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Standard Practice for Dosimetry of Proton
Beams for use in Radiation Effects Testing of
Electronics
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Abstract-- Representatives of facilities that routinely deliver
protons for radiation effect testing are collaborating to establish
a set of standard best practices for proton dosimetry. These best
practices will be submitted to the ASTM International for
adoption.

[. INTRODUCTION

Protons are frequently the dominant source of tafian
the space environment causing radiation effects ascsingle
event effects (SEE), total ionizing dose effect$D{T or
displacement damage (DD) to electronics or materialoton
beams from particle accelerators are routinely ufsd
accelerated ground testing of such radiation effentdevices
to predict their performance in space. Standardst dar
proton dosimetry for medical therapy facilities ,[Hut no
equivalent standards have been established formetsi
when protons are used for radiation effects testingthe
latter case, more diversity of energy, beam intgrasid other
operating conditions are required, which can lead
challenges in validation of the test conditions dondimetry.

Under the auspices of the ASTM International Correai

on Electronics (F11) and Dosimetry (E10) and thecsp
Parts Working Group’s Hardness Assurance Committee

representatives of several North American facditithat
routinely deliver protons for radiation effect iagt of

electronics are collaborating to establish a sstaridard best

practices for proton dosimetry. These best prastio#l be

submitted to ASTM for adoption. The procedures ® b

considered include methods for measurement of deieor
dose, flux density, uniformity and energy of thetpn beam,
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as well as potential interferences, e.g. slit scaiy and/or
secondary neutron production.

Testing using proton energies ranging from 10 t@010
MeV can be done in air, and is typically used fadiation
testing of electronics. Proton testing at enerdetow 10
MeV is becoming increasingly important to the spsesting
community and will be addressed in the standardtizey
however, the fact that it must be carried out inwan adds
complications and will not be addressed in thisgpap

The beam intensities for simulating space and daied
effects range from approximately®1€ 10" protons crif s™.
This large range is due to the very diverse neddthe
community for proton testing of electronics - frdow dose
SEE studies in microelectronics to TID measuremeénts
optical components. Many facilities limit the beamtensity
because of inadequacies in the facility shieldargn order to
minimize activation of equipment and beamline congrus.

For electronics testing purposes the proton fluemcgose
should be determined to better than 5%. The prb&ems

tshould be monoenergetic or near monoenergaficE < 5%)

and the energy should be known to < 2-5% depenaiinthe
application. The beam flux density should be umifato
within 5-10% across the size of the device under(@UT).
"There are a number of acceptable methods and tpemi
for determination of the fluence or dose, energyergy
spread and uniformity of the proton beam. Thesesdén
type of accelerator, proton energy and beam sizé,ather
experimental considerations. Test facilities reguia
combination of these methods for a full charactermn of
the proton beam.

Il. ELEMENTS OF STANDARD PROTON DOSIMETRY

A. Determination of dose or fluence

Depending on the application, it may be most appabe
or even required to measure the effect of radiatissna
function of either dose or fluence. This can beceigly true
if the device performance is either particularly seo
dependent (e.g. TID effects) or particularly flugpgndent
(e.g. enhanced low dose rate sensitivity (ELDR&otsf).
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Fig 1. Typical experimental set up for proton st dosimetry

1) Relation between dose and fluence
The relationship between dose and fluence is gbsen
the equation:

Dose (rads) = Fluence * LET * 1.60x10 (1)
where the fluence is in units of protonsfcand the LET in
MeV/g/cnf.

2) Monitoring dose or fluence

Various kinds of detectors can be used to eithercty
monitor the dose or fluence, to calibrate the nmnit
detector or to determine other beam characteristich as
uniformity, energy and energy width. The dose aefiice
is monitored with some kind of transmission detediat
is larger than the maximum collimator size and Dard
thin enough to minimize scattering and energy disgian.
Depending on proton energy and the beamline
configuration, the typical transmission dosimeteeither a
transmission ion chamber [TIC] (usually operatediit or
a secondary emission monitor [SEM] (operated in
vacuum). A typical set up for in-air testing usiagriC is
shown in Figure 1. The only difference in the cade
dosimetry using a SEM would be the location of the
vacuum window. Transmission detectors can be cordit
to give beam uniformity information as well as dose

Plane-parallel, or transmission, ion chambers piean
accurate and reproducible method of measuring tb®mp
dose rate or total dose and from this measurement
determining the proton flux or fluence. An introtioa to
ion chamber technology can be found in Knoll [2h i&n
chamber consists either of a foil at high voltagatered
between two thin signal foils at ground, or the agife
configuration, with a center signal foil stretchiedtween
two high voltage foils. The intervening gaps alled with
air or an inert gas at some known pressure, often
atmospheric. Particles traversing the foils ionilze gas,
and either the electrons or ions are collectetiegtound,
or collector, foil. lon chambers are characteriisdthe
quantity W, defined as the amount of energy it sat@
create an ion pair in the gas. W depends on thtclear

detected and the choice of gas; for protons, i8(s35
eV/ion pair for all commonly used gases. Ambiemtian
chambers are the simplest but may require a cdoreon
the order of a few percent for changes in pressune
temperature.

TICs are typically operated at an applied voltagghh
enough so that recombination of the ion pairs eckat the
gas are negligible; this is determined using bea@ie
voltage is increased until the current versus geltaurve
reaches a plateau region. Under these conditiors th
current is directly proportional to the proton flishe high
voltage may be of either polarity depending on the
chamber configuration and will vary from 100 V to(®
V, depending on the distance between foils andoprot
peak intensity.

The small ion chamber current generated is typicall
read out through a recyling integrator module. Thifgputs
a digital pulse for every 10- 10 Coulombs of input
charge. The integrator output is then read intccales.
The scaler readout is proportional to the beam fiomes
the total energy lost in the gas (approximated BT L
multiplied by the thickness, t):

Counts~ I, * LETgos* t/ W (2)

In converting to dose at the DUT, a correction niest
made for the difference in LET for the proton tnesieg
the gas compared to the composition of the DUT.

lon chambers can be made position sensitive by
dividing one or more of the foils. For example, goion
chambers made in the two signal foil configuratanme
divided into a series of concentric rings on orgge sior
tuning beam diameter and uniformity, and quadrantthe
second foil for beam centering.

TICs are limited at low fluxes by the sensitivity the
recycling integrator, and at high fluxes by satforain the
gas caused by recombination of the ion pairs. &lpic
operating ranges are given in Table 1.

A multi-foil secondary electron emission monitoE(8)
can also be used to monitor the proton beam curfent
odd numberX%3) of copper or aluminum foils are stacked
and biased such that odd foils are at positive hihie
even foils are connected to an electrometer. THag®



needed increases with the foil spacing. The seagnda
electron current depends on the energy of the psoémd
the number of foils used. The higher the energythef
proton beam the fewer electrons will be producelis T
effect can be compensated for by the use of mdle #
SEM is suitable for monitoring proton beam curreass
low as 10 picoamperes (6.2 x “1frotons/s). A beam
defining collimator placed just upstream of the SHM
required in order to precisely define the diameitithe
beam.

Facilities that use TICs as the primary dosimetoial
must rely on other devices for measuring doseuanite at
low fluxes. This is most commonly a scintillatingatarial
of some kind coupled to a photomultiplier tube. [3]
Organic scintillators such as fast plastics — when
configured correctly and operated in a light-free
environment - can be sensitive to very low ion éshup to
approximately 1®protons/s.

3) Calibration of dosimeters

The preferred means of calibrating a dosimeter nigpe
on whether the measurement is being performeduanéle
or dose. For fluence, a calibration should be a
measurement of direct charge or current. For tiesntost
straightforward device is a Faraday cup. For dose
measurements, the calibration is typically accoshgd
using a standard reference ion chamber that has bee
calibrated externally. In either case, it is prafide for the
calibration to be performed at the location of BigT. If
the calibration device is located elsewhere, e.dgzaraday
cup in the beamline, great care must be takenguorerthat
the flux density does not change between the edldor
device and the monitoring device.

A Faraday cup (FC) is an excellent method of
confirming the fluence calibration by direct measuent.
Because it completely stops the proton beam it aaba
used during testing. Useful references on Faradgy c
design are given in Refs. [4-5]. The FC requirgsaphite
or heavier metal beam absorber that is insulatech fthe
ground container. From a radiation safety perspecti
graphite has the advantage of reducing radioadativatut
the disadvantage that for high intensity beamba# been
known to sputter, resulting in loose activity, or
contamination. In addition, it may not be practiadlove
proton energies of 200 MeV because of its low dgnsh
guard ring or equivalent structure is required ¢oluce
current leakage from the high voltage and a sugpreing
or magnetic field is required to remove or collect
secondary electrons that come from proton intesastin
the entrance foil or absorber.

The FC system should operate in a high vacuumereith
within the proton beam line or as a separate dewitle a
thin beam entrance window and its own vacuum system
(The latter is necessary if the FC is to be usedhat
position of the DUT.) Alternatively, simple non-uwagn
Faraday cups can also be constructed by surrouraling
sufficiently thick target with an insulator (such EKapton)

and a shield. These have been shown to agree with
standard (vacuum) Faraday cups to ~ 1-2%.

The calibration ion chamber is used to measureltise
at the device test location. The active volume loé t
chamber should be smaller than the beam size. Hramp
from medical applications [6] are the Exradin orrfer
series of thimble chambers. A typical calibratiar f
small chamber is 60 rads/nC and transverse dimensice
about 0.125” (3 mm). This chamber is filled with kdemt
air so a correction for temperature and pressureésied
for accurate work. A standafdCo calibration factor can
be provided by the supplier and converted to aaqgprot
calibration using a prescribed technique. The catlibn of
the reference chamber can also be independentifjeder
against a Faraday cup using Equation 1.

B. Achieving and determining Beam Uniformity

Proton beams for radiation testing are often dedge
over a large physical area, either to enable wsth
multiple components at the same time, or to enthatethe
central portion of the beam is uniform, or both.isTh
requires that the dose monitoring device be aselang
larger in area than the part of the beam whichoidé
utilized. Standard focusing magnets employed irstmo
accelerator facilities result in a beam that haSaassian
distribution in space, but which maintains any non-
uniformities it had upon exiting the acceleratdihe beam
may be made more uniform through the use of sdagter
foils then defocused with quadrupole magnets. emegal,
the beam size should be large so that only thealet®%
of the beam is used, in order to obtain maximum
uniformity. The best uniformity or transverse disttion
one can achieve with these techniques is on ther afds-
10%.

In order to achieve better efficiency, thus allogvmore
of the beam to be directed to the device (imporfanhigh
dose experiments), other techniques have beenapmcel
which are generally more expensive and require rsete
up time. These include the use of a second, coatour
scattering foil in order to scatter beam from trenter
region into the outer portion, thus filling in tehoulders of
the beam distribution, leading to a "flattop” beanofile.
Beam rastering — in which a focused beam is mowed i
both the vertical and horizontal axes across tmapka -
can also be employed.

It is possible to make the primary dosimetric deyic
whether TIC or SEM, position-sensitive. This enable
adjusting uniformity during beam tuning. Alternatly, an
array of small detectors such as silicon diodes lan
employed to check uniformity after tuning, or ongcls
detector can be moved across the beam in the xyand
dimensions.

The beam uniformity can also be measured using
radiosensitive film; Gafchromi¥ film is used by most
facilities. The film is exposed to the proton be&on a
dose of 2-100 krad (20-1000 Gy) depending on the



sensitivity of the film and the proton energy. T can

be read with a densitometer or scanned using acabpt
scanner. Gafchromic film has been explored as silples
dose monitor as well, but has been shown to be too
sensitive to proton energy to use as a quantitative
device.[7]

C. Energy and Energy Straggling

The uncertainty in the energy of an acceleratetighar
depends on the type of accelerator but is genekalhyvn
to better than 1%, even better for tandem accelexat his
uncertainty is negligible compared to the uncetyaiim the
energy at the DUT after the proton has traversed th
scattering foil, the exit window and air gaps irdiidn to
the monitoring device (TIM or SEM) and any degrader
The energy loss in these materials can be calclulzaing
modern stopping power codes such as SRIM 2006 [8]
SRIM gives average uncertainties in LET value - mvhe
calculations are compared to experimental data8.5%
for protons on Si, for example, at energies less thO
MeV, and of approximately 4% above 10 MeV. [8] For
thick absorbing material such as degraders, theggrhess
must be integrated over the thickness of the nadteri

Alternatively there are various standard techrsqte

either directly or indirectly measure the energyhat DUT
position. At low energies, silicon detectors ord#e are
employed. Silicon has a very linear energy respdose
protons and good energy resolution, but is limitetbwer
energies by available thicknesses. Scintillators alao be
used to directly measure the energy. Scintillatars
available thick enough to stop most proton energies
however, the energy response is not linear. Theggne
response of protons has been well studied for akver
common organic and inorganic scintillators. [3] Mor
sophisticated techniques — such as use of a maalti-I
Faraday cup - may be employed to measure the yenerg
straggling after passing through thick absorbermshsas
energy degraders.
1) Energy straggling

If the particle traverses enough material to sigaiftly
change the energy, e.g. energy degraders, thebethm
energy will spread. This is called energy stragglimhe
amount of straggling can be calculated using SR0M6
[8] or measured directly.
2) Energy straggling in a degrader

Degraders are often used to reduce the energyeof th
beam, enabling faster and more frequent energygesan
The energy spread of the degraded beam dependsige r
straggling in the degrader (an irreducible effeet)l on the
initial energy spread (an accelerator and beamline
dependent effect) according to

2
S
o’ = O-éTR +(§20|NT] (3)

whereoyr is the initial energy spread of the proton beam
before the degradenstr is the range straggling due to

multiple path lengths in the degrader itself, IS the
stopping power of the degrading material for pretahthe
initial energy, and S is the stopping power of the
degrading material for protons at the final energy.
Analyzing magnets located between the degradertlznd
endstation can serve to narrow the energy widthhef
beam delivered to the DUT, at the expense of beam
intensity.

3) Measuring the energy straggling

If the resolution of the detector is high enoughy a
detector that directly measures the beam energy,aeSi
or scintillator detector, will also determine ifgread. The
detector is placed in the beam at the locatiohefdevice
under test (DUT), in order to determine the beamneagh
due to all sources, including air. This methodinsited to
low fluxes; see Table 1 for the maximum flux dendar
the various kinds of energy detectors.

The measured width of the peak has two contribation
that must be considered. The actual energy spsead
defined in (3) and the instrumental resolutionhaf &nergy
detector itselbres The total measured peak widthea is

given by

O'f,,EA =o?+ O'éES (4)

A standard method of estimating the contributioomfr
ores IS t0 measure the width of the peak produced by th
0.662 MeV**"Cs source, typically a few a few tens of keV.
The instrumental resolution is then assumed to vatly
energy as B about the value found at 0.662 MeV. The
resulting corrections are typically on the orderaofew
percent.

At fluxes above ~1Dprotons/crfs a multi-leaf Faraday
Cup (MLFC) may be used. A MLFC consists of a number
of conducting (Al or Cu) sheets or leaves separdigd
insulating layers. For example 30 layers of 0.5 thitk Al
leaves alternating with @O thick kapton sheets
sandwiched between a front and a back cover platera
useful MLFC. As the current is read out from each
conducting layer, the highest current is measureerevthe
protons stop. The beam energy can then be deteimine
from the number of layers that the protons are dble
penetrate.

The MLFC has to be thick enough that the protoop st
within its sensitive volume. For higher proton egies
additional copper degraders are placed in frontthef
MLFC. An MLFC can resolve energy spreads of ~1MeV.

The beam energy is then determined from an enesyy |
calculation where the incident energy at the laratf the
DUT is treated as a parameter that is optimizedh $hat
the measured MLFC spectrum is reproduced. The gnerg
loss calculation introduces an uncertainty of upatéew
percent due to the specific iteration method used.
Uncertainties in the calculations increase withrgyndost
or material thickness.



The asymmetry of the peak becomes more pronounced energy spectrum of the secondary neutrons prodwbed

at lower beam energies and is due to the non-liyeaf
the stopping power as a function of energy. Thé tai
becomes more pronounced at higher beam energiespdu
secondary effects such as are discussed in theseetion.

I1l. INTERFERENCES

A. Collimation/dlit scattering

Scattering of the proton beam from the edges of
collimators and slits will lead to errors in thesduetry,
particularly if there is a collimator between thestneter
and the DUT. This effect will be larger for highemergy
beams that require thicker collimators or slitshds been
observed for the facility at TRIUMF to be on theler of a
few percent. [9]

Slit scattering has been well studied for many year
both theoretically and experimentally [10,11] arah de
minimized by careful design of the collimators bitss

B. Energy Loss and scattering within the DUT

Another source of error in the dosimetry will arfeem
self-scattering and energy loss within the DUTIftsEhis
must be considered particularly in devices that &gy
thick or have very thick overlayers.

C. Secondary Neutron Contamination

Secondary neutrons are an inevitable byproduchef t
proton beam interacting with matter. Thus therel wil
always be some secondary neutron fluence in a roto
beamline and the local test area. Typical sourcks o
secondary neutrons are the collimating apertures ts
define the beam spot, energy degraders used tcedta
proton energy, and the final beam stop. Secondzauitrons
can also be produced in the device under tesf.itt&lile
the flux of secondary neutrons is typically muctvdo than
the proton flux delivered to the test target, theseondary
neutrons can still affect the test process in a bamof
ways. They can cause SEE (Single Event Effectdhén
device under test or in other components locatedhen
same board as the test device. They can also cqpssds
in ancillary support equipment located close to test
area, such as computers used to monitor the esbn8ary
neutron production was measured for 230 MeV pro#ins
the Northeast Proton Therapy Center [12] and ha&h be
measured at other facilities as well.

Neutrons in two energy ranges are of particularceam
when testing electronics. Neutrons with energiesvat?0
MeV have a similar SEE cross-section as protonthef
same energy [13]. Very low energy, or thermal, rang,
those with energies ranging from 0.025 eV to arotiid
eV, can react with°B, an isotope of boron used in the
fabrication of some chips. This reaction producesipcts
with sufficient energy to cause SEE effects in ¢hekips
[14]. On the other hand, neutrons in the keV rahgee
very little effect on electronics. It is thus udefa have
guantitative information about both the fluence &hd

considering any possible effects on the test prnaeednd
results.

The number of secondary neutrons can be kept to a
minimum in the design of the beamline and irradiati
facility by best practices such as locating enatggraders
upstream of the final bending magnet and locatimg t
beam stop far from the position of the DUT. Thermal
neutrons can be shielded using cadmium.

IVV. CONCLUSIONS

We have identified a number of best practices for
determination of the fluence or dose, energy, enepgead
and uniformity of a proton beam to be used in riaia
effects testing. On the other hand, there are many
acceptable detectors and techniques that can kb tase
accomplish accurate and reliable dosimetry and
characterization of the proton beam. The test ifessl
collaborating to establish standard best practtbesugh
ASTM International are listed in Table 2.
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TABLE 1. SUMMARY OF DETECTORSDISCUSSED IN THISSTANDARD PRACTICE

Type of detector

Flux or dose range

E = 10-65 MeV

| E = 65 — 500 MeV

Transmission lon

Dose or Fluence monitors:

10° - 10°p/entls

0
Chamber (TIC) 16 - 10°plentls
Secondary Electron 2 1 1
Monitor (SEM) 10" - 10" p/enfls 10 - 10" p/entls

Scintillator (SC)

16— 1¢ p/ent/s

10 — 108 plenfis

Thimble lon Chamber
(IC)

Calibration of dose or fluence:

1-500 Gy

1-500 Gy

Faraday Cup (FC)

10- 10%pl/enfls

10 — 10°p/enfis

Energy or energy straggling:

Si diode (SD) 10— 10 p/enfis N.A.
Multi-leaf Faraday cup 2 2
10° — 10%plentls 10 — 10?plenfls
(MLFC) P P
Uniformity:
Segmented TIC 10 10°p/entis 10 - 10p/enfls
Gafchromic film (GF) 1-1000 Gy 1-1000 Gy
TABLE 2.
SUMMARY OFPROTONIRRADIATION FACILITIES PARTICIPATINGIN THIS EFFORT
Primary
. beam Degraded bear Available fluxes Beam Primary Dosimetry/Beam Secondary Calibration
Facility energy energy/ range . -
(protons/cris) diameter (cm) Characterization Tools Tools
Irange (MeV)
(MeV)
88-Inch Cyclotron, TIC (dose, uniformity), GF
Berkeley, CA, USA| 12-55 N.A. 18- 10 2-15 (uniformity), SD (energy), SC| FC, IC
[15] (fluence)
Crocker Laboratory, . .
Davis, CA, USA 1-68 1-68 19- 10 6 SEM (d(cl’fneif'olﬂrr:{tor)m'ty)’ GF FC
[16,17] Y
TRIUMF, SEM (dose), TIC (dose), FC
Vancouver, BC, 65 — 500 15 - 498 f0 10 0.5-10 (fluence), GF (uniformity), FC, IC
Canada [18,19] scanned SD (uniformity)
gdforlsogrggl?ty SEM (dose), MLFC (energy,
yclotr Y, 205 30 - 200 1b- 101 2-30 energy spread), GF FC, IC
Bloomington, IN, (uniformity)
USA [20] Y
Northeast Proton
Therapy Center,
Cambridge, MA, 230 20 - 230 10- 10 1-30 TIC (dose) FC, IC, SD
USA [21]




	INTRODUCTION
	elements of  Standard proton dosimetry
	Determination of dose or fluence
	Relation between dose and fluence
	Monitoring dose or fluence
	Calibration of dosimeters

	Achieving and determining Beam Uniformity
	Energy and Energy Straggling
	Energy straggling
	Energy straggling in a degrader
	Measuring the energy straggling


	Interferences
	Collimation/slit scattering
	Energy Loss and scattering within the DUT
	Secondary Neutron Contamination

	Conclusions
	References

