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' ABSTRACT

. Methods;for_pérforming”pulsed eleéfron beam diagnostics are presented,

_énd techniques for determining energy_deposition.profiles.and beam energy

density are discussed. ‘The dosimetry materials and instrumentation ‘employed o

" in measurements of this type are treated in detail. .

In’addition,'techniqués for the determination of electron beam;pulse

5;  profile'as_well as,differential'energy spectrum are;considered;

L Répresentétive'data,”obtaihéd using the -above technigques to define the
electron beam'output-of.the.Sandia'Model 705_Febetron_and Hermes I, are

included.. . -
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- buildup and breakdown in dielectric materials
~erties of materials as contained in the Gruneisen coefficient.

ELECTRON BEAM DIAGNOSTICS: PART I

I, INTRODUCTION

Electron beams, ‘both pulsed and steady state, have been and are. pres-
ently being employed to study basic material behavior, such as space charge

14 and the thermoelastic prop-
3,6 :

In order to accurately analyze the results of measurements of this type,

a detailed description of the electron beam is required. Ideally, . this.

description should include information on the abgorbed dose to various mate=-
riais, the beam energy density, the electron beam time history, and the
electron beam differential energy spectrum. These quantities are spatially
varying functions (1) for electron beams where the (Behnett) pinch7’8 mode
of operation is employed, or (2) for electron beams produced by machines

Templbying“external'magnetic field constriction. This is a result of the com-

plex trajectories of the electrons in the fields produced by (1) the plasma =
which gives rise to the- (Bennett) pinch, or (2) the external focussing coils.

‘Hence, the complete daflnltlon of the electron beam environment at all useful
- - gpatial positions and for all operatlng conditions (i.e., magnetic focussing

field, gas pressure, etc.) is a task of substantial_magnitude. As a result,

" 'the material presented in this report will demonstrate the techniques devel-
oped which can be utilized to define the environment at any point of interest.

“Various téchniques*for'eleCtron beam'diagnostics'have been déveioped-to_.,

. measure the. above-menthned ‘beam parameters with varying degrees of aceuracy
_ and/or resolut10n.9 12 These techniques 1nc1ude the use of total stopplng '
.calorimeters to measure beam energy density, thln calorlmeters to measure__”

the energy deposition in thiﬁ samples {a linear array'of thin calorimeters can
be used to determine energy. dep031t10n proflles), a number of different pas-

sive dosimetry materials to measure energy deposition, magnetic- spectrometers
- -or differential energy absorptlon technlques to obtaln spectral energy 1nfor-

matlon, etc.



o B

In Section II, the electron beam diagnostic techniques we have employed

are described in detail. In addition, information relative to space charge

effects in the dielectric passive dosimetry materials employed are presented.

In Section III, results obtained from the application of these tech-
niques to the electron beam associated with the Sandia Laboratories Model .
No.'TOS Febetron No. 1 are presented and, whenever practicable, are compared
with the results obtained by other investigators. 'In.addition, results

obtained for the Hermes I electron beam are presented in Appendix B.

10
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II. EXPERIMENTAL TECHNIQUES

Definition of an electron beam environment should include the determina-
tion of (1) typical energy deposition proflles in various materials, (2) the
beam energy density, (3) the beam current time history and associated charge
 release, and (4) electron dlfferent;al energy spectrum information. These
”quantities.are, in general, spatially dependent and in some cases are also
found to be'dependent upon (1)'the.magnitude of the magnetic focussing field,
if employed, (2) variations between supposedly identical electron tubes,

(3) gas pressure in the drift tube and/or experimental apparatus, (4) the
extent of the electron return path to the souzce machine, (S) accelerating
potential variations, and {6) the specific configuration and composition of

the experiment being conducted in the electron beam.

In Part A of this section, techniques are described for making absorbed -
dose and energy density measurements; in Part B, transient characteristics
-are considered; and in Part C, techniques for obtaining spectral energy in-

. formation are discussed, - ' ' ' o | o

" A. Dose and Energy Density

Energy deposition and incident beam-energy density measurements - are

' made, for the most part, using either thln active calorimeters or thin pas--
sive dosimetry materials in. the case of the former, and total stopplng '
 ca1orimeters or linear stacks of thin calorimeters or passive do31metry'
‘samples for the latter. The calorimetric techniquezrequires, in the main,
“only a measurement of the temperature rise of the calorlmeter and knowledge .
1of the temperature dependent heat capacity of the calorimeter material. The
.utlllty of the passive materials depends upon the extent to which exposure

'_1nduces changes in various of their material propertles such as optlcal '

transmission, fluorescence radlatlon yleld ete. ' '

Calorlnetrv

The . use of calorlmeters to monitor pulsed electron beams w111 dtpendlng
';upon the calorlmeter geometry employed yleld the energy absorbed in the-r'

11



calorimeter or, correctlng for backscatterlng and bremsstrahlung energy loss, -

" the beam energy density incident upon the’ calorlmeter.

The choice of calorimetric materials is, of course, somewhat arbitrary

and usually the result of several compromises. The materials that have been

_employed thus far for calorimetric measurements are graphlte _aluminum and

copper.' Aluminum was chosen because relatively thin detectors may be ea31ly

- fabricated and results obtained can be readily compared with existing theo-

' retlcal energy dePOSlthn data. Graphite, of course, exhibits .excellent

stablllty in high energy density beams and is used mainly for making high
energy density measurements.1 The ease of bonding thermal junctions to

relatively massive specimens of copper was a prime consideration in the fab-

rication of copper calorimeters.

The use of sufficiently thin calorimeters results in a minimal perturba-

tion to the incident electron beam and in the measurement of a thin-sample

dose to the calorimetric material.

The thin eelorimeters (Fig. 2.1) used in the thin-sample dose measure-

,wgments on the 705 Febetron were made of 5 mil aluminum foil of various

k“geometrles.: Chromel-alumel thermocouples were used as the temperature

-.'€ wls

sensors. Junctions were formed by spot:welding the thermocouple wire
(0.5 mil to 5 mil wire has been “employed) to the lip of each calorimeter

. disc (Al) to complete the calorlmeter. Since ‘a change in temperature is all

that is required, the junctions of the thermocouple wires to the copper leads
carrying the signal to the recording apparatus served as the reference junc-
tion, ' : : _

Graphite was also used in the fabrication of thin calorimeters that can’

" be used in high energy density electron beams. These calorimeters were fab-

ricated:by electro-depositing 2 to 3 mils of copper to the surface of a bulk -

More recently, titanium, mdlybdenum and tantalum have been added to

‘the selected calorimeter materials. Titanium was chosen for its usefulness
in high energy density beams and molybdenum and tantalum were chosen to
obtain information representative of intermediate and high Z materials,

respectively. Results obtained using Ti and Ta calorlmeters on the Sandle

' Hermes I facility are presented in Appendix B.

VL

Lo
A

More recently, chromel - constantan thermocouple wire has been employed
in some situations because of its greater output per unlt temperature rlse,

Ji.e. _-vO 06 mV/o versus ~0.04 mV/oq for Cr- Al
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-_grapnite,slab._ The bulk graphite was then sliced into 30 mil thick by one
1centimeter'square absorbers. A thermal junction of 5 mil‘chromel—alumel
‘wire was sxlver soldered to the 30 mil surface of the graphite. The indi-

vidual calorlmeters were then placed in a linear array in order to determine

energy depositions in graphite. These "linear array calorlmeters are de-

. scribed in more detail in Appendix B and typical results, obtained on the

Sandia Hermes 1 facility, are presented

The observed output of any of these systems yields 1mmed1ately the beam -

genergy absorbed in the calorimeter material, providing radiation heat trans-

feris negligible, since the absorbed energy is simply

_ 2 ' : L
E =jT‘ cpmar | | - @D

temperature changes, CP(T) is approximately a constant value and the above
becomes ' ' '
“Eabs

In addltlon to th1n calorimeter measurements (used for energy deposxtlo

_determlnatlons), 1nf1n1te1y thick calorimeters (thickness greater than the .
electron range) can be used to measure the incident electron beam energy '

__where"Cp is the heat capacity of the calorimeter_material'and T, - Ty is the.
“temperature rise of the calorimeter. For some materials, over rather small

z.CpnT . o L o .: - .(2.27) .-

I

density (cal/cm™ incident). Copper calorimeters (Fig. 2.1) .of the same cross '

sectional area as the thin aluminum calorimeters have been used to measure

. the electron beam energy density’ output of the Febetron 705. These calorim-
';Qeters are ‘required to be- at least ‘as thick as the range of the most energetlc”

electron to be measured Thlcknesses greater than the maximum range antICl-n o

pated are of no consequence, as long as the temperature rise is measurable

. The copper calorimeters used- in the’ Febetron 705 measurements were 75 mlls'
. (1.68 gm/cmz) thick (the range of a 2 MeV electron, ‘the theoretical maximum
- electron energy for the'Febetron 705, is 1.43 gm/cm2 in copper) and are ' _
- therefore infinitely thick to the electrons. - The temperature sen51ng element.

used with this calorimeter was a chromel-alumel thermocouple made of #30.

(10 mll) gauge wire and was S11ver soldered to . the back surface of the copperj

R
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disc. Additional infinitely thick calorimeters to be used with higher
ij}nergy-density machines were fabricated from graphite.* These calorimeters
are of the same cross sectional area and configuration as the thin graphite
:calorimeters but are infinitely thick to 5 MeV electrons; i.e.; 2.92 gm/em
or 0.65 inch. Two mils of copper is electro-deposited on the back surface
of such a calorlmeter and a chromel-alumel Junctlon of #30 gauge wire is
-silver scldered to this c0pper backing. ' '

_The incident beam:energy'density, as determined using either of these

~infinitely thick calorimeters, is obtained d1rect1y from. the temperature

rise in the. calorlmeter (for negligible backscatterlng and bremsstrahlung
correctlons), ' :

T
IB(callcn@)'=1/i- “Ah CP(T)dT = Ah CPAT'- S (2.3) -

Ty

where Ah is the thickness of the calorimeter in gm/cm?j'i.e., the
calorimeter thickness times its demsity. : '
At this point it should'be'meﬁtioned that care must be taken in the .
ose“of infinitely_thick calorimeters or linear arreyhcalorimeters'in the
~region of the pinch of an electron beam. In this situation electrons can
- enter through the sides of the calorimeter and lead to. erroneously high -
beam energy-density measurements.  In those situations where the incident
~ electron beam possesses a substantial angular dispersion at the position
~of the calorimeter, an equlllbrator (as shown 1n Flgure B- 2) must be em-
ployed in order to eliminate thls 51de effect. - K

In actual measurements, for elther thin or 1nf1n1te1y thlck,calorlm-
eters, the output of a calorlmeter of the order .of mllllvolts, is first:

e amplified with an appropriate DC amplifier and then recorded on an electro-

_mechenlcal strlp chart recorder or dlgltlzed and recorded on paper tape._t'

-

Although 1arge electrlcal transients are present during the dlscharge'
of electron source machines, the_thermal ~electrical, and mechanlcal

A segmented planar-array of graphlte calorlmeters is presently belng:
/rjemployed on high energy~density beams_in order o make low spatlal- PR
' resolutlon beam-proflle measurements.l _

'r216h3"
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response of this measuring system is sufficiently slow so that the observed
‘signals are completely devoid of any evidence of electrical transients after
- about one second. Additionally, the thermal decay of the system in air or

vacuum 1s suff1c1ently slow so that extrapolation of the observed signal to

~zero time is easily done by maklng a semi-log plot of the observed voltage

versus time.

The fact that the temperature dependence of Cp for the calorlmeter

materlals and the temperature versus mllllVOlt calibration of most thermo-

couple materials are known, the use of calorimeters. for energy absorption

‘determination represents an absolute measurement, at least within the
“uncertainty in the specifie heat, ‘with the following possible exceptions.

Thermal equlllbrlum may not be obtained prior to thermal decay; i.e., heat
conduction along the thermocouple lead wires: commences before the bulk of.
the calorimeter and its sensor, the thermgcouple, achieve the same tempera-

. ture. The magnitﬁde of this effect is not accurately known at present,. but =
- is estimated to be of ‘the order of 5 to 10 percent for energy absorption

determlnatlons using thin aluminum calorlmeters with chromel-alumel thermo—.
couple leads of a few mil diameter. Two other losses of energy that may
occur in the use of thin calorimeter systems are those due to bremsstrahlung

production and eleétron_backseattering. Bremsstrahlung losses may be
. estimated by14. S . Rt A

|(@8o) R/, ] where (24)

(Hio,R =1/p (dE/dx) tRad’ provided t, the ‘thickness of the calorlmeter, is

;-less than tp 4, the radiation length of the calorimetric material, and ib is
- the initial energy of the 1nc1dent electrons. Insertion of values appro-
priate to the Febetron 705 in the above equatlon ylelds for the’ bremsstrah--

lung logsses, in thln alumlnum calorlmeters

"€ 2.0.00L~ 0.1'7,' .

*

The backscattering of electron energy is estimated from the ealcﬁlations-

of Bergerl5 to be about 3 percent of the incidentjenergy'fOr this machine.

riFlgure 2.2a shows ‘the magnltude of bremsstrahlung -and backscatterlng losses:
by electrons 1n thin targets for. several materlals. These latter two effects
f.do not, however, affect the ability of calorlmeters to make energy deposition

'sumeasurements.- Only thermal loadlng and- radlatlon heat transfer affect this.

17 .
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~calorimeters employing the same thermocouple wire as for the thin aluminum

In the case of'infinitely thick calorimeters, uncertainties in the
measurement of the incident electron beam energy density result from all

. four of these effects; i.e., the thermal loading effect, radiation heat

transfer, bremsstrahlung losses, and backscattered electron energy loss.
Note the bremsstrahlung and backscattered losses must be considered in

' this case since the infinite calorimeter is used to determlne the total
energy of the 1ntercepted beam. Thermal loading losses are again estlmated

to be on the order of 5 to 10 percent for the infinitely thick aluminum

calorimeters. Bremsstrahlung losses for thick absorbers are estimated from™?

3w 104 zrg . - S
143 x 1074 z7 = |

where agaln To equals the initial kinetic energy of the 1nc1dent electrOns.
The above' yields, for bremsstrahlung losses on the Febetron 705 using thick

copper calorimeters,

= 0.033 =3% .

-

 Backscattered energy loss is estimated from the:experiments of Wright and
'.Trump16 to be approxlmately seven percent for conditions typlcal of the

Febetron 705.

Electron energy - escape, in 1nf1n1te targets, ‘due to bremsstrahlung

losses and backscatterlng are presented in Figure 2. 2b for varlous energy

electrons 1n several dlfferent materlals.

It should be. kept in mind that 1f the energy dep051t10n of an electron
beam is measured with elther a thln or an 1nf1n1te1y thick calorimeter of
a certain mater1a1 then, in order to determine the deposition in another

: material' ‘the difference in bremsstrahlurg productLOn and electrOn back-

scatterlng for the two materlals must be con51dered

‘Passgive. Materials

In addltlon to calorlmeters, absorbed dose and 1nc1dent energy density
measurements can be made with radiation sensgitive glasses and many different .
dye-loaded plastlcs. A s1ngle thin. detector ylelds, of course, absorbed :

19
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dose information; while use of a detector infinitely thick to the incident -
- radiation would result in a measurement of the incident beam energy density

excluding backscattering and bremsstrahlung energy loss corrections.

Dye loaded organiecs have been used to monitor photon and electron beams
for a number of years. ‘The colored plastlcs used at our laboratory were
first suggested by the USNRDL17 as a result of an extensive Investigation
aimed at finding some passive detector capable of measuring absorbed

~radiation doses extending into the megarad region. In the course of the
USNRDL investigation, approzimately 61 different types or colors of Cinemoid

(obtainable from Kliegel Btos.,'Long Island City, New York) were exposed to
50 megarads of Cob0 radiation and the resulting change in light transmission

as a function of wavelength measured. As a result of these steady state

radiation experiments, it was determined that two -of the plastics ---

- #25 Purple and #48 Bright Rose -~-- showed promise as materials for high
level dosimetry. Phy31ca11y, ‘these materials are available in sheets with

a nominal thickness of 10 mils. The density has been determined to be 1. 36
gm/cm Chemically, both the #48 and #25 appear to be almost 1dent1ca1

':the main dlfference belng 1n the dye used for tintlng

The response of #48 Brlght Rose and #25 Purple Cinemoids to steady
state irradiations (Co ) are plotted in Figure 2.3.% - On the absc1ssa ig
plotted absorbed dose to water as measured with ferrous sulphate . (a.funda-
mental method of measuring absorbed gamma dose) on the Sandia Co” " Gamma

 Irradiation Facility; while on the ordinate is plotted the change in optlcal
density of the plastics. The greatest change in optical density for a

given absorbed dose of the #48 Cinemoid occurs at 520 mL, ‘while- that of #25 "

" Cinemoid occurs at 435 mu.

~ The optical density refe:redjto-here is as usually defined:

s 10810(;9—) -. . (26)

.

It has recently been found that the callbratlon curve for #25 Purple -
Clnemold is dependent upon the ambient environment during exposure and/or S

‘ environmental precondltlonlng of the samples prlor to exposure
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where Ty and T are the incident and transmitted light intensity at the
- appropriate wavelength. The change in optical density for a sample is
then simply ' '

AOD = logy (5= . ' . S @

where T and T2 are the transmitted intensities, at a given wavelength
. for the unirradiated and irradiated conditions, resPectlvely, as determined .
w1th an approprlate sPectrophotometer

bIn_reference to the dbse vereus the change in optical density curves

' (Figure 2.3), the uppermost curve represents the response of #48 Bright -
Rose and the two lower curves represent the response of #25 Purple Cinemoid.
- The #48 Bright Rose is a composite of three independent determinations =--
USNRDL Cob0, Lockheed Research 1.7 MeV electron, and the Sandia 0060
exposures.

The intermediate curve is the Cob0 response of #25 Purple Cinemoid
irradiated in the Sandia Cob0 facility, while the lowest curve is the Co
response of the #25 Cinemoid as determined by USNRDL. The difference in
respbnse for these two irradiatidns has no ready explanation but may be
" the result of differehces in the'Cinemoid batches used in the two experi-
ments. o

. The calibration or response curves presented in Figure 2.3 are based

. upon the absorbed dose in water for the purpose of comparison only. In -

- -actual practice the absorbed dose as measured with ferrous sulphate is
'adjusted to the absorbed dose in the material of 1nterest so that radia-
tion measurements with a materlal reflect actual energy dep031t10n in that
'partlcular materlal.; ' '

 The ad;ustment of absorbed dose in water to absorbed dose ln Clnemold
is readlly computed from : o : .

-

o uE(Clne) o R R
_Dose(Clne) ‘ mm— DOSG(HZO) L L . (2'8)
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- where ub(Clne) and uh(HZO) are the energy absorption coeff1c1ents, at the
“ ~calibration energy, for Clnem01d and water. This adjustment is, of course,
reflected in the calibration of the Cinemoid.

In addition to the plastics, radiation sensitive glasses can also be
used as passive dogimetry materials in monitoring sufficiently diffused
and/or low energy density electron beams. The glasses used in this '
laboratory are of two types ~--- silver meta-phosphate (commonly referred
to as silver pﬁqsbhéte) glass and cobalt glass'obtained from Bausch and
Lomb. These glasses are 15 mm by 6 mm in cross-sectional area and 1.5 mm
thick for the "thick" cobalt and silver phosphate glasses; however, the
"thin“ glasses, while having the same cross-sectional dimensions as the-
thick glasses, are 0.25 mm thick.

Thése glasses respond to radiation by becoming increasingly dpaque
to certain wavelengths of radiation as the absorbed dose increases. The
op timum response of both glasses for use at this laboratory has been’
determined to cccur at a wavelength of 360 mu. The techniques of reading
and calibration of these glasses are then completely analogous to the
; ‘Cinemold plastics. Examples of the calibration curves of the glasses are
- glven in Figures 2.4a and 2.4b. As in the case of the plastic materials,.
absorbed dose can be obtained from one thickness of glass, but in order to’
determine the incident- -beam energy density, an 1nf1n1te1y thick stack of
_glass is required.

One further consideration, when the glasses are used, is that of the
- ‘variation in the glass thickness. The variation in Cinemoid thickness is
-at most several percent whereas the glass exhibits as much as a 25 to 30
percent variation. For a uniform irradiation of the glass this means ‘that,
'3Since the'absorbed radiation is related to optical transmission, the appar= -
o ent absorbed radiation dose will be a fundtion of the glass. thickness. 1In
_' order to correct for glass thickness variations, the calibration curve.~ 
" could be expressed.in terms of AOD/mm as in Figure 2.4 or several thick-
. nesses of glass, selected at random, could be exposed to a known dose. -
 Using this latter. approach, the apparent absorbed dose plotted as a
function of glass thickness is presented in Figure 2.5. These data have -
 been normalized to unity correction at glass thicknesses of 0.25 mm and 0.23
- " mm, the nominal thicknesses for the cobalt and silver phosphate glasaes,_  h
“lfﬁj1 respectlvely As_may be agt1c1pated :the:appargnt:absorbed:dqse }s a’

N
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smoothly varying function of the glass thickness. The use of cobalt or
silver phosphate glass then implies that careful account must be taken of
its thickness. It should be emphasized that the glass calibration curves
also reflect an adjustment from Rads(Hy0) to energy absorbed in the detector
material of 1nterest.

Reproducibility and accuracy of measurements using these passivé
detectors are dependent upon uniformity of the detector material ~-- both
physically and chemically -- and the type of system used to read the '
detectors. Uncertainties in measurements arising from non-uniformities in
the detector material can usually be removed by such pre-exposure expedl-
encies as thickness measurements of the detectors and pre-irradiation
transmission measurements.- The reproducibility and accuracy of the
readout system are, of course, dependent on the system employed and also
on the nature of the spectral response curves of the detectors. The
readout systems used in these measurements are the Beckman DK-2 and DU
spectrophotometers. When considering the stated reproducibility and
accuracy of the DK-2 spectrophotometer and applying this to the radiation.
response function of the detectors and, additionally, considering the
precision reading ability of ‘the. sPectrophotometer operator, dose measure-
ments with' a precision uncertainty of 10 percent are routinely possible
when_using-thesé_passive detectors. . A few_percentage point~increaée in
accuracy and reproducibility are possible when using the DU-system since

the DU is inherently more accurate and the readout, being a null indicatiom,”

allows for greater reading precision by the operator. These readout
systems sample but a small portion in the center of the d031metry samples

'so that edge. effects should be minimized.

At thls p01nt it is. approprlate to dlscuss an anomaly assoc1ated Wlth

_the #48 Rose Clnem01d The #48 Rose Cinemoid response to steady state
- radiation is more sensitive than that of the #25 Purple._ However, when

the #48 Rose Cinemoid is used to measure absorbed dose on pulsed electron

 ~sources, it consistently indicates lower absorbed dose than is measured by

'cher methods, i.e., calorimeters and #25 Purple‘Cinemoid;"The-experienCe;

-at Sandia, with Rose Cinemoid, was not unique since similar difficulties

o)

have been reportedl for the Rose Cinemoid when it was used in pulsed

electron eﬁvironments. Due to this under-response: resulting from rate-
saturation, ‘the use of #48 Rose Cinemoid. should be confined to that of
monitoring steady state env1ronments, or to obtalnlng only qualltatlve

beam 1nformat10n.
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Applications

The calorimetry and passive dosimetry techniques described above can
be employed in the determination of electron beam properties such as the
spatial variation of the beam energy den31ty as well as to yleld lnforma»
tion concerning the. energy deposition profiles produced in various
materials. '

"Surface Dose" Measurements -- A thin detector absorbs only a fractlonxs-

- of the 1nc1dent electron beam energy. The fraction absorbed is dependent -
on the thickness and composition of detector material and the energy of the
“incident electrons. In Figure 2.6 are.presented some representative, cal-
-culated,zo.energy deposition profiles for monoenergetic electrons normal-
.incident on aluminum. It is apparent from these figuree-that, if a thin
- calorimeter is to measure an absorbed "surface dose,' then it should be

no more than several hundredths gram per square centimeter thick in order
to minimize the effect of backscattering. The dose measured by an isolated
thin detector will be less than that measured by an identical detector
backed by an infinitely thick sample of the same material as a result of |
the absence of backscattered electrons in the former case. An example of
this effect is shown in Figure 2.7 where energy deposition'profiles,are

‘presented for a number of different stack thicknesées exposed on the

Sandia Model 705 Febetron No. 1. As can be observed from the figure,
the absorbed dose for 0.0330 gm/cm? (one thickness) of Cinemoid is

. approximately 25 percent lower than the absorbed dose to the front -
' thickness in a stack of five samples. Also, the dose delivered to the

- interior of the intermediate thickness stacks is somewhat less than that
" delivered to the more nearly infinite-thickness stacks. This increase
- in absorbed dose to the thicker stacks 1nd1cates the -increasing 1mportance e'”

of multlple electron scatterlng with 1ncrea31ng sample thlckness.

Surface dose measurements using a single 1arge'piece of passive

:d051metry material can, therefore, only yield approximate information
' concerning the spatial variation of the beam intensity inasmuch as energy
- .absorbed and not energy dénsity is measured. It is not possible to convert

directly from surface dose to beam energy density: w1thout knowledge of the o

- electron energy spectrum (which may be spatially dependent) or . energy
.deposxtlon proflle for all sPatlal polnts of interest.. :
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Energy Deposition Profiles -- It is possible to obtain energy depo-
'sition profiles by stacking detectors perpendicular to the electron beam
axis and of sufficient total thickness to be.of the order of the extra-
polated range of the most energetic electrons in the beam.

" As can be seen in Figure 2.6, the energy deposition produced by mono-

'1energetic electrons in aluminum increases until a maximum is achieved

and then decreases with increasing penetration. It is observed that
" increasing the initial energy of the incident electron increases the
penetration depth at which the maximum energy. de9051t10n occurs. .The

deposition peaklng ‘may be explalned on the basis of electron slowing down

and subsequent backscatterlng w1th the backscattered electrons contrlbutlng
'-to the energy. dep051t10n. ' '

‘Since most pulsed electron beam machines emit a spectrum of electrons,
the solid curves in Figure 2.6 are not completely representative of a dose-

~depth curve for these machines. The dashed curves in Figure 2.6 are experi-

mentally determined electron deposition curves for the Sandia Model 705
Febetron No. 1 output (Emax ~ 1.5 MeV) as obtained with thin aluminum
calorimeters. The relatlvely shallow penetration distance of the dep051-_

tion maximum and large surface deposition are indicative of a large low-
energy electron component or a substantial angular disPersieneof'the
- incident electron beam (this resulting in energy deposition closer to' the
' front surface than for the case of normal incidence), For the case of
‘non-normal incidence, there is a possibility that'electrdns ean escape
from the sides of an infinitely thick sample of material. 'it is, there-
fore, necessary to employ calorimeters or passive doslmetry stacks of a
_conflguratlon such that the diametér or side dimension is much greater .
ethan.the_thlckness or to use a sultable equ;llbretqr (see Figure 2. ).

_ Figure 2.8 also presents.eﬁergy deposition profile'reSuIts typical =
- of the Sandia Model 705 Febetron No. 1. The ‘dashed curve was obtalned '
using #25 Clnem01d whlle the solid curve is the result of ‘aluminum
- calorimeter measurements. Stacks of the- Clnem01d samples or’ the glasses
" described above were exposed on a slngle shot, and the energy dep031t10n

to each sample of the stack was determlned " The energy dep031t10n proflles ;

jfor aluminum calorlmeters were measured as follows.f The - surface dose
" to an unshlelded thin. alumlnum calorlmeter was determlned and then pro-.
(m> gre531ve1y thlcker alumlnum shlelds were placed 1n front of the calorlmeter
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. and the variation in absorbed dose determined. By proper variation of the

- aluminum shield thicknesses, a characteristic dose versus depth curve is.
obtained as shown in Figure 2.8 (solid curve). The agreement between the
‘beam energy density measured in these two cases may be fortuitous since the
measurements were made on different tubes. ' ' o '

The ‘electron stopping powers, 1/p¢ dE/dx, of many_materials; in addicion’
_to being almost energy independent over broad energy ranges, show small vari-
ation between materials for a'given electron energy.“—- Further evidence of
the similarity of electron energy deposition in several materials is given -
in Figure 2.9. 1In this figure the integrated energy deposition is plotted
as a functlon of sample thlckness, i.e., the 1ntegra1 of the dep051t10n pro-
files. ' g

~ Beam Energv Density =~ From what was said in the preceding paragraphs, R
it should be clear that the beam energy density, IB, is obtained directly
_from the area under the energy deposrtion curve, 1. e., v

_IB.= .rbb(x)dx, cal/cm s .1'12 "' ,f :Z .fjf;-iftibi;(Z.Q)f

- providing the stack is infinlte in extent to the electrons in the beam and
backscatterlng and bremsstrahlung correctlons are negllgible."'

The curves (with'the exception of the calorimetric data) appearing in-
Figure 2.9 are based upon a €00 calibration in terms of energy deposition

'bto the particular dosimeter material. As stated above, for an lnflnlte stack -
the total area under the dep051t10n curve represents the beam energy density._

_Table II.l shows the agreement between the various: materials, ‘and, once
'agaln, the agreement of the beam energy den31ty measurements should be taken”

11ght1y since dlfferent tubes were employed durlng the serles of measurementS'

-”summarlzed in thls table

Table II.1
Comperison of Energy Density Meaeurements;;‘i

Cobalt:": . Altminum- 'tf'icnbper‘

' Detector.Material o ﬁgSQCinendid - _Glass . . Calorimeter - Calorimeter -
> “Absorbed 'Energy S 3.040.30 3.3.4 0:3 3.1 4£0.3 .. 34 0.3

(cal/Cm )

34
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_— In addition to yielding incident energy density informationm, the energy
““~deposition profiles yield other information (e.g., the maximum electron energy
in the beam and an effective electron energy for the beam) which will be dis-

cussed in more detail in Section II.C.

Informatlon concerning the spatial variation of the beam intensity can
be obtained from measurements of the energy deposition prof1le, and therefore
beam energy density, at numerous positions on and off the beam axis.

B. Electron Beam Time Profiles

. - Monitoring of the instantaneous"voltage across the electron source tube
and of the instantaneous beam current can yield useful information concerning
the rate at which energy is deposited (this can also be deduced from time

hlstory measurements of the x-rays produced when the electrons are stopped in .

a high Z target), approxlmate spectral energy 1nformat10n, and charge release
information. ' '

" Voltage Monitor

\

‘A voltage divider network is commonly employed to monitor the ‘tube

. voltage for these types of machines. This type of device senses the instan-.
 taneous tube voltage VT(t) and not the instantaneous anode-to-cathode voltage
drop VA c(t) (which determines the instantaneous ‘electron energy Ee(t)) due
‘to the presence of an 1nduct1ve voltage drop 1n the tube shank during the’
‘pulse, i.e.,

E (t) = Qv C(t) = q(VT(t) ? a1 t) o S o (2.10)

where L is the-inductance of the'tubefand_return path to.ground'and q is the -

magnitude of the electronic charge.

Current Monitor - Faraday Cup l i

Current measurements in. thls Laboratory ‘have been made using the Fara-

o day cupzz shown in Figure 2.10.% The cup is evacuated and. the center catcher

Thls cup has been modlfled recently to allow for sampllng of larger

7im\ fractions of the electron beam through the use of an all- aluminum electron -

/) catcher and 1 Q.or so current viewing resistors. The Field Emission Model
1652 Electron Beam Monltor has also been - employed for total'charge release
determlnatlons. - Sl B

36

v ‘w""z



“ " : .
B .

. ’_.‘:__“\

H

cup is fabricated of graphite to minimize bremsstrahlung production. A
lead liner is employed in order to reduce jonization in-the residual air
(operating pressure in the range of a few tens of microns) and in the coax
connector (mounted in the back plate) which leads to the 50 & current
viewing resistor. A 0.002 inch thick Ni window allows the electron beam
to enter the cup housing. The beam intensity was attenuated by placing

. one of a set of copper apertures outside this window. The aperture sizes
- employed, when making measurements on the beam axis, were llmlted to :

-2

diameters of 1/32" (4.94 x 107> em?) and 1/16" (1.98 x 107~ cm 2y due to

the fact that for larger apertures the voltage developed across the cur-

rent viewing resistor leads to breakdown in the coax cable, i.e., RG-58,

-50 @ character1st1c jmpedance.

In the electrical circuit employed with this Faraday cup, RG-58
cable carries the signal from the cup to a Tektronix Model 017-055.

. _T50/N125 adaptor. This adaptor provides the 50 @ current viewing

resistance. A Tektronix Type 519 oscilloscope, with varylng degrees of

'input attenuation is used to monitor the voltage pulse and therefore the

aSSOClated beam current time history. Due to the rather small aperture

 gizes, the measurements sample only a portion of the beam as mentioned
~above. .The charge collected is obtained from the time history of the

beam current, i.e.,

f“I(.t)dt . AR : C(2.11)
o . . : : S S

’Therefore, the charge determlned in thls way is representatlve of- only a _l

small portlon of the total beam.

'C. Energy Spectruml'

- As mentioned earlier in this section, it is possible to obtain some

relatively crude spectral information from the energy deposition profiles

obtained using either calorimeters or passive dosimetry materials.
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Beam Maximum Energyvy

The energy deposition profiles shown in Figure 2.8 can be extrapolated
to zero dose, and the zero dose intercept with the abscissa then yields
approximate information concerning the extrapolated range for the most-

prominent high- energy electrons in the spectrum.

In the case of the aluminum results, a maximum electron enefgy is
obtained from the range-energy relationship ezperimentally determined by
Katz and Penfold?3 for beta particles and presented in Figure 2.11. In the
case of Cinemoid, the extrapolated 'range" may be converted to an approxi-~
mate maximum electron enmergy by comparison to electron range versus
energy tabulations.2l A plot of range versus energy for a Cinemoid-like
plastic (lucite) is given in Figure 2.12. The upper curve was obtained '

‘from this reference while the lower curve is a normalization of this

curve to the experimental results obtained at an electron energy of 1.8

' MeV on the Sandia Van de Graaff accelerator. The difference between
~ these two at 1.8 MeV results from the fact that the calculat10n521 predlct'
the total electron path length rather than the depth of penetration, which

is the smaller of these two due to the large angle scatterlng events which

_electrons -experience when penetrating matter.

Beam Effectlve Energy

In addition to the’ maximum: electron energy, an effectlve electron
energy can be deduced from the energy deposition profile. In this deter-
mination the spectrum of electrons producing the energy. deposition"profile“

- is assumed to be a monoenergetlc source posse551ng a characterlstlc energy,

the effectlve energy.\'

As showm in Appendix A, the ratio of the iﬁcideﬁt beam energy density,

~ Ip, to the surface dose in'en-infinite'stack of detectors, D(o), for a
- normal-incident monoenergetic electron beam is related. to the electron -

-

o _(_TB ‘=. .. E ’ .:E_ ftE ). (2.12)
'-'_Do_-. £ ® J(o,_E)|.E"' TVeER

__eff

p39.t
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~which defines the effective monoenergetie energy, Eoff, and where E is
| . . -
‘the electron energy, dE(E)/dx is the electron stopping power at energy E,

and J(o,E) is the surface energy dissipation function for normally incident
electrons defined by Spencer.20 In this reference calculated values are

© available for aluminum and polystyrene and in this report the polystyrene

predictions are used in the analysis of the Cinemoid results. Typical
results for the Sandia Model 705 Febetrom No. 1 u31ng thlS technlque are

' presented in Section ITI.C.

It should be evident from the information presented in Section TI.C
that the electron beam is monocenergetic if the maximum energy and effective
energy are found to be identical. '

It can also be shown (see Appendix A) that over a limited energy

' range (i.e., typical of the Febetron 705 electron energies) the effective

energy of an electron beam possessing a spectrum of electron energles is
less than the average energy of the electrons in the beam.

Beam Average Energy

Comblnlng ‘the results. of the current measurements with those
obtained from the energy density measurements described in Section 1I.A,.

S it is possible, in principle at least, to determine the average electron

"where qg=1.6 x10

energy at any position where both quantities are measured. The average
energy, E, determined in this way is then given by '

Fo1/-Q
IB/qA

-19 coulomb and A is the aperture area. Due to the

fact that the energy den31ty and current measurements are representative

of only a small portion of the electron beam, the average energy_determlned,'

- from Equation 2.13 is itself not characteristic of the beam as a whole.

Current and Voltage Waveforms

-

‘The -electron dlfferentlal energy spectrum representatlve of the

‘entire beam can, in principle, be determined directly from the current

:”tlme history (as obtained from a Faraday cup which collects the entire
'charge released by the electron tube) and the time dependence of the

”) cathode to- anode voltage, i. e., at a glven instant in time the cathode-'7-"

a2

@.a3)

o



to-anode voltage determines the electron energy and the current at that
same time determines the number of electrons possessing this energy. In
practice this requires an accurate knowledge of the.tube shank inductance,
as can be seen from Equation 2.10, but this is not always easily determined,
with the result that this technlque does not generally yield hlgh accuracy
results.

"Magnetlc Spectromeier

- As mentloned in Lhe introduction, the complex trajectories of the
electrons emerging -from the tube window make representative high resolution
energy spectrum measurements difficult. In order to measure the electron :
energy spectrum for a single pulse (this is desirable to eliminate any
effects which might result from poor pulse reproducibility or tube deter1o—.
ration), it is desirable to use a broad range spectrometer to cover as
large an energy range in a: 51ngle pulse as possible. At this Laboratory
measurements of the electron dlfferential energy spectrum have been made
with a focu551ng type spectrometer, similar to that described by Browne
and Buechner.24

In order to attain relatlvely hlgh resolution, the electron beam

-(total charge release per pulse of approx1mate1y a couple of hundred micro-

coulombs) was collimated, allowing only a small fraction of the electron
beam charge to enter the magnetic field region. (As indicated previously;
this means the spectrometer measurements are not. representatlve of the

entire beam.).

The configuration of the electron spectrometer is shown in Figure

- 2.13a and 2.13b. :Io.this_design both source and image are external to the
"~ field region.*'-The:ﬁegnetic“field is produced by a 4-inch pole piece =
~Varian Model_VféQOlaelectromegnet.. When ‘this" spectrometer is used on the
‘Sandia Model 705'Febetron, the electromagnet is far removed from the tube_.

window due to the fact that the focussing coil in thls -machine produces
a magnetic field external .to the tube window, which results in an undesir-

' able perturbation upon the internal spectrometer field.  The separation is,

For a given field. settlng the length of the focal plane of the
spectrometer corresponds to radii of curvature for the electrons from

~ 0. 85 R to 1. 51 R where R is the radlus of the pole pleces.
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Magnetic spectrometer; photograph of assembly

.Figure 2.13a.
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‘jhowever not large enough to make the electron beam appear as if it resulted
~ from a point source. The fact that the Browne and Buechner design is for
- focu351ng electrons orlglnatlng from a point source at a finite distance
from the field boundary is of mo serious consequence in these measurements,
_ since the incident beam is so ‘highly collimated that acceptable energy
~ resolution can be achleved with energy separatlon alone and no focu551ng.

S Eastman ‘Kodak type KK and AA fllms were employed as the electron
. detector at the focal plane of the spectrometer. The film was densitomet- '
" rically analyzed to determlne film optlcal density as a function of position
along the focal plane. ‘These results were then corrected for the width
: of the signal trace by ‘making transverse densitometer measurements. The
- position along the focal plane is converted to electron energy using the
" theoretical expression of Browne and Buechner. Due to the fact that
"~ these. films should have the same response to electrons as Eastman Kodak
“No Screen,25 for which calibration data is ava11ab1e,26 the energy dependent
sen51t1v1ty of this film (determined for normal incidence of the electrons
- only) is used to obtain the electron exposure correspondlng to a given R
. optical density. . As can be seen in Figure 2.13a,. lead was used to shleld o
r"“):the film from the bremsstrahlung produced in the colllmator. g

Energy callbratlon of the spectrometer was accomplished uSing a
_Iradloactlve P32 B-gource and a Li-drift Si detrector with the pole plece.
-’ gap set at one-elghth inch. The. Si detector was’ p051tloned at the center
_lof the focal plane and the electron energy measured as a function of )
- magnetic 'field strength. The field measurements were made with a RFL
L Model 1965 Hallseffect gaussmeter. As mentioned above, the electron energy
']. corresponding to the position. of the Si detector was theoretically calcu-
lated for a given field ‘strength ‘and was found to agree with the measured
values to within five percent, i.e.,- ‘the measured energy. belng higher
_ " than that predlcted.- This difference has been attrlbuted to the ex1stenceﬁ o
i"of a frlnge field. Additional evidence for the presence of a frlnge field.
comes from measurements made with larger pole ‘piece separations where it
' has been found that the dev1atlon between experlment and predlctlon increases

w1th increasing pole plece separatlon.
o D._ Space Charge Effects -

'f@uji_' | Space charge bulldup and polarlzatlon effects in dlelectrlc meterlals,-

B gSOmetlmes used. to monitor electron beams, have-been reportednby a number -

'efi46
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)f..

R

of experlmenters

1 2 3 4 The supposition is that electrons penetrating

the dielectric material, subsequent to belng stopped, are trapped in the

‘dielectric with an associated charge bulldup in that region. The field
- resulting from this space charge should repel electrons arriving at later

times with the result that the energy deposition in the material should

- possess a different spatial variation and/or should be less than if space

charge effects were absent, as 1s the case in a metal for example.

The results presented in Flgure 2.9 and Table II.1l indicate that.

. -these e££ects have not been observed in our work with #25 Cinemoid, at

least w1th1n experlmental error.  The estimated errors for each type of
material were presented earlier. However, these results were obtained

with laminates of Cinemoid and are therefore probably not representative
of SOlld dielectrics. . One possible explanation for this lack of observable
space charge effects is that air ionization and/or surface conduction on
the thin samples of dosimetry material result in a path to ground for the
stopped electrons, at least for those exposures carried out in’ air. In
order to test this hypothesis, a set of runs were performed in whlch
stacks of #25 Cinemoid were exposed in vacuum (approximately 100 p pressure)

and air where, in each case, both grounded and ungrounded configurations

were employed. The resulting dose-depth curves are shown in Figure 2.14

“and the beam energy density for all the shots is to be found. in Table IIL.2.
' The results for all four combinations agree within experlmental error SO

that any space charge effects, if present, can be no more than about 10
percent for the Cinemoid layered samples. -

Table II.2
Beam Energy Density Measurements_ :
‘in Vacuum and Air with Laminated’.

Clnem01d Stacks Both Grounded
: and Ungrounded

Beam Energy Density (cal/cm?)

N C Alr . o Vacuum .y
- ‘Shot No. Grounded : Ungrounded_-' Grounded 'Ungrounded
' el 6.3 - ... 54 5.6, e 4.9
2 5.6 A 5 N B 6.4
© Av. 5 8 : ‘5. 9 ' 5.9 5.7
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 ‘Figure 2.14a,b, Electron energy deposition vs. penetration in #25 Cinemoid - =
S . air and vacuum environments, grounded, and ungrounded ;
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Previous work by Rauch and Andrew! indicated that space charge effects
are important in lucite for samples thicker than that of the Cinemoid discs
employed in this work. A set of measurements were carried out in an attempt

. to reproduce the results of Rauch and Andrew which were also obtained using

a Model 705 Febetron operated in the electron beam mode., In these measure-

ments one looks for changes in the dose-depth curve by placing stacks of

#25 Cinemoid behind varying thicknesses of lucite. The results of these

‘experiments are shown by the deposition profiles presented in Figure 2.15.
It is seen from this figure that the dose-depth curves at large depths of

penetration are the same within experimental error for all the lucite
samples (except the 1/16" sample for which the results are consistently. low

~at all depths of penetration, but higher than the results presented in

Reference 1, which may have resulted from a low output for this particular

'shot) even though, in all cases except the 1/64'" sample, the lucite samples

~ underwent charge:breakdown with resultant Lichtenburg figures. For small

o depths of penetration the results fdf:the 1/64" and 1/16" lucite samples

fall below those for the stack of #25 Cinemoid alone; while, for the 1/32"
lucite sample, an anomalous increase in dose is observed. The former effect
is consistent with a picture in which. the higher energy electrons, being :
incident upon the sample at early times before spacé charge effects are
important, determine the end of the energy deposition curve. At a later
time in the pulse, when the space charge has had time to accumlate, the
lower energy electrons (which are incident at this time) may be repelled
with a resulting decrease in the enefgy deposition at small depths of

' penetration. The anomalous increase in dose for the 1/32" lucite sample -

camnot be explained at this time. The deviations between the-various-dose-"_
depth curves are of the order of the experimental error (2c¢ precision error) -

so that if the phenomenon postulated above is indeed present, its effect

. upon - the energy deposition process must be ofithe_order of 20" to 25 per--

~cent. Rauch and- Andrew observed Iarger'deviations and this may. result _'
from the dlfference ln beam charge den51ty employed in the two sets of

.“hmeasurements.'
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-will be employed in future measurements.

_- measurements. The results presented in Table III.1 show that an adequate

III. EXPERIMENTAL RESULTS

A. Beam Current

1t is not possible, at this time, to present absolute results for the
beam current or charge release measurements due to the fact that under typi~

‘cal measuring éonditionS'the internal shunt resistance of the Faraday cup was

found to be of the order of magnitude of the current viewing resistor (i.e.,
50 ). Additional current viewing resistors in the range of 0.025 to 1.0 &

In spite of this problem it is possible to present some interesting and

useful results at this time. It has been found that the cdmpleteneSS of the

electron return path to the machine has a marked effect upon beam current

return path‘tO'the'machine'muSt'be provided if the proper current is to be
measured. In addition, as a result of the relatively long life of the ion~

o ~ized state of the residual gas in the cup (i.e., compared té'the durati0n-

. of the beam-current pulse), the measured current pulse shape should be.

Table III.1

- Charge Measured With 1/32" Faraday Cup Aperture ..
at the 9" Position on the Beam Axis for the -
“8andia Model 705 Febetron (Type 545A Tube No. =
313) as a Function of the Degree of Grounding.

Measured Charge '~

" Number of Grounding Straps - {Coulomdb) -
| 1 4.a2x1008
2 . 6.5x10"8
3 8.3 x 1078 S _ _
N 9.1x 1078 o
'8 8.3 x 1078 X
-8 x 1078

9.0

:  .-52_- :“



'representatiVe of the actual beam current time history although the magni-

- tude will be in error as menticned above.

_ Figure 3.1 presents results comparing the current time history for
. the type 545A tube in air and vacuum environments with that of the type |
545D tube operated in air. All these results show the current persisting
to times in excess of 100 nsec. The 1/16" and 1/32'" Faraday cup apertures
_ :employed to obtain these results, as well as those'presented’in Figures -
3.2 and 3.3, are therefore representative of but a small portion of the
.Lbeam. In Figure 3.2 the current time history is shown at a number of
positions along the beam axis. The pulse shape is seen to be similar at
0.5 inches and 9 inches; while at intermediate positions the pulse shape
appears to be composed of two distinct components where the fast component
(the peak occurring at the earliest time in the pulse) is dominant at the
3 inch position, the slow component (the peak occurring at later time in
the pulse) is dominant at the 7 inch position, and the two componerits are
'comparable in magnitude at the 5 inch position.

_ In Figure 3.3 results are presented for the current time history as a
b“\ S function of focussing field at (a) the 1 inch position and (b) the 3.5-inch
f”"f' _ “position on the beam" axis. These results indicate that as the focussing
' field is decreased from 3000 g to 2400 g, the slow component disappears, . -
and upon further reduction in the field to 1800 g the shoulder existing
at long times for the 2400 g field is eliminated. It is possible that
thig latter current contrlbutlon corresponds to a separate energy group
- of electrons. '

Due to the fact thet;absoluﬁe current measurements were not achieved,
'i it was not possible to determine the average éenergy. Even if accurate
_current.measurements1hed-been possible, average energy measurements would
" not have been accurate since the energy density measurements are not:"_ ‘
representative of the same fraction of the beam as the current measure- =
ments (as mentioned earlier the energy density measurements are represent-
ative of a Iarger'fraction'of'theibeam than the 1/32" and 1/16" apertures
- . employed in the current measurements). This is’ ev1dent from the beam '
ST e proflles to be found in Figures 3 6 and 3.7. ' -
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B. Absorbed Dose

Spatial variations in the absorbed dose, as a function of distance

from the tube surface, along the axial centerline of the electron tube

were measured with 5 mil alumlnum calorimeters and Cinemoid. These
measurements were made in air and vacuum environments for both the Type.'

~ “A and D tubes.

In Figure 3.4 are presented the results for a "D" type tube obtained

with a minimum absorption aluminum calorimeter and #25 Purple Cinemoid.
' The measurements depicted by the open circles and triangles (Figure 3.4)

were made alternately with the calorimeter and Cinemoid. The pressure

“maintained in the drift tube during these measurements was approxlmately

50 .. The data represented by the solid circles were the result of the
minimum absorption aluminum calorimeter measurements at ambient pressure
in the drift tube. As may be noted, the self-plnchlng of the electron
beam at ambient condltlons is quite evident.

Flgure 3.5 deplcts 51m11ar results obtained on several dlfferent "A"

tubes. ' The upper curve. (0pen circles) is the result of measurements
obtained in a vacuum environment (=~ 50 1) with the minimum absorption

aluminum calorimeters, and the lower most curve (triangles) is the result
with #25 Cinemoid again at a pressure of.approxlmately 50 w. JIntermediate
to these two curves are minimum absorption calorimeter measurements (squares)
obtained at ambient pressure. - The data in this'figure are not normalized

" and differences in magnitude of absorbed dose are. the result of dlfferences

in output_of the several tubes. .

In addition to spatial varlatlon measurements along the axial center—

'jllne, absorbed dose measurements normal to this coordinate were obtained _
by placing Cinemoid sheets normal to the electron beam at several distances’
- from. the tube surface.. -Additionally, arrays of silver phosphate and cobalt
N glass were arranged, agaln, normal to the electron tube ax1a1 centerllne
“for addltlonal beam proflle data. - ' ' ' -

In-Figures 3.6(a):and 3.6(b)fare_plotted.thegresﬁlts;-absorbed dose

' to Cinemoid, as a fdnction'offdietance-ftom the tube axial centerline.
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“ These results are for an "A" tube firing into the drift tube maintained

at 50 u pressure and for distances spanning the interval from 8.5 inches
to the tube surface. These data appear as continuous or smooth curves
gsince the Cinemoid film was scanned, or analyzed, by means of a continuous

recording microdensitometer.

Figures 3.7(a) and 3.7(b) present the 1nformat10n obtained w1th
Cinemoid and ambient pressure conditions in the drift tube. '

The beam profile information (condensed) obtained from the cobalt and
silver phosphate glass measurements 1is presented ‘in Figure 3.8. These
measurements were made at 5 inches from the tube surface at ambient pressure._

Since these glasses were analyzed on the Beckman DK 2 Spectrophotometer
the data appear in histogram form.

Note that, owing to'the greater sensitivity of the'glaSS, the resulting
_data extend to a much greater lateral range than the Cinemoid plastic data.

 Several interesting features of the beam are revealed by these data. First,

the beam profile is symmetric about the tube axis and continues symmetyic -
back at least 8.5 inches from the tube surface and very ‘little relative
_beam spreadlng is evident from these measurements. The second observatlon,
 the marked decrease in total energy deposition by the beam, 1mp11es a low
'energy electron component with hlghly divergent: trajectorles.

"C. Energy Deposition Profiles

Energy dep031t10n proflles (dose-depth curve measurements) were

'_obtalned in the Febetron electron beam using aluminum calorimeters, glasses,:

~ and Clnemold plastie. These measurements were made as a function of varia-

‘tion of several parameters, e.g., air and vacuum envxronments,'varlatlon of

'magnetlc field, spat:l.al variations, . etc.

In Flgure 3. 9 is déplcted dose versus depth measurements determlned
f_with a minimum absorptlon aluminum calorimeter om the axial centerllne.
The dashed curve in Figure 3.9 is the representatlve output of Tube- A-297
at 5 inches distance from the tube surface and in an air environment. The
- “solid curve in this figure is ‘also. representatlve of an "A" ‘tube (number '
: unknown) however, in thlS 1nstance the measurements were in a vacuum'

'63't
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environment (~-200 u). Absorbed dose in megarads is plotted as a functlon
of penetratlon into the material in gm/cm? of material.

Bbth curves have been extrepolated to zero absorbed dose so that an

extrapolated-range energy may be obtained. The extrapolated range of

- using the experimental range-energy relationship for aluminum (Figure 2.11);'
“whereas, for the other tube, an extrapolated-range electron energy of 1.44

0.58 gm/cm2 for tube A-297 yields an extrapolated-range energy of 1.34 MeV,

MeV is obtained: Integration of the two curves yields an incident beam
energy density of 1.47 cal/cmz and 1.4 cal/cm? for the dashed curve and
solid curve, respectively. '

The experimental deposition curve for aluminum-from_Figﬁre_Z;S is

'éompared-to the theoretical deposition curves calculated by Spencer20

{(see Figure 2.6). The deposition curves were calculated for normal
incidence of the electrons onto an infinite half-space of aluminum.
Presented in the figure are deposition curves, solid lines, for 1.0 and

1.5 MeV electrons. Plotted on the ordinate is the normalized energy deposi-

tion, cal/gm/cal/cm?, while the abscissa represents penetration distance
into the slab, gm/cm?. The calculations were.based on one electron/cmz
incident; hence, the area under one of the'predicted'energy deposition
profiles is then the total energy of the incident electron less any fraction

of the energy that may have been lost via backscattering"aﬁdjbreistrahlung.

In order to make a comparison between the measured and calculated _
deposition curves, some type of normalization of the data is needed; the

g ' normalization chosen was to divide the measured data by the. 1nc1dent
"~ beam energy dens1ty and the calculated results by the energy obtained from

the 1ntegrat10n mentioned above. As can be seen in Figure 2.6, the measured

- energy: dep051t10n profile is higher at the surface than the prediction for

O

l—MEV electrons. It peaks at'a shallower depth of penetratlon than for

- either of the theoretical predictions, and the peak amplitude falls be tween

the peaks for the 1- and 1.5-MeV electrons._ The measured deposition pro-

‘file falls off more rapidly than-for the 1.5-MeV case, Iﬁ_this'case'the-
' extrapolated~range maximum energy (1.35 MeV) appears to be a better choice

‘for a single characteristic electron energy than the'effective _energy, 0.89

- MeV. As stated in Appendix A, the average electron energy which is a
_ better characterization of the beam is greater ‘than the effectlve energy
- -but 1ess than the extrapolated range electron energy. '
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The results from the aluminum calorimeter measurements, in air, on Tube
A-297 are compared with some #25 Cinemoid measurements in Figure 2.8. The
Cinemoid results are the average of three sets of measurements of the output
of Tube A-297, in air, at 5 inches distance from the tube surface. A maxi-
mum electron energy, from the'extrapolation to zero absorbed energy, is
estimated from the results in Figure 2.8 to be 1.36 MeV, while the inte-
grated_incident beam energy density is calculated to be 1.40 cal/cm?.

Al though the-output'of Tube A-297 was found to be about 10 percent low,
comparison of the aluminum calorimeter and Cinemoid data is useful. Consid-
ering an error ofni.IO'percent”for the #25 Cinemoid, the two curxves in
Figure 2.8 are, therefore, in agreement. This implies that, if'space charge
effects are present, they affect the energy deposxtlon profile by no more

“than about 10 percent.

- It is observable :from the calculated deposition profiles for mono-
energetic electrons traversing aluminum presented in Figure 2.6 and the
experimentally determined deposition profiles for aluminum and Cinemoid
given in Figures 2.8 and 3.9 that the Febetron electron beam is either npt.
monoenergetic or quite disperse (i.e., the electrons possess a substantial

. range of angles of inc1dence) It may be seen that the. (experlmental)

curves show an initial energy deposition characteristic of ‘electrons with
energies less than 1 MeV, whereas the deposition profile extends to pene-

-trations characteristic of electrons with energies of the order of 1.5 MeV..

In Figure 3.10 are presented dose-depth measurements for #25 Clnemoid.

as a function of focussing field showing the decrease in dose and therefore
- beam energy density as well as an apparent lowering of the maximum energy -

characteristic of the extrapolated-range. ‘The extrapolated-ranges in this

; figure corre3pond approximately to energles of 1.39, 1.43, and 1. AS'MEV.:
o . but this may be prlmarlly the result of . spectral changes rather than a
"~ change in the end point energy of the electron beam energy spectrum._'

Deposition measurements were also made on and off the beam axis at 3. 5 °

.inches and 9 inches from the tube window using 15° intervals up to a maxi-
- mum of 60° with respect to the beam axis. Typical results are shown in -
. Figure 3.1l where. it can be seen that the dose-depth curyes are character- S
'f-1st1c of that expected for a large angular dispersion of the electrons
penetrating the stacks of cobalt glass and silver phosphate glass.employed;
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._'As prevrously observed, -the dose-depth curves, 1n1t1a11y characterlstlc of

low energy electrons, possess extrapolated ranges lndlcatlve of much hlgher

~.energies.

In addltlon to the above dep051t10n profiles, profiles were measured .

- with #25 Cinemoid at various distances along the axial centerllne of the

machine. As stated in Section II, accurate energy information can only be

- obtained when the dose-depth curves are produced by a monoenergetic electron
~beam 1ncxdent normally upon the stack of dosimetry material. The effective

and maximum enargies determined for Tube A- 313 in air using #25 Cinemoid are

. presented. in Flgure '3.12 as a functlon of position on the beam axis. The
~ solid curve for maximum energy was determined from available stopping power -
_ 1nformat10n for 1. 5-MEV electrons in air. 21 The solid curve for effective

energy is merely a best curve. through the experlmental points. As discussed
in Appendix B, the effective energy is less than the average energy, which-

indicates that the average energy is ‘expected to be ‘greater than, but on-
 the order of, 1 MeV. As stated earlier, the average energy has not yet been

measured directly but this 1nf0rmat10n will be obtained in the near future.

e These results for ‘effective and maximum energies are compared. with aluminum
. calorimeter results in Table ‘I1I.1 and as can be seen the results for the
rtwo_materlals_agree fairly well., ' '

 Table III.1.
Effective and Maximum Energies
for #25 Clnemomd and Al

:Eeff(Mgv). | max(Mev)

" Position on’

" Beam Axis 425 Cinemoid AL’ " 425 Cinemoid Al __

"Al, tube mo. 313~
for Cinemoid) -

5% (tube no. 297)  0.89 £ 0.13 © 0.89 £0.09  1.48 £0.15 1.36 £0.13

D.. Beam'Eﬁergy‘DenSity o

As mentloned in Sectlon II.A the beam energy'deﬁsity may be obtainede:

'§" (Unknown tube for  0.80 £ 0.11  0.91£0.09 1.34£0.13 1.47 £0.15 -

_by 1ntegrat1ng the -dose-depth curves. . The. regults obtalned in this way for L
- three separate type A tubes are presented in Figures 3.13, 3,14, and 3. 15
__as a functlon of distance from the tube window on. the beam.ax1s.' The o
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ﬁf,} materials used td_make_theseimeasurements were #25 Cinemoid, cobalt glass,

- and silver phosphate glass. The various materials are found to give results

‘that are relatively consistent with one another. Initially the energy den-

sity falls off quite rapidly but then levels off or exhibits a maximum as

" a result of the "Bennett' pinch which is more pronounced for a pressure of

approximately 300 n than at atmospheric pressure, as can be seen from a com=

-.parison of Figures 3.13 and 3.15.

Meaqur“mﬁnts of the beam energy density, with cobalt glass and silver

‘phosphate gless, at Lhree focu551ng fields are shown in Figure 3.16. These

‘results are’ ‘consistent with those presented in the last section for the dose-

depth curves in #25 Cinemoid, i.e., the energy density of the beam decreases
with decreasing'focussing field. This is probably the result of more dis-

perse trajectories of the electrons at the lower focussing fields.

~

The doSe-depth measurements on and off the axis mentioned in the last
gsection were used to obtain the beam energy.density as a function of angle:
from the beam axis at 3.5 inches and 9 inches from the tube window. The -
results are presented in Figure 3.17 where the focussing phenomenon at 9

flnches 1s quite evident inasmuch as the energy density falls off more rapldly
_at 9 inches. than 3.5 1nches.

E. FEnergy Spectrum

As stated earlier, the energy. spectrum measurements with the magnetic
spectrometer were certainly not representative of the entire electron beam,
due -to the fact that the presence of the focussing field. makes it very dif-

'flcult to place the spectrometer close enough to the tube window to inter-
. cept a substantial portion of the electron beam while at the same time keep--
: ing the perturbatlon caused by the focu531ng field at an acceptable level.

" The results are, however, 1n relatively good agreement (in. terms of shape ' 
“and position of pronounced peaks) with cther measurements oOn the Febetron _
705 and other field emission devices. The film traces obtained.in these
" measurements show that peaks exist at about 1.5, 1.0, and 0.6 MeV.. The

" higher energyapeakuis much_more_pronounced than the 10werftwo.

Typlcal results for a. 31ngle pulse are presented in Flgure 3.18 sh0w1ng

ethe medium and high energy peaks in the spectrum. Due to the fact that the .

absolute sensitivity of type AA and KX films has not as-Yet,beeﬁ determinéd;

'3e80i:-
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the relative electron energy distribution omly is presented in this figure.
It is seen_that the high energy.peak falls at 1.47 MeV, which is in good
agreement with the results of the aluminum absorption measurements in light
cf the fact that in each case a different tube was used. |

The energy and magnitude of the high energy-peak were found to be much
more reproducible from shot to shot than that of the lower energy peaks.

- This spectrum is much closer to being monoenergetic, possessing a full width .
at hailf maximum of only 75 keV, than was initially expected in light of the
long tail existing on the voltage profile; this is probably due to the poor

geometry (small intercepted solid angle) employed. An error of X 10 to 15

percent is presently estimated for the relative electron energy distribution,

and this represents uncertainties arising from the assumed energy dependence
of the response of the type KK film (see Section II.C), the difficulty en-

countered in the transverse integration of the optical density at a point

~along the film, and the theoretical expression employed relating the elec -

tron energy and position on'the'focal plane. The energy resolution, arising
from the finite size of the electron beam and its oblique angle of incidence

‘upon the film as well as the fact that it is not a point source, is esti-

mated to be approximately 8 keV and 4 keV for the 0.94 MeV and 1.47 MeV:

peaks, respectively. This degree of resolutlon may well be masked by non-

unlformltles in the film.

Various colllmator arrangements were employed to look. for space charge
effects although such effects were mever observed. - In the course of this.

.investigation it was found that decrea51ng_the dlameter-of_the precollimator

drift section (see Figure.2.13b) resulted in a substantial decrease in the

1.0 MeV peak relative to the 1.5 MeV peak. This is but another indication

" of the complex trajectories of the electrons in the beam. . These results can

be compared with- ‘measurements made by the Field Emission Corp. on ‘the same’

model Febetron at the same eharg;ng ‘voltage, the results of which are shown
in Figure 3.19 where EN(E) is plotted versus E. The hlgher energy end of -

the spectrum is similar in both'eases, but the Field Emission results show

a much more pronounced 1-MeV peak " this, in all likelihood, is a result of

~the fact that these measurements are reported to be representative of half

the beam, whereas the results reported hereln sampled only a small solid

angle.

The technlque employed in the Fleld Em1351on measurements is that of

:observ1ng the: tlme resolved electron beam current p3351ng through varlous

'ﬂg:34
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thicknesses of Al absorber. 1In this way various portions of the current pro-
file can be characterized by average energies, for a normal-incident beam,’

and in this way a histogram of the energy distribution is constructed. It

should be pointed out that the angular divergence of the electron beam intro-

duces uncertainties in the determination of the average energy assoclated
- with each portion of the beam.

In Flgure 3.20 measurements by Graybill and Nablolo'On a field emission

'dev1ce using a Van de Graaff accelerator to produce the charging potential

are. also presented for comparison. These results correspond to a charging
potential of 2.6 megavolts and a 180° fixed-field magnetic spectrometer was

“used to measure the spectrum. This spectrometer design employed a number of
‘Faraday cups on the focal plane for electron detection. As can be seen in -

this figure, the shape is generally the same as in Figure 3.18 although the

- lower energy peak is not distinctly separated from the shoulder of the high.
energy peak. These results are also characteristic of only a small portion

of the beam, although for an IP x-ray machine this may not be as 1mportant
as for the Febetron 705 51nce the IP machlne does not employ a focussing
field. ' '

 The prev1ously mentioned effectlve energy measurements suggest that,
in the case of the Febetron 705, the 0.6 MeV peak may even be more pronounced.

- than indicated in Figure 3.18 for the electron differential energy spectrum

~ characteristic of the éntire beam.  As already mentioned, this is further

' ‘indicated in our measurements by the fact that varying the type of collimator
ﬂsystem employed resulted in a decrease in ‘the magnitude of the lower energy
-peaks when a collimator is employed which consttricts the precollimator pas-
sage. o . - : : : L

" In Section II.C it was 1nd1cated that it is pos51b1e to obtaln 1nforma-.‘
tion characteristic of the entlre beam using the current and . voltage wave-

'_forms, providing the tube shank . 1nductance can. be determlned.- Thls tech-

nique was employed on ‘the Sandia Model 705 Febetron No._2 Where a tlmlng

:-synchronlzatlon of ‘the two waveforms of about 2 to 3 nsec was reallzed. At
" this time only the results obtained assuming L = 0 can be. presented 51nce3
L accurate estimates of the tube shank inductance are not avallable.' These
- results are shown in Figure 3.21 for a charging potential. of 30 kV and a

h" focuss1ng fleld of 3200 gauss.. ‘Two distinct groups are ev1dent but their

DN

 energies are ‘somewhat high which: is to be. expected for the assumed Zero shank . .
‘inductance. These results do however, show a 51zeable 1ow energy group (at
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~ approximately 1 MeV). The inclusion of a-finite.shank inductance wili-lowér
" the energy of these two groups, but the beam energy spectrum should still

possess a slzeable low energy component. -




IV. SUMMARY AND CONCLUSIONS

For pulsed electron beams of sufficient energy density, partial-

- absorbing and total-stopping calorimeters yield the most accurate energy
dep051t10n profile and beam energy density information, provided backscat- '
tering and bremsstrahlung. corrections are not too large and that such cor-
rective information is available. This corrective information is required
if the'totalystopping:calorimeter is to ultimately yield the actual energy

:density'incident‘oﬁ the front surface of the calorimeter. Use of bremsstrah-

 lung and electron reflection data should be applied with discretion since
these data are strongly dependent on electron energy. Additionally, care
should be taken in the interpretation of results obtained on electron beams

- possessing sufficient energy density to produce calorimeter temperature
rises for which radiation heat transfer becomes important. Calorimeters of
a size comparable to the'exﬁefimentalesamples should be used to determine f .

ffﬁ’_IB and ‘dose to given. samples in beams possess1ng a hlgh degree of spatlal
¥ nonunlformlty ' ‘

‘The passive dosimetry materials (glasses and plastics),~a1though useful
at lower beam intensities and more easily employed in the determination of
deposition profiles}than calorimeters, pessess a larger precision uncertainty
and are in practice less accurate than the calorimeters. In addition, when
dielectric passive dosimetry materials'are employed, care should be taken to

"_1nsure that. space charge effects, rate saturation effects, and environmental
effects can be ellmlnated or ‘properly accounted for. In spite of the above -
‘ mentioned def1c1enc1es characterlstlc .of the plastics used in. electron beam _
'dlagnostlcs, these plastlcs possess a distinct advantage . over the calorlmet--
~ ric method in electron beam spatial profile measurements. Since the plastics
- are analyzed optieally, spatial profiles obtained with these materlals.results.
-.in a continuous scan of'the'beanfprofile'whereas,-necessarily, calorimetric
determinations resultin a stepw1se representatlon of average values for the'
beam. proflle. ' ' :

- Charge release: and/or current proflles can be. determlned using a Fara-""
RS day cup ‘providing that a hlgh current carrying capac1ty conductor leads from
'wmj"the_eateher_plape lnsthe_cupudlrectly to ‘the current- v1ewing resistor (e.g., N ,;}

P
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of the type produced by the T & M Research Products) and of as short a

1ength as possible,

Spectral information with varying degrees of energy resolution can be

‘obtained in a variety of ways. The lowest resolution information (i.e.,
' average energy and extrapolated end-point energy information) can be deter-

mined for approximately the entire beam and these measurements are the eas~
iest to make. The time-resolved differential-absorption technique employed

by Field Emission Corp. yields moderate resolution spectral information that

is typicaily”representative of approximately half the beam. This technique .
is sensitive to the angular dispersion of the electron beam as is the tech-
nique which employs the energy deposition profile to determine the extra-

. -polated end-point energy. High resolution spectral information can be
- obtained using electron magnetic spectrometers. Results obtained using .
“instruments of this type are, however, representative of but a small portion

of the beam (the beam fraction sampled being dependent upon the sensitivity

‘of the detectors employed) and, therefore, cannot be used to predict inforx-

mation representative of the entire beam for those beams possessing substan-

tial angular dispersion. In principle, it is possible to get high resolu-

tion'spectral'information that is representative of the entire beam from

'nsynchronlzed tube voltage and beam current time histories. However, the
. application of this technique requires an accurate knowledge of tube shank
- inductance in order to obtain meanlngful energy, as well as d1fferent1a1

'number, spectra 1nformat10n.

As far as the Sandia Mbdel 705 Febetrons are concerned beam energy .

d.den51ty measurements can be made using totally stopplng calorimeters such
“as Al or Cu or. stacks- of various passive dosimetry: materials (e.g., 511ver

metaphosphate glass, ClnemOLd etc.) while thin. calorimeters can be used to

“determine the dose to thin samples of various- materlals. " Energy dep031tlon_'

proflles in:Al, which should be representative. for low Z materials, can be-
determined using a linear array of thin Al calorimeters. Linear array
calorimeters can also be used to find the energy dep051tlon proflle in a

“:varlety of other materlals.

Energy spectrum information suitable“for'general use- is not so easily

obtained due to the spatial complexity of the electron trajectories in the

electron beam produced by these machlnes.‘ Any. one of ‘the spectroscopy. tech-'f

*n-nlques mentloned above whlch is compatible with ‘the portlon of the beam to -
~be 1ntercepted by a test can be employed to obtaln pertlnent spectral 1nfor-,:l;

mation. -



In general, the aﬁgular dispersion of the electron beam from the Model -

" 705 Febetron machines is such that any beam diagnostics performed should

"~ sample the same portion of the beam to be employed in the experiment.

Electron beam diagnostics on the higher energy machines, Hermes I, Reba,

etc., are amenable to the same techniques as applied to the Febetron 705

machines provided the measurements are out of the region of intense electron

pinch. Outside of the "pinch" region total stopping calorimeters of various
Z materials have proved quite satisfactory. Partial absorbing calorimeters,

'-partlcularly graphlte and tltanlum, have been used with good results in these
regions. Plastics may be used in regions of relatlvely low electron energy

- densities, i.e., 20 cal/cm2 or less.

To date, the only diagnostic method”used with any degree of confidence -
in reglons of intense electron beam energy density has been the total stop-'
plng graphlte calorlmeter. o '

In regards to electron energy spectrum measurements, any of the tech-_'

‘niques described above’(as'used with the Febetron 705's) should be applica-

ble to the higher energy machines., Implicit with these techniques is, of
course, good machine repeatability. The previously mentioned remarks con-
cerning beam angular dispersion and sample d031meter size are equally

o appllcable to the hlgher energy machines.
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APPENDIX A

Technlque for Determination of Effective Energy
and/or Approx1mate Average Energy

Consider“the gituation in'which an-electroh beaﬁ_is incident upon a
stack of dosimetry material. From the dose-depth curve obtained from the
stack it is possible to determine the beam energy density and surface dose.

. The ratlo of these two quantltles for an electron beam that is normallz
“incident upon the stack can be written as

~

[T - aE(E] ¢ (B)AE
B 0

DTO) ™ "o gg|
f SEl 3(0,E)¢(E)AE
: 0 g

I

(A.1)

‘where IB is the dep031ted energy den51ty of the beam, D(O) is the surface
‘dose, ¢(E) is the electron beam differential energy spectrum, AE(E) repre-'

'_,sents energy losses due to backscattering and bremsstrahlung productlon,_'

dE/deE is the electron stopping power at energy E, and J(0,E) is the surface'
‘energy dissipation function for normally-1nc1dent electrons defined by =~
- Spence:;zo

"The. function J(O,E) may be either calculated. or measured. “Cal- |
culated values are available for Al and polystyrene20 and in this report . =
the polystyrene results have been:used for Cinemoidﬁ': ' '

At thls point, let us 11m1t our con31derat10n to 31tuat10ns where AE(E)-;;
is but a few percent of E. This is a good approx1matlon for either Al or
Cinemoid- in the energy range of 0.5 to 2 MeV.. In this case Equation A. 1_ =

: becomes_

-

L E. E.dE o _..:: _n_ ;e_..“e _ .e;:-ﬁ..e o o
_:jo‘" o (E) e

~B
B0y = T —
o __fo_-%lE I(0,E)¢(E)IE
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! It should be pointed out that this ratio can be quite useful in deter-
f_mining the degree to which an electron-beam is moncenergetic. Let us then
further limit our consideration to a monoenergetlc electron beam in which
case Equation A.2 becomes '

- 3 | ;__ ‘e - : | L o A3

where f(E) is defined for convenience. The function £(E) is plotted in .
Figure A.1 for Al and polystyrene where the J(0,E) values of Spencer were
used. Therefore,_the'ratiofof'the measured beam energy density to the

_ measured surface'dose uniquely determines the energy for a normal-incident
~ electron beam. For a monoenergetic beam this value will be identical with
the energy obtained from the extrapolated range. The range-energy relations
- for alectron stopplng 1n Al are known but are not available for Cinemoid.

In the event the beams were not monoenergetic, the electrons in the
 lower energy end of the spectrum would preferentially'deposit their energy
towards the front of the stack thus producing a larger increase in D(0) . than
in Ig. The use of Equation A.3 on a spectrum, therefore, defines what is
herein called the "effective energy;"
‘beam which would yield the same Ip and D(0) as the spectrum in question
 although the "extrapolated range' must necessarily be different. The effec-

i.e., the energy of a monoenergetic

- tive energy is then found from

Dtgj o T B N LY

spectrum

" The above technique was tesﬁed by exposing a. stack of #25'Cinemoid to

o . the electron beam from a Van de Graaff accelerator. operated at 1.8 MeV. In

this case the electron beam 1is monoenergetlc and normal incident. Results
obtained from three exposures are presented in Figure A.2 where the dose
.has been normalized for comparisén. 'As can be seen, the energy'determined'
from the measured Ip and D(0) using the polystyrene'cﬁrve in Figure A.1 is

. in good agreement with the electron energy of 1.8 MeV (known to 80 keV).

The solld curve is the deposition profile as predlcted by Spencer for poly-"
styrene. The shallower peaklng in the experlmental results are, in part at
1east from the hlgher average atomlc number of Clnem01d
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_ Let us now return to the general case of a spectrum of electrons. Using
the definition of £(E) in Equation A.3, we can rewrite Equation A. 2 in the

f Eo(E)dE
D(o) j ﬂ—yqs(E)dE

It is- p0531b1e to make a straight llne fit to f(E) in the energy 1nterva1
'.from about 0.3 MeV to 2 MeV, as can be seen from Figure A.3. Thls is just

(A.5)

the energy range of interest for the Febetron as was mentioned in Sectlon :
~° IIL.E. Then, maklng use of the stralght line approximation '

CE(E) = A4 BE . = S N o ('A.G)'
'in Equation A.5 yields -

| ﬁ:Q(E)dE . Bf E¢(E)dE L

o - (A7)

p(E)dE

() -
DO fA+BE¢'(E)dE _ fﬁ%

It must be emphasxzed at this point that (1 + A/BE) is close to unlty
only so long as E > 0.3 MeV, and therefore the steps which are to follow are ;

only valid so long as ¢ (E) is effectively zero when E < 0. 3 MeV (at an energy e"

‘of 0.3 MeV, the factor (A/BE) = -0.58 for aluminum and thls_w111 decrease for
__higher energies). Expanding the quantlty.l/(l + A/BE)_;n Equation A.7 gives

f ._(_)—-—E dE c(E)dEr -2 f—(—“E'E' dE

&(E ¢{E)dE S Co 0 T(AL8Y.
7 l‘ldE ;5_[45)3—‘“ B ,(. 8

where the fourth term has been neglected since it w111 be 20 percent of the
. first term at 0.3 MeV and less at hlgher energies where. ‘the major contribu- .

'z_tlon to the spectrum is expected . The information: presented in Saction IIT. E_f
. 1nd1cates that for the Febetron Model 705 most: of the electrons are. in the o

1. 0-to 1. 5:MeV. region, in which case b '
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(e i
L EL_ (L) <
 femyar e/

' .Making use of 'these expfessions in Equétion’ A.8 yields
fE¢(E)dE fd’(E)dE

WY-:. S(EYIE__
R pes i

= : — =-A + BE

N | - B0 B

eff

..or ;

_ml'”
no

prab-wewtE
e IO

'S:ane A/B is negatlve for both Al and Cinemoid, this last step will slightly = .
overest:__mate the average _e_nergy Usz.ng the values of A and B for Al thlS '

“yields -

N E = 1.21.Eeff“ 0.21 S :_.:._.(A.lq)f.

101




Expressions (A.9) and (A.10) can only be employed providing ¢(E) is effec-

tively zero belowa =

upon the stack of dosimetry material.

0.4 MeV and the electron beam is incident normally

An-altefnate,_although somewhat rougher, approach would be to split

the spectrum into a number of discreté groups with the lowest energy group:
falling at about 0. 4 MeV and hlghest energy group at 1.5 MeV

can be ertten

DR L
I DI 24
B i=1 -F i=1
D (0} B

N
| dE
DL IE0) gy
=

i

N

L dE
IR0 g
=1 .

i

i

where i=1 is the 0.4 MeV group and 1*N is. the 1.5 MeV group.
¢y and J(Ey,0) dE/deE Sy ylelds -

. Now,

Equation-A.Zl

. (AID)

Factoring'oﬁtr

@

(4.13)

¥



since J(Ei,O)dE/dxlE_ (1 sis N-l) > J(ENsO)dE/dXIER in the energy interval
i _ : . :
0.3 MeV to 1.5 MeV. A lower limit on the average energy is then found by .

assuming ¢y = 1 and all other ¢i = 0 while ‘an upper limit is found by setting
¢;=1 and all other ¢; =0, i.e., o e

= A BT . _ -

wFor\thefcase‘ef—Al this last expression would be

_1:84-5157); E = 3.45\5007 e . -~ (A.15)

where the ratio I /D(O) should be expressed in gm/cm

iz so rough that normal incidence is not requlred
tion is satisfied

. This last expression
although if this condi-
, the average energy would be closer to the lower limit

- while for a very disperse beam_it would be closer to the upper limit.
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- curves are based, for the most part, upon the data from Touloukien

" APPENDIX B

Hermes I Electron Beam Diagnostics

In this appendix, typical beam diagnostics results obtained on Hermes I

'using the techniques described in the main body of the report are presented. o

In light of the high energy demsity characteristic of the Hermes I
electron beam, calorimeter material selection-required careful consideration.

In Figure -B.1 the energy dep031t10n required to produce a given temperature
rise is presented for the materials which were selected to cover a broad Z

range and to be capable of operation in high energy density beams. These
27 with
additional data also considered. The points indicated for onset of radia- |
tion heat transfer correspond to the temperature at which 10 percent of the

energy content of a sample would be radiated in one second. "Total absorptlon

i calorimeters were fabricated using all these materials (all were single ele-

ment calorimeters except for graphite where a planar array configuration was’

also employed), and llnear array calorimeters were fabricated of all the

materials but molybdenum. More information concernlng the fabrlcatlon of
these calorimeters can be found in the publication by J. F. Schulze.13 In.

Figure B.2 one of the titanium 11near array calorlmeters is shown as well as -

the equilibrator in which the calorlmeter array is placed in order to achieve
electron equ111br1um.

Results typlcal of the use of a graphlte llnear array calorlmeter whlch r"

. in general, samples but a small portlon of the beam are shown in Figure B 3000

In Flgure B.3a results of three shots are shown at a- p031t10n 0.5 inches

from the tube anode on the axis of the drift chamber.- The- solid curve is. the
. energy deposition profile predicted by Spencer20 for 2.5 MeV (characterlstlc e

of ‘the electron energy spectrum of Hermes I) electrons normally incident

- pon ‘graphite. ' As can be seen from this figure, the measured dep051t10n pro-':
files peak at a shallower depth of penetratlon than the theoretical predic- -~
- tion.. This is 1nterpreted as resultlng from the actual angular distribution
of the electrons striking the_graphlte calorlmetet array_(l,e,, the electron ]4
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Photograph of a titanium ‘linear. array

Figure B.2.
' calorlmeter and equilibrator
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Figure B.3. ‘Energy deposition proflles in graphite on Hermés I at
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trajectories prdduce oblique angles of incidence) in light of the .estimated

energy spectrum of the electrons (see Figure B.9) where most of the electrons =
are found to have energies in excess of 2.5 MeV. 1In part (b) of this figure,
results are presented for the situations in which (1) care was taken to make

a good ground to the equilibrator, and (2) the equilibrator was leftc floating.
The grounding condition of the equilibrator seems to have little effect on

* the energy deposition profile. The peak in the energy deposition profile is

also shallower than the Spencer prediction at this 6 inch position but the

" peak is more pronounced, indicating an angular distribution closer to normal

incidence and/or lower electron energies. The latter situation could only
be realized if energy were given up to the gas in the drift chamber but the
degree to which this phenomenon contributes cannot be estimated at the

" present time.

Results obtained usiﬁg 4 titanium linear array calorimeter are presented
in Figure B.4 where in part (a) measured energy deposition profiles are pre-
sented for various distances from the anode on the drift chamber axis (as

- for the graphite calorimeter array above, and for the tantalum array like-

wise, this calorimeter array samples only a small portionrof the beam at all
but those positions where the beam exhibits a pinch) .. These results indicate-
that there is not a strong dependence upon axial p051t10n, at- 1east for that

o portlon of the beam sampled by the calorimeter array. 1In part (b) of the

figure, results are presented for the grounded and ungrounded conditions of

the equ111brator and as for the- graphite, there appears to be no dlfference.

In Figure B.5 results obtained usingvé'tantalum linéar array ca1orimeter
are presented at (a) 0.5 inch from the anode and (b) at the 6 inch position.’

It is felt that radiation heat transfer losses affétted the measurements. of
. the first two. calorlmeters of the llnear array and as a result these energy -

dep051t10n flgures are low.

In Figure B 6 a typlcal spat1a1 proflle of the energy dep031ted in #25

'_Clnem01d by the electron beam is presented. As can ‘be seen.from this figure,

the beam possesses considerable spatial structurésas it exits from the tube.
This is not a spatial profile of the beam intensity or energy density but at

~ the electron enefgies'characteristic of Hermes I fhé'electron ‘sto'pp*nd is
nearly constant and therefore the results presented in this flgure should
. give a reasonably good 1nd1cat10n of the: varlatlon in beam 1nten31ty
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The beam enefgy'density, on the drift chamber axis, is presented as a .f)3
function of distance from the anode in Figure B.7. Inside the first pinch o
which occurs at about 3 inches from the anode, the reproducibility of the
measurements is not as good as for the 5 and 6 inch positions, at least for
that portion of the beam sampled by the calorimeters. The total beam energy
output is expected to exhibit better reproducibility than the dose measure-

~ ments based upon observed variations in the tube voltage and current time

histories.. This variation in measured beam intensity inside the first pinch
is likely associated with variations in the beam-intensity spatial-profile _
from shot to'shot._ The peak in the beam intensity, commonly referred to as -

- a plnch in the beam, corresponds to about 200 cal/cmz.

s

‘The tube voltage and current time histories for Shot No. 823 on Hermes
I are shown in Figure B.8 ‘where the measurements were made using a resistive

divider network and current viewing resistor ring for the voltage and current

respectively. The current is known to 5 to 10 percent and voltage to ‘10 to
15 percent. Using these results and various values of tube shank_inductance"

- bracketing the estimated wvalue of 0.67 uhenry; the electron number differen4- _
‘tial energy spectra presented in Figure B.9 were determined.  For all values - <

of the shank inductanée employed the peak in the spectrum occurs at about _
2.8 MeV. These spectra are characteristic of the entire electron beam (i.e., '  *_
the total charge release per pulse) and would not necessarily be représenta- -
tive of only a small fraction of the beam Whlch might be the situation of

©  interest for an .actual experlment.
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- Figure B.7. Beam énergy density on dr1ft chamber axis vs. distance -
L from tube surface for Hermes I : e

115



£¢8 "ON 3Joys T ‘sowoH

e Lk mEhommme JjuaaInd pue a983104 HmUHQhH .m,m mnnmﬂm.

SANODISONYN ‘3WIL
ooL - 0§

ol

| €28 1OHS ‘T SIWHAH

vl

ol

2l

ol

1 INHHND ONV*A ‘39VIIOA JENL QIZITVANON

HH.116_‘

[




:_'ELECTRON NUMBER, ARBITRARY,SCALE“ o

8 l.l l. iilll l_l- Ii l‘l] Ill 1.1[.1: T ||.l
==, L=0.55 ;. HENRY B
— , L=065u HENRY _' =

, L=0.75; HENRY

e, L=0.85p HENRY'

'4; o
I
1

N
I
!
i
1

Ow —.' [ T T L ¢ 1 1 | [ | [
510 5 20 25 30

ELECTRON ENERGY MeV

_'FigﬁrefB.9_ Electron differential energy spectra obtalned from

the voltage and current waveforms shown in Flgure B 8§ -
: for various. values of  tube shank 1nductance .
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