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L. ) . DESIGN AND E\'-\l_lJ.-\TI(JI\'
Preliminary su rveyi mmeghately AN DI ALY
after acceleratoris operational LA G =LA S DL
Completesurvey onceaccelerdaor

is completely operational

Providesguidelinesfor surveys

Radiation survey required for:

“Doing the right thing, doing it right”

Impact of PulsedOperation on Linac Monitoring Impact of PulsedOperation on Instrument

Repetition ratesvary from ~ 100 to 400 pulsesper Response

second
. . Intense photon pulse overwhelms active
Pulse widths range from ~ 1 to 10 microseconds detector that detectsparticles electronically
Duty factor (DF) = pulsewidth x repetition rate Instruments with long deadtimes (GM tubes
— For e.g., DF =100 pulsegsx 1 x10s= 1 x 104 ?ggepzirt%pnogggal counters)saturate and count
Very small DF imposessevererestrictionson Scintill ation survey metersmay become non-
Instruments linear at high doserates becatse of PM tubes
Peakl ntensity = Average Intensity/DF lonization chambersare lessinfluenced but
1 =10.000x| must be operatedwith adequée voltageto
peak ’ av A g
overcomerecombination losses




Photon Monitoring Outside Room

Useionization chamber
with rate and integrate
modes

Integrate modeis handy for
measuremants outside maze

Rangeup to 50 mGy/h

Several commercial
instruments are available

R
Inovision451B-RYR

Fluke Biomedical Radiation
Managenent Services,
Clevdand, Ohio

Phaotoneutron Production In Accelerata Head

Photoneutronsproduced by
interaction of photon beamwith
accelerator components

Producedmainly in the target,
primary collimator, flattener and
Jaws/collimators, etc.

Typical materials are copper,
iron, gold, lead and tungsten
Neutron production in electon
modeis lower than in photon
mode

— Direct production of neutronsby

electrons is at least2 orders of
magnitude lower

— Lower electroncurrent

NIMBY = Neutronsln My Back Yard

* Photoneutron

production occursat
photon energiesabove
~6.2 MeV

Monitor the neutrons

Neutron monitoring
discussedin Appendix
C, NCRP 151

Photoneuron Production

» Photoneutrons consst of dir ectemissia and
evaporation neutrons
Direct Emission
— Averageenergyof direct neutronsis ~few MeV
— Angular distribution of direct neutronsfollows a
sin20 distribut ion
— Contribut esabout 10-20% of neutron yield for

bremsstrahlung with upper energiesof 15to 30
MV




Photoneutron Production Photoneutron Spectralnside Primary Beam

C. Ongaraetal, Phys.

. In Field Simulat ed Photo-N eutron
« Evaporation Neutrons ["Geld-B'O'- 45 (2000) L55- * speca At lsocenter

— Dominant processin heavynuclei Simulationsin patient sceos
— Emitted isotropically planewith Monte Carlo 20505

— Spectral distri bution is independent of photon E??;Mc'ﬂlp(;GN 1 soc00
energy for energesthat are a few MeV above e1d Size=70 cmx ALem T
neutron production threshold Isocenter= 100 cm from Energy (1w

. target
—Averageenergyis~1-2MeV Neutron fluenceincludes

— Evaporation spectra closelyresemblefission room scatteredneutrons
spectra and direct neutrons from
acceleraor head

(nfcm?Gy)

Neutron Fluence

ELEKTA -18 MV , E,=0.71MeV
SIEMENS 15MV, E,

Integral Photoneutron Specta for 15MeV Photoneutron Spectrum
Electrons Strikin g a TungstenTarget (NCRP 79)

Photoneuron spectrum from accelemator head
reemblesa fission spectrum

Spectrum changesatfter penetration though
headshielding

Sincelinac is in concrete vault, room scattered
neutrons will further softenthe spectrum
Spectrum outside the concrete shielding
resemblesthat of a heavily shielded fission
spectrum

— Averageenergyis significantly lessthan inside room
— Most neutronsare < 0.5MeV in enagy

Courtesy of R.C. McCall




Neutron Energy Classification

Thermal: E,=0.025eV at 20°C
Typically E,<0.5eV (Cd resmance)
Intermediate: 0.5eV <E, < 10 keV

Fast: E,>10keV

Epithermal E >05eV

For therapy linacsneutron spectrum can be divided into
two energy regions:

e Thermal (0-05¢eV)
» Epithermal (>0.5eV)

Neutron Monitoring

» Measurementof fluence(n cm?)

* Measurementof doseequivalent
(ambient doseequivalent) or dose
equivalent rate

e Measurementof neutron spectrum

Neutron Detector Calibration

Calibration Saurces

— PuBe, E, =4.2MeV, AmBe, E,, =4.5MeV

- 2Cf, E,=2.2MeV

— PuF, E, =0.9MeV,PuLi, E,=0.5MeV

Useof PuBeand AmBe can leadto systematic
uncertainties becauseof higher enemgies

Spectrum of fission neutrons from 252Cf is in general
similar to a typical photoneutron spectrum

Detector calibrated with 252Cf may be adequatefor
neutrons in primary beam

Spectrum outside primary beamand outsideroom
shielding is a heavily shielded photoneutron spectrum

Thus assumption of fission spectrum may leadto errors
in the abovecase

Determination of Neutron DoseEquivalent (H)

Radiation protection quantities definedin

human body

Not amenable to measurement

ICRU developedoperational quantities

(ambient, directional, personaldoseequivaent)

Numerical value determined

— Measuring a physical quantity, fluence (®(E) )
which characterizesfield

— Converting to doseequivalentusing conversion
coefficients(hg,(E) )

— H*(10) = [ he(E) ®(E) dE

J.C. McDonald etal., Rad. Prot. Dosim. Vol. 78, pp. 147-148,1998




ConversionCoefficients

*Higher
neutron
erergies
encountered
at particle
therapy
faciities

Ambient Those Fpatvabent: T*(10)

*Proton ~
250 MeV

Canvmsion Codliriml o8

*Carbon
lons ~ 1 Gev

Courtesyof R.H. OLsher
Sannikov & Savitskaya, Radiat. Prot.Dosim. 70, Nos 1-4, 383-386, 1997

DifficultiesWith Neutron Monit oring Inside
Treatment Room

Phaton interference from primary and
leakagephotons

— Photon fluenceinside beam is 1000 - 4000x
higher than neutron fluence

— Photon fluenceoutsidebeam is 10 - 100x
higher than neutron fluence

— Intensephoton pulse overwhelmsactive
detecta

— Photon pulsepile up

— Photon induced respmsesin passive detectors
from primary beam

Fluence (t:m'2 per carbon

Neutr on SpectraFrom Carbon lons On Tissue

SpectraAt Concrete Surface For 430MeV/u Carbon lons Spectraat
On Tissue
0-10°
1.0E:04 extendsto
1.0E05 4 ~1GeV

S
= 1.0807

Vo> © 0-10degrees
_10E06 A
5 A80-100degree; Spectraat

80-100°
extendsto
1.0E-09 +

10E04 1.0E03 10E02 1.0E01 1.0E+00 1.0E+01 ~400MeV
Neutron Energy (GeV)

1.0e-08

N. Ipe & A. Fasso, Proceedngsof SATIF8, Shielding Aspects of
Targets,Accelerators and Irrad iation Fadli ties,Eighth Meeting, 22-24
May 2006, Pohang,K orea, In Press.

Difficulti esWith Neutron Monitori ng Inside

Treatment Room

For moderateddetectorsmeasured neutron

readings are higher than the repetition rate

because

— Scatered radiation in room

— Neutron moderation time allows an eventto be
detectedafter pulsehasended

Neutron detectionspreadover decadef energy

(0.025eV - severalMeV)

— No single detector canaccurately measire fluenceor
dose equivalent over entire range

Only passivedetectorscan be used exceptat the

outer mazearea




Neutr on Monitoring Outside Room

Neutron pulsespreadover severd 100pus
becauseof moderation

Neutron spectum resemblesheavily shielded
fission source- many low energyneutrons
(100sof keV and less)

Most neutrons have energieslessthan 0.5MeV
outside well shieldedroom

Averageneutron energy at outer maze area~
100keV

Active and passivedetectors can be used

Thermal Detectors
1. BF3 Proportional counter

19B (ny,,a)’Li, Eq=2.31MeV, 6 = 3840barns
o and recoil “Li nucleus producelarge pulse,
orders of magnitude higher than photon
pulse

Excellentphoton rejection, low cost

Most commonly usedoutside shielded
therapy rooms

Eq =kinetic energy releasel

¢ = thermal neutron crosssedion

Crosssectbnsdrop roughly asg, /2

Detectorswithout moderators are sensitive only to thermal neutrons

Neutron Monitor ing Techniques

* Active

— Relieson slowing down or moderating fast neutrons
until they reachthermal energies

— Thermal detecta usedto detect thermal neutrons

— Instrument is designedto measuredoseequivalent
(rem-meters)or fluence(fluence meters)

— Can be usedfor measurementsoutsideroom

* Passive

— Relieson similar principle or direct interactions
— Method of choicefor measurementsinside room

Thermal Detectors

2.%He Proportional Counter

* SHe(ny, p)*H, Eq=0.76MeV, ¢ = 5330barns

¢ Mor e sensitive,more stable, much more
expensve

3. Lil(Eu) scintillator :

* SLi(ny, @)3H, Ey=4.78MeV, 6 = 940barns
» Very high sensitivity, poor photon rejection
 Difficult to usein mixed photon-neutron fields




Active Detectors
* Rem-meters (outsideroom, and outer mazeentrance,NOT

insideroom)

* Moderated BF3 Detectors(outside room, and outer maze

entrance,NOT inside)
BF3

Rem-Meters

Energy responseis determined by size
and geonetry

Responsés shapedito fit an
appropriate fluenceto doseequivalent
conversbon coeffident over a

particul ar energyrange

Most rem-metersover respondin
intermediate energy range

Provide adequatemeasureof dose
equivalentbetween100keV and 6
MeV

Pulsepile up at high photon dose
rates

Deadtime correctons at high ne!
doserates

Eberline NRD — PRESCIL A - WENDI

Courtesy of R.H. Olsher

REIRVEIES

Consistof a neutron
moderator (hydrogenouslike
material e.g.polyethylene)
surrounding athermal
detector

Moderator slowsdown fast
and inter mediate neutrons
which are then detectedby
the thermal detector

Usdul in radiation fields for
which spectrum is not well
characterized

Import ant to havea rough
ideaof the spectrum

Rem-Meter Respase

H*(10) = [ he(E) ®(E) dE @

where

he(E) is the fluenceto ambient doseequivalent
conversian coefiicient

®(E) is the neutron fluenceasa function of energyfor a
given neutron field.

Remmeter respanse,R, is givenby:

R =[Cr4(E) ®(E) dE ¥
where

r o(E) is the rem meter's responseunction in units of
counts per unit fluence,and C isthe calibration
congant in units of Sievert per count.




Rem-Meter Respnse Victoreen Portable Neutron Survey Meter Model 190n

P AnderssonBraun remmeter
» Aslongasr4(E) hasasimilar energy ey A6

response to that of hy,(E), the rem meter long, 21.6cmin diameter
measurementcan be said to be accurate containing BF3 tube

* Theratio r4(E)/ he(E) definesthe Fill gasis 96% enriched 1B
traditi onal energyresponseof the rem Range:0 uSv/hto 0.75Sv/h

meter in terms of counts per unit dose Integrate:OpSvto 10Sv. &
ivalen Gammarejection: up to 500
equivalent R/h for 137Cs

Directionality: Lessthan 20% Courtoeyof Fluke Biomedied Radiat
. . . ourtesy ot uke Biomedic adiation
n orthogonal directions Manage):wewt Savices, Cleveland, Ohio

Weighs9.52kg

Thermo Electron Corporation ASP/2eNRD Neutron Thermo Electron Corporation ASP/2e NRD Neutron
Survey Meter Survey Meter

DeadTime: 10 us
Portable, battery operated 7 nominal | .
BF3tube in 229cm diameter [ plieciofiolfesnorss
cadmium-coveredpolyethylere & _— Responsaime: Slow,

sphere \ f Medium, Fast
Tissueequivaent from thermal gp_r%%?g?wablefmm
to ~ 10 MeV Dual Analog/Digital
Doseequivaent range: 1 - 100 display
mSv/h Ratemeter. integrate L
. g \ and scalar - Heutron Energy (Mev) T
Background gamma rejection : : Countrange:1-1.3 -
up to ~5Gy/h V million cpm
http://www .thermo.com/com/cda/prod
uct/detail/1,1055,16071,08tml

Uit Do Erivalznt

http://www .thermo.com/comtda/prod
uct/detail/1,1055,1607D0.html




Responsef Thermo Electron Corporation NRD
Neutr on Survey Meter and AB rem-meter Hi gher Neutron Energies

4 PRESCILA
—a— NRD

- g
N —— WENDLI
- Awicrsson Bran aterall

3l

Response Functian
{oounts-

Respanse par Unit Fluenca (counts cmé)y

0 107 10 o " o SAgT e am
Netron Energy (Mey) E (e

Courtesy of R.H. Olsher
Courtesy of R.H. Olsher

WENDI-II —ExtendedEnergy to 5 GeV Fluence Meters -Moderated BF3 Detector

Bare BF3 detector measuresthermal
neutron fluencerate

Moderator enclosedn 0.5 mm
cadmium eliminatesincident thermal
neutrons

Moderated BF3 measires epithermal
neutron fluencerate
Fluenceconverted with appropriate
coefficientsto obtain dose equivalent
Userequires knowledgeof spectrum
Moderated BF3 is useful to monitor
relative variations of neutron field
with time (e.g IMRT)

Ratio of rem-meter and moderated
BF3 detector readings provides rough
estimate of neutron spectrum

http: //www.thermo.comtom/cda/product/cetail/1,1055,10121729,00 html



Neutron Spectrometr - Bonner Spheres

Series of hydrogenous sphereswith varying
diameterssurrounding a thermal detector

Amount of moderation variesin eat sphere

Calculate spectum by folding responses
into a seriesof equations

Requirescomputer program, large number
of spheresand long measurement times

Processis laborious

Can be usedwith active and passice
detectors

Bonner Spheres-The PTB NEMUS

bare_Cd 3"t012"

Courtesy
of PTB,
Germany

R,(E)/cm’ O -

10° 107 10" 10° 10
E,/MeV O.
The responseR,(En) of sphee d asa function of neutron energy E,, for the
bare and cadmium shieldedSP9 counter (yellow), for the regular
polyethylenespheres(brown) and for the modified sphereswith embedded
copper (green)and lead shells (cyan, red and blue)

Bonner Sphaes-The PTB

Courtey of PTB,
Germany

PassiveDetectors

« Activation Detectors(inside room, and in
primary beam)

« Bubble Detectors(inside and outsideroom,
NOT in primary beam)

» Solid State Track Detectors(insideroom, NOT
in primary beam)

10



Photon Indu ced Effectsin Bubble and
Track Detectors*

1. 2D(y,n)p, Ey = 2.23MeV,

(Ey, =threshold energy,0.02% of
hydrogen is deuterium)

2. 150(y, @)1%C, E,;, = 7.2MeV
3. 12C(y, 0)®Be— 20, E;, = 7.4MeV

*Ipe etal, Radiat. Prot. Dosim 23:135,188

Thermal Neutron Detectors

— Bare foil and cadmium coveredfoil can be usedfor
thermal neutron fluences

— Moderated foil for fast neutrons

— Neutron absorption by foil results in production of
radioactive nucleus

— Radioactivity can be correlatedwith incident thermal
neutron fluence

— Gold and Indium foils countedwith thin window GM,
proportional counter, santillation counter or GeLi
detector

Activation Detectors

Stable and reproducible

Photon interference must be
considered

Thermal neutron detectors
— Gold (thermal)
— Indium (thermal)

Threshold detectors
— Phosphorus(thermal and fast)

http://www.thermo.com/com/aa/product/detail/1,1055,114807,00.ttml

Moderated Activation Foils

Moderator consistsof a cylinder
of polyethyleng 15.2cmin
diameter, 15.2cmin height ! ~.
Coveredwith 0.5mm of cadmum '

(or with boron shield)

Moderator providesan enagy
independentthermal neutron
fluence, proportional to incident
fastfluence

For in beamexposires:

— Useonly at energies< 20 MV
becauseof photoninduced
responsein cadmium and
moderator lining

— Field sizewide enoughto
irr adiate entire moderator

Distance betweenmoderators
should be 2X diameter of the
moderator

-

11



More moderators,and then some!
Somemore effectivethan others!

Threshold detectors

—Radioactivity produced by fast neutron
interaction when neutron energy is above
somethreshold

—Phosphorous countedwith liquid-sdntilla tion
counter

Activation Detecors (AAPM Report No. 19)

Bubble Detectors,Bubble Techndogy Industries,
Canada

Reaction Percent Product Decay Branching
Sectim | Abundance | Half Life | Radiation | Intensity
. Easyto use
() (MeV) ) -
90 (ngy) | 194 95.7 54m | B 100 1.00 High sensitivity
116m) ) 7: 0.138t0 Reusable
2111 Integrating
97AU (Ng,y) 99 100 2698d | 0.962 0.99 Allow instant visible
108AY ¥ 0.412 0.99 detection of neutrons
Isotropic respanse
31P(n,p)3S Varies 100 262h |p:1.48 0.99 Variationsin
Threshold=0| With y:1.26 0.07 sensitivity within a
.7 MeV energy batch
3P (n,7) 0.190 100 14.28d |p:1.71 1.00 http ://www.bubbletech.ca/b_info.htm
32P
*Ipeetal, SLAC PUB 4398,1987




Bubble Detectas, BTI, Canada

Consist of minute droplets of a
superheatedliquid dispased
throughout an elastic polymer
Detector sensitizedby unscrewingthe
cap

Neutrons strike droplets producing
secondary chargedparticles

Charged particles causedroplets to
vaporize, producing bubbles
Bubblesremain fixed in polymer
Bubblescanbe counted by eye or in
automatic reader

Doseis proportional to the number of

OW A BUBBLE
DETE

OR WORKS

bubbles

Characteristics

SOLID,
ELASTI
POLYMER

http://Iwww.bubbletechca/b_page2.htm

Bubble Detectas (BTl , Canada)

BDPND BD100R
Optimum 20-37°C 10-35°C 20-37°C 20°C
Tenmp. Range
Angular | sotropic | sotropic Isotropic | sdropic
Resmnse
Size 145mmx 120mmx 145mmx1 80mmx 16mm
19mmdia 16mmdia 9mm dia dia
Weight 58g 33g 58g 20g
Re-use Yes Yes Yes >10cycles
Warranty 90 days 90 days 90 days 90 days
Other T Response Thermal/fast Special
Curve Provided | Sersitivity 10/1 | Recompession
Chamber
Available

Characteristics

BDPND

Bubble Detectors(BTI , Canada)

BD100R

BDT

Sensitivity

photon induced
effect

photon induced
effect

photon induced
effect

Energy Range | <200keV- <200KeV- Thermal ~1/V | 6 distinct
>15MeV >15MeV for epithermals | thresholds:
10, 100,600,
1000,2%0,
10 000 keV
Doserange 0.1-500mrem | 0.1-500mrem |0.1-10mrem ~50mrem
Sensitivity 0.33-33 0.33-33 ~30bub/mrem | 1-2 bub/mrem
(Typical) bub/mrem bub/mrem 3.0 bub/uSv 0.1-0.2 bub/pSv
0.0333.3 .033-3.3 bub/
bub/pSv nSv
Gamma Nonebut None but None but None but

photon induced
effect

Compensation

Tissue Yes Yes Yes Yes
Equivalence
Temperature Yes No Yes No

Responseof BD-PND asa Function of

Energy

£
g
5
]
H
i
S

[etactir saresiity = 1 bukbis fvsm )

Fiesponea p Unit Dose Equivalant
(bubble mreT 'y

Meutrar Enargy (Mav}
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Normalized Responseof BDS as a Function
of Energy

Hormakzed Respores fbbie ' o)

Meutror Everary (Met)

Neutrak® ER

Neutrake 144+ TLD albedo
Fad: 40keV to 30Mev

TLD Albedo: 0.5eV-100keV
Minimu m dose:20 mrem

Note: Track etch detectas suffer ﬂ

from directional deperdence sgutrobdB

http:// www.landauerinc.comheutron.htm

*|pe et al, Radiat. Prot. Dosim 23:135,198

Solid StateNuclear Track Detecta
Neutrak® 144, Landauer, Inc.

CR-39(di allyl glycol carbonate)solid state
track detector
Fastneutron option: polyethylene radiator
— Remil proton from fast neutr on interaction
leavessub microscopicdamagetr ails

Thermal neutron option: boron loaded teflon
radiator + polyethylene radiator

— 19B(ny,, a)fLi
Detector is chemicially etchedto revealtr acks
Tracks are countedin an automatic counter

Neutron dose is proportional to number of
tracks

Fast: 40 keV to 30 MeV, 20 mrem minimum
Thermal : <05 eV, 10 mremminimum

http:// www.landauerinc.com/neutron.htm

Sersitivity of Neutrak 144® asa Function of
Neutron Energy

F144 Heution Enengy Resaanse
a0 FMNA P

Courtesy of Landauer, Inc.
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NEUTRON DOSEEQUIVAL ENT IN PATIENT PLANE FOR 15MV

VARIAN CLINAC 2300C/D

Radiation Surveys For

Record nameof individual
performing surveys

Record facility nameand
linac information

Record survey instrument
manufacturer, modelno.,
and date of calibration

Set machineto desired
energy
Usemaximum field size

Set machineto highest
doserate

Removephantom
Recordlinac parameters

Ipeet al, Proc. of 2000 World Congresson Medical Physicsand Biomedical Engineering,
July 2000,Chicago

Shielding Evaluation

Neutron Monitoring

Neutron monitor ing inside treatment room

may be performed to determine

— Neutron leakagefrom accelerdor head

— Neutron doseequivalent in patient plane,insideand
outside primary beam

Prudent to perform spot checks outside

treatment room with hydrogenots barriers

Laminated barriers shal be monitored for

neutrons

Neutronsshall be monitored at door, maze

entrance and any opering through shielding

Radiation SurveysFor Shielding Evaluation

Setgantry angle at 0°

. Perform photon and neutron

measurementsat 30 cmfromthe
primary barrier

. Record readingson plans and

sections

. Reped with gartry anglesat 90,

180and 270degeesand oblique
anglesasnecessarylaminated
barri ers,wall floor intersectons
etc.)

. Reped all the above

measurementsfor secondary
barri erswith phantomin beam

15



Accelerator Head Leakage

Wrap film around
acceleraor headto identify
hot spots

Measurewith ion chamber
at 1 m from source for
locations-M(L)
Measure10cm x 10 cm
openfield at isccenterwith
ion chamber- M(IC)

% Leakage= M(L)/M (IC) x

Courtesy of C. Ma
100
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