter array (although the solid angle subtended by the

array . was somewhat larger than the beam solid angle, the ratio was

not constant w1th increasing scattering angle). For a given scatter-
ing foil material and experlmental conflguratlon 0 varies very slowly
with foil thlckness through the parameter B (Table ITI).
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One of the ways to determine whether the electron dlstrlbutlon
incident on the calorlmeter has a gaussian proflle is to measure
the T and IO and substitute them into Equathn {(8) to calcqlate
the total calories, W. The difference between this value and the
measured value éhould be small (i.e., within the limits of error
of W as described above) for ‘the gaussian profile approximation to
apply. This check was done for some of the data from the Model 1140

Pulserad and is discussed in that section.

Plots were made of Equation (6) for each material and experi-
mental configuration and compared with the experimental data. 1In
the experiment with the Model 1140 Pulserad_dt could not be resolv-
ed_from'co for_foil thicknesses within the range,of validity of
Equation (6), so the experimental dataare shown with a plot of

Equation (6) for foil thicknesses within its range of validity.

2. Model 1140 Pulserad Data

Thé:Model-ll40-Pulserad was configured in the high .
impedance mode.. A 600-needle cathode identical to the Model 730
cathode was used with an anode~cathode distance of 16 cm. The

~anode Window was 2-mil titanium with a 10 in. dlameter The beam

had a small natural width (no collimator was used) and the energy
spectrum had a mean value of about 3.8 MeV. The experimental con-

figuration is shown in Figure 36.

" The calorlmetry consisted of a 7 x 7 graphlte array with
Ou x 1,0~ ~in. blocks 0.5 in, thlck The locatlon of the scat-

tering foil with- respect to the calorimeter (a 10-cm separation)

was such that-the solid angle subtended by the_calorlmeter was

larger than the largest scattering solid angle. -
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Drift Chamber
(0.5 Torr)

277777

Diode

Anode Window
(10-in.diam, 2—m11
Titanium)

600-Needle Cathode

|

i

’?%ﬂ??

Scattering Foil
(Lucite Holder)

Tx7 Calofimeter
- Array
{1.0-1in, Blocks)

5.5"’}‘— 9.5 cm~

cm

I IIIITIE.

16 cm

, FIGURE‘36. SCATTERING FOIL CONFIGURATION
e MODEL 1140 PULSERAD - -
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The soattering was measured for both aluminum and titanium.
A summary of the-experimental parameters and results is given in
Table TII. A short computer program was written to calculate the
fluence distribution on the calorimeter array. It calculates the
p051tlon of the center of the dlstrlbutlon uSLng moments of force,.

assumlng that "all the calories in each block are deposited at. its

‘center. The result is a plot on the Cal-Comp plotter of the enefgy

deposited in each block versus its distance from the calculated
center of the distribution.*. Plots of G 2 versus t and I versus
1/t are in Figures 37 through 40. The smooth curve on the plots
052 versus t répresent the theoretical scatterlng in- the rance of
valldlty of the Molidre theory. Beam scattering profiles for indi-

vidual shots is presented in Appendix B, Section I.

From Figures 37 through 40 it is seen that the experimental
data differ significantly from the theory even for the single
measurement (with 20-mil aluminum) within its range of validity.
The data in&icate a less rapid spread of the distribution with
lncrea51ng -scatterer thickness than the theory predicts; however,
the scatterlng for both materials was accurately described by

Equation (6) with a different numerical coefflclent. Thus,

5 = 0.32 'ZEn (radians)

Since all the data were measured with a mean inoident_beam'energy
of 3.8 MeV, further measurements are needed to verify this relation
at other energies as well as for other beam geometries and scatter-
ers (Z2,n). One of the possible reasons accounting.for the narrow

The computer code could not be used to plot the Model 730 data
because for many of the shots the peak of the scattered beam
was near the edge of the 6 x 6 array, thus 1nva11dat1ng the
moment calculation due to the lost calories. Hence, skewness
of the dlStrlbuthH as reglstered by the calorlmeter results.,
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profile of the present data is magnetic forces resulting from
the large current densities. The approximate average current
density 1nc1dent on the scattering foils was calculated from the

total calorles as,

where W is the total energy expressed in ]oules, E is the mean

'energy,_tp'ls the pulse length and G is the standard deviation

of the incident beam at the p051tlon of the f01l. The value of

G was calculated from 0 by spherlcal dlvergence with the cathode

o 1.4 x 104
1= 3 =7
3.8 x 107 x 10 x 3.14 x 1.5

..

5 7;8'kA/cm2

The "skin-depth" of the magnetic field in'aluminum and ‘titanium
at the frequency correspohding to a 100~ -nsec pulse length is only
§ = 1.46 mils and § = 3.08 mils, respectlvely, so that, at least in

_the Present,data,'the magnetic fields penetrated a small fraction of

the foil thickness. The shift of the data from the theory, however, .

may be due to:some_macroscopic effect of the current den51ty.

'°FUrther’ekperlmentsiare needed to attempt to define this 1nteractlon.

Further analysrs of ‘the effects of the scatterlng process

. on the behavror of the beam, in partlcular the change in fluence

proflle as. a functlon of foil thlckness, was pos51ble because of

the quallty and consrstency of the data. The beam as transmltted !
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through the anodé window appeared to have a nearly gaussian profile
out to approximately one standard deviation from

ingc 1singly hongaussian for greater radial dista
as

the axis but wasg
nces. However,
ced in the beam,
"wings" of the distri-
file of the central
portion, This behavior is seen from gauss plots of the fluence
profiles for the shots with aluminum foilg~-
A straight line on a gauss plot indicate
tion, and the standard deviation is dete

amount of energy contained in the nongau
bution, however,

snccessiﬁely thicker scattering foils were pla
it bacame more diffuse {larger 0.} and the

buticn more nearly matched the gaussian pro

Figures 41, 42, and 43.*
S & pure gaussian distriby-
rmined from its slope. The
ssian "wings" of the distri-
is a small percentage of the ﬁotal deposition.
This is shown in the table that follows,

which lists the. total
measured calories (QToT) ,

the theoretical value (W) calculated from

COMPARISON OF THEORETICAL AND EXPERIMENTAL ENERGY DEPOSITION
_ -~ AFTER SCATTERING THROUGH ALUMINUM FOILS '
- (MODEL 1140 PULSERAD) - ‘

Foil

| S
Shot " Thickness QTOoT W= 2v0t' Io -Acal/QTOT x 100 (%)
No. - (mil) - (cal) ' (cal) - :

3785 . 3446 2520 27

3789 60 . 1936 1936 27

3790 120 1374 1030

25

A

*

A gauss plot shows the normalized integral spettrum for a gaussian

distribution and ig plotted on probability paper. G(x) is plotted
Versus x where, ' - :

X

uél%x) dx

G(x) = e
jf I{x) dx

Q,

85



e

PIFR-095
Pl -
0.05 - - Gaussian Distribution
0.1 =~ ~—=— Experimental Datga
0.2 ] |
0.5
1
2
X 5
O
10
20
30
40
50
60" ~ |
— L S ‘

5 10 15 20 25
Distance (Arbitrary Units)

FIGURE 41. GAUSS PLOT OF FLUENCE DISTRIBUTION (NO SCATTERING
o FOIL), MODEL 1140 PULSERAD, SHOT 3785
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FIGURE 42. GAUSS PLOT OF FLUENCE DISTRIBUTION (60-mil ALUMINUM
E ' SCATTERER) , MODEL 1140 PULSERAD, SHOT 3789
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The approximately 25% dlscrepancy between the measured and

_ktheoretical values for the nearly gaussian proflle of Shot 3790

is likely due to the limited spatial resolution of the calorimeter
blocks and to the fact that all the blocks were not necessariiy
measured at their peak. These effects would significantly alter
the values of Ut and IO. It is hoped that with:greater refine—
ment of calorimetry techniques this discrepancy can be reduced

still further.

b. Beam. Shaping

i. Introduction

The purpose of the beam shaping experiments was to attempt

to achieve spatially uniform electron distributions over relatively

large target areas by interposing small scattering foils in the path
of the beam. Ideally the effect of the foils might be as depicted
in Figure 44. The central portion of the electron distribution is
scattered by the small foil resulting in an area w1th falrly uniform

energy dep051tlon at the p051t10n of the target

. The experiments were conducted using the Model 1140 Pulserad
in essentlally the same configuration as for the experiments of
Section ITI,B,3,a,2 except that, at that time, the 600-needle-
cathode had not been developed and an 18,18,04neédle cathode was
used instead. One of the major problems with this cathode was '
beam wander and this set severe limits on the accuracy of the beam
shaping experiment. A summary of the experimentél_parameters-rs'

given in'TablelIV;

The calorlmetry con31sted of a. large 5 x 5 array of 2-in, by

2-in. blocks 0.5-in.- thlck with the center block replaced by a
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small 5 x 5 arréy'of 0.5-cm by 0.5-cm blocks enélbsed by four
L~-blocks. Measurements were made of the flﬁenCe deposited in the
blocks as a function of their distance from the axis with no compen-
sation for tne shifting of the peak due to beam wander. AJ] the
blocks at a given distance from the axis were then averaged to
determine the wvalue of the fluence. Three distances were chosen
corresponding. to the average distance off-axis of the large 2-in.

by 2-in. blocks; the average diStance.off—axis of the L—blocks, and
tﬁersmall 5 x'é arfay measured the fluence on axis. The fluence '
at these,three distances is plotted for each scattering foil

configuration.

Three configurations were tested using titanium foil (Table IV).
The anode-calofimeter and anode-cathode distances were .held cénstanf
and the anode-scatterer distance, scatterexr thickness, and radius
were varied. The data are plotted in Figures:45, 46, and 47 and

give a gqualitative indication of effects.

2. Model 730 Pulserad Data

The Model 730 Pulserad was conflgured in the low

eﬁergy.mode. The electron beam had a mean electron energy of

1.0 MeV and a natural width at one standard deviation of approxi-

mately 0.5 cm. A 600-needle cathode was used with an anode=-cathode
distance of 1.0 cm. Half-mil aluminized Mylar sexrved as the anode

window. The experimental configuration is shown in Figure 45,

'The calorimetry consisted of a small 6 by 6 graphite array
with 0'5-'by 0.5~cm'blocks 0.5 in. thick. The distance between
the scatterlng foil and the array was 3.5 cm and was determined
such that ‘the solld angle subtended by the array was larger

- than the 1argest solid angle of the scattered beam.
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Relative Fluence (cal/cmz)

Anode~to-~ ~Calorimeter Distance = 10 cm
Intermediate Scatterer Thickness = 2 mil
Intermediate Scatterer Radlus = 2 cm

® Anode=to- Intermediate Scatterer Distance =
A Anode-to- -Intermediate Scatterer Dlstance

FIGURE 45,

1 2 3
Radlal Dlstance (in. )

INTENSITY VERSUS DISTANCE FROM ANODE
TO INTERMEDIATE SCATTERER :
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¢
1. 14;
_Anode-to-Calorimeter Distance = 10 cm
Intermediate Scatterer Thickness = 2 mil
1.0 7 Anode-to-Intermediate Scatterer Distance
. © Intermediate Scatterer Radius = 1.0 cm
0 9(? A Intermediate Scatterer Radius = 2.0 cm
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0.5
0.4 F
0.3 71
0.2 r A
o,
0.1 F
0_ 1 i . : 1
0 1 2 o 3
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Relative Fluence (cal/cmz)

Anode-to-Calorimeter Distance = 10 em
Anode-to-Intermediate Scatterer Distance = 5 cm
Intermediate Scatterer Radius = 2 cm _

® Intermediate Scatterer Thickness = 2 mil
A Intermediate Scatterer Thickness = 4 mil

0.8
0.7 &
0.6 F
o
0.5 L A
0.4 F
0.3
0.2 F K
0.1 ¢
0 L. L : __L : |
0 1 : 2 o 3
Radial Distance (in.)
FIGURE 47. 'INTENSITY VERSUS THICKNESS OF INTERMEDIATE SCATTERER
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Scattering was measured. in aluminum and titanium foils for
two experimental configurations but with the same mean beam

energy and natural width for both.

The first configuration is shown schematically in Figure 48.
The electron beam was injected through 3/4-in. diameter holes in
the brass collimator plates with the scattering}foils placed over
the second hole. The experimental parameters and a summary of

the results appear in Table V.

The second configuration is shown schematically in Figure 49.
The copper cone essentially replaced the second Collimator plate,
and it was hoped that this would increase the fluence reproduc-
ibility. The foils were placed over the exit of the cone with the
same overall dimensions preserved. 'The experimehtal,parameter_and

results are summarized in Table VI.

" Plots of 02 versus t and Io versus 1/t for both configurations
appear in Figures 50, 51, 52, and 53. Beam profiles appear in

Appendix B, Section II. The variation in the data points is in

part due to the low resoclution of the calorimeter array; however,

this does'not-explain the large divergence of the data for the
second configuration from the theory (solid line in Figure 50 and

52). A possible explanation for this is that the‘current densities

~in the beam are high enough that the collective magnetic forces of

the electron beam affect the motion of'individual electrons within

the beam. Since scattering is determined by the number of collisions

an electron makes in penetrating a material, the collective forqés

could "also act_during the scattering process if the "skin depth" of
the'magnetic_fields is an appreciable fraction of the material

thickness.
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i The average current density incident on the foil is calculated

from the total calories deposited in the calorimeter by

- : : g 2 E wc“z
B , o p o

T W
t

where W is the total energy expressed in joules, E is the mean
enerqgy, tp is the pulse length, and 05
- of the beam at the position of the foil. For a total energy of

o , 180 cal, which corresponds to Shot 9659 in configuration I with

is the standard deviation

S no foil and for a pulse lehgth tP of 60 nsec we have,

_ 760
-8
x 6.x 10

&3 3 = z

10 x 3.14 x 0.2

¥ _ .3 = 20.2 kA/cm2
b Similarly, for Shot 9686 in configuration II with no foil we have,
f‘%!- ' -
SR 800 .
- : 10° 6 x 10 ~ x 3.14 x 0.2
* - _ . 2
j = 21.2 kA/cm”

‘The "skin-depth" was calculated from the standard eguation -

‘ 26 = (E%E)%‘(meters}
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where T is the period, 1 is the permeability and ¢ is the

conductivity (mhos/meter). With T 2t and for aluminum:
where 0 = 3.72 x 10’ mhos/meter we have.
1 -7
5§ = /2 X 10
: 2 =7 7

4T x 10 X 3.72 x 10

§ = 2.84 % 10°° m

o
i

1.12 mil

The "skin-depth" for‘titanium'whére o = 2,22 x 10° mhos/m
similarly is § = 4.68 mil. Since the scattering foils ranged in
thickness from 0.5 mil to 2.7 mil, significant penetration of the
fields would be expected in.all cases. The conclusions to be
drawn from the present experiments are limited, but the suggested
anomalies from classical scattering certainly reguire further
detailed study to explore whefher the scattering is constrained by

magnetic forces or by an entirely different mechanism.

An attempt'was made to use the computer code SCATT to predict
the scattering, but the large beam wander and 111 -defined source
point of the electrons made it 1mp0551b1e to get reasonable compar-
ison of experimental and theoretical results. . Accurate calculations

will be p0551b1e when the beam geometry is better defined.

4. Summary and Conclusions

The multiple scattering of high intensity electron beams from

' the Model 730 and 1140 Pulserad has been measured. Although there-

was reasonable agreement with theory for some of the low energy
data, ‘other data from the Model 730 Pulserad differed 51gn1f1cantly,
indicating that other interactions such as magnetic forces due to

the large current densities may influence the scattering. The high

106



-
; !

g

PIFR-095

energy data from the Model 1140 Pulserad experiments also
differed from the theory, but the results were uniform and
consistent, i.e., the square of the standard deviation varied
approximately linearly with the scatterer thickness. Further
experiments are needed to determine if, in faCt collectlve

magnetic forces do influence the scattering process

Analysis of the Model 1140 data indicated that the electron
beam, as transmitted through the anodé<window, has a rodghly gauss-
ian core (out to one standard deviation) and that the fluence in
-the periphery.of the beam is only a few percentrabove.that expected
for.a normal gaussian profile. With increased scatterer thickness
a more nearly gauséian profile was achieved. Approximately 75% of
the measured depqsitéd energy could be acéounted for by summing the

volume under the gaussian deposition profile.
- The beam shaping experiments gave only qualitative results due
to the problem of beam wander and the large natural,width. With

improvement of the beam much more accurate results will be possible.

C. BEAM SHAPING WITH MAGNETIC FIELDS.

1. . Introductiecn

The pulsed, relativistic electron beam produced by a Pulserad
has several impbrtant characteristics. Generally speaklng, the beam,
.at present, has a total energy typlcally less than 5000 calorles,

a C1rcular Cross sectlon, and an angular dlvergence ‘The latter two -
propertles can be modified by variation of the gas pressure, but the
cross section remains circular. In some of the very recent low-

" energy (1 MeV), ultra-high-current beams, it-is possible to modify
ﬁhe cross seCtioh by guiding the beam with conducting walls {(Refer-

ence 5). 1In thefhigher—energy'(m 3 to 4'MeV)ﬂbeams however, only
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moderate success has been achieved to date. In many experiments,
the required irradiation area is noncircular, and the beam cross
section, as a result, must be varied until the diameter of the
beam correspohds’roughly to the largest dimension of the target.
As a result, a significant part of the beam is not deposited in
the target, and the total energy within the beam is used very

inefficiently. .

The use of external magnetic fields, although more cumber some

~to employ than simply changing the gas pressure or moving a-conduct-

ing surface, offers a possible approach to improving the efficiency
of the beams. In particular, it is well known that a circular beam

transported through a quadrupole field will be focused in one dimen-

' sion and defocused in the perpendicular direction, producing an

elliptical cross section. If, in turn, the beam is taken through

a second quadrupole'that is the mirror image of the first field,

‘the beam can be returned to a circular cross section, and if done

properly, could be focused into a smaller cross section.

The first;tranSfbrmed beam is'extremely‘attractive, since.
preSumébly the ellipticity of the beam could be chosen to match
the dimensions_of the target. In doing this, the total energy of
the beam would be most efficiently used. The double transformed
beam, on the other hand, night allow_higherrfluenCes to be obtained
than those poésible by other means, e.g., the magnetic self-pinching

technique by properly choosing the gas pressure.’

Presented.in this section are the results obtained using a
magneti¢ quadrupole focusing system on the eleétron beam produced
by the Model 1140 Pulserad. The program had three major phases:
the initial phase developed a computer code capable of calculating

both singlef and double—quadrupole optics, toube_used to design

108



-

‘PIFR-095

and carry out the specific experiments that followed. The second

and third phases investigated experimentally whether a predictakle,

distorted beam could be achieved. The second -phase eXxperiments

employed a single quadrupole to achleve an elllptlcal beam, whiie

the third- phase experlments were carried out with an orthogonal

"double quadrupole system which theoretically should produce the

focused crrcular beam.

During rhe-courSe of these investigations, some work was done
that utilized a solenoid magnet to improve the injection conditions
into the single quadrupole system. A description of the solenoid
has been presented'elseWhere; but the'importance cof that work to

these experiments should be pointed out (Reference 2 and 6).

The code development is briefly'outlined in the foliowing
section with more detail appearing in Appendix D. The physical
construction-ahd calibration procedures are described in Section III,
with the experimental results for the single 'and double quadrupole
system presented in Sections IV and V, reepectively Finally, the
conclusions drawn from these experiments along with some recommenda—

tions for future experiments are discussed in Sectlon VI,

2, lTheory

The phys;cs 1nvolved in a magnetic quadrupole optlcal system
has been descr;bed in many texts (for example,_Reference 7). 1In
addltlon dlscu551on of a quadrupole system ‘as applied to a pulsed’

hlgh current electron beam has been given by Llnk (Reference 8).

In this report we. . shall brlefly point out some of the essentlal

features of the problem.,

Figure 54.is a schematic_of a gquadrupole magnet. To first

approximation, the magnetic field near the center of the magnet .
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is given by

B. =b ' | ({11
y X , {11)
B =0
z

where b is a constant that depends oﬁ the current in the windings
of the magnet coil, the separatlon of the pole tlps, the pole

materlal and conflguratlon, etc.

If we consider only paraxial rays, we can assume that

Ve = vy é.Q’ v, =‘v, and we will then have
F_ .= ev B.
X z 0y _
Fy = ev, Bx . : (12)_
F, =0
or
F_ = evbx
X
F_ = -evb o - (13
y Y - +3)
F =0
z

The expressions in Equation (13) indicate that the configuration

under consideration w1ll have defocuslng in the X=2Z plane and

ffocu51ng in the y z plane

- In the paraxial approximation we have

d__, 4
- dt dz
- and |
£§;'= vz.ézz ‘fléf
dt dz™ -
' 111
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From Newton's Second Law, using Equations (13) and (14),
the equations of motion for an electron in a magnetic field

described by the expressions in Equation (11) become:

2

d%x _ eb
az mv
(15)
a®y _ eb
dz my o
or
2
d § - kzx,
dz .
: _ (16)
2
d % - _kzy
dz

The next question to consider is the variation of the field
gradient, b, with axial distance, Z. As one moves away from the
center of the quadrupole along the z-axis, the field will decrease,
eventually failing to zero. However, to a good approximation, the
physical quadrupole may be replaced by an idealized quadrupole of
constant field gradient, changihg discontinuously to zero outside
of an effective length, T, the so-called "hérd4edge'model" (Refér—

ence 9).

A good approximation using.the hard-edge modei (Figure 55) 1is
obtained for L by replacing the B-versus-z curve with a rectanglé

whose height is,equél to Bmax’ and whose area is equal ‘to the area

under the B-~versus-z curve.
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The solutions to Eguation (l6) are straightforward. If
we let.XO and)(b' correspond to the coordinate and slope of an
electron in the x-z plane at the entrance of the effective field,

then at the exit of the field we have

X(L) = X, cosh (kL) + X' sinh (kL)
| (17)
X (L) = kxo‘sinh (kL)Y + Xo‘rcosh (kL)
The corresponding result for the focusing plane is
Yo '
Cy(nL) = Y, cos (k1) + o sin (kL),
| | o (18)
v(L) = kyo sin (kL) +‘yo' cos (kL). '
A matrix equation can be used to describe the trajectory of an
electron in a_magnetic focusing system:
x(z) a b X
= (19)
T L]
\x'(z) c & Xq
or
X{z) = M XO

‘The quantity M is called the transport matrix:fqr‘the electron in

‘the x-z plane. We have already derived two transport matrices,
one for the focusing plane, MF, and one for the defocusing plane,

of a quadrupole:
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cos (kL) - {1/k} sin (kL)
MF(k,L) = (20)
-k sin (kL) cos (kL)
cosh (kL). (1/k) sinh (kL)
Mpy(k,L) = . (2D
k sinh (kL) cosh (kL)
To complete the analysis of any magnetic focuéiﬁg system, a
transport matrix for a field free region is needed. It can be
easily verified-that such a matrix is given by =
1 A , :
M_(A) = : ' (22)
FF 0 1 ,

where A is the axial distance traveled in the field-free region.

Any -quadrupole system can be described by a combinatioh of
the three transport matrices. For example, -a system composed of
a field-free region of length A, a focusing quad of strength k
and length Ll;'a field-free region of length B, and defocu51ng

- quad of strength k2 and length L2, rplus a fleldffree region where

D_as the focus point is given by
,X(D)-= MFF(D)MD(szLz)MFF(B)MF(kl’Ll)MFF(A) Xor

where the normal rules for matrix multiplication apply. In this
case the particle starts in the field-free region. The quadrupole
code we developed utilizes this approach to the ‘problem. Appendlx D

_descrlbes the use of the code and explalns 1nterpretatlon of the

output.
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3. Quadrupole Construction and Calibration

Two identical quadrupoles were constructed for this program.
The quads, which are electrically powered and are water cooled,
were designed to ride on a rail that was suspended from the top
of the Model 1140 Pulserad drift chamber. The Coil.windings,
complete with cooling coils, were supplied by'ReSearch Magnetic
Systemé, Inc., while the magnet pole tips, and the magnet housing-
were cbnstructed by Physics International. Figﬁre 56 is a photo-—
graph of an assembled quadrupole,

A plot'ofrthe BY field versus distance from magnet center
along the horizontal x axis appears in Figure 57. For a magnet
curreht, I, eQual to 10 A, a field gradient b, equai to 150 G/cm
is obtained. . ~Note that the assumption of. a constant b, holds
only out to 3 cm from the z axis.

Assuming the magnets do not saturate, an assumptlon verified
in the magnet- current range from 1 to 10 A (see Figures 7 and 8),
implies that the field gradient, b, is llnearlyidependent on

the magnet current (Figure 58).

To obtain the effective field length, L, for the quadrupoles
a plot of B-field versus distance from magnet center along the
z axis was madeé for different magnet currents and for different
radial positions. Figures 59 and 60 illustrate'the field variation
for 10 A and 3 A; fespectively From both flgures we have obtalnod_

an effective fleld length of approximately 11.0 cm.

4. Beam Shaping with Single Quadrupole

Consider a single quadrupole whose pole configuration'is shown
in Figure 51. This system will focus a beam in the y-2 plane and '

defocus in the x-z ‘plane.
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ASSEMBLED QUADRUPOLE

FIGURE 56.
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A ray diagram for a single quadrupole optical system is
shown in Figufe 61. In the figure, and in the analysis below,
fF is the point at which a ray crosses the z axis in the zx
focusing plane measured with respect to the edge of the effective
field; fD is the corresponding point in the zy defocusing plane;
and A is the radial distance of an arbitrary ray parallel to the
'z axis. If a calorimeter is-located at z, where o < z <« fé, we

have
X _ A
- - r
Z fD fD
X __ - A
fF~z fF
Thus we have an ellipse whose eccentricity e-(z x/y)} is given by
1 - z/fD
g = I_:“§7?; Case 1: fD < 0; 0 < z < fF

Similar analysis yields the'following results:

I - z/fb : : o
E = e Case 2: f£_ < 0, 0 < £ < =
2 R D " UF
_ F _
z-/fD -1 Case 3: f_ < 0} f_o <0, z >0
E = D F
z fF - 1

The precediﬁg equations simply predict how a parallel beam of
monoenergetic electrons with a circular cross section can be trans-

formed into a beam with a line cross section at the point z = fF‘
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The beam from the Model 1140 Puléerad, however, is generally
neithexr monoenergetic nor paraxial. We are therefore faced with
the problems of "chromatic" aberration, that'ié, electrons of-
different energies coming to a focus at different points on the

z axis, and uncertainties in the effective object distance and the
resultant lack of a definite focal point. The”problem of repro-~-
ducibly injecting the beam into the quadrupole on axis should also
be mentioned. Because of these difficulties, an initial estimate
of an 8:1 ratio of major to minor axes was made. Such a ratio
would still be attractive for many practical tests. In a brief
preliminary study, a ratio of 2.5:1 was obtained on the Model 730
Pulserad, using a crudely conStrucEed gquadrupole with permanent
magnets (Reference 10). '

A schematic of the geometry used for these experiments appeérs
in Figure 62. A needle cathode was used that consisted of two '
concentric circles with 18 needles in each circle. The anode was
a'titanium-fdil, 0.002 in. thick. A pulsed solenoid (Reference 2

. presents further details on this solenoid) was used on each shot to

improve the injection reproducibility of the beam. The beam was
detected with a conventional 5 x 5 calorimeter array composed of

graphite bleocks, 2-in. x 2 in. x 1/2 in.

To experimentally determine the eccentricity of the beam at
the calorimeter plane, we considered only the five calorimeter
blocks on a horizontal line through the center of the calorimeter,
and the five blocks on a vertical lire through the center. The
total calories:depositéd in each block provides an energy distri-
bution for the beam on the horizontal and vertical cuts. We denote
by X the position of the blocks on the horizontal cut, with X
taking on the values -4, -2, 0, 2, and 4. Similgrly, Y; denotes
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the position of the blocks on the vertical cut. TIf f(xi) and f(yi)
are the calories deposited in blocks Xy and yi, then the mean of

each distribution is given by

5
- 1 '
%=k D x fx)
and
5
— 1 — |
Y =7 Z y; £l¥y)
i=i
where
5
o = E f(xi)
i=i :
and 7 :. , - 5
B = Z: f(yi)
da=i

. ¥ )
The dispersion; 02 , for each distribution is. given by

5 _ ‘
2 _ 1 z : 2
% T & (xi X) .f(xi)
oi=1 '

or by

sz -F - 22

with a similar expression for,cyz. We now def}he the eccentricity

of the distribution, £, as

o
£ = Y if g >0
Oy X Y

For a gaussian distribution, I =1 exp (—x2/2q2),-x = + 0 1§
the point for which I = 0.606 Io. T L : .
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or as

The results of the experiment are summarlzed in Table VII.
It appears that the 1n1t1al prediction of £ = 8 was nearly realized
by the experlment Because the energy dep051ted in the calorimeter
cenerally fell or nearly fell to zero on the w;ngs of the vertical
cut, but did not do so on the horizontal cut, the tabulated values
should be regarded as lower limits.

Calculaticong of the eccentricity'as a function of field
gradient have been made for a calorimeter distance, z, of 1.75 cm,
assuming a beam energy, 'E, of 3.75 MeV and an object distance, $,
of 20 cm. ' |

The results of this experiment are plotted in Figure 63 along
with the results of the experiment at z = 1,75 cm. It would appear

‘that the two results are not inconsistent. 'Figure 64 contains

plots of'the same quantltles for the experlment at z = 5.25 cm. _
In this case, with E = 3.75 MeV, and an object dlstance of = 5.0 cm,
the results show a fair fit of theory to experiment. Increasing‘the
energy and/or decreasing the object distance will raise the caleulated
curve and 1mprove the agreement |

Exactly why two different object‘distances'are required to

‘describe the two experiments is unclear. The experimental situation,

as. prev1ously mentloned is quite different from a monoenergetic
beam with a well defined object distance. It may well be that a
certain comblnatlon of effectlve beam energy and effectlve object

distance exists that is capable of descrlblng these experlments
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{
TABLE VII
- : *
e - RESULTS OF BEAM SHAPING EXPERIMENT
a1 Shot Quadrupole Field I Beam
No. Gradient (G/cm) (A) Eccentricity (e)
- 3328 0 0 1.03
3329 0 0 1.13
. 3330 150 10 2.02
) 3331 150 10 1.94
> 3332 225 15 2.65
3333 225 15 2.55
3334 300 20 6.45
o 3335 300 20 5.65
v **k
o ' 3348 450 30 2.39
. ' * %
3349 450 30 2.65
T® Solen01d capa01tor~bank charglng voltage was 8.0 kv
» on all shots
ox ‘
&3 Effective fleld calorlmeter separation was 5.25 cm, as
5 opposed to 1.75 cm on other shots
'
5 kw:
i
0128
" L2
o
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but it would require a trial—and—error method to find such a
combination. The practical value of such a search is limited,

and for that reason has not been pursued.

5. Beam Focusing with Double Quad

The doublg_quadrupole, or "doublet", is-the_simplest configur-
ation that will give focusing in both the x éhd y components, The
quads have opposite polarity, so that if the effect on the trajec-
tories in the x-z plane is to focus and then defocus, the effect

in the y-z plane would be to defocus and then focus.

A ray diagram for a double-quadrupole optical system appears
in Figure 65. For this system, the coordinates are referenced to:

. the edgé of the effective field of the second quadrupole‘and the

values of x and y are the deflections resulting from defocusing and

focusing, respectively, in the first quad. ﬁDf-is the point at

. which a ray in the focusing plane of the second quad crosses the

z axis, and ffD is the corresponding point in. the defocusing plane.
Thus, for the configuration of Figure 65, in.which 0 < z' < foe

we have

X _ X
- . .
s fpe "%
]
fY v '
ffD'— Z

~ If the values of x and y from Equations (12) and (13) of
Section'IV-(chresponding.to 0<z < f. when z is the location
of the effective edge of the second quad field [z' = 0])
substituted, and the results are used to calculate the eccentric-

'ity of the focused beam in the plane of the,calorimeter'array,
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then _
{1l - z/fD)(l - z'/fbf)

(1 - z/ff)(l = z'/ffD)

‘*<‘._.I ><. :

Note that the quantltles in this equation must be measured with
respect to the appropriate coordinate system. The conditions
necessary to achieve a circular beam cross section are obtained
by € = 1,

- z/fD) ; (1 - z'/ffD)

T =2/t - T - 275,

Analogous eéiculations for different configurations of the
two guadrupoles will give other.conditions'under which a circular
beam cross section might be achieved. Since only small deflec~-
tions in the quadrupole field are involved, a condition that can
be imposed on the variables in the above equation to achieve a
focus is ffD = fo The separatioﬁ of the effective fieldé, Z,
for a given electron energy, determines the magnet current for the
required focus."The area of the circular beam erbss section is

determined by the position of the target with respect to the focus.

In_the.experiments using the double-quad system, the field
gradients_in_the'queds were not in the optimum ratio to achieve
a fdcus'consistent with other experimental parameters, so cqnfirmaf

~tion of the maximum focu51ng properties was not p0551ble " The

hlghly unlform elllptlcal beam cross sectlon and ‘high eccentr1c1ty

‘,achleved w1th the single quad 1nd1cates that w1th the proper con-~

ditions in the'second guad, a focus could be achieved.

In evaluating this technique as a means of achieving beam .

focusing, several difficulties should be mentioned. . First, the
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technique islextfemely sehsitive to beam conditions. Any
variation in effective object distance, mean energy, or radial
beam wander degrades the focusing quality quité rapidly.

Table VIII shows the results of a code calculation (for the

set of magnet geometry conditions where most of the unsuccess-
ful experiments were performed) concerning how rapidly the.beam

parameters can influence the optimum focusing plane.

Secondly; the practical implementation of the technique is
quite complex. The quality of beam focusing is sSensitive to
misalignments between beam axis and quadrupole .axis, and. thus
requires that very careful alignment procedures be followed. In
contrast, experiments recently completed using a conductlng plpe
to guide a- plnched circular beam have shown promising results.
Table IX is a tabulation of the total calories, peak fluence, and
beam radius (FWHM) obtained for a series of typical shots using
thisg technlque.%‘ Tt should be noted that the 1nteract10n of the
beam with the walls is not strong enough in a so-called drifting

mode to obtain an elliptical beam, so the single quadrupole focusing

is still the only technique at present that provides an elongated
beam.

6. Conclusions -

The attempts to shape the electron beam from the Model 1140
Pulserad with a-quadrupole magnet ‘have been partiaily successful.
With.a single quadrupole and pulsed solenoid magnets, we have
demonstrated an ablllty to control the eccentr1c1ty of the beam,
at least up to a factor of & »~ 8, by varying the quadrupole field
gradient. A highly unlform_elllptiéal beam cross section was- |
achieved. Accurate measurements for high eccentricities were

limited only by the lack of resolution of the calorimetry as a

Thls technlque was explored by Dr. P. Spence as part of a
PI-funded beam program ‘ e
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TABLE VIII

VARIATION OF FOCUSING PLANE
AS A FUNCTION OF BEAM AND QUADRUPOLE PARAMETERS

(Separation between quadrupoles = 2.5 cm,
effective length of field = 11.0 cm.)
. - G/cm
Field Gradient: QUAD 1 150 225 175
, ' QUAD 2 225 225 350
. Energy {(MeV) [ Object Dist. -{cm) '
3.2 . 5 -8.48 | -12.77 -6.44 = £, (cm)
| 6.00 6.79 1.44 = £, (cm)
10 ~10.02 | -5.13 | =-7.35.= f.  (cm)
| 5.74 6.62 1.33 = £, (cm)
200 . -0,12 -6,47 -4.54 = £, (cm)
| - 5.50 6.47 - 1.24 = £ . (cm)
3.5 ‘ 5 -8.78 | -11.48 -6.66 = f.o (cm)
| - 6.91 - 7.3;-: 1.91 = £ . (cm)
10 ~10.08 -4.03 -7.36 = £ (cm)
6.59 7;52 | 1.79 = £, {cm)
20 16.76 | -6.40 -3.30 = £, (cm)
| 6.29 7.39 1.68 = £ . (cm)
3.8 | 5 -9,17 | ~11.11 -6.88 = £, (cm)
10 1-10.24 | -1.66 ey (cm)
7.47 r_"_gzég_ ,fo_(cm)
20 1 -47.40 || -6.25 £ (cm)
_ St e -

7'11 LT““EEi_ :fo {cm)

-Expe:imeﬁtal //ﬁ
Configuration

Optimum /-
Configuration
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BEAM FOCUSING USING A CONDUCTING CONE TECHNIQUE

Cone No. 1

Parameters

Cone No. 2

‘Parameters

TABLE IX

Cone Length = 39 in.
4-in. entrance aperture

1-3/4-in. exit aperture -

Cone Length = 47~in.

4-in. entrance aperture

3/4-in. exit aperture

" Drift ' :

o Chamber Pressure Total Energy Peak Fluence
Shot No. {Torr)} Cone No. (cal) (cal/cm2)
4407 200 1 294 66
4408 150 1 1193 401
4409 200 1 232 45
4410 100. 1 J 978 275
4432 150 1 552 151
4424 150 2 206 98
4425 150 2 19; 89
2426 100 2 469 179
4427 100 2 250 85
136
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result of steep fluence gradients and by the fact that the major
axis of the ellipse extended beyond the edges of the array. No |
simple model of the beam could be used as input to the computer
code to predict'the effect of the quadrupoles for all experimental
configurations, but for a given configuration the calculation
agreed reasoﬁably well with the experiment.

Experimenté with the double-quadrupole system were unsuccessful
due to a poor choice of field gradients and experimental geometry,
but the results with the single quadrupole indicate that the linear
transformation through a second quad should resuit in a highly
focused beam. Other work, however, has indicated that highly
focused beams may be achieved by injecting the beam through a
solenoid magnet mounted in the anode-cathode region, so the major
use of the quadrupole system may be in transporting and shaping
the beam. ' ‘ |
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APPENDIX A

CONSTRUCTION AND CALIBRATION DETAILS
FOR THE MAGNETIC SPECTRUM ANALYZER (MSA)
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SECTION T

INTRODUCTION

This appendix summarizes the development of a magnetic spectrum
analyzer (MSA), designed for operation on various electron beam
generators (pﬁlsers) produced'and operated by Physics International.
The MSA was cohceived as a device that would measure directly the
spectral characteristics of the electron beams generated by the
pulsers. Suecessful operation of the MSA in eonjunction with depth-
dose measurements and with current and- voltage measurements, could
lead to a technique for determining the electron ‘beam deposltlon

proflle on each shot that does not perturb the beam.
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SECTION II

APPARATUS

The essential elements of the MSA are the magnet itself, a

vacuum chamber and COllimating system, and a detector array.
A." THE MAGNET

‘The magnet is powered by a Harrison Laboratories Model 6516A
dc power supply. Operatlon is generally restricted to a linear
portion of the curve ‘that plots maximum magnetic field in the
magnet as a functlon of current in the magnet coils (B versus:
I ) This linear portion is typically between 2.0 and 7.0 A, _
corresponding'fo 290 and 990 G, respectively. Figure A-1 is a
plot of B __ versus Iﬁ for this region.

A schematic top-view of the'magnet pole tips and a photograph
of the entire magnet are shown in Figure A-2. The pole tips are
soft iron and have a 1l-in. separation.

B. THE VACUUM CHAMBER

A portion of the vacuum chamber fits between the magnet peole
tips. The collimating region and the region containing the detec-
tors are also part of the vacuum chamber. The collimator is

shielded magnetically using concentric cylinders of mu-metal foils.

‘A schematic and a photograph of the collimator are shown in

Figure A-3. The mu-metal foils and the adjustable rectangular
slit are clearly shown in the photograph

The electron beam is collimated using (1) a circular aperture
that is 1.9 cm 1n diameter and (2) an adjustable rectangular slit,
0.5 cm by 0.5 cm maximum width. The slits are‘separated by 11.0 cm.
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(a) MSA Magnet

10 1/4 in.

2-1/4 in.

(b) Dimensicns at Pole Tips

FIGURE A-2.

4811

PHOTO AND DIMENSIONS OF MSA MAGNET
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(a) View of collimator showing p-metal
foils and adjustable collimating

slit.
u=Metal
T =

L7

0.5 cm

=

Adjustable
slit

"11.0 &m

(b) Schematic of collimator -

FIGURE A-3. MSA COLLIMATOR
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In addition, a pair of scrapers are located beyond the rectangular
slit. The electron beam enters the system through a 0.003-in.
Mylar window at the circular aperture

C. THE DETECTORS.-

The different energetic components of the beam are separated
by the magnet and are then detected by a series of ten Faraday cups.
The signals received by each detector are channeled to separate
integratihg networks from which both I(T) and:q* can be recorded.
A schematic of the integrating network for each channel and a

rhotograph of the graphite array are shown in Flgures A-4 and A-5,
respectlvely.

The timevresolved-signals are generally recorded on Tektronix
Model 519 oscilloscopes, because of the extremely fast risetimes
of the signals. The integrated outputs are recorded by a VIDAR
Integrating DigitalTVoltmeter, which has a 20 channels per second
printer output. | |

To demonstrate the compatibility of the two types of measure-
ments, consider the results obtained from Shot 3131 on the Physics

International Cbmpeny'Model 1140 Pulserad. Figure A-6 shows the

oscilloscope trace obtained from Channel 6. eUsing a polar plani-
meter, the area under the curve on Channel 6 was-found to be
2

“AG_;f‘.l.94-¢m o

* = :f o . '
o =-/}(T}dt over. the duration of the pulse,
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Note: = . .
.20 uysec/cm  Sweep Speed -
- 17.8 V/cm Sensitivity

FIGURE A~6. OSCILLOSCOPE TRACE OF CHANNEL 6
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With a vertlcal sensitivity of 17.8 V/cm and a sweep speed of
20 nsec/cm we have

1 cmn® = 3.56 x 10/ V-sec
Hence
o | -7
. AG = 6.92 x 10 V-sec

Now the total charge collected on Channel & is given by

A

_ B
Q6 = g X 1.11
é _ 6.92 x 1.11 x 10”7 v-sec
6 = 5.0 % 10 q
and
-8
0 = 1.53 x 1078 ¢

(The factor 1. 11 is used because only 90% of the input 31gnal
is transmitted to the 0501lloscope )

Referring to Figure A-4, the total capacitance of each
integrator ghahnél'is given by

¢ = 5.22x 1077 F

Hence, the iﬁtegraﬁéd-output for each channel, in coulombs, is-
given by '
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where Avi is the net voltage change across the integrating capaci-
tor during the shot. On Shot 3131 we have

AV 2.87 x 1072 v

6

Hence

8

0 1.50 x 10°° ¢

6

in good agreement with the resﬁlt obtained from the current wave-
form,
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SECTION TIIT

MSA CALIBRATION PROCEDURE

The MSA is calibrated using two separate techniques. One
method determines the focal points for electrons of different
energies, given the measured magnetic field gradient of the magnet
while the other determines the focal point for 1-MeV electrons.

The calculation was performed by means of a computer code
developed specifically for that purpose. The code calculates
the trajectory of an electron in an inhomogeﬁeous magnétic field
given the field gradlent the maximum field strength the energy
of the electron, and the initial p031t10n and dlrectlon of the
electron in the’magnetlc field. By plotting the trajectories of
initially parallel, monoenergetic electrons, one obtains the focal
point for thess-électrons as well as the angle at which these
electrons pass through the focal point.

The.magnétic field gradient was measured with a Bell 110A
Gaussmeter. A %—in. grid was used to make B-~field measurements
of the entire area of the magnet and the fringe.field area several
ihches beyond the pole'tips of the magnet. This measurement was
made with a B ax.of 310 G. . Later, measurements were made using
several different magnet currents to determine whether the field
gradlent remalned unlform over the range of expected operating
currents, Figure A-7 illustrates the p051t10ns at which these
measurements were taken. ' -

The results of a number of these measurements are shown in
Table A~1. Refer to Figure A-7 for an explanation of the row and
column designations. The values of B in rows 1 and 2 have been

normalized tO'thé'value of B in row 0. 1In the table, Alg = By a/B
_ ,

0,a

-
L
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where the first B subscript refers to row numbef, and thé_second
to the column letter. The last row in the table was obtained from
the magnetic field gradient incorporated into the computer code.

A Bmax of 310 G implies a magnet current of 2.1 A.

From Table A-I, it appears that dlscrepanCLes exist between
the field gradlent 1ncorporated into the code ‘and those present
during actual operatlon of the MSA. The dlfferences are on the
order of 10 and 20%. for columns A and B, but are less than 5%
for columns C; D, and E. . It_should be pointed 0ut, however,
that for the field strength of greatest interest, that is
Bmax = 900 G, Im = 6.30 A, the electrons reaching'the highest
energy channels never pass through the regions represented by

Columns A and B. The detector locations were calculated for

' this field. - The highest energy channel in this-configuration

is 5.0 MeV, much higher than the mean energy expected from the
Model 1140 Pulserad. Hence, the field gradient used in the
calculation was in error by no more than 5% from the field
gradient when the_MSA was in use on the Model 1140 Pulserad.

The second method employed in the calibration of the MSA was

an experimental determination of the focal point for 1.0-MeV

07

electrons. A 100-uCi sample of 81207 was used as a source of

~electrons. (One curie is equal to 3.7 x 1010 disintegrations'per

S 2
second,) B1207 decays to Pb207 by electron capture, and Pb 07

subsequently decays to- ltS ground state, radlatlng a 1.064- —-McV

and a 0, 570 MeV gamma ray in the process. Orbltal electrons

'ejected as a result of these gamma rays were used to calibrate
the MSA. - '

A-15
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The conver51on efficiency, that is, the ratio of electrons
ejected to gamma rays produced, of the 1.064-MeV gamma ray, Yqir
is 0.30. For the 0.570-MeV gamma ray, Yoo the conversion
efficiency is only 0.02. Hence, in any given time interval, if
we denote bY.NYl and Nel the number Qf_gamma rayé and electrons
produced, we can write

N = 0.30 N and N = 0.02 N
Y e

®1 - 1 2 Y2
Because N = N , we have N /Ne = 15
Yo o €1 ©2
Now N = N ‘+ N . Therefore N = 0.94 N
e el e, e ' e

The ratio of electrons ejected from the K shell to those

ejected from the I shell (those ejected from hlgher order levels
are 1n51gn1f1cant) is ' '

K _
for Yy o = 4.0
K _
for Yo T = 4.4
Hence, we have
N = 0.75 N
€1k <
N = 0.19 N
ey, e
N = 0.05 N
€2k
N = 0.0l N
- ©or, €
A-16
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The binding energies of the X and L eledtrons in Pb207

are given by

el
H

g = 0.088 Mev

=
il

0.015 Mev

.The spectral distribution of

electrons emitted by the Bi2o?
source may be written:. ' '

N (e +0.976 MeV) = 0.75 N
e : e
1K - .
N {e” + 1.049 MeV) = 0.19 N
e e
1L :
N. (e + 0.482 MeV) = 0.05 N
=] e
2K
N~ {e "+ 0.555 MeV) = 0.01 N
€L, ©

There are other decay modes for Pb207-to the ground state, but
these modes contribute only a small fraction of the total gamma
ray output and the distribution derived above is sufficiently

accurate for our purposes. Considering the lnherent inaccuracies

of our experiment,. the dlstrlbutlon is essentlally

N ”(éf
S R

+ 1.0 MeV) 0.94 Ne

+ 0.5 MeV)

il

SN (e

0.06 N
e, e

Now, the radioactivity of our sample is
dis/sec

o - = 3.7 x 10°

is given by

A-17
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dnN
ne = ar- nel + ne2
n, = 0.32
n, = 1.12.x lO6 sec_l

The 1.0-MeV electron flux in a solid angle of 4m is then

n = 1.11 x 10° sec”?
e ‘
1
During the calibration procedure the source was located inside
the vacuum chamber, positioned at the circular collimating slit.
The rectangular slit, 0.5 by 0.5 cm, was 10.5 om from the source

The solid angle subtended at the source by the slit is glven
approximately by '

(0.5'cm)2
@ = 2
(10.5 cm)
o = 2.27 % 10”3 steradians

Hence, the electron flux entering the MSA is givén by

Eé = 2.52 w 103 electrons/séc
or by

4.03 x 10716 A

Ee
1

To detect this small current_a‘photomultipliér was employed
in conjunction with a Pilot B scintillator. A single channel,

pulse-height analyzer and counter was used to analyze the photo~

multiplier output. In addition, a pulse stretcher was.designed
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for and incorporated into the system to lengthen the photomultiplier
pulses, which were too narrow to be recorded by our counter.

After passing through the magnet, the electrons passed through
a Mylar window before entering the scintillator. The scintillator,
a 0.5~ by 0.5- by 0.25-in. piece of Pilot B, was coupled to a Lucite
llght pipe, which was in turn coupled to the photomultlpller. The

photomultlpller (an RCA 6810A) was shielded magnetically with mu-
metal foils. '

A schematlc of the pulse amplifier constructed for this experi~
ment appears in Figure ‘A-8. The amplifier was calibrated for dif-
ferent bias voltages to test its linearity, and the results of these
measurements are shown in Figure A-9. |

Measuremehts were made with the photomultiplier at %-in. inter¥ 
vals along the Mylér window. At each position, four reédings were
taken at 30-sec intervals and the results averaged. Measurements
were made at both B __ equal to 0 G and at B ax equal to 900 G. A
schematic of the experiment is shown in Figure A-10. The difference
between these readings is plotted as a function of position in Fig-
ure A~l1l. A geometrical correction factor has been applied to the
position readings to account for the fact that the electrons were
not incident at right-angles to the Mylar windqw, but were in fact
incident at approximately 45 deg. This has the effect of shifting

- the effective position of the photomultiplier by roughly 1/8-in.

toward the collimating region. A further shift 'in the same direction
is justified because of the scattering of the beam by the Mylar_

-window, but this effect has not been included.

Figure A-12 shows the calculated focal points for 1.0- and

2.0~-MeV electrons in a field of 900 G. The trajectories of electrons
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entering the
focal points
The location

electrons is

MSA on the beam axis have been exfended beyond the
and through the plane containing the Mylar window.
of the measured intersection of this plane with 1-Mev
also indicated. With the correction that has been made

in the experimental calibration, there is a 10% difference between

the measured

and calculated focal points. If one were to include

scattering effects, this difference presumably would be smaller.

A-25
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APPENDIX. B

BEAM SCATTERING PROFILES



[SRETE
= a

PIFR-095

The following beam scattering profiles wére‘plottcd from
the Model 1140 and 730 Pulserad experiments. Figures B-1
through B-9 present those from the Model 1140 Pulserad and
Figures B-10 through B-23 present those from the Model 730.
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FIGURE B-2. SHOT 3786, NO SCATTERER, ¢. = 1.85 cm
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APPENDIX C

COMPUTER CODE SCATT
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The computer code SCATT calculates the multiple scattering

distribution using the equations from the Moliére theory.

Itlis assumed that the electrons are generated in a point
somewhere on the axis. The energy spectrum is read in as a '
histogram distribution with a maximum of ten different energies
and for,eaeh energy an intensity distribution on the anode-
window can be chosen as S '

a, ' ag
I(r) = a, + ar + a5 exp (a4r ) . (1)
where the variables Aor Byr eees as; can be chosen for each
energy. The thickness of the intermediate scatterer can be
chosen as

- a
- 2
T(r).= To + apr + a; exp (a4r ) _ (2)

where the variables a;, ..., ag are also arbitrary.

Cylindrical'eoordinates,are used to divide the anode-window,

‘the 1ntermedlate scatterer, and the target area 1nto surface

elements. The intensity due to scattering in an element chosen in
the ancde-window, is distributed directly onto_the target area

for electrons passing outside the intermediate~SCatterer. For
electrons hitting the intermediate scatterer, one element is
selected at a time and the intensity is redlstrlbuted on the
target area. Analy51s of the symmetry properties of the scattering-
geometry 1ndlcates that cnly one seéction of the anode—w1ndow and
only the upper half of the intermediate scatterer ‘would give the
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desired result if the distribution on the target area was rotated
and summed to its mirror image.

The cards. to be included in the input data deck are described

as follows. The options on the cards provide an indication of

the versatility of the code.

Input Deck

Card No. . Format S Comments
1 20A4 Heading card. - All 80 columns.may
be used. ' & ' '
2 214 First variable is a continuation

demand if greater than 1. Second
variable should be 1 for inter-
mediate scatterer small (usual
case), 2 if intermediate scatterer
is large, 3 for no intermediate

scatterer.
3 3(6%X,F7.2), ‘Anode window (l)-thickness (mg/cmz)
2(5X%X,F8.2) . (2) atomic No., (3) atomic mass,

(4) distance from object (mm), -
(5) radius (mm).

4 - Same for intermediate scatterer.

5 - _ “Same for target area. Only (4)
- and (5) are significant but other
variables must have arbitrary
{(non-zero) values.

6 5F10.5 . Coefficients for thickness modula-
R tion of intermediate scatterer '
(variables from Equation (2)).

7 - 6(2A4,I4) - Number of annulae and sectors for

' ‘ : o o : " the three considered surfaces.
NNl refers to the number of con-
‘centric rings or annulae in which
the anode-window is divided and
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. Card No.

Last in-
put card

Last card
of set

Format

2F7.3,2X,6F8.3

287.3, 2X,6F8.3

15,5X,10A4,
10X ,5A4

Comments

KKl refers to the number of sec-

tors. They are to be read in
the order: NNI1, KK1, NN2, KK2,
NN3, KK3. The only stipulation

on the choice of values is that
KKl = KK3 (always).

Kinetic energy (MeV), relative
intensity (1.0 is max.) and variables
in the intensity distributions ‘
from Equation (2).

There may be up to 9 additional
"energy" cards each with the same
format as card 8. '

The first variable should be
greater than: 90, the others are
arbitrary.

The .numeric variable on this card
indicates the desired plotting.
It should be 4 if no Cal=-Comp
plotting is desired, 2 if in-
tensity plot in rectangular co-
ordinates is desired and 0 if
intensity per annulus should be
plotted. The first alphanumeric
variable is the heading above the
plot and the second is the label
on the X-axis of the plot.

There may be

there should

v

2

any number of similar data sets. After last data set

be:two cards to terminate the code.

2074

214

These are:
Anything

First variable is blank or 0 '
and second is arbitrary.
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APPENDIX D

QUADRUPOLE CODE
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SECTION I

DESCRIPTION OF CODE

The following data are input for quadrupole calculations:

1. EEE ' the kinetic energy in MeV
2. HHH ' the effective length of quadrupole
' fields in centimeter
3. ‘88858 ' ‘ the separation of quadrupole
' fields in centimeter '
4. ¢¢¢ | , the object distance from first
: quad in centimeter
5.  NGRAD1, the first value of field gradient
NSTEP1 and the step in field gradient in
the first quad, both in G/cm
6. NGRAD2, the corresponding guantities for

NSTEP2 second magnet

The code takes a set of gradients in the two guads and calculates

the focusing—defbcusing focal length (ZFD) and the defocusing—:
focusing focal -length (ZDF} in centimeter, measured from the .edge
of the effective field of the second quad. In addition, the

focal distances for the first quad, ZF and ZD, are also computed.

The EEE parameter varies fastest (innermost do-loop}, _
followed by ¢¢¢, SSS, and HHH in that order. HHH must be the

same for both gquads.

A negative distance means (as in optics) that the focal point
liesﬂto'the left of the reference plane (diverging rays). Figgre

D-1 illustrates the various parameters.
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- SECTIQON II

HOW TO USE CODE

Between [L11EXEC] and {1 the following data cards should

be inserted:

EEE, the kinetic energy in MeV. Format is IOH, 10F7.2:
column 1 is blank. Columns 2 to 10 are for label. If EEE >

7900, then no run is made—for_this value.

' HHH, the effective length of quadrupole field in cm. Format

is 10H, 10F7.2:. Column 1 is blank. Columns 2 to 10 are for
label. If HHH > 900, then no run is made for this value.

588, the'separation of the guadrupole fields in cm. Format
is 10H, 10F7.2: Column 1 is blank. Columns 2 to 10 are for

label. If SSS > 900, then no run is made‘fbr this value.

¢¢¢, the object distance from the first quadrupole in cm.
Format is 10H, 10F7.2: Column 1 is blank. Columns 2 to 10

are for label, TIf ¢¢¢ > 900, then no run is made for this

value.

NGRADLl, NSTEPl, NGRAD2, NSTEP2, the initial value of the field
gradient and the delta step in the field gradient in both ‘
magnets in gauss/cm. Column 1 is blank, 2 to 20 for label,
15, 26 to 35 for label, I5, 41 to 60 for label, I5, 66 to

75 for label, I5.

Continuation card:  If this card has the letters b CONTINUE
in columns 1 to 8 (9 to 80 optional) a new data set is read

in. All other formats give STOP.
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SECTION III

CODE OQUTPUT

The code first prints out the input data EEE, HHH, SSS, and
¢¢¢ complete with labels. Then for each combination of input
parameters, the code prints out a 14 x 14 array. Each element in
array con51sts of two numbers, ZFD and ZDF. The rows of the

array are labeled by the field gradient in the first guadrupole,
‘and the columns are labeled by the field gradient in the second

gquadrupole. In addition, a fifteenth column is included which

contains %F and ZD for the first magnet only.

For a given combination of EEE, HHH, SSS, and ¢¢¢, the two
quad system is said to have focused the beam for that comblnatlon

of field gradlents for which ZFD and ZDF are p031tlve and equal.



