WO 2007/ 001693 PCT/ US2006/ 020070 5 X- RAY RADI ATI ON SOURCES W TH LOW
NEUTRON EM SSI ONS FOR RADI ATI ON SCANNI NG Field of the Invention [0001]
X-ray radvethemos@®ar ces and, nore particularly, X-ray radiratscas/osmas ces
with [ow neutron em ssions for radi ation scanni ng of objects. 10 Background

of the |nventy %’ﬁﬁ@ﬁll

radi ati on [ nspe \Fgg&ﬁkﬁ? \h]?gﬂit ctl vzﬁ%ﬂ\gg@%%\lgﬁgg‘m ects.
X-ray radiation nmay be generat BADIMI@N(SCANNIN@S by the inpact of a beam
of accelerated electrons on a hlg ]éla 3‘?%‘,\’ unber ("Z") target material,
such as tungsten or tantal um The@ ARG BREUI 15 accel erated by a

potential difb@lence Esigbddiaioadoacssams, more patibabsly, efsradigidnsoasesan

accel eration en The decel eration of the ci dent electrons by the
nucl ei of th‘g%1 @P‘gﬁﬁ”‘fﬂ‘e’?‘ﬁséo‘fs ’g@é’aﬂ%ﬂs@?’?“éﬂggé’ﬁ@%t es radiation, referred

to as Bramsstrahlung. A col | iBiRk@iouhd oftheYibatioh 0 di rect sone of t he
gener at ed raﬂb&ion onto an _object to be inspected and to formthe
a

generated r i on i AT'GY d2HEUHM SIS JES PPBEoRly A dy radialing. nssCie or nore

radi ati on dedyeehfd ndheeffueiti ¢l REpdcRolTBREHcE. Nagdyatatiatod manseigtdeptled Nrough
and/ or scattered from %he object. The body of the radiation source may al so

be shi el ded? P! RSP ¥ S f‘pfﬂéﬂﬁéht)f?amnap éwekfa&ﬁ deiops AY 2t He Alaicat i on

i nspection systReM“Z$ hgkdingrhs salsrs @s Rudledesd aAnrmrad the SysiaMm.as a
whol e. [0003] Snall objects, such as ?%@ge and carry-on _bags, are

typical I} 25cdsais r'?é& njentialifiEerease ?SF?b @Plp@%/%mamb&ﬁgéferr {Retpetn

radiation i nactdiGatidnl Q¥R TIRNGReleFBYn Bpﬁle F?ﬁd"'(?etnf @f%@crcﬁ’llgl Ghs nﬁ@élq)lf%e than
about 5 feet (1.52 neters) particul arl is filled with

dense mat er i #pms Sf e daneet @aﬁeg@i EH A m@&/@oar @fetrspﬂut@@rs@erz@ﬁtrahlsmg feet | ong
(6.1 - 15.2 émgn?eftér)ls i%vic%@tto Ialrgcg S()I%c %f fﬁ%tg%ﬁégte@%la%og oB%eatn Wﬂé@?to(ge' 8 - A

meters). Air cargo containers, whi are used to contain a pturality of
pi eces of 30insRsgedgul torforst Wérge@@@tgbrad@tlmemm obeath ¢frn delﬁeedobwndfsh@n

ai rpl aneyo ey, d GRgGe laglaggﬁ ﬂetscgtétg Q&tdgoxggla% 9 Heasu \é% Qb E‘é Out %3%1% é(hr om about

35 x 21 x 21 inches met er up to 118 x 96
i nches (6.1 3ud®r @catte@dzlfr@rettm opject alye body bEde] I@d@tioxofsoumq ewy slsoskech as

e e oo oleidH9Rg0 ICBheRaBRSHEPAULEH: 80 RuARl FlreafllaLE, | N1 o

may have supportin Sl zes as ¢ 0 35
cont ai ners, ﬂield1®EBISMmi®dppmnd thegydm ecd wholdhe term " car go conveyance"
cont ai ners an ar abl Xll si zed
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25 exammed by radiation in the kilovolt range. However radlatlon in the kilovolt range
may not penetrate objects thicker than about 5 feet (1.52 meters), particularly if the
object is filled with dense material. Standard cargo containers are typically 20 - 50
feet long (6.1 - 15.2 meters), 8 feet high (2.4 meters) and 6-9 feet wide (1.8 - 2.7
meters). Air cargo containers, which are used to contain a plurality of pieces of
30 Iuggage or other cargo to be stored in the body of an airplane, may range in size
(length, height, width (thickness)) from about 35 x 21 x 21 inches (0.89 x 0.53 x 0.53
meters) up to about 240 x 118 x 96 inches (6.1 x 3.0 x 2.4 meters). Large collections
of objects, such as many pieces of luggage, may also be supported on a pallet. Pallets,
which may have supporting sidewalls, may be of comparable sizes as cargo
35  containers, at least when supporting objects. The term “cargo conveyance” is used to
refer to all types of cargo containers and comparably sized pallets (and other such

platforms) supporting objects.



1 WD 2007/001693 PCT/ US2006/ 020070 5 [0004] Hi gher energy radi ati on beans
are required to penetrate through denser materials than | ess dense

mat er i al swando#doneagh t hi cker material s than | ess thi ckpcwatSesticab®zo The | ow
energies used in typical X-ray luggage and bag scanners, described above,

are genersl | yo§fgo | O‘é"ﬁ%}x Pﬁ%?%;&algtlénmegfﬂﬂ Qretr&ﬁl%rg&'ﬁ) eh@tl:agg{hrﬁﬁég?nser

contai ners, particul wth w hi cknesses
met ers) or I0atpiigle thaphlessedanke nraéqqlaisr@dl ém@lggythiCWematdeaperthml bas thiek cont ent S

of the cont aﬁlglc@lrl 1@N0rpet Q)%v gﬁgég Q}f hﬁ:" tggg%a}%/paﬁélugg %CJ %n Isganth% megavol t

range is typlca y require used §or exahple 9
MeV i s commotesyribgd @bO\t@eelalgeenatly toml lolw Permatirat dnwghdhg hmra:bslargeraafaggn

contai ners, [ ﬁgﬁ{eg ggﬁlc‘%{l}; IEhongNn{he ffis SOMRYSLses JN I?egf(ﬁgdl{; H%g)sum Z

met al s conmon I 'ONn sourcCes, suc
tant al umo0 andomIWlbtbethu mqum(rq)cnesgf Jst/aldbpaendsmt d‘pe;:emhﬁ'ﬂlolﬁ@el’mutal‘rtaﬂand

production thre I t he ener required to [enove .a neutron f.r
nucl eus of atﬂg Vagtgrﬁ) 0 ot {CREAINEL %%%t ORIy e meeguol gfa”%dﬁttypéo Ve bout 10
MeV. For exanple¥, totleMe‘CaiagzLHeats&d fovegxiample. I MV ds b@ﬂmbﬂ&@ﬁétbbd&ﬁus‘e@tr t he

stabl e isotopes of tu from®6.191 MeV 415 The
cal cul at ed n"g@t REBrrke ﬁ‘gﬂ’@g f%lg%é?ﬂli‘)tfl‘&erﬁ’o‘iﬁgﬁrﬂlﬁs Z@I tg‘f Sptents- Nglf’ﬁ’ﬁléerof
tantalumis Mg]ﬁZlanNBHedlﬂH‘i@ mmyb@madnmau&d NXPEP MéGdtion boulchy; @ad1ohds for

t he stab*i i sot %ges of1 nol }/gdenu range from?7. 369 MeV to 12.667 MeV.
Since 6 Mev TESTH MR E. g0 ‘?“é{’ﬁ‘géo‘%“séxsa‘ﬁl? RelsHapgo NEEH &y HFies

neutrons ar erbytpticathkeshflaOdhc ey CQARH BeGmaHe @ mhitrd@bih aafmciehi Mf 40 absorb
| ar ger am)unt s of ffghOt ons than | ower 25 atom c nunmber netals uni t

vol une, hi gHft9m REtg)ieotonre), i sast ghgorbd Meyato aba, 105yleV. Jpgeangp& é%ﬂ |y used

to shield t hﬁlcfu&fe@eﬂeuﬁ&d pfubtidieiheshdl8s Fdhakiaon 15’& O-thﬁng':sge%btlaﬁ e | SOt opes
of | ead have_ cal cul ated neutron production threshol of from®6 7% to

8.394 MeV. THU §ddbMaVeld SdiseY adhacileHated aentnop p@da@ﬁ%éhlteh@%ﬁ]ré@ts has an
energy Aboveabidgsolput SORNRAIRLIUStT &N hveshpld akuikbe r&tﬂr&{ mc{@t erial

and collimator, 30 neutrons will also be produced. [0006] Since neutrons
may be har nfthlleSfto(BjSpf@b&eétﬁbﬁeob‘é@tﬁmseﬁtfh‘éywaw?ﬁ|r"m§e fiops 7 89 MaW ek E2-66hi el di ng

may be requiyed tsonBraMeNko tHR1AS %@&1%019%H%i&n&a%ﬁ&maré5 con§<%%ﬁ&'s ng system

or the room containing the scanning system I'S may | ncrtease si ze and
cost of the ngysensiie igpiadlvarreduted.| s are comonly used to shield a room 35

cont ai ni ng 2[0665?” nin gBﬁ atﬁgeregﬂtherﬂr ﬁ)\{lﬁgrtd ﬂgoﬂrlarglgrca?rg)ﬁﬁt's g Bﬁﬁgnsqg%grg&le

neutrons an X-rays t esca
r equi r erdént stppievembentrhesals ser lgﬁt Volume high Z metals, such as tungsten and lead, are

also typically used to shield the target and collimate the radiation beam. The stable
isotopes of lead have calculated neutron production thresholds of from 6.737 MeV to
8.394 MeV. The generated X-ray radiation used to examine the objects has an energy
above the neutron production threshold of the shielding material and collimator,
30  neutrons will also be produced.
[0006] Since neutrons may be harmful to people proximate the scanning
system, thicker shielding may be required to prevent the escape of neutrons from the
scanning system or the room containing the scanning system. This may increase the
size and cost of the system. Concrete walls are commonly used to shield a room
35  containing a scanning system, preventing or decreasing the amount of neutrons and
X-rays that may escape the room. If space or other requirements prevent the use of
concrete walls, then a multi-layer wall may be used. For example, a thick wall of

polyethylene or borated polyethylene may be used as an inner layer to shield neutrons



concrete walls, then a nulti-layer wall may be used. For exanple, a thick
wal | of polyethylene or borated polyethylene may be used as an inner |ayer
to shi el dwoentvon®3 2 WO 2007/ 001693 PCT/ US2006/ 020070 PpETAmsdodcpam7or st eel
may be used as an outer |ayer to shield X-rays. The outer |ayer also

shi el ds gba”%drl@a)ﬂsor%,{&lt&%gb@l]}’seé %earpahéﬁw{oeﬂ&m kqgg{lrrh\é@&em eg igal

Systens, Inc "Var | "I forni a Iation
sources for &hﬁéﬁsﬁmmaﬁé}’%ﬁlj}lﬂ@mmbfr papethyjens. r ot at abl e gantry that al so

supports a dgpegt or aa\l{ag%n I\/i”aﬁalg%’% Il’f\;s, lﬁch?“‘?%"ﬂarn ePals1 qtot %ll@%lf%@fﬁr

conprise an 10 integr unit is’so

CLI NAC(r) . THeay adiativn emvrese diororedicad theraps espraried ppe lrotaiablg gentgnihat alsgst en

shi el di ng. uf ci.en iati or._therapeutic

pur poses, a%ﬁBﬁpg{SI %ggéét%togﬁ ﬁ] tﬁgnm% utﬁ%s? en %ﬁltﬁﬁ\é{gc{m ‘gre" avgl | abl e at
4 MeV, 61(]VE\lntegmtelvBM1tawbhch1hBow&i ulﬁexpmenradmmnua/\ﬁLm.e The etddpies sourcopper - 65,

with a cal cul ated neutro rod Q.r shol(gl of 9.910 MV,. 15

copper - 63, Wth 2t ?O@BFﬂ? % tarlleu %{%nﬁr%@fj’@t i OWPTHTBEREP 8‘1%{?‘6%9%?2 MeV.
Since in thedxaﬁdeE)thwmbewhDMEpmmjeah¢$ isolesst dxper(Sivie MR tupgstdne @Icmeblcariiati on

s above r reshald of c

'? Eﬁgr;g%/eln neau%/?vaﬁlgﬁgragggﬁ (ry) gé\g%\f’%éﬁ\ge\p%é? Yt oPPRES ti“}é)’esg bé? lé?fﬂ?ﬁsnatl on of
tlﬁ‘nglsél en an_cblolbpmcﬁs whitlc fa valbulated mu@@ﬂ@r@hamnnﬁuédgomsm;;ﬁmomagh stn&g g
shi el di ng. wi eer ave. been made
to reduc ne‘iﬁ’?? et g?l‘@ ”#af grﬂe%r?rhvmg‘éfﬁ‘%ége!hﬁg’ Q}J]log %36‘? caPehlt apy,

such as I’adltﬁ&ﬂ@MdVrﬁﬁltafEBVHmocﬁ%eoftﬁ@CLmH@a addEleati @eneftt abdvaakd on from
Medi cal El ectron Accel erators RCP Regort No. 79, National Council on

Radi ation Prist&Eet POAYHRR tieshelsrafirapres6S Bae Hragsien: NRMFARS afscProdised. 58hes o

(1995). It ismligmdisk &dmgb@esda E&hslua!utonthm b5 Cant N@adN WHRA! willf a1t M reRRS
produced per usef ul hot on rad of lation, in the space available in

exi sting soutesians. (dhg t‘)ngFtF“ shieldigg wdl getnﬁ%?fe etiesoR Vst ssi on may be reduced

by absorfy ngovewpant ed ER@HS hARDednAicTE HdWRR eutrBRERTEBH foRUERyASulcEOoN,
i nstead of tungsten or lead; but it is also noted that nuch nore iron is

requi red t hated ihgisdical Brerapsagichid radiaion Treatmesy f Jaec fasraxamplec depison ake
advant age (ﬁonttat?ﬁlﬁatf(ﬁdﬁj&ﬁ lh@éal&pmﬁ&mxca&atgm) NREpl Q&)Qaeré/%' ggncﬁl'afso sells

a Li natron(r%)O series of X-ray sources that generate ratron in the
range of 1- 10oupeN on|Radiates Erajestipe esd Mehslrmm@etBetlwsctauN@gxlmf pptiPpital Iy in

the form of 31‘9@],)5‘& is ééu?jtoslg% Dffic @Rjol%ﬁudesth@ﬁtﬁ%pgfjmﬁﬂoﬁmo ér G& side of

t he tungsten, the el ectron eam to di ssipate heat ‘an to act as a final
el ect r ong5st (mlotorncmd of eliatiomsin lesspaeryavtafiplde ghetistmgtsamgss efid.) alt greatedThe

tungsten t artﬂﬁtneiu%nt gﬁ%ss%ﬂ rHW Be reduced by absorbing unwanted neutrons in a medium Z
material, such as iron, instead of tungsten or lead; but it is also noted that much more
iron is required than tungsten or lead and there is insufficient space to take advantage
of this reduction completely. (Id.)

30  [0009] Varian also sells a Linatron® series of X-ray sources that generate
X-ray radiation in the range of 1-10 MeV. In these sources, the target is tungsten,
typically in the form of a disk. A disk of copper is attached to the downstream side of
the tungsten, of the electron beam, to dissipate heat and to act as a final electron stop
for electrons passing through the tungsten target. The tungsten target is the primary

35 source of X-ray radiation. It is believed that a small amount of X-ray radiation may
be generated by the copper disk as well, by the electrons passing through the tungsten
target. If the acceleration energy of the source is greater than the neutron production

threshold of the tungsten, neutrons may be produced.



35 source of X-ray radiation. It is believed that a small anmount of X-ray
radi ati on may be generated by the copper disk as well, by the el ectrons
passi ng tWwoaugtootdse tungsten target. If the accel erati eaTarsesogy2miot he

source is greater than the neutron production threshold of the tungsten,

neutrons qray be produced. 3 WOgdQQ/4:-09 liol/S2006/ 020070 5 Summary of
the I nventi onoi{{})ow] I n accordance \ﬁtﬁ&gﬁg%emgodi nment of the invention, a

radi ation d80de |s & setasdande otpenes embodimpisust tg mmehtimn, acedibtiomat i on
chanmber withj : i ] rat ak

accel erati onryogrr?%? gﬂ‘sg@gi&t g(?ngr-fgg% %ﬁgﬁkn eu dr%{r}a%? %%?%icgﬁg?%r@s I%Iﬂ(]f of

tant al um duwobsige.udbe agcedationechafiber thas gedalpaactienltios enagyl @resiepthen tiied by t he
housing to i el i e cel erati chanber., A target
i s support e%%ofﬂga%gﬂg @ﬁést“a@m‘ﬁz nka@%dgpn% ﬁs(eé 20%03 cgrog?l ?acg%e%c’:ﬁlglrcr{%r‘s. | npact
of the tlar geppdrigd biighabasingraeed chirgedeatiger hiccthe scagiermivatcesnbeadiat i on.

The target i ssentially of at |ea one_. i sot ope havin eutron
product i on 1& %@gﬂs}%‘ﬁ’(‘io’g‘?@% tlie“r)’ %?%élﬁ dopp eﬁ’@aihgcag‘éﬁkg?té?’i c@ﬁmg‘?{e:}’a&(f e peak
accel er at i onthenegegly theyactudergred etaeged tphidinlea paistatesSadiationVaMe tdrgdt censispl €. 1 n a
source with a | erati.on _ener reater than the eak accel eration
energy of taeﬁiegﬁ%lr% Oafag?%fétt ey eir}éal"ﬂé aﬁﬁ%@[ %rﬂ%uctnﬁﬂtﬂﬁ?stli‘ﬁ?j BFe 8y bdenum
whi ch i ncl udke peabhogésatinteherge uThofeap k@dldetion Bndriy BaNBE geatbassm dhan t he

peak accegl er ner gy, , heutrons are generated. [00111 In one exanple, if
t he peal Ies acfg}er\/%& a roeﬁ‘géﬁgr 3[9 3 Sgurl‘:%%tﬁtarﬂfﬁk B?CCE%QF epgey gisaigt ey ihe ne
target is chesiencid@aidnnenggOup t&Ra6hS tirfds @bmptisih@asigsRAL tan&lnQPs Of
carbon, alum gl?ra%scan i um _titanium, vanadi um manganese cobalt, and

copper. In & m el frigludp sofopes wighneugen arodpciondhregiolds dgss fhen dheeat er

than 8 MeV gngk dReleratib@Bner®, n@Atsas ark QerRrdMlY, the target is chosen fromthe
group consisting of at |east one isotope of alum num scandium vanadi um

manganese, dBOHIt, and ewsprrample) if thepealnencplgratian anpseels lyss thaper petkto

accel er afol org WBe! G dafecliElREn GOANLE MY aNdislifsSsr bhRlst B GHYNR of © 10
MeV, the target 1s chosen fromthe group consisting of at |east one

i sot ope of &FTRTANINgEa i, Hanganeedivanmapgibaict cobpk aadsersr- xanpl e,
if the pealanotﬁ@@é%&'aﬁ%%‘i kfQRe PR 00k1drSioH RALS s §BAL: S Wﬁ}ﬂl Ib&SRant han 11

MeV, the target is osen fromthe group consisting. east one

i sotope of SE&AW! UM %BMEValthentergaiis dosennfrem dheheroupanpiitiog dffat tidaet peak
accel erati ons8HRN G alusniBhEat&hdibRa ok h ahout 1 MeV, the
target is al ﬁm&%um aCoﬁpelr’ |Eés%1 a pt e?erlruzr{d?d‘ﬁ%rfggﬁﬁsg’l él(lgbfalt’t Egdjﬁgé%r' e

accel er adi orinether gypmple, ifghs peakanceddaion e@er@y Medreater than 9 MeV and less than

or equal to 10 MeV, the target is chosen from the group consisting of at least one
isotope of aluminum, scandium, manganese, and cobalt. In another example, if the
peak acceleration energy is greater than 10 MeV and less than 11 MeV, the target is
chosen from the group consisting of at least one isotope of scandium and aluminum.
30 In another example, if the peak acceleration energy is greater than 11 and less than
about 13.1 MeV, the target is aluminum. Copper is a preferred material if the peak
acceleration energy is less than about 9.9 MeV.
[0012] The radiation source may further comprise a collimator, target
shielding, and housing shielding. Any or all of these components may also comprise
35  at least one isotope having a neutron production threshold greater than the peak
acceleration energy.
[0013] In accordance with other embodiments of the invention, a radiation

source is disclosed comprising a housing and an acceleration chamber within the



[ 00121 The radiation source may further conprise a collimtor, target

shi el di ng, and housing shielding. Any or all of these conponents may al so
conpri se wl3oamook@®ast one isotope having a neutron prodectriusaosshe@shol d
greater than the peak acceleration energy. [0013] In accordance with other

enbodi ment s Whsihd1e The ueRlkAdn Bahidihgd b PBak KR&IEGF0M §néii%}5 gxlegt%te@laﬁ;@l{épr ising a
housi ng and an accel erati on chanmber within the, 4 WO 200//001693

PCT/ US2006/ 028t geutEpnypygdychign thrpsholdcqidragsion; diinghusshed shurse af peasged

accel er at i onpaRREk Y sePpBatEby ttlréal{bugihﬁ td %ﬁ%ﬁa@@d"fﬁlﬂae?[ﬂ@@Hﬁ%&@éi‘er&tﬂﬁesh0| d of
tungsten, during use. A source of charged particles Is supported by the

housing to ERMbEhafigiershds sprioeed bttt hresingc devestgemon the raerbesationA” t ar get
i s suppor t edpiybdrheThoysiinge dRWasH %ﬁa@eg{atyt&egé&%ﬁ}%aﬁk 9Bwest MRtRGr - The

r
peal . accel eration ener g%mrray be grea han™t owest neutron 10
product i ¥n tPedsstisl Hhresholgorlybelabdervororttanielainu s vwel. wWBhd pealfirecqieration

acceleratio Yo thNaan r 7.7
MeV. In a cglnicrlgir)rglé%r é%)%gﬁﬁhggﬁ?%ﬁgzchgﬁ’i %g%%ﬁ/ gg%é%gYéghg odgﬁx%atﬁrousi ng,
proxi mat e t @bpdimgat agaliereialis coapldd tothehasingi praxiontedberfarges matess!, dmdast one
i sot ope havi : | |. reater than the ak _
accel erati or%ﬂg%cglruggtg } Fﬁﬂ%@{eg%g%& gﬁ? %P{?ﬁﬁg%ég%é F&rrgonnt l? lo?%%ﬁ%iﬂ?r %thl el di ng
surrounds atgrdageashangthp peali agvelefatioenetg@r glet 4 taaged shihldirtgaangetlinsdni, ebrdétng

conpri se . ! .50t ape havi neut r roduction threshold

gr eat er lt% ha%hlte‘r%ig?g;s)}élgggﬁdascaz%a%raa%r%’r’? Og%heeratﬁﬂgfa b [a'ﬁcg%ﬁ?arfgg[ Sﬁ?hﬁlﬁcé’wp{ &t some of
t he advant agedeast oncheope seningi nuenbi grodwayjorb éhreshbldagmgel thhn el yeaker t ai n
conmponents of the. source consist essentially of at |east one 20 isotope
havi ng a ne%f?eg)eﬁaqlﬁ)?lgaﬁrgﬁ on threshold greater than the peak accel eration

ener gy of tHedldpur ce. ItThested hnesomienf thead ealkdges il the pesdno thvem i, mdyhe

col | i mat or . copprise at |east one first section cqonsisting essentially
of at |east %g%gwﬁég&gﬁﬁe'ﬁ%{(}icﬂﬂpoﬁnﬁé’gtﬂ}ﬁoﬁ‘?uﬁe(?8%%66?‘?“ 1ﬂfye%ffl"?6llfi?5tg‘?“€ap er than
t he peakoacdek@eaidviiy enengh pRdudionltBasiold @rates @k@NtheSRGE i0skIGAMAr i Si ng at

| east one isotope_.having a neutron production 25 threshold greater than the
peak accel ereﬁ‘frlggﬁfgﬁesrod%?' | riefeie. 118 Hyeto it enbrf merheicAbiRaior tHY t ar get

shi el di ng NMaympRERt it dHe ﬂrﬁ%ﬁcﬁtioﬁ@@nsfsitiﬁééssélﬁ%llg/ QR alCieft$ bisd ﬂs&gpe e gnt ially
of at |east one isotaope having a neutron production threshold greater than

. g
the peak acCdIBFeht PIOANLIRR Hegshatiersater taansthe BeRk aceelgradoseergyomdebigtti si ng at
| east one iof©tsedqRd RV compraite’ ANk QEbGEdaIe hdViks Baled: G §ﬁ>tdﬁétiohhan t he

peak acceleration 30 energy. In either case, neutron production Is reduced
as conp dred threshpkle etpster ofhaprthgrpeak acceleration energy. In the target shielding

embodiment, the target shielding may comprise at least one first section consisting
essentially of at least one isotope having a neutron production threshold greater than
the peak acceleration energy and at least one second section comprising at least one
isotope having a neutron production threshold greater than the peak acceleration
30 energy. In either case, neutron production is reduced as compared to the use of prior
art collimators and target shielding in radiation sources. The collimator and/or the
target shielding may comprise copper.
[0015] In accordance with another embodiment, a radiation source is disclosed
comprising a housing and an accelerator chamber within the housing. In this
35 embodiment, the acceleration chamber has a peak acceleration energy of less than the
lowest neutron production threshold of copper. A source of charged particles is
supported by the housing to emit charged particles into the accelerator chamber and a

target is supported by the housing, downstream of the accelerator chamber. A



art collimators and target shielding in radiation sources. The collimator
and/or the target shielding may conprise copper. [0015] In accordance with
anot her ewbedimemndo3 a radi ati on source is disclosed compmiUuseevg/oa00i@uUSi Ng
and an accel erator chanmber within the housing. In this 35 enbodinent, the

accel er at ison celiafitgelis baplal PEBK haGiR! @6:ambiehe ey Tafget assidhpandafie | owest
neut ron product | ﬁgﬁhguggsh%d of copper. A source of char articles is

d
support ed by PRRE targrtito chisld gltarsst + Thg et ﬁh‘?)cqqﬁ‘éatg’&z éed Beat or

chamber and aargdrah@@tind ao@@%wogga. bmetgge@k RdEsdritbn Q@%Sﬁq%ﬁ%nl&g tahe _
accel erator chanber. A 5 2007/ 001693 PCT/ US2006/ 02007 5 collimator is

coupl ed to t REBOREISYIRY: 15F exanple: eThernsal apcglerationraniegt mahbeless thep eitearalast
partially surs odsMee TRMEAL adcedtidflndrely Rey iR g@ker tlﬁh%}é l@fv%&eutﬁbbe

collimator, and the target shielding conprise copper. e pea
accel er atlifon Pegseptipn HesPhold febgetiena mmolyisenim.oom tapeam.f gy welanpPieepearhe peak

accel eration a@&?eﬁ-&%nréﬁé/rgg%ab%é%retatté%anpéboﬁﬂé‘!? eV, 8.8aleUt ony Moy The peak
accel eration energy m¥%€q}géeater than the [owést neutron 10 production

threshol d of [#WUAYst en, einumay ¢Pmprget afitpinsecaion wehdisting tessepidadly of
accel eration c@;ﬂlﬁ%g%fgiﬁméteb@)e 9Leat gl 5*3%{811@'9&%11 @DA’:RJ‘\{BX@ aP 15t Y riso@dpe /- 7 MEV.

[0016] The col 1 nmay conprise a rst sectionh consisting essentially
of copper, [HevRE rramevttdne pradeeisn, thaashiold lsssctnd the cpreabraccdaptivnsiemggnt | east

one i sot gpe ' d i theeshol d | ; h ak
Sncel o oBon ARASAIRLIERN AL BB’ WATIP bkl SR S0RH el
shi el di ng nmayorsisipg essentallfyiof stppse ptoxomte the s @ tand g sesse ictiald tomoiksingopper ,

proxi mate the, tar nd. a second section copprisi t | east, one,isotope
havi ng a neu?1 ; 3%3%%%3%‘??13&%?%’?%5%%%”%0’? g%%&fﬁydh “Pﬁge}‘%%f‘e V& tg e dieePREi on
ener gy, upst rie@iaraiontdnergly) nistreseof thefirst Eheios 0 Uithe goray nfayrftfier conpsei se

housi ng shi el di ng to shield,the housi.ng, wherein the housing shiel ding
conpri ses 20h83$§%?pd§@§&°§ﬁF$f8Fﬁﬁm g @H??Bdﬁ%fﬁ?ﬁ%%&&#ngﬁawfpﬁﬁ of the
col i mat @0 ardpgehe Lehdishieldirghingy dirfognd 20 Q@hst]a portiag @B retatsiBmivot Bndathet her
enbodi nent of the .invention, a radiation source is disclosed, as above,
wherei n the (% éPCQHWSists essentially of a |low atonic nunber materi al
conpri sing atodigpst ong dcsoOtiRe WigvimdtheReRBatiment JITtRE U, a 2Ridtldreshol d
greater than the peak acceleration energy of the source, [0018] In
accor dance wiPHSRRGRIIERSD 55607 reHberan tfeqqf)éraehmtsﬁcﬁﬁs,enaal%fefr?okawom10
generating radingér @itdrisl dompHASE ht ABIPohS | BEoRC GBViBE & indGrdnN Bfd8dionar ti cl es
to a peak acceleration energy greater than the | owest neutron production

t hr eshol dJof tiresheld gigater than the peak acceleration energy of the source.

[0018] In accordance with another embodiment of the invention, a method of
generating radiation is disclosed comprising accelerating charged particles to a peak
acceleration energy greater than the lowest neutron production threshold of tantalum
and colliding the charged particles with a target consisting essentially of at least one
30  isotope having a neutron production threshold less than the peak acceleration energy.
The method further comprises generating radiation from the collision of the charged
particles with the target, without generating neutrons. The method may further
comprise collimating the generated radiation by a collimator comprising at least one
isotope having a neutron production threshold greater than the peak acceleration
35  energy. The method may further comprise shielding the target with shielding material
comprising at least one isotope having a neutron production threshold greater than the
peak acceleration energy. The method may further comprise shielding the housing

with shielding material comprising at least one isotope having a neutron production



and colliding the charged particles with a target consisting essentially of
at | east one 30 isotope having a neutron production threshold |ess than the
peak accelWvenratimmoenergy. The method further conpri sespPgeEnEse@icionm®70

radi ation fromthe collision of the charged particles with the target,

wi t hout genefaéshag g‘?@b‘t’érrtﬁﬁﬁthe-rd%@k ARl ROF R erb I tm@rpeak:@émreka%@n GRérky mating
the generated radiation by a collimtor conprising at |east one I sotope
havi ng a neui™phe Ficaiguden dheut il S0 IR cyreRleer than the peak accel eration 35
energy. The ppifod mayn flldrfifite GANBRARE ARG thOGvERIEEE spMehophi €l di ng
material conprising at |east one isotope having a neutron production

t hreshol d gr esERIng BLAr2OHFENvVeyaede iadisedpisd gpmprisieh a refljationseuse perifépnady

further conpgd 5RqpM ﬁl ab \)@& 4rlde, BAMRLY reé@n?ehraﬁﬁh&ll ‘élﬁélgm P%ghthctﬂém“ sing
at | east one 1sotope having a neutron production 1693

PCT/ US2006/ 02get0 The trm%s)nomrcgr@awsesmélnum@ ap@am mdeﬂammph@rbeener gy.
The peak acc

exanpl e. [Oo%g)ﬁgﬁéd tclzjgr gﬁc W gﬁ% er errt%lh%@ %Hta?ce %%Mﬁg{]/eer%fl on,
system for &sathanithy IW@amguimomélyanmehrc@odi s bawped anb gpricsitlng the

radi ati on souyr. n -Qhj r.to

recei ve radi &t“%gtn&gﬁ%ﬁ PX%QG%?P atgrteiL’Hr’?EQa(SjIJ t? éﬁ%{eﬁé ]lelg p%%ﬁ %%tg Er ’gg}r‘%@ 1?1? Yon
source conpr bsdss ghanoabeun§.oavielV afor axmmtlera"ﬁlieqwak:hammonsm;gyrmadbby t he
housi ng he accel er chamber C ti.on_ener | ess than
the T ovedi nantroThBo ey G ERRles ro B EoRERrpaiatyS SubRiMn The

| owest neut rbmspigoﬂbuahitmhatg&d qszhmlled mfo thar@sélantlonThbazﬂmlenacx:mr@t ation

ener gy nay n.abaut 9. r ceI eration
energy nay bé”pf% ‘éfgépg HoRsipe éiOYnﬁ\fg?}n ‘?ff)&‘ e%?ﬁ%%%%on ,&h@%ﬁ’?ce &g?ér ged
particl es i scadppesdeatialyortahRast bﬁmsma@ df@oppert o&i&arsg@ﬁespﬁ‘rotheﬁdne@rmmt o the
accel eration charIEer and a tar t he Fou5| ng doglnstream
f t I east

| U
o he el TIPS chRsiE meotkdls of f pedk RBgHafdh Seabihbs S may

one i sot gpe afcluaedpeithouOinh@éridlls odfRpafk O wkidethafMicaki| & tht Raketwvlth not
generate neutrons at the peak acceleration ener of the source, may be 20
i ncl uded, wi {990t t?rﬁ?‘é’rq“aﬂ’rPS*/”c&P‘PecAtP ERE it SQINE Rl 8 APBHIE RGBS he

target W th syigaReaGs sapgon&usymamumgmpaﬁﬁny arduf@kilel tARLOT Eiktier 6PbGRhed to the
housi ng and target shield is, supported by the housing, partially around

the target. iRk ab%fhﬁ t%sget Sblﬁ@l%@ﬂqowﬁ*apmesawe{ hEhesypgR iy Hidiedi ng al so

CoMpI | Ses_cOBRrise THRISHELRMARo UL NG o GRS 86 R hedlandim ek al over
at |l east a pOftIOﬂ of the ou3|ng whi ch al'so 25 co ri ses at | east one
3

i sot ope Ravi Aynispeaikleast aarispiopnh haviriees prok drodusidon thgashalh desp dak thegisele| er at i on
energy. A ConMeMRtioRURREEAAIQnSdBPAbte@ B spBHY GYd Bort@) 9RaGO RYRNANCE

may also be provided. The cargo conveyance may be greater than or equal to 5 feet
thick. The cargo conveyance may be a standard cargo conveyance. The peak
acceleration energy may be at least about 6.2 MeV. The peak acceleration energy
30 may be at least about 7.7 MeV.
[0020] In accordance with another embodiment of the invention, a method of
manufacturing a radiation source is disclosed comprising selecting for at least one of a
target, a collimator, and target shielding (in other words, the target, the collimator,
and/or the target shielding) at least one isotope having a neutron production threshold
35  less than a peak acceleration energy of the source and assembling the source including
the selected material. The method may further comprise selecting housing shielding

material consisting essentially of at least one isotope having a neutron production



may al so be provided. The cargo conveyance nmay be greater than or equal to
5 feet thick. The cargo conveyance nmay be a standard cargo conveyance. The
peak accwbeanetdossysenergy may be at | east about 6.2 MeVeCThms2@eakoo70

accel eration energy 30 may be at [east about 7.7 MeV. [00201 In accordance
W t h anot fier ;2RO ManGhe b dcBMERMdnOMergd M8 laBRALAKg tRBRUAGIUthOg a

radi ation source is disclosed conprising selecting for at | east one of a
target, a cotdlqclpatSrSingideldiag gaicrighi el ding (in other words, the target, the
col limtor, oa8f/ or thg lahQRlmauRhdicBBbridlpréRARL 2 QRGN ISR} 9RGBVANg a
neutron production threshold 3571 ess than a peak accel eration energy of the
source and aBdEHDI SPYCE e sl & dedsh dlepiEo grodudtionsispermsatsnipsing) the The

met hod may f Hefifeh-COMN R S8hEELHLDS HoMs ReuShhRIELRE, alPe6s;

consi sting eg%elnt iaglpl y of at fiélast1 one}g}i sot oper hgv‘i ng a aFleut rcl)vriﬁ%?%ducti on
7 WD 20079 001698 BEw si0ei.0XThy outps dopby el esieti raquisementi thet inethgroary

accel eration |, - he b seliestied fousi ng
shi el di ng nagug@?;%n%&ﬁ&@ﬁg drlrélgtg?ﬁsté%l mn%ﬁ%gﬁlp etp gojri;lgtre?sel relparPng a
prelimnary swslagan ftor pedict aghtaen prodsgionce Tthe method mby |fedksr, conguise on
production requi tLd: t rel 1 m Welell :

sinmulation t & Arrglgiqg?bﬁ%lﬁ i oﬁ d%)Ar1 dll).laé f%%?lzgﬁ%ﬂrglgfé%%lgﬁcgbgg g %Pagha? Brlljt of the
si mul ati on. gdnetatien mgujperherdoes not neet requirenents, the nethod may
further npf. adj ustin he. desi.gn .and i nputti t he _adj ust ed sign
into thqu)si %’?éti on t}bs %S%%%'FIS{H’ &H%rnor&llg%urtor ue %Ooér}%etiiﬂceesﬁg% ﬁ)dag%%?f urt her
conpri se prepasamitypica meashiememanyabiities; gire thas@d last aae 28’ mensi‘angreat s

and/ or X-ray radiat.i.on eneration requirenents. 15,0022 used .her ei n,
the term" ab8ru‘fmrer°té‘1ﬂ%er@ug\8m§i ’%"é\%gﬂc%og‘sﬁ% ?Sﬁenf%lﬁyn%lf grfeians %‘?@g?tgpeér?é t ypi cal
measur enent chpahhtetidls €mr wilh@ott @hermte atuttamaat thepealofidceBREDS efledgyyofdthe  or
nore of the foll ow 2& ;"ge t ergl " congi %%i ng _essenti al,,ll?%/ of |, nmeans,t hat

i sot opes of SYftela¥ae defuded and e tgm pe TCC%SWE?%?@rWe Poh"E M He peak
accel er abp ona®blefgyn &fergne source, may be included; and the term "peak
accel eration energy" neans "npaxinuni’, 20 ta c%l eration energy. Brief
Description of the Drawings [Po§b3pscrpgon qf the Drawimgs rmt i ¢ cross-secti onal

view of an epmop|l e of @griadihatiettic §OLLEINAl VA&H BF dodraRplaideh raitierbodi ment
of the invention; [0024] Fi 2isag h showi ng the neutron production

. . C ra
t hreshol ds f&“‘”062‘33‘?@65(36&%%’3%‘%ﬁ“‘%‘%‘i‘é“ql’é £ WAMEShol d, for a number of
materials; 0024 Fig.2 is a graph showing the neutron production thresholds for

25  isotopes with the lowest threshold, for a number of materials;
[0025] Fig. 3 is an example of a method of manufacturing an X-ray radiation

source with no neutron production, in accordance with an embodiment of the

invention;

[0026] Fig. 4 is an example of a cylindrical X-ray head for use in an X-ray
30  source, in accordance with an embodiment of the invention;

[0027] Fig. 5 is a cross-sectional, perspective view of the X-ray head of Fig. 4;

[0028] Fig. 6 is an enlarged cross-sectional view of the target assembly of

Fig. 5;

[0029] Fig. 7 is an example of an iterative process to design a source in

35  accordance with another embodiment of the invention; and
[0030] Fig. 8 is a front view of a cargo scanning system, in accordance with

an embodiment of the invention.



[0025] Fig. 3 is an exanple of a nethod of manufacturing an X-ray radiation
source with no neutron production, in accordance with an enbodi nent of the
i nvent i onyo[200/2016981 g. 4 is an exanple of a cylindrical pETmode@2m76 or use
in an X-ray 30 source, in accordance with an enbodi nent of the invention;

[0027] Fisg. 5 is a cross-p&etip@iadsthPPFSRest Exidollineitdf the X-ray head of
Fig. 4; [002@% Fig. 6 is an enl arged cross-sectjonal view of the target
1§ 5; B

assenbly of | [ropzordapgegwitty e‘inQOdé‘ﬁe‘E% ShHreeln¥ention, jafigtion FAESHr ocess to

desi gn a sounQfad R-rapladmcRr Sanee p\Mv‘id@: RNuReh pestRetbBNed®ed tiB@rdnnvent i on;
and [0030] Fig. 8 is a front view of a cargo scanning system in accor dance

with an enodiueien aprompared 4y a#tigtion . soBrCeD YD o3l petrigslfondico20070 5
Description @t he‘olP&%ﬁrglﬁ%rEﬁb&ﬂh pt%lr[go%%élalsnwﬁﬁc}%si&n%d«cfcm

enbodi nent s o? invention, radiation sources, such as X-ray radiation
sour ces, 10pr dbﬂe@f@mﬁ&bﬁé@ﬂ?ﬁmalpﬁ@dh@(ﬂp@ﬁn%gy pelgcedche(hy BATIBEdERRYEI on as

conpar ed to AR LA OMT ERBIGRAPEAC ggquéawhﬁa&mm; CidkBbailPendrfie  sour ce,

collimtor, and ing by using materials wth neutron tion 10
t hreshol ds disoesample q@e)ékabammeev@ta prak apestegationfeneigy of dagp ghan aba ent i oned

above, _ner Sl Nl S M PEAIGARERL & ARhANANRRGY ndEARS HBKL I

accel eration ener sour ce
accel erat i ortargatearr@thnr[smgewél getmamteamonﬁtutrgnsg \Weivt it congsrieasibigtoause spper

target, s COFQ[ ria CQ’Vlti] 10t S pro uc%oﬁ; o [)ld? l?)LVd‘JhQ%Oz?I ?LICQEI' Fl?'éltgegéy 91nd

housi ng, enerate No neutrons. ere eas use only 15
mat eri al s wthé soerckd dmtqosimjumigm,nandm estialodsraes, mwu@epmdedtxoaams’l Bration

energy of th rce. due d/ cQos st t neut r on
production Cﬁ‘g%y BHEE B’V‘ Ffor %fu%ﬁ p?rgtogrclela?m CPmltp F} Ig)aﬁ%rp

certai n conpeRredsef yteflQmeror raﬂedeémbmtmm wéduwdbemapbs pronmied)m naéxdumed

neut ron production rovided in ra tion so

accel er at i on"°81ET g ‘tggaleagr‘?ﬁgarlleéﬁﬁ’g eﬁgrﬁffs’rﬁldﬁl %tnf%ﬁeaé%rea:dﬁﬁgé en‘?’rﬁlef H%%(eZO range
of from aboutangaéffmaﬂo@tdsewwaaéss&b@uboums 1M&X. [0032] One of the

advant ages of duced or eutron p uction is that iical size
of the shi eHHP%?g of tt‘Ra“e Gli‘ecaéi"%m?‘ﬁef Hé g%“&ﬂr?lr g ‘@\féﬁ“e‘?f?é&c(aa” \E/)?Hﬁ téﬁ

i ncl udi ng t hehyEieAMiLOBE BeNdhiddihd)6f B2add0icB tind tEé StAnnIHGYsybemr edueadle, Al so,

the risk of activation of certain materials of gere\%celn t he oDj e%:t under

test and t henSleding Fh@go?igdm\tammg the scanning system, may Also, the rxsl< 0
activation of certain materials of or within the object under test and the scanning room

25 by neutron capture reactions, may also be reduced.
[0033] The class of materials that may be used is referred to herein as “low
atomic number materials” or “low Z materials” because those materials have atomic
numbers (“Z”) significantly less than that of tungsten (Z=74), tantalum (Z=73), lead
(Z=82), and molybdenum (42), the common materials used in the prior art. Copper,

30  for example, has an atomic number of 29. In one example, the low Z material may
have an atomic number Z of 30 or less. Appropriate low atomic number materials for
a particular application have their lowest neutron production threshold greater than
the peak acceleration energy of the source, so that no neutrons are generated by that
material.

35 [0034] It has been found that due to their size differences, more neutrons may
be generated by the shielding and collimator materials than by the target. It is also
noted that not all low Z materials are appropriate in the preferred peak acceleration

range for examining cargo conveyances of from about 6 MeV to 10 MeV, which is a



25 by neutron capture reactions, may al so be reduced. [00331 The cl ass of
materials that nay be used is referred to herein as "low atom c nunber

mat er i al swoano7ldooss3Z mat eri al s" because those materi al s PO@UES2@i60200C0

nunbers ("Z") significantly less than that of tungsten (Z=74), tantal um
(2573), |adisch Tk fof BB RARRUINARhees! WBIAARNOR HBAG UGk Hsed Tn the
prior art. Copper exanpl €, has "an atom c nunber of I n one
exampl e, t he(U%@v“E@ﬁ)t@*ckalBeﬁé m Hay exampla gt a mmyenm@ebpf $dlaérthe| ess.
Appropr'atelb%awmn&gué‘ G nfEBIR Ld s £ 1R85 Msul ar appl i cation have
their | owest neutron production thre greater than the peak

accel erati onl083dr gy offig hds & exhematic CS“@SStSthOthovlmaf ropieoigendiptianed by

that materigl,.c380 [sg g&]anl)g-r%}qﬁ Qreag&lglgtg gr%gf'da A& }Panl loGinSdnf

di ff erences, nore reutrons Be enera ed by t ing and

col i mat B rthe prebeak smveliam. Bie titear mﬁlgextor 109 ccinsprﬁlesmhouwngddo titfatmgwm all | ow
Z materials f T nge for
exam ni ng caaﬁgﬁer%@%%%ar@te?dopr lie:]];%ﬁ]gﬁ%dgfrnegqﬂ/b%% I%g’%l\)&/%éﬁ I%S a 9 W
2007/ 001693 tREF 14829 8GpO2E0T Or ncﬁlr tisehipht I3@mgehd lomsieg A. nThwgargarI@O is
conveyances, b r.eat 5 feet. (1.524 nete s th|
Beryllium faormaet%g11 {i% %nﬁgﬁes it %%%gun&ﬁ%?anog m4 eRALCt iy ImPaCt syt neut ron
producti on tdwﬂe;’amﬂcbhaffgedilphrteleenﬁntcmeaekazﬁpl%ﬂael\zhx\get [Imaﬂeferﬂﬂg coiisistss a
schemati ¢, cross.. vi.e

100,
caeh as B RSN b Shes LR dazoftlerh Rilnect entDa i R os POt et of
10 the presehin havedidraion pbieatidl ontakcatealoarcaimber 100, CopfRr mae se asciousi ng

110 deflnlng an_acg el i on chapher 0, Th ousi ng .d s _an input 125
and an out pob PSP D AIGE o Rl Pgh P AU B 130 of
t he housi ng cbifprisdshe fitaaie@el 601 4hidhSis saspamearmahe hdb@leragelﬁleﬁaihﬁ&ﬁ 120. A
Brensstrahlung radiation in response to inp accel erated charged

particles. |I'RIGHEOBxKrpI®, cQuREdt & JBE fi%@‘efﬁP%If e?fé‘B’Ib?‘ clofisitt @cefe; an

essenti apd Y QfctlofRE@RPRSHiM vathiOWeZachBEBidrabhdddel.NOrhd deibh@sheBE GRULCT i on
threshold |l ess than the accel erati on l|ootent| al of the acceleration chanber
a

120. Copper 3¢&S/eBEs giss@ons gegerated Spireelilamante] Qe Aofesigrhenersty eyl &Hd# t hr ough

the input 12§ awa%ra@ioﬁ%a@&rgw TRORREIRES! dedioh@ BB tan BRRiroVBEAat1 1705
suspended in the accel eration chanber 120. A nmgnetron 165 is coupled to

t he accel er abpiowrilendhmtareet 240 inothe putante] Wn caping| the emisHiay RE PhOTS; i8[thE wi t hi n
the accel er %h{?%f%@a[mgfx ! Padah@msonﬁmghélﬁg “Oelln%iye c&&ﬁgé g Hih eépp@J ectrons

generated by the filanent to a desired energy w thin
accel er ati onvdh&nsaamplz0. The accel erated el ectrons for m an el ect ron beam
170 [0036] In this example, the target shielding material 180 circumferentially

surrounds the target 140, to prevent the escape of X-ray radiation in a direction
perpendicular to the electron beam. Housing shielding 182 may be provided around
the housing 110, if needed. The need for housing shielding 182 may depend on the
30  accelerator design, the target shielding 180, and the required level of attenuation. If
the accelerator uses a solenoid or otherwise narrowly focuses the electron beam on the
target 140, and/or required attenuation is low, housing shielding may not be needed to
shield stray electrons. If the target shielding 180 extends sufficiently behind the
target, then the housing shielding 182 may not be needed to shield radiation emitted
35  behind the target. The embodiment of Figs. 4-6 shows such a design. In accordance
with this embodiment of the invention, all or a portion of the target shielding 180 and
the housing shielding 182, if present, also comprise isotopes of appropriate low

Z materials having a neutron production threshold less than the peak acceleration

10



that strikes the target 140 in the output 130, causing the em ssion of

photons in the formof a beamof X-ray radiation 175. The housing 110 may
conpri se wotznemoc@®pper 25 wall, for exanple. [00361 | nrchivs2@sanphe, the
target shielding material 180 circunferentially surrounds the target 140,

to prevers tdergosiFane sttrcoltd Mbid eigahdroni dF lﬁut%rfs%tth@ghlelﬁﬁrgpﬁﬂm@h%#l ar to
the el ectron beam H0u5| ng. shi el ding 182 may be E_r ovid ar ound

housi ng 110, k'S AfggeyredT pPFé@B‘yberus%lffgleﬁ@n@m helfargst sagldingyi Séapknd on

the 30 accelgs ab@ingd@siigng 1@@%@%&?&1@9'&&09'oflgnel&omomti ihe Jieeubf ed |evel
of attenuation. If the accelerator uses a solenoid or OP herw se narrowy

focuses the B! The Hudding matanials 186 prybt821agy bedhrisage o differanéd at t enuat i on
is |ow, hous[‘r(])olgﬁ jshi el i pggiBY: g}Q)tls B& ﬁb%qg%(éilsrteg en(ﬁ tgls q%\ﬁl{ @MoeldhLy ons.

the target shiel'ding 180 exten suf icientl target, 't hen the
housi ng Ehi redreigedated toghe masget bhickbesid82 tapd §h|fé¢ chonsing ahlﬁldmgeiﬁ% tfend 35

behi nd the té{'éﬁi "fﬂé(?nﬁ dE {H%QBlllﬁ‘Iat 71196 defhicl a ?3%\9% a"l’loxgg)%%sggen of the

accordance hi s enbodi nen e 1nventi
target shi eIQﬁ‘fhg rmmanld’S t'He Hasagd sgsheprdetodiefige 182raduatflomb®seﬂ175 & so

conpri se isoj.opg Cgf ﬁ]eﬂ{s%?{ll,gﬁh%hﬁ Mo %p&HBEFfﬁ%%olﬂﬁ]‘é{o?glwg%ﬁgf%dom%

production thresho SS acceleratron
PCT/ US2006/ Ozfoem@es 5>f @rievvg?s/m@tfermlhe as«zld rtlmeegent:mtlawof nbultlhes, géhmrgattlhamms of

neut r ons; oy e sh n pper _nay be
used, folrsbexag& q éq?“hr% %Oaéet tnhaﬁ/l g w%r ﬁF’ r%agosrl 198 W%fodl ng 182
may be a si rrg)llrearlpa: esleglomleomefroaitemmmemsmmrm&oes pi eces of materl al . The

shi el di ng als 1 n b 0037] A

col | i mat or ma@gg s couﬁﬁ‘sg‘“@%‘“g%wgl ﬁglr%‘gd’fl%?rﬁaéqh%dfsgﬁr@d 1160"01 PaRey 10 be
connect ed t ol%heayt eargét differeat thcaipnd 82 thentindap adcberda@uUOD NQtlehlebthirgigs 182, for
exanpl e. The nat f e collimtar 190 S a assa e 195 to aIIow
passage of TRE fg)&i%}t Wgei‘%‘g ngh%;%é?ggléﬁ@lqegeff@% dartg I8 SR 1P ARe

radi ati ox0 befarwvald Dliredtion, alcﬁg)maameoﬁ/\dhe Pathhdfshe eleoetinBdain, 17 thrddigh dhepor ti on
of the collimto sof alow Z material to avoid

r 19 oto
the gener at i8¥° t0114(?11 Qlfhﬂo‘r’?ée“s ?Fé‘??@?f ?Shg’le e1§“)‘éll 45 6t ‘W"@&iﬁsr edne Copper

may be used, coﬂlﬁﬁat@rxﬁﬂpﬂn@y th-Ehﬂo@ ok lthigldr Qhanl @O sHRMIiR S&erifOZDS e dhsi Ngl e
e_pieces. [0Q38] The thi cknesses of t he

pi ece of ma or nmulti
shi el di ng maf?‘ Cf’ég mpiggial i@‘g Iﬁ%dn%yh%S%B? Fh‘?f‘&f 8F anglgoelongy 1o Hiey?isn a8liis f er ent
| ocati ons oNloha ih tHRGR w&&qh@fa@gept4oll%aaé\afaﬁa}}§ H%%v@% mAQR &ty VBV, the

intensity of the radiation emitted fromthe target Is greatest in the 20
forward #f r ectqugan peddaeigpnt thesshpkd eboge therpealp aasletsftion Iqeergy etthe spurbedlm 170

through the shielding 180, 182 and the collimator 190 need not be as thick as when the target is a

high Z material because neutrons need not be shielded.
[0039] The different components of the source 100 may comprise different
materials. For example, a natural copper target 140, a natural copper shielding 180a,
30 180b, and a natural iron collimator 190 may be used in an X-ray source 100 operating
at a peak energy less than the neutron production threshold of iron-57 of 7.646 MeV.
[0040] A low Z material may have different stable isotopes with different
neutron production thresholds. The isotopic composition of the low Z material
therefore has to be considered when selecting appropriate materials for the target 140,
35  shielding 180, 182, and collimator 190 to achieve a desired reduction or elimination
of neutrons. To avoid all neutron production, the target 140, shielding 180, 182 and

collimating materials 190 are selected such that the neutron production threshold for
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target 140. The intensity decreases as the angle fromthe axis increases.
The <collimator 190 nay therefore be thicker than the shielding materi al
180, 182.woheo7/®widosl di ng material 180, 182 may al so be twrhiraisesosarooangl es
closer to the axis, as is known in the art. When the target 140 is nade of

an appropri afl §sdt sZe%@édgrtl1@|pealé"’b1§e|i’g}2§f %ens%&ﬁé} %g@leﬁ%b&eethﬁ%faol d above

the peak accel eration energy of the source, ding 180, 182 and the
col | i mat or $¥MMecrptrally b@cusrgigt PR @@w\u&@n&l h7é/o tOércgmeuGé whlchm@h az

material begauy e&‘%&%&&&ﬁﬁrﬁg\gc‘agn BEshbR oS 323?6\/[819133% g3v0 8¢ gﬁ)ggel@-éf nt

conmponents of the source conpri se erent ~materi
exanpl e, a mdiar his ed}atﬁellratetdamt}l@bn Itiuctiomditreghald cbpfPéP MibVel Wewplly80a, 30

130D, and 2 oBALHEALolgkO s AL LR L W40 RY, B HBCULALAN S 1R gaur ce 100

operating at ner ess t an the neutron pr i on ol d of

i ron-57 16f ?oldi&@tdvewo m@te)ffwd(}])r ghukapyvogeratitgeati eabeafhcaqpcaamemdmﬁefrg)r belbwst abl e

i sotopes wi fier. neut r r.odu Q hreshol ds.. Th top| C
conposi ti ontgt(;gfletl\% ¥, fglnze? Tt er ﬁmfi‘PctlfJ hefrgéefogfgaﬁ 1s° foc?pgleéz’c%aﬁzjfe e(r%ea “when

sel ecting apqmgcﬂrmo,aahmldmg &80, aBa ahorcoltilnator ameﬂatemdl(fpr Shirehiopdretinmpopt 280, 182,
and col |'i mat or

achi eve, a reduction or elimnation of
neut r ons. ge%lﬁlacce erﬁf?nﬂlg{ﬁyr Sh)w @e@é\?&n the target 140, shielding 180,
182 and col[eG4nht i ng hﬁirﬁtheab&rrﬂ;%) naruausy&icemlﬁgl ivhebmpHas A1lvevnrod-r on
production threshold for 1V)020 7/.00169 1.020Q70. 5_all
i sot opes 9 ég’elli’é’ 'Tghaecaﬁcé‘éaée PGy PIRfudiRR t H‘Sﬁ%f)l% ?{121%9%\&2% r{‘pg%?ge. In one
ﬁxarrpl e, lnauqlwlag ljaycmaaatéd Inlgrcglop@elﬁctﬁﬁgﬂfelslﬁﬂdi B3RV, 2apRelro637, Which f
as a calculated neutr roductiqn thr 30.83% o
haooar - oo, “HahER Alatiaizd hePhdh Bbuls e brshra gt g ety 28 o8, rang; 30- 837
MeV. Nat ur alhhying @C&lUK1ated GeGOR Pﬁfdudﬁ’fﬁm ﬂﬁrb@fo&f &19.008 MESE dHése,af hairget 140,
shi el ding 180, 182, and 10 col | i mat or material for sources operating at

a peak accel&TSHRSHHORABIHY Bl Biget 94(@15@16ng 138G 182epnd eRdlispptan LY G8uct i on.

| sot opi ¢al | K- Ws@ux%@@ éﬁr@‘?atﬁ%@akbé%cél%rﬁ&eﬁgy Jrads9@lan e MV Qhidhdtg 180,
182, and col li mator material for sources operati ng at a peak

accel er at i oBCRSHER @9‘1"5@150\}\?01@1‘852 PsVron] hipAding ponsighis p ‘P“lékréméﬁéouﬁat urally

occurring i m@nséa%mrta@aa48%hl%§?{ Igefs@a 186 aﬁécolnﬁa\aopgg@m@@.tafy%afc%oaeut ron
production threshold o6f 11.1 % 1ron-54 havi ng a cal cul at ed

neut ron pr o@aweiieeh af Hicals W@P@efétﬂonlsﬂfsgle%w tp. 1179 Medh-vEthout 1gandraiinga

cal cul ated rﬁgt%f({ngn production threshold of 7.646 MeV, and 0.28%iron-58,
havi ng a cal cul ated neutron production threshold of 10.044 MeV. Hence, if
nat ur al 129- &3k ri ng Itiorptedsthaigba iaen targehis geed i140 X-giyiselrdé ageratd@,up182, and

col limator 398t REs than) 10.044 MeV, only about 2.12% of the target 140, shielding 180, 182,
and collimator 190 would generate neutrons. Therefore, at a peak energy of less than
10.044 MeV, a naturally occurring iron target 140, shielding 180, 182, and collimator
190 would provide a significantly reduced amount of neutron production, as

30 compared to the use of tungsten, but would not eliminate it. If some amount of
neutron generation may be tolerated, but less neutron generation is desired than if
tungsten, tantalum, molybdenum, or lead are used, metals may be chosen that provide
certain isotopes having neutron production thresholds below the peak energy of the
source and certain isotopes having neutron production thresholds above the peak

35  energy of the source. For example, in a source having a peak acceleration energy of
8.5 MeV, the following materials may be used for the target 140, the shielding 180,
182, and the collimator 190: magnesium (10% of which consists of magnesium-24

having a calculated neutron production threshold of 7.331 MeV), iron (2.12% of
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20 X-ray source operating at a peal. acceleration energy of |less than 7.646
MeV will not generate neutrons. Isotopically pure iron shielding

consi st i nyoabommwhiessi ron-56 could be used as a target 12Q7/uskeoslochiong 180a,
180b, and collimator 190 in X-ray sources 100 operating at peak

accel er agi Oth%eE&{s?s% HP utoﬁ 53 Lnakthe Q’Eééldﬁ'lalt@o‘rl&utﬂ)%”ﬁoﬁ&dn%ﬁ thREGHHIE QFS - 23

[0042] It is noted an iron target is used in an X-ray source
operating up 646Mf(\BultHClFeé@s@t%]af"Whlilﬁ)CC@ml&tSI%mcwrﬁl)haalbéGtcalszuli@%l%}ﬁiotlhe t ar get

140, ehi o1 A ks RCoRRkY), TR Ao ouent f BRNERALE oRELINS.

Therefore, at a ea ener a naturally occurring
i ron target havigg ashlpelhfdd nthIPS(Drod_l.l&B)n threshaddpf 7. ﬁialtMleV) 10 dTerny ndtepiplsvi de a

s gni fi cant by 1 aQUGEd.ANRURL Ol RPUL AN PTQFUL IS 1 D GONpRF 8 Lo the

use of tungsten I mna sone —anolnt “of  neutron
gener at i16n nalynrriamrt dP®r atSech rbditctibiss sondutisonbgexdeardadeors iis pret¢ulard t han i f

tungsten, tanta enum a | s may be chosen that
provi de cef 1fCra%H(ir)quot 6le>e62nghre(%/u"emems G}a?%e 1é'd%ce G(F??F}éé{rﬁ %r eshol ds bel ow t he

peak ener gy [@f431 he smuamﬁhand(amtet af ra |csmﬁgmpamn hiet mgl!l nedﬂaeobutpncﬁducti on

t hreshol ds above t he 35 ener of the source. For n a source
havi ng a pegﬁce:i%%’i’i g}nﬁoﬁ%%ﬁ e@ﬁ@?‘%ﬁ?on %roguﬁ{}tg(l/ e ﬁlg CP’ES’P?I})eWa rqg":ga hf: ials may
be used for tztrgﬁ tar getexddfle, miebs b apstopiptd 8% Z m82rialawhild ke @ohbiemat or

190: ma eS| 10% of . whi ch consi.sts, of Si 24.. hayin al cul at ed
rour v ondBTS ol CampeRsanishas 36 Soibpiof ol Rkt Mhethung 0. o3y iR

2007/ 001693 hBﬁEMgJaa&GﬁéQ%@GR@ comphiRé GIphCD msdtSGtass mﬁt inbyY Berderatd) AMitidvgs,a

cal cul at ed neutron productjon thr shold of 7. 64 MeV), nickel %3 63% of
whi ch consi SP &t UpgSRe g ap iepty o RAMes YEP ﬁ‘é‘lﬁts Briantalugy lrad Yn

threshol d ofother 8dchMaMirialamdy BloRie (Hitd:O%rBf radhatieh c&RRSibS bF siféldiak NEd6 7
having a cal cul ated neutron production threshold of 7.051 MeV). Different

materials fraynihenfase §e Sersledilr $5E2IOMPPRINLS KB PR 0§ &t EOMPHENEHPe! di ng

180, 182p angbet berfdthak@l iﬂdrrﬁieolreqﬂi%)nenﬁuﬁh theesbuedel ERSexpledanlistisha
advant ageous in particul ar pl'i cations. Shi el di ng requirenments may be

reduced, f orbelowanphes OIFO’G@BTOW%C%WGPWé?th%rxea?ﬁﬂdén%* ofthe dRMENERIT AEYTOR t hat

will reduce pR&HuciiGt is réh%e&swse by ot AR R1af ipwet inHeAALSr NS AR u@E getuct i on,
certain conponents, such as the target 140, for exanple, nmay be an

appropri at e neerwailyrealk rcomponentsi 125 epapased nier @elys%tﬁeﬁur@éiﬁlboﬁé?@ﬂlﬁm such as
the colli mﬁu%lyé'a%ﬁumtd??eatzi%rgﬁe{t C%b‘ﬂ]m-ng 180, and/or the housing shielding

182 may conprise materi a at may generate neutrons, such as

tungst e®S t 404l um or Ubeall isofopicabk anpified higbeZ gfom umeieriabrs a targehllddn | ead,

or shielding 180, 182, and/or collimator 190 may also decrease or eliminate neutron
generation, and provide some or all of the benefits of the use of a high Z material. For
example, isotopically pure tungsten-182, which has a calculated neutron production
threshold of 8.064 MeV, can be used in a source having a peak acceleration energy

30 less than 8.064 MeV, without producing neutrons. Isotopically pure molybdenum-94,
which has a peak acceleration energy of 9.677 MeV, can be used in a source having a
peak acceleration energy less than 9.677 MeV, without producing neutrons. Mixtures
of appropriate isotopes that are above the peak acceleration energy can be used, as
well. For example, a mixture of molybdenum-96 and molybdenum-94 can be used in

35 a source having a peak acceleration energy less than 8.064 MeV without producing
neutrons.

[0045] While typically a metal, the target 140, shielding 180, 182, and/or the

collimator 190 may be a non-metal, such as carbon. One stable isotope of carbon,
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ot her such materials may provide better X-ray radiation generation or
shielding, and nay therefore be needed for certain conponents, or part of
certain cwoposni®3 to 20 neet performance and size reqeCcrarseovs®2do00 t he
source, for exanple, as discussed below Therefore, in accordance with

anot her enbogdiyaRNs Q&fhlcfhhﬁas' Qn‘{%hh&h'ﬂce rb?uérﬂ&ml 1104, Oﬁié:éCE' McuiRed GeMteRd by use
of an appropriate 10 material for | east one but not necessarily all

conmponent s, Pé%dué%?ﬁpféifeéhplﬂ of 811 DéaV. o?hﬁt pifigistiehe ispigne af earpon, seb9Bdénum or
llead for t h%hx&?ﬁﬁé%ﬂ%@ﬁnda@é Jr0Q44d, H§seia88.ilcdia§ézg &g&G@EloYlu&f(‘) 'tlfn’eﬁfgld"éfgh Z atom

material as a target 140, shieldi ' r collimtor 190 may
al so decreadé. 3t M¢Y. mma@@cmw{lr@nea<ga§ﬁ@1¢rat1¢rbnnerandf fpsothad 8. 8hnklelr al | of

the benef | {30k LOEiSR @t lAll , MRAEL Bhreyi 0L oKDY Candl 8Qu0A] 2! |y

pure tungsten has a ca eutron production threshold of
8. 064 MY, d&72be oubed. lll% af sfbclr@aebdmamhngcaabqndél) sweild egeneratel oputemer gy 30

| ess than 8. t i i e
nmol ybdenum éﬁ%ra\%/i cﬁ%%g)?[g 052‘%&83%& er # gﬂaénlteerogg 0 @aﬂgg%‘ ﬁ}é{? can be
used in a sd0e4p¢ havi Ag 1aknqwalm decst, ehamemmnemdlg:ylmh dlsssholbfor&very7 MeV,

W t hout pr odu neut r.ons propri at at are
above the pea q(%OPegogc?é eé?]ainlclgﬁm nerégmé%ﬂu gel?lﬁnseeags “ds be V\ﬁ lé%g(lg—accgr%mﬁrrpl e, a

m xture of nokhelfdibowing &maderd nol ybdenum 94 can be used in 35 a source

neutrona> [00a5] wii| SEYRIEAR P RRE B oar B bR o ieRli ng 160

182, and/or the coll+ vakoExcEZtmAYy. be a non-netal, such as carbon. One
stabl e i sot @ﬂ%ﬁf carghﬂg 13. WO 007/ 001693 PCT/ US2006/ 020070 5
car bon- 13, has biﬂ’fa‘é‘ﬂ’cé DE: Enisyah BPHYE DHRECT O AN AL Fhheut r on

producti on teunesbl B aGhas8 nGBer VaMh oflthe n@h b lof siotddk @nd ﬁ@&@ﬁ)@ offin gl@mbon,

carbon-12, has an abundance of 98. 89% h a calc eutron
product i on to\r%m @H?ﬂ‘ed‘td VA 27 PTZBN SRS A AP 6565@5\*@ a%@ér i on

ener gy aofy | esweulrfiass SreOilofVRtYraciipuk Bh gleﬁ%@wlaﬁ@n)n@w (ZQBS1) WRina8s 6 a
source operating at above 8.071 and less than 10 18.721, only 1.11% of the

carbon (the BB AL 3 pukiipg fsqtoge AB hatelemeatifties iass of piegtediram| YlasyExesh| e for m

of carbon i gzuged.s &b efuitderd cAREY bLthe madd @F‘Eﬁé‘ﬂasulﬂ% is6%PERE @ompdr@PA6] As is
known in the art, the neutron production threshold for everé%( i sot ope of a

metal , incl (areE Rowhishdits @ mastbercesreed deVeadhe dNewtpe dNlass dkcascdradi ng  t o
the fol I owi NGn&H LA &4871TNERS AL i€ MRV kndredk VRSR BXERSSe béwebs He

Neutron Mass Excess)
25  neutron mass of a particular isotope and the neutron mass of carbon-12, which is set at

0 MeV. The Mass Excess (Z, A) is the equivalent energy of the mass excess of the

initial isotope. Mass instead of Mass Excess may be used to determine the threshold

as well, as is known in the art.

[0048] For example, the neutron production threshold for magnesium-24 is
30 calculated as follows. Magnesium-24 is an original isotope which, after interaction

with a beam of X-ray photons, emits one neutron and becomes magnesium-23, a

resulting isotope. The mass excess (Z, A-1) of magnesium-23 (-5.473 MeV) is added

to neutron mass excess (8.071 MeV). The mass excess (Z, A) of magnesium-24 is

then subtracted (-13.933 MeV), yielding a neutron production threshold of 16.531
35 MeV, as shown below:

(-5.473 MeV + 8.071 MeV) - (-13.933 MeV) = 16.531 MeV.
[0049] Large negative mass excesses (Z, A) show that the protons and

neutrons in a nucleus of an atom are tightly bound together. An amount of external
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- Mass Excess (Z, A). [0047] In the equation above, Z is an atom c nunber
of an atomof an elenent; Ais a nmass nunber (sum of the nunber of protons
and neut rwopomfi@a atom of the elenent; (Z, A is an ecirgisea@s/oe®ot ope of
an atom of the elenment (before it |oses 20 a neutron as a result of

| nteracting o, g? ebkeds gqgg Eﬁﬁ%ﬁﬂé LORY orahd ég%uve“ ks kel &Bﬁe%e&,& @n_atom of
a resulting 1sotope of ®t he “el enent after |o8s of ‘one neutron. ss Excess
(Z, A1) is r@lh@feeqm vetiont fram etheyuolfus. hdn redles vofrds, Hee mesidnt preguétivat ope, as
conpared to ron Mass
Bcoss s atmERRErdl el BYoRER LotaGn YRRTE rRof pbielao G gl 0

di fference bmtmemmnmhmEzﬁwhaabfmmnﬂmas of a particular isotope and the
neutron mas car bo Lch Th (z, A
et he-equn ARth "encr e Phipdot ol buedp M for oHRENRER FEERIR. 'St

i nst ead 16f Mesgiakxaessmmayzeddn Uinekt I beladet dn ﬂ’abieltdmmetdbme@noetsdnayasotvvel |, as

is known in th , 048 exanp n product | hreshold
for nagne3|ﬁﬂ9§4qpé%’%ﬁ é#@ﬁf%qéﬂogs‘?%Fvgﬁglnﬁﬁmﬁ SRV S a% orlglna
i sot ope whi aistatslé tiwtopent deaedd pradudstion hhrasktm&arfoniso%pwyf phatansangeig t S one
neutron and magnesi um 23, a  res ope. . The mass excess (Z,
A1) of mmordRet GBI 18 ey Bl diatud 18 NETPP e b Be8 (5 071
MeV). The ﬁ&ﬁé‘dl@XC]ElSﬁro@ZAcé\)ler@tfors[TngﬂR)ﬁhlumoﬁﬁblll sn Rid@isuPidtativedand- 13. 933

MeV) , yleldl a neutro ctiop thre gjg ’%g of 16. 31 35. MV, as shown
bel ow: ~ (1°5. A\Q%SWEWWS ?Vg\%‘i"yla“ -pPB{% ( {) whergg! %‘Sﬁrel\r@f@”eq 6’0%9] Lar ge
negati ve nascgerﬁp@gelsg@sglésza A) show that the protons and neutrons in a

nucl eus of an atomare tightly bound together. An anount of external 14 WO
2007/ 001693 PCT/ US2006/ 020070 5 energy exceedi ng the absol ute value of the
negative mass excess i S necessary to renove one neutron fromthe nucl eus.
In other words, the neutron production threshold of a particul ar isotope
is a mninmmenergy a photon needs to have to emit one neutron froma

nucl eus of that isotope. [0050] Cal cul ated neutron production thresholds
for each isotope of several 10 materials are sumrmarized in Table |, bel ow.
In Table I, sonme abundances may not add to 100% due to round off errors.'
Abundance information is not provided for unstable isotopes. Neutron
production threshol ds for isotopes of elenents ranging fromberylliumto
uranium may al so be found in Neutron Contam nation from
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Medi cal El ectron Accel erators, National Council on Radiation Protection and
15 Measurenents, Bethesda, Maryland, pp. 18-23 (1995), where they are

referred wo 2ae7/00i®8par ati on energies.” 15 WO 2007/ 001698CcP@RL4820@G¢ 020070
5 Table | Atom c Mass Excess Neutron Production Abundance El enent/ | sotope
Nunmber (&V) Threshold (MeV) (% Bemypbium 8 4 4.942 Beryllium9 4 11. 348
1. 665 100. Q0% Carbon-11 6 10.650 Carhon-12 6 Q 18 721 89% Carbon-13 6

3.125 8.071 1.11% 100|008smiaghelpsfces |2 NewodFrgluphgnesi dvrd2dee 12| - 13, 933
16. 531 78. 99%.mMegngsi Umimed2 | 13.0493 7. B31rukdhod0evIVBgnesi win 26 [12
-16. 215 ]_]_, 093 11.019%100.00% Al umnpnum2 ?1 13 -12.210 Alum-nhum27 17. 197
13. 058 100, BovHunstandi um - 44 21| - 37. 8482Standi um - 45 21 |- 41. 069 11. 324
100. 00% Ti ggrgﬂm45 22 -39,007| Titanium #6 22 144. 125 13. 189,,8415%
Titani um 47 22 -44.932|8.878 7.44% Titanium 48 22 -48.487 11.626 73.72%
Titani um 49 22 -48.558(8.142 5.41% Titanium50 22 -51.426 10.939 5.18%
100. 00% Vana g L{m 49 23 -47,_956 Vanaqu %ij%} 50 23 -49.218 9.333 0.25%
Vanadi um 51“9%™%%> 108]11. 081 9 75%
Carbon-12 6 18.721 98.89%
Carbon-13 6 3.125 8.071 1.11%
100.00%
Magnesium-23 12 -5.473
Magnesium-24 12 -13.933 16.531 78.99%
Magnesium-25 12 -13.193 7.331 10.00%
Magnesium-26 12 -16.215 11,093 11.01%
100.00%
Aluminum-26 13 -12.210
Aluminum-27 -17.197 13.058 100.00%
Scandium -44 21 -37.816
Scandium -45 21 -41.069 11.324 100.00%
Titanium-45 22 -39.007
Titanium-46 22 44,125 13.189 8.25%
Titanium-47 22 -44.932 8.878 7.44%
Titanium-48 22 -48.487 11.626 73.72%
Titanium-49 22 -48.558 8.142 5.41%
Titanium-50 22 -51.426 10.939 5.18%
100.00%
Vanadium-49 23 -47.956
Vanadium-50 23 -49.218 9.333 0.25%
Vanadium-51 23 -52,198 11.051 99.75%
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WO 2007/ 001693 PCT/ US2006/ 020070 Atom c Mass Excess Neutron Production

Abundance El enent/ | sotope Nunber

(MeV) Threshold (MeV) (%

100. 00%

Chr om umw® 28e7/0043326 Chrom um 50 24 -50. 255 13 4. 35% pChrusnoodmedio 24

-51. 445 Chrom um 52 24 -55.413 12,039 83.79%

Chrom um 53 24 -55.281 7.939

2557, 70710 226 100, Pos T Fon| E-5E 50| AL T HNA" 35 BRIBHG 1B, 370
5.85% | ron- 58m@glsat®y 47 Numbgn- 56 ABeYV)60. 601TeEoHd Y1, 5% (Pon-57 26
-60. 176 7. 6462, 129 1T ON=-58261- 62149 10 044 0. 28999, 99% §0bal t - 58 27
-59. 842 Cobal t-59 27 -62.224 10]453 100.00% N ckel -57 28 -56.076 Nickel -58
28 -60. 223 tRoRiB458. 08% Mnckel -59 2832661. 151 8.999 26.22% Ni ckel - 60 28
107567 0. 33008509 L7 ey 2001, 001043 0PLr UsaB08! 020070 AL STE Nase
Excess Neut camihgduct i on Ahundance Eh,ement/lsot ope Number (MeV) Threshold
(NEV) (% %ﬁlgnESll;q:S’?z 29 -622'4795 -55.413 12.039 83.79%
Chromium-53 24 -55.281 7.939 9.50%
Chromium-54 24 -56.929 9.719 2.37%
100.01%
Manganese-54 25 -55.552
25 -57.707 10.226 100.00%
Iron-53 26 -50.941
Iron-54 26 -56.249 13.379 5.85%
Iron-55 26 -57.475
Iron-56 26 -60.601 11.197 91.75%
Tron-57 26 -60.176 7.646 2.12%
Iron-58 26 -62.149 10.044 0.28%
99.99%
Cobalt-58 27 -59.842
Cobalt-59 27 -62.224 10.453 100.00%
Nickel-57 28 -56.076
Nickel-58 28 -60.223 12218 68.08%
Nickel-59 28 -61.151 8.999 26.22%
Nickel-60 28 -64.468 11.388 1.14%
Nickel-61 28 -64.217 7.82 3.63%
Nickel-62 28 -66.743 10.597 0.93%
100.00%
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Copper-63 29 -65.576 10.852 69.17%

-67.260 9.910 30.83%
11, 861 48w6Q967/0dié¥3- - 65 30 - 65. 908 Zinc--66 30 -68. 897 PLTAB2M6/09D6

100. 00%

Zinc--67 30 -67.877 7.051 4.10%

Zinc--69 3

-82.210 Mol
Mol ybdenum
Mol ybdenum
Mol ybdenum 9

Tant al um 181 73
-180 74 -49.6%%

Copper-64 29 -65.421 Copper-65 29
Zinc--63 30 -62.210 Zinc--64 30 -66.000

Zinc--68 30 -70.004 10,198 18. 80%

8.064 26.50%

yodenum 92 k5 “86-g0% 13 BE7* 1 B0k Bl Btienunt A4S 6. 505
oflemantsg®e 411 Wgy7 9. 25% Vbl ybdEFEGE 2 187, 769 7. 359 15, 92%
o342~ 88. 1927 9,154716.68%, ;DI ybdenum 97 42-87.54276. 821 9. 55%
42 -88.113 8.642 24.13% Molybdenum 99 42 |-85. 967
Mol ybdenum £60@er42 - 86. 185 89289 19. 63%‘5-5%0;, 00%10¥%#nt al um | 80697%%- 48. 861
73 o 48.441 7.631 99.99% %{n sten -179 74 -49. 300 Tungsten
8,415 0.12% 18|WD 28077001693 PCT/ US2046/ 020070 At omi ¢
Mass Excess chigeitsson Pr oductioon Abundamee El enenbhiosot ope NunbmissgMeV)
Threshold (MeV) (% Tungsten -181 74 -48]253 Tungsten -182 ?(%‘060/%8' 246
Zinc--63 30 -62.210
Zinc--64 30 -66.000 11.861 48.60%
Zinc--65 30 -65.908
Zing--66 30 -68.897 11.06 27.90%
Zinc--67 30 -67.877 7.051 4.10%
Zinc--68 30 -70.004 10.198 18.80%
Zinc--69 30 -68.415
Zing--70 -69.560 9.216 0.60%
100.00%
Molybdenum-91 42 -82.210
Molybdenum-92 42 -86.806 12.667 14.84%
Molybdenum-93 42 -86.805
Molybdenum-94 42 -88.411 9.677 9.25%
Molybdenum-95 42 -87.709 7.369 15.92%
Molybdenum-96 42 -88.792 9.154 16.68%
Molybdenum-97 42 -87.542 6.821 9.55%
Molybdenum-98 42 -88.113 8.642 24.13%
Molybdenum-99 42 -85.967
Molybdenum-100 42 -86.185 8.289 9.63%
100.00%
Tantalum-180 73 -48.861
Tantalum-181 73 -48.441 7.651 99.99%
Tungsten -179 74 -49.300
Tungsten -180 74 -49.644 8.415 0.12%
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205 82 -23.784 Lead -

Lead

6. 737 22. 10%tead—2f
is a graph|showi ng the
of a nunber| &fempritsgipdeal

[e) RléomTcL 1.
| owest n

s Present

—2oa = n~no
[A°F;] é 900
ass LXCess

ed MsVX he

rUTron prog

Jucti on

t aprehoiHdpe) |

%F“ L‘tﬁefgfijgﬁ. DUU“WO’%T]-
eutron Proguction ance
thresha

Tungsten -184 74 -45.706 7.411

Tungsten -185 74 -43. 389 Tungsten -186 74 -42.512 7.194 28. 43%
204 82 -25.124 8. pe4/uk2em8iroozead -
206 82 -23.801 8.088 24.10%

[aVaV¥al Q9

207 82 -22. 467
Fig. 2
i sot opes

b
| ds™ anong
n Fig®» 2, the

neutron progy ggté OTg, thr
tenth. In an Xfray soy

and a col | i mategen -190 of
| owest peak _accel erati g
neut rons wodl®'Be'Br odl
production trhfeeshodsd fq
target 140, shielding 1
MeV woul d ndtregentPat e
exanpl e, as§howndsn th
neutron production (as
100 operating at a peak
naturally occurring |Id
t he shielding 180, 182,
al umi num scéaddim tit
ni ckel , coppel. ,@nd zir
anot her exanple, if no
tungsten) i dededisred i
in a range of om 7 N
material s arLéad'fzzi%propri
and/ or the q@ddl-ewvator 1

manganese, cobalt, and
Lead - 208

shoiﬂ's T

irce 100 d
)

a Bel eq

n energy
cedﬂaFor

r cojpper

180, 182,

neut ¥ons

e taple

conpar ed

A
[¢

w Z nater
and/ or

ani uth
c. 18 WO
or

eV t
at e
90:

copper.
PP

[0051]

om-Taghs |
tonpri si ng
ted raLEYI
is 10
exanﬁﬁ
is 9.8700

\bove _and i

ggpt

and col | i

duri rig-3#pe

—are rounded o
a target 140,

al (na@verally
/e eac f thes
he Igﬁg%t cal
MeV. Ayl sourg
mat or 190 opera
eration. [0052]

N Figy g4 if n

{

ff—to the nearest
shi el ding 180, 182,
occur®spg), whose
e thr h@lds, no
cul at ed neutron
e W tdv4m’ copper
ting below 9.910

| n anot her
0 Or ,gl5ereduced

accel er g

to tungst 4
It i on ener ¢
ials are &

pn) is desired

Jy up to 7 MV,

t he 18PY0

in an X-ray source

W ng

V

reduce
an %-ray

Por 1

gacar b

d neutron
SOouUr3&s4l
eV, t-ﬂ%o
he targ
on,

-21.764

the collin
anadii’ ¢
2007/.00364

f (
&
aoumi I

\ppropriate for
rat or 190: car
thr oni um  manga
)3 PCT/g4Y$2006/ O
production (as
)0 with a peak
)| | ow at ur a
140, tRE ahi el
wum  sceasdi um

7.368

blon,

the target 140,

magnesi um

nese, iron, cobalt,
20070 | &y[ 0053] In
conpared to

accel erati on energy
1y ogcurring |l ow Z

di ng 6% 185

titanpamy. vanadi um

52.40%

100.00%

Fig.2 is a graph showing the lowest neutron production thresholds

among isotopes of a number of materials presented in the table above. In Fig. 2, the

neutron production thresholds from Table I are rounded off to the nearest tenth. In an

X-ray source 100 comprising a target 140, shielding 180, 182, and a collimator 190 of

a selected material (naturally occurring), whose lowest peak acceleration energy is

10

above each of these thresholds, no neutrons would be produced. For example, the

lowest calculated neutron production threshold for copper is 9.910 MeV. Any source

with a copper target 140, shielding 180, 182, and collimator 190 operating below

9.910 MeV would not generate neutrons during operation.

[0052]
15

In another example, as shown in the table above and in Fig. 2, if no or

reduced neutron production (as compared to tungsten) is desired in an X-ray source

100 operating at a peak acceleration energy up to 7 MeV, the following naturally

occurring low Z materials are appropriate for the target 140, the shielding 180, 182,

and/or the collimator 190:

carbon, magnesium, aluminum, scandium, titanium,

vanadium, chromium, manganese, iron, cobalt, nickel, copper, and zinc.
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10 [ 00541 I n another exanple, if no or reduced neutron production (as
conpared to tungsten) is desired in an X-ray source 100 with a peak
accel er atwonoemeigy in a range of from8 MV to 9 MV, pchast@sloomrng
naturally occurring low Z materials may be used for the target 140, the

shi el di ng 1§fys3)182, qa%aﬁertéigmsral {8t Qduded KeutréH MHEHETH (RCBM aeaam
vanadi um manganese, cobalt, and copper. Radi ation sources 15 use in

scanni ng cakagbingmy és desired ian anahéwceal%ﬁﬁh adweer ewter%wnéﬁ@g)gyl df 9 MeV
to generateJ, ggbf"ﬁdn‘?ﬁ MY B @Nﬁ@aﬁxe?&%&g d% IQaftur?H}W@c\éurrgx 'Y@NZ' RatdtHid 4:&1 ent to

penetrate nost cargo conveyance$, inclu standard“car go conveyances,
regardl ess amn‘ronrh@ Borthe target ]G@pﬁ@rsm%dlag pB‘éf 82 é@ld/ﬁlaﬂ@r¢<élllm¢t@r1 se at peak

accel er at | o S0CLAGRlscorsf72 (LA FuRNEYnd B bich) Ml 20 [,0055)

I n anot her exarrf) ced ‘neutron produétion onpared to
tungsteny i $005¢kir ed Ih angtheéexpmylesifno oe reti0Gdwietiomapodadtion gascemparad i on

energy in a {ung aﬁng is dJs g(li’ﬂ in axl1vg(>d1/ %%0&' %‘Ie \ alrtﬁ ereglgséc%wﬁﬁgn @ﬂérg%:ﬂl ‘liy

occurring msﬁ e shie ng 180,
182, and/ or range Oﬁ(ﬁbh”ll &Meb’r t019 ®e Valthenfotioming nstuaaim esqyrriagdow Ghakterial25 [ 00561

At a peak accelbgﬁ{at%%nngg?%gé{dé ,d%gﬁgin%ﬂengof%eégp ang/oM?hV %ocfhmezlltorw%\é

scandi um and'?l accel eration energy in a
range of f amidun, deAddivon, kanddivn, mhnganasm,molhmly, dnd cup]mrl F{aﬁ&ﬁar] sdunceaddi ti on
to the ggutron r.oduction thresho & ctura |1 % erformance are
ot her consi d&r%FiBASAWE ﬁaég%éf”évc??‘i‘“&ﬂs 8l ?Vﬁr?g(??a( ‘efaltrﬁ?c? TEAR4/ or

shi el di ng matesV & genehaty ra@idiop veth 4 paktdhegal oodeniuotVvY tiy suffmbﬁtltﬁlg poi nt
fatigue, abili t% to braze and bond, ﬁ@ il t%g%ﬁ vacuum seal , CHarti cul ar

materials, APSUFIHIRISE SHEC CUBNKIGEY HcfugHs st CRBG SO YRR é?g;?‘ he ability

to generat eoBme ﬁsr&&dtﬁmwwr Kalpddferrddagitatal et usdsl pelleadgelantion shegeiefat ed, are
al so a consi deratign meets nmany of these considerations, and is,

t herefore, ées‘bThé‘P&QF%MeVpWCk‘dHﬁt%MF\& 35 [0058] For exanple, the target

may be @i qu() AL-18QnEhEPSHH inf nSlof egtdIeatlo PRI on solnpllee from OMG
Anmeri cas, Newar , for exa GidCop(r) AL-60 is said to conprise

98. 9% by mﬂ@ﬁmgfﬁ%&) ds desirgd & any iamgowsepb%or W&hd‘ pegk pogelryating; Herey A1 &mi num

oxi de (A1203}noe bt frbs oMLt tBQOWtﬁ@f%llé’smBE%tﬂPa'lly%@&QH detids mAQ bWD
2007/ 001693 PéT/ us2006/ 020070 of 322 watts/neter-kelvin, a tensile

strengt h of uaetdonsthy tages 14Gribe éﬂ@é@g il &G 182.cnliot ﬂ\?lcpkhntﬁtor2199eﬂ'@@‘6w8hm cm
xygen- freesgl]gﬁhr ool &ggppper UNS C10100, which is available fromHitachi

Metal s, Ltd, Japan, Copper and Brass Sal es, Southfield,
25 [0056] At a peak acceleration energy in a range of from 10 MeV to 11 MeV,

scandium and aluminum may be used and at a peak acceleration energy in a range of
from 11 MeV to 13 MeV, aluminum may be used.
[0057] In addition to the neutron production threshold, manufacturability and
performance are other considerations in the selection of a target, collimator, and/or
30  shielding materials. For example, the thermal conductivity, melting point, fatigue,
ability to braze and bond, ability to vacuum seal, of particular materials, are important
considerations. For target materials, the ability to generate Bremsstrahlung X-ray
radiation and the quantity generated, are also a consideration. Copper meets many of
these considerations, and is, therefore, a preferred low Z material.
35  [0058] For example, the target may be GlidCop® AL-60 Dispersion
Strengthened Copper, available from OMG Americas, Newark, NJ, for example.
GlidCop® AL-60 is said to comprise 98.9% by weight naturally occurring copper and

1.1% by weight aluminum oxide (Al,Os). It is said to have has a thermal conductivity
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M chi gan, for exanple, may be used for target shielding 220. UNS C10100 is
said to be at |east 99.99% by wei ght copper. Its density is said to be

8. 89- 8. 94wg/20@/mand3i t s 10 Vi ckers hardness is said to becTAs3@s/o02oohower
grade copper may be used for the «collimtor 190. [0059] Since low Z
naterial ss tywmwaﬁs/a]l%gkavﬂ‘new%s@é stral, upbpan@nmtm@ a@@ele&ﬂe@hesxéebm of the
high Z materials, a greater volume of ] ow Z shiel necessary to
absorb the smd2ehf hmotm.pherpers-fresoRissieanic Sonpss: ﬂ%\% ISR, ey il s 15
have | ower dgagidy frbﬂ@lti&hgp{etzalsr@tt@%ﬁnsandt 66op %hl@ﬁrdgi shie g’oaﬁix'ﬁ@it:l' on

i nspection @/stem may remal n al nost the sane as e@; emwth high Z
mat eri al  shi Michigag, for qfﬁélpmr@kheygedcfpl tgrgeiethifildine At LNAGI 1@ 1&1@@@)?00 a
particul ar afynLsOdo, @a/%g% gx@w)@gl R 5@1@&3} fg%ﬁrto%@%r@m bLYRL ahits

cal cul ated according t | owm ng equation, for a point~ source

em ttingld soVickyp daldngss ipeaigd (t@ )be Z5t%e x4 (lower) grédW@(FRPer maebe used Hrithee

thi ckness of g shielsdi ng material between the source and the neasurenent
point, I(t) 1s the intensity of the radiation after passing through the
shi el di ng nailé?lal ha\‘hmg lonel tnlateuklaéystscaﬂly ab@rb dewdreXray phicadnsithaneansi ty of
the radi ation ualon eff|C|en

R. 1 h
di st ance bet?ﬁé“al v?slﬁréle SOurg g hl%*h? é’sﬁrgé VOBLE}P?'ItOtf lﬂg ngsShI'f’lr@(}é lﬁen t he

art, a broadfeessart enhizonbahelemean@iunt @ftqihetoherowml ¥ice friedbw ZORRE8d Ng t he
shi el d be used t%rncal culate for the material, at a_ particular energy.

[ 0060] ‘éﬁ’{edﬁ‘ﬁ?r SiRt &hap Jyiely Zrimetsripls tthWﬂggwfa@etrﬁ@a@% HeReciry of t he

radi ation Soéif'ét@ﬁ n]r%prehﬁmoe{lﬁ%@{he Mmd %@P%@teﬂﬂf&ﬁﬁ % lﬂétpg%gttét@an shitl&:
probability of X-rdy 30 photon em ssion Wl | eSs than that ofg a high

Z material, Florthiskedss elcdidldingnesdssetydetabeonb ¢ hmlaﬂmt anqunkof photpes haviig
conpensat e fQ rflw eﬂﬁgg%&% 1%'39@19 @Q&Ordq%r # theeiLoﬂgxgvf g%ﬁgﬁﬁ% 1%?}38 ﬁfe | er at ed

intothetarg he absorptiormr of neutro I el di ng
may reduce 0$OUE§Ie|em1thag sotrapi@llpunber of neutrons available to activate

material g, (generate X-ray radi a neutron capture by other
corrponen?os of the X-ray scanni ntéetsy%% é’ﬁfx*%@sgngl ng on the shielding

mat eri al , aswhee kth;Wthel thidkhessaoft a &Mlahghmger@alrmﬂ@vadni iz shs@eahd Qe System
21 WO 2007/ 001693 P UsS2006/ 020070 eut ron- absor terial
facilitates UYSEYSHY P;‘Hnt 3& rﬁ%’ee{gte %C}Q‘ %dr‘%‘r?ﬁ afier paiﬂi@stg ‘g%”}ge[ ationary

systens of pihigMin@bteribIARORL ) @icksest § [AB tt@iﬁhﬁﬁ’ﬂ iBteRdity rime B@gi0R iof
manuf act uri n an X-ray
e X-ray attenuatlon coefficient, and R is the distance between the source and
25  measurement point. As is known in the art, a broadbeam tenth value layer table for
the material comprising the shield may be used to calculate p for the material, at a
particular energy.
[0060] When an appropriate low Z material is used as the target 140 of the
radiation source 100 to prevent or reduce neutron production, the probability of X-ray
30  photon emission will be less than that of a high Z material, for each accelerated
electron that hits the target. To compensate for this natural phenomenon, more
electrons may be accelerated into the target 140.
[0061] The absorption of neutrons by low Z shielding may reduce or eliminate
the number of neutrons available to activate materials (generate X-ray radiation) due

35 to neutron capture by other components of the X-ray scanning system, depending on

the shielding material, as is known in the art. Shielding a radiation inspection system
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radi ati on source with no neutron production in accordance with an
enbodi nent of the invention. A desired peak accel eration energy and/ or
peak radiwoi2eor/en@3gy of a 10 source is selected, in StepTakoosMdoar get
mat eri al having a neutron production threshold |ess than the peak

accel eratj onwiemhgyroarabﬁdmn@ﬁa{enalaia&iatatd@laseecﬁau@ysyistems 8E€MeBilestemB asSt ep 220.
Shi el di ng nat er%% havi ng a neutf production threshold I ess than the
accel erat i on’Pef d?/St?‘éoné& ey 0 Ii’rlLPrS'ftwep 230. A collimtor material having

a neutron pwoskicti on Fidiseshal skahPis of Banethbie 266 6 InghetakORnS AT ”ifay S
selected, in Step 240. 15 The source is assenbled with the selected

mat erial or WREEEeN squEce With nggHtron produstigh i acoerdance sith a4 gmpadimerofigke sel ect ed

in any orderigyehfignSaRieQfeddbdak QL&IMratiBRl &letB SdlRYpealb faBRloBCdnBikyf Gra €ach
conmponent. The material for each component may be selected basSed on a

tabl e of ltheuloPsR i5rGHGEET 8 SteRRé&hot darest arpteaigl hieng abheaitioR pragiicon | a

graph as i ngfekghid aessotﬁarpﬂ{ecbgaﬁtdcgaéau(ﬂls S b} l?r?edp@alRol\ét@vatl&Pren&?ﬁqpl e. 20
[0063] If there are no size, weight, and/or cost constraints w respect

to the X-raylesisdr BeStanio. t$héelding guteriaimvingd equgipn gropggion1iBeshokd leshe
col l'i mator 190, Hﬁgfc@élérano%oéﬁé $lis fe?e%f‘eﬂt iy R hﬁ{o'r Hatdal PRES 4 Al S

whose neutron production th sho | ess t han t peak accel eration
ener gy of t heeugror productico Woshiold ledséhaartbravceletionosperny lﬁ%ﬁdf@tqdain Step49. as

copper, dﬂgogo(?u 0)%;19\5 sgxgblxa r\&ﬁt\fx tEQ gel&%ﬁt 11;1 ial mr ?%a%r&gs ﬂ'pgteg(Z {gy S%g % as

CO||IITB.tIOI’l ume a tw ce as |lar
t ungst en, anik0, AdLpd Zél@smayrh@rselecth@m anhreordme To¢ samengystiderent Thersilzmay wei ght ,

and cost di fl;e :{e?e@?e%sfo Qach cgltnhgr{en Oﬁfgez mg%{aglrf'oﬁ%ach%ompgnee fﬁagty %éleétgcp 64] In a

particul ar appli
t her ef or e needed on éoeablmajfaamani m«gmmm thtdsbold&aduuleamhe aabteeﬂatabiedm gnaph
elimnation of. ials both above and bel ow t he

n
neut r on prodalj'é?ll:cgnz’t%calﬁl 1d131“?5;¢e%:§1%% %b(%%l ?rexﬁ%@te the requirenments for
X-ray przaucip0ed], neutlf harepiroisize, oveight,sinder cove c@htrainandiioresost tha a

hend 500 1 or Xutsb oo dyed B ARa TAE B2 Rng e ot o BB #hnt ot

the inventi ofonsigesisgiiady bda Medriap be datceblgiwiRee n&mﬁoh@ﬁocmw@lumtrasmdamd 35

size requirenents in a source with a predeterm ped acceleratio rgy. For
exanpl e, ‘855%}‘?‘&9‘6#8%{8&9‘?%19‘315@‘ TesE qﬁlélae PG pr éngéeru et%‘%“b?@&@?‘ﬁr m ned

anmount of nelhﬂlht'éﬂﬁlssucﬂ%l’s cbpper, dealddcid grévilleXsray Ia@dwnmmhqm@wnﬁg adugagy i f
tungsten_were used) at a peak acceleration energy of 9 MeV, and to

enconpas® a ?ﬂl@a@t%’f‘ﬁrﬁw%u%afw C¥PIRgE a6yt S e 63 Bassien, and

PCT/ US2006/ 0R88d Qost ndr& &n titake bh Gingabdl Mehd @EUIWeRM:, lahd E&E alfRt@8ts foshi el di ng

and collimator were to be nade
other low Z materials are comparable.

[0064] In a particular application, size, weight, and cost considerations may
therefore need to be balanced against the value of a reduction or elimination of
30  neutron production. Materials both above and below the neutron production threshold
may be needed to meet the requirements for X-ray production, neutron production,
size, weight, and/or cost in a particular application. Fig. 4 shows an example of a
cylindrical X-ray head 300 for use in an X-ray source in accordance with an
embodiment of the invention, designed to meet predetermined neutron production and
35  size requirements in a source with a predetermined acceleration energy. For example,
the X-ray head may be designed to produce up to a predetermined amount of neutrons
per hour (which is less than would be produced if tungsten were used) at a peak

acceleration energy of 9 MeV, and to encompass a predetermined volume (which is
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of only copper). To neet the volunme and neutron production requirenents,
the X-ray head conprises a conbination of copper, tungsten, and |lead. In
Fig. 4, awoabdimeder 305 is shown surrounded by | ead sikrcelu2ongo3®9 | n
this exanple, the collimtor defines a passage 306 to define a fan beam of
radi ati ors ]-l@ss[tmla VEluﬂxeré msedafmee'i%etssﬁreﬁdn@gwald,comﬁﬁawe&érbv&bé/hﬁa% of the
X-ray head 300 ? he X-ra ead 300 conprises a copper target

di sk 315 wi tHiR YaCOPa?lgeFo meeldtagin! We&nﬂ neyhien PrRdRRion AARERBPYS, 317Xans 0
conprises a ighi tomplile a?c%%bﬁfah&mﬂ &)gpelfmg@t@] Qhﬁ g f mpiﬂltg @%&1%%&510 the
target 315. The guide front end 321 is coupled to an

accel erati orr”oéhlérﬁﬁé‘f*’“ @Plfauﬂdﬁﬁ@arle%’c@e@@ﬂ&ﬁ@? Hlothlse%amplee thel wlhgeor 15

El ectrons ac&gh@g@gaeggpg()@{b &gg@égﬁ%éﬁpgf&gﬁgypr enter the drift tube 319
and collide wth thetarget . The target 315 may be thick enough to
stop al | 1&] d@%iins [(E%é]lSAcmﬁ g@tlomsr@rmtcgtwsmee\r df thg 282y liesd pP®OT ded
around the t@ggget @RS Yead3 ol di ation
fromthe target 315 i nrir%: reeaéit ?@ng I%%%%gn F Eteaﬁlgﬁgs Ce{%m%% ra?r%r f’gam and
behi nd the tafagetly 3The Thargett assowhbd 7 deo sdmlmsm aglrig2ube hdhextemkinga fir st
target asse f.o a_cylinder
around t he F@r%g%ngglsf%%%f%gﬁd ﬂ@taﬁ&?g’s‘;cﬁ&% grﬂ(& &ﬁ%m {OUPBBhl 1 8l di ng
section 328 aiput Lnigat eecetsedtiondchambert off geluneaxssmblre;tor’,%]fﬂr eXamrﬂdm 8 eeanpl e,
the fir I LS h val ue

| ayer ( ﬁ/L F?Echf%ks @éc%%%&y %gﬂ ?e]cc erago ¢h gxlbglnef‘é Qhe? ﬁubgt% 9&11(# (é‘é] a di ation
by 10% Addlwmfoirhaltalg@csﬂﬁ oﬁlsetar%ﬁt?dﬁ nmhyfbkelnelmnong}ttorstt@la&l dieytole provi ded, as

wel . [0067] col | i,mat g ) st.ream of hetarget
55 o r o OB e ol Blelesiontid B Csdroy o pe S R BT Rtgh | o
section 330 Hdf tocmpeateamle@a@aecbmdray dradisdnr eanm th@|thﬂg8€8.3m’ irs @igédtions 332 of
tungsten. The upstream .collinmator se SO conprises a VL of
copper. The Wef‘?egg‘c‘élﬁr ' % ﬁ](ﬁd&o@c ?aghé"(gb%@cg theS?:?ﬁgeér e Ry PRl 5!
mat chi ngZ(Duts\h&IIcﬁﬂlg/ESZLlaﬁfh{pﬁ!ﬂes NIST tatheBd¥Bdnet] § sifielt g Rection 826 Bﬁ&ﬁ)@gﬂnfﬂ@y al so
shown in Flgf h@@ to define the rqng) iation beamin this exanple. The
RE §f asadp

second col | i Ynargyy! Wﬁ)}aréﬁﬁ‘ﬁ? L 31P1 Wt Pegnb i AFSmBR  di sks
for ease of sﬂ&miﬁgilﬁeb&lélﬁ3m@hﬁ%§@ﬂbéhynd t%l{atrgephﬁelﬁa%aﬂeﬁm tH@)éxabﬁ)lQ%ﬁé ned, as
well. Additipnal sections of different material ed as vveII
35 [0068] THESHASELHEBYY Shliingcseeipnief copriss |aﬁ%mg Vé‘éﬁéayﬁ’ee%VLa) plenci |

beam  or otdagpersSwribh Gesiffi@sht 36 aRGua@ K-M; Jldlatm%ycm% | ABEAbnad QR ibigpedes the
escape of X—ray radiation in directions forward of the target 315, outside

of the pHssdditiuent mterip maydrrovidddspetl US2006/ 020070
[0067] The collimator 305 shown in Fig. 4 is downstream of the target 315 in

Fig. 5. The collimator 305 comprises a first, upstream collimator section 330 of
copper and a second, downstream collimator section 332 of tungsten. The upstream
collimator section 330 also comprises a TVL of copper. The first and second sections

30 330, 332 are cylinders with matching outwardly tapered inner diameters forming the
passage 307, also shown in Fig.4, shaped to define the radiation beam in this
example. The second collimator section 332 may comprise a plurality of tungsten
disks for ease of manufacture and assembly. Multiple passages may be defined, as
well. Additional sections of different material may be provided, as well.

35 [0068] The passage 307 may be shaped to define a cone beam, a pencil beam,
or other such desired shape, as well. The collimator 305 impedes the escape of X-ray

radiation in directions forward of the target 315, outside of the passage 307.
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5 [0069] The | ead shielding 310, also shown in Fig. 4, encases the target
assenbly shielding 217, the collimator 305, and the upstreamtarget
assenbl y wehnetwisyg 324. Sufficient tungsten in the secead/usasgerooassenbl y
shielding section 32 and in the second collimtor section 332, as well as
| ead shi e di [rog69310 ar @hpriead deididing 3@@5059@@@ BNWTigl4] @jcas@altadfrget

requirements_fo ar pplicati 0070 . 6 is an_enl arged
cross-secti o?‘??;ﬁlm{h’ e%ed)#m% #tat@ g‘g’ﬂh"éaé%re »yand 1;}‘ oPthrIQF@ tasget A5ty t he
copper di sk &le'idlﬁg'lgtzéi heufelEichittubigsRa iS4 sedoR@kdrBd atseR@Sy Fddiag SecBbS®  Shown.
Openi ngs 342 rOV|ﬁed in the target 315 to rﬁ%Flve cooling fluid

provi ded by H%ﬂﬁéﬁFW GoYimatas sepdign 33 a3 welk ol @H%3H}@epﬁWH@Qﬁ§tream

end of the dkkdtbpdetBg X35:)916§1¥ég@'9é11%1r61ﬁérﬁd i%Hliz!arhEﬂlé} dbpBeatigh.oet 315. A
metallic vacuunlseallng .ange 344, such 15 as a Conflat(c) nount,

fl
avai | abl & f r@87%ar i an Figé is apenlayesd eress-sestiona! yigy of theyfarggbesserybly duPPr oduct s

Cor por at i on, FlE‘WWﬂﬂ%'e&%ﬂe’PUﬁkB?S Raand aﬂfﬁﬂm% 3m%mqgmbe§f@ﬂéa£& t ube,
to forma vacuum seal in the target assenb 7, as 1S known in the art. A

target insul ¥PBR SBenipgs e erew %@dhmtatgﬁ lértp feceine cpelingtiived provided t ar get
assembly  shiyehdifging8etes @@0 348 B{ow%oﬂ?l?ﬁ:erar@ URQ R dstreak éilhg))f%eedr%bé)f sof t

material, such as 20 coppe is al so PFOVIded around t he t tube 319, to
conpensat e f b cKisnds paida yenqodhgtargeag 5i A kgllis vapuurhesating flajgg (74, sudthe X-r ay

head 3004 s &Oél@loﬁﬁiatébolnéﬂr:ﬁt fgﬁ{ M@Hreci"ro%‘%%n %?J 'ﬁlﬁ@%ltoaggﬁko?ﬁlat & Mo’

exanpl e. An exa i near accel érat or own in Fig. 1
The X-ray he‘é@u%@rmtsﬁblmmmhéhW@d Chfochdavs provadad a¢ nde afd dfllee drifnear 25

accel erat or 4001 b3t 3t Al ULt AL 98k TAQuBIh LALOR RNeh g 160 A

upstream end  of 't an outp t’he
accel er at i ontaghiamselptor 346 his geotithel aramdetherchtﬁ evithoh thebBrst mgetlmseﬁlbgf 1, with

the desired AESRACLALLETHENR AN RULING QRELAL LR rELEGIAGNP Hanel af ed by

t he el ectron gun acce as dISC &%l er at ed
el ect r on30 endoppertihalsapiovidet alrend 112 cmnﬁmtubermlacto donpesappler tdlatgeter38, 315.
Brensstrahl un ray r.adi ation with a peak energy of 9 MeV is generated as
the copper %g?aw“méﬁ e’cflCeIerates the el ectrons of the el ectron beam
Si nce the pef@ab71] acceﬂhéanleemEBgQx@hmhﬁajhbnﬁaﬁbﬁﬁﬁ@hmﬂabmﬁ Raer (9 MeV)
is less than tqe Io utron t|o hreshol d Ofﬂ@ggﬁ%i per target

315 (9. 910 n?e“%era% E:‘i"‘Fl? aerimls of suable & dige Acpgieraten 0 i35 [ 0072]

X-ray radi at }Flgnl eThd Kedy HeENB0O nofy Heh@tama g@&h&&&vﬂs&emleha watiedideat 0 a
e 307 (see Figs. 4 and 5)

Mich of The SPORRr d0LTaa el G PR Cacue gt | Pacth UFEHAR he
passage 307 dfshabs@uded1bys cduprdfth Eu$ butp@! JritkePdceslea@6i Lidhbds Quf asampper .
Si nce copper has a neutron _production
acceleration chamber 120 in Fig. 1, with the desired acceleration energy. During
operation, electrons generated by the electron gun 150 are accelerated, as discussed
above. The accelerated electrons enter the drift tube 319 and impact the copper target
30 315. Bremsstrahlung X-ray radiation with a peak energy of 9 MeV is generated as the
copper target 315 decelerates the electrons of the electron beam. Since the peak
acceleration energy of the linear accelerator 100 (9 MeV) is less than the lowest
neutron production threshold of the copper target 315 (9.910 MeV), no neutrons will
be produced by the target 315.
35 [0072] X-ray radiation emitted forward of the target 315 is collimated into a
desired shape, here a fan beam, by the passage 307 (see Figs. 4 and 5). Much of the
forward emitted radiation that does not pass through the passage 307 is absorbed by

the first collimator section 330 of copper. Since copper has a neutron production
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24 WD 2007/ 001693 PCT/ US2006/ 020070 5 threshold | ess than the peak

accel eration energy of the source and of the generated X-ray radiation, no
neut r ons woeopvmdissed. Mich of the remaining radi ati on PsT/tBb&ank®do by t he
second col limator section 332 of tungsten. Wiile that X-ray radiation my

cause thes get'ﬂf‘ersl"i’éléi ‘Pé}s Afan r{ﬁélbéa‘kna%célé’n a&&@e@%pmh@ Qb &e”?ﬁcpﬁ f B8 GhARReS40 Of

tungst en, Since anount of X-ray radi ati"on reachin e second section
has al r eady Xeasbé&hatmédn@emuwSt dre Mrodused. s dduchoef @3516mmmg fadigéipn igut r ons

are produced, }%Ql%gd f))t thE Ig’&:onc? chliurngtof: @04161{%2%&" tﬁ’l‘fggtgn t\?&thﬁé—‘ h?{ Xtryf'lglﬁfaﬁ&

tantalum or 1ead _ the entire
col li mat or 308y |03u9@01ﬁlp%enel\amli of neuimenst bbrlilse wesahdl doBingpéeresestied340 of have

t he sanme shi : I 305
woul d nave  SBALE7iiehE LEOG of iy Hifn B0 AL 18 eeck 1 Sp G0 bRy 100, o
t he X-rall r aekentrédonedby tl®€dstbycttdné35x laulgeifew@i&utromarrd pradueed thes tf thar get
2‘?}?2{73: ngh:\gnln é nocﬂhmazt Xgele?(? Q%o il s en tanetalm o l%%(ﬂ fOl‘bey(erlrl;[éQl é;ls_\l/l’lL th%fp o g Eggge q

above. Much af. Iﬂ‘thae exmde adllimatot Bm 1s|@aﬁlﬂﬂ&swlt1}¢rrm1@htrbd$ewdndd geigenmei:rbd y
shielding 3

ead .housi.n t he cond
Chrget 50 asduiiiedn AR TR L RS e T s Wi
tol erat ed. Wbideenutblrgans nmay be generated by the | ead and tungsten whi ch
have neuttron ductiagn thr be| ak ener. of  t adi ati on,
t he X—ra&gra@BZ i on | S’Bm&%?g ’ﬁmuﬁﬁﬁ% ?ﬁ?gfﬁ%MT HQ%S gFQEW& will be
| ow -I much Imlldgef 315htaﬂ'alldg éﬂe@sﬁt@fg@ﬁ&ss@ﬁlﬂy shielgindizng owp@elabvlllh bd wsg@édep ]
tantal um or a n. addi t radiation emtte the rear of the 25
target 315 i@@?qﬁﬂ}c‘# qoaﬂﬁéﬁhlﬁﬁt%ngfﬁuﬁio‘f%‘& noh &% SHaF %Priﬂ?frﬁi%ﬁll‘edeaé‘f’“the
target. Wi |@isot@§éﬁp®6v@0M&hb@f he &@dihtiont ’ﬂﬁt bﬁ@és thedugRtth@ $&eshdsyensly el di ng
i nst ead of tunqsten npre copper woul d be reEU|red to achi eve the

same shi el di Hif %‘f‘¥|38pe‘ﬁ’é]yb%1§‘b§%‘%ed it {8, ho’al%m%lﬁé e ete 2156/, 1185t over al |

reducti ogp i NasB@HB1y %elﬁfn@@ggbfﬁﬂ%ﬁén Uhind Dleakh RO I1BY tolk9at8s hwnéfﬁexﬁl%ﬁsend' ng on
t he al |l owabl e space. 30 [0 74] is noted that due to the de5|gn of the

X-ray head 308y bhginsrarrg bydhg pdipmlgungsteanwhish hyigdewgenspducipmiresdolds n Fi g.

1, may not bg.5eq 3ﬁe‘§9 eh&gy bf Bk Qac?fat[o%}’the r)@@ﬁ/%éh%nqg‘sé R ChubRdangli thect i on
behi nd t he target because sufficient s prOV|d ed by the

X-ray head 30@iroTigencssionMal &edew dewrlykowerihaalisibe éﬂﬁ&q‘f&ﬂ‘éshlh‘émﬁé@(ﬂe #lor _
housing shi euﬂ%{ﬂ&l ttﬂata‘i{ﬂhebxdle%ar% %Jd%'hr%Smd@ﬁorﬁélﬁﬁféa%somé%\‘eqf tlié housi ng

shielding is 35 use al so an appropriate low Z material, such as
copper, for teseshplieis of muchduwtrumnnsna t@mrfbatrﬁatlﬁt@nfomaréowwtzrgmatwmlal, such

as copper, a&%p@l &)'uﬁlhbe%sg@gn trhE ‘?éa’r target assembly shielding instead of tungsten, much

more copper would be required to achieve the same shielding efficiency as the
tungsten, as discussed above. An overall reduction in neutron production of up to
100% may be achieved depending on the allowable space.

30 [0074] It is noted that due to the design of the X-ray head 300, housing
shielding, such as housing shielding 182 in Fig. 1, may not be required to shield X-ray
radiation emitted in a direction behind the target 315, because sufficient shielding is
provided by the X-ray head 300. The accelerator design may also obviate the need for
housing shielding to shield stray electrons, as discussed above. If housing shielding is

35  used, it may also be an appropriate low Z material, such as copper, for example. In
addition, a combination of a low Z material, such as copper, and a high Z material,

such as tungsten, may also be provided if needed in a particular application.
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such as tungsten, may al so be provided if needed in a particular
application. 25 WD 2007/001693 PCT/ US2006/ 020070 5 [0075] | sotopes of
t ungst en woadoemdoyéddenum t hat wi Il not generate neutr ons patr/ush@epemko
accel eration energy of the source nay al so be used instead of or al ong

Wi th copper mogsiot her rpR§RE ofhimgitéh Stﬁiembl?l’)%hm&ﬂxgt VM Ch ok @@ne@tt@ﬁéut&gwonents
of the X- ray head 300. [Q076] %\ source 100 or X-ray he may

devel oped t oatrfjéf‘epeakﬂfc%ﬂé’@@‘b F‘?ngo?f BASPYSS mRY @y beriser étsfeé‘ﬁ Of ﬁ"e@tlplag)n

production, itk 8oppshtNdtheraiee@Sih the G ??I%%Gttl% %ér%ok@@né’tﬁsdfstﬁ@ﬁge of a
Mont e Carlo or ot her such random event ~sinulation, in an iterative

process. An WERES IWnte Carlo simul ation, available from Cak Ridge

National Labgpegjories,s kR H8€ or Tﬁf?gsﬁ%%&ﬁ 3050fnaﬁeme€elyﬂgaytob%ee sed.

O her source conflguratlons to nmeet ot'her requirehents may be simlarly 15
devel opeld byaccplegon lengrepdXitay prrdugtion, wputten\yaducticar size, oveighthard sasth

st mul at  ons. oBiitbmdle HRAR G RL Jie RN BB, IR Oy LABET AP exanp e

of an iterative process esign a source in accordance w anot her
enmbodi nent ofimplagoi, nvantliedmlvpsvrcs‘/h@vm/%m MENG? MonteAChile simulationedviaitibriar y

design is prﬁ&gr&ﬁ ;&aﬁgggtéom éﬂ&%&%‘g{)%’{iwgé oflyeLdon e g%@@%& in 20

Step 410. The design eto requl Fenent such as
X-ray produeti.onOthev sbwee soifmuratings tweingbit chéroreqelxeammltsemayt%umnnigrl)t hat it

I's known 14 ha&evgl%g d lg{th%?epsﬁ)(ﬁ eru%) {he El%mal{nlal}/lgnte af1d or ot rt s%rﬁl %”dé&% %B§? éd ng WI .

result i n a sour wabl'e"si ze, term ned
anount of netht te@mipgndmlmitprmnulsvenamcept able, the first, prelimnary design

may conpri se opper tar n 25 tar enbly shi el ding, a
tungst en col ﬁOﬁ?T@t or, &% L?% l?%no uf)'% feéa T t AP GRt Q@@s%’n@?i}g“ Shiefe Hy, and

| ead shi el di emgordﬁlme \exlaamﬂtlmr eﬁfbomﬁ&debiéthmlm&dt@t reshowA isibgll7at Adftst, such as
a Monte Carl o Si Cﬁ un, ’%420 to determ ne, the expected
neutron prod é‘PI“SW e&gﬂllst}?rﬁ%ar?dr 8H?°Fh18a’ﬁ a1 e pro ‘écéﬁoﬁﬁeq”*fﬂge‘g&ﬁgct ed

| evel of 20X- r $eyp 4 0. O’dtb(‘debltgm niam e alagOtoleet ether Ripiiethentthe welsdikh 8 Riray he

sinmul ation are, eval ﬁd in OSteg>430 | f the .requi renents are net, the
source rmay b¥CRLLEAATVE %%Fsé Briehth fr cxpianle, Assuming dgt i soknopyn th{ase

requi r ement Sof&i’oﬁpﬂ%l Rttargtthedllihier @tﬁisghwmlhgs WilEYdsSIEch Haseek gieRed digh resul ts
450, For exanp if the results of the

of the sinul t|o Step
simul ation i lgjﬁ" ahleo S@ﬁoﬁ?‘t HBat P‘ﬁ@?t%m\hkﬁﬁll ampntt gb NewErn meeduetien is
production, 4cB&itabidlthe TistPpklimBhryt fBighUnGP E@Hpr‘is%reg@(;pp%s?a?é@l & tu%@.’;t@[{ di ng may

be made of copper. The 35 sinmulation 1 s run again, in Step 420, and the
resul ts ®val taxgpb@sserplﬁy shigldingaptungster; gpdlimator, a tungsten upstream target assembly

shielding, and lead shielding, for example, of predetermined sizes. A simulation, such
as a Monte Carlo simulation, is run, in Step 420, to determine the expected neutron
production resulting from the preliminary design. The expected level of X-ray
production may also be determined. The results of the simulation are evaluated, in
30 Step 430. If the requirements are met, the source may be assembled based on the
design, in Step 440. If the requirements are not met, then the design is revised based
on the results of the simulation, in Step 450. For example, if the results of the
simulation in Step 440 show that there would be too much neutron production, then
all or part of the tungsten target assembly shielding may be made of copper. The
35  simulation is run again, in Step 420, and the results evaluated, in Step 430. If the
simulation shows that the neutron production is still too high, another revised design
may be prepared. In the next revised design, a portion of the collimator closest to the

target may be made of copper for example. Steps 420-450 may be repeated until the
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simul ati on shows that the neutron production is still too high, another
revised design may be prepared. In the next revised design, a portion of
t he col | iweatoe7/@ie®sest to the target may be made of copperust@w/oeoccanpl e.
St eps 420-450 may be repeated until the 26 WD 2007/001693

PCT/ US2006/ 02400 produdteat fe@ilirddiReUmtli diier efliemeRENiroresask, @fch@bt. The
requirenents, if present, are met. The sinmulation facilitates testing of

m nor adj ustHBREEON daciiatey iesiing ofi SRS POMEMERS BcdrsaReand Aimeapioned gn, as
wel | . [0078]acﬁlep@gﬁgglldgﬂ@qg%g in accordance wth enbodi nents of the

i nvention é be used iR a radiation inspection system such as _a cargo
scanni ng sysi0BMI500 Poradisipe secq i qorgdange vighy erabagimenss of Wea@:‘@é‘r“ﬁ‘ance with

anot her eﬂbq%nﬁehsegfmtah%dﬂaﬂefl{enl%lse%n s%»eteas GR% aﬁqauaa@% RO Rnin M stk HERY
simlar to the source of Fig. and/ or i nclude the X-ray head 300

of Fi gs. lU- glepicend exﬁmp&efou@mmmw @pcoptpace giiieansthey euzhodineabmnlditance 504.
The cargo co V&}é@@ ?\115534?”%&95@ %RH g?oecs%ﬂé’r toqﬁé‘&ﬁb{%nﬁﬂ offit Ch has a

width of about 2.7 neter or Sl ze cargo
conveyance. dadér soyriodudmthesrsayeleed BO@ b Bigs meht Br gkample is shert poanaray be

particul ar| ysi&ésoqfa%aﬁ%#?g}/&aﬁ&oﬁﬁo%QXQ’QS;&%V atnE‘e 564 lﬁﬁfﬁéﬁt%m%id ér%eet (1.5

m or nore, ~ since ener radi afi on equire enetrate
t he t hi cknes®nvéence, e\ma’mlh@ a tvitrdh p‘éalb@uaééefeetr élt8 eﬂ 7emet€gp) opfotheheizgbur ce may

be at | e?ét c%?ouéonge fang VTh agource eas E)ﬁ)s%%kgfz%‘?lzo%u%n\{s %ftrhe %vekt?c%s aﬁ?om 7.7

MeV, to generate ra 5 on havi ng | east
about 6.2 h/EMTl(ﬁll&?ly%&fpl with ZarZo wweyameespemtthMthzses ocﬂép%eemdl :hgl) onmbl‘me

configuration. eak acc i on ener

cxample. [ 009F MR Sk g hiaPl AL e Y mefPROs Ml FRBha o
provided t hemmgre thheeﬂoddcelantlm e}y of thedefiicimay be ar laght aliduo6.2 MamaR A

det ector 506, i rte n o i si de of ar. veyance
S00. 1o det ot Pl 41RO hEE5E RRaCR RR e Reiryd rdaluyRkde o

det ect or 2606(nwRImE) ﬂ&?g}l biOﬂEIGasit abaetr?emc\fr adinvdVi, it 1.7 Mléipedw'ellyr ougrd1 E) he
cargo convey nce 504, for The car contai ner 504 is conveyed by
a conveyor PR S RBIE PR SEP%P%&C‘E%W&“ Wty Mayehe,abant 9“Wg{}sour ce

502 and the @e&m{&, 506. The det ector 506 may be an L-shaped 30 detector
array, with a first arm512 beh| nd the tupnel and a second arm 514 over the

top of the tWARBI, forlhe:eaHse @02 Ardydrpacobimarmds. shatPldeiereyidedy ray my

be used, asinRbh th Q8BMarckNe03t W BEine ShO rhasion BIANR 516 deRotdt lsowid or t he
passage of an X-ray
25  supported” on an opposite side of the cargo conveyance 504, to detect radiation

interacting with the cargo conveyance. The detector 506 may be positioned to detect
radiation transmitted through the cargo conveyance 504, for example. The cargo
container 504 is conveyed by a conveyor system 508 through a shielded tunnel 510,
between the source 502 and the detector 506. The detector 506 may be an L-shaped
30  detector array, with a first arm 512 behind the tunnel and a second arm 514 over the
top of the tunnel, for example. A linear or other shaped detector array may be used,
as well.
[0080] The tunnel 510 has windows 516 to allow for the passage of an X-ray
radiation beam R. Shielding walls 518 surround the source 502, the detector 506, and
35 aportion of the conveying system 508. Concrete is a preferred shielding material for
both neutrons and X-rays. If space or other requirements prevent the use of concrete,
then a multi-layer shield may be used. For example, polyethylene may be used as an

inner layer to shield neutrons and lead or steel may be used as an outer layer to shield
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radi ati on beam R. Shielding walls 518 surround the source 502, the detector
506, and 35 a portion of the conveying system 508. Concrete is a preferred
shi el di ngvoavevdioado3f or bot h neutrons and X-rays. |f spaeeTars2@iioe0070

requirenents prevent the use of concrete, then a multi-layer shield may be

used. Fors exanple, TROIURE N¥e NBsoMBiclRe catssl ra% afitted NUyethel piRdthlidheshi el d
neutrons and | ead or steel nay be used as an outerabéyﬁr to shield 27 WO

2007/ 001693 PeeningsoeirovoD7ee Boxdehys thershickling vallsydd frstesti® ds ganma

rays emttedsdavebh® 02 b ¥bBRGd AREMANES 4MAE SHRAWMR) sydfeth POCY) @R in the
shielding walls 518 for the cargo conveyance 504 to be conveyed into and

out of the s®@AMNOhYSEPsI®Sm 500 by the conveyor system 508. [0081] The

X-ray sourceppdg may ke @@é&%b%@@oﬁ Rhal 'B@tpo&ﬂ?heh Q&S‘@ﬁat@l%’ ow@Pp&fion 40 the
X-ray radlatlon beamis parallel or nearl éhpara el to the top of the
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conveyor 10 sytbe ehrazogdiatign pepen ispiralidl on ne Reliehtte the fpsof the ceBYRYEY or
system 508 ?}/gteltnhﬁ)é% Cﬁrﬂ{@lfé%ﬁatﬁ)}{%%‘ @Qﬁ?r‘aaﬂpEHeS&%v@/op%HterQrSO% r.36 Khe

material th causes w attenuation radi ati on ‘may” be used t he
conveyor systams808ysteonifts eoawrises 4 kaltsor traclgapnaiaip! Het cq@ﬁwpweﬂaelamg t he

prUrality ofof L& MISLE MESRIIAIor AN IRU M LIRDE e VT ded T

the structure supportrng the conveyo necess
Col |'i mat ors mnwﬂabhownymﬂ&muwaypﬁovﬂﬁedmbaiwwaHMWheAdwmg@Ncmnwéyahte 504
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det ect or conveyor syst e’ reversed examne’a portion
or the enti r@olhma@o; (ncmhvamayebéﬁz@vdgcabeﬁwmn thocdrge adivayamce het adrtigo

conveyance SO et dbELE el A0L SR DN SLLLRNO D LB SyaTple. | The

cargo conveyar i rr € energies by
rapidly cycl ¢dnge>laetsymm iO\SIOmG)y’ bm&r&d%gqxahewed $>oa$>ntdfrethewngpocamgmveyance

504 i s being conve hrou the uni t 500. 008 T ector
206 i o corrreaine ot R Y ob A RER el sttt ab g dikTEh T

coulol ed zmdaerdrg@lcﬂlaybtﬁaa foItaEam%tagEh@wg@sméyalnb@sM ma0 alsoﬂjﬁrltr&ﬁﬂed 25 )

ana og-to- | {fa C nver sl on an | ta ocessi n is nown
b ot ik R D U RBIL b3AnE beBPILER s DRSS g
controls thece@glﬁd’oﬁ{'é)@ﬂbe ok lpm1g)cronwe@tt@$ughh1& SXaI{rﬁl’)g m&me 500, the

det ect or 506 t he conyeyor sys processor 520 nd t he
di spl ay 522. (0484 connéﬂF@@ﬁ@”bé@%ﬁ@ﬂ“ﬁﬁ@h%Sﬂﬁﬁwép‘mdﬁﬁgﬁmﬁxFﬁéré@abonents

are not showmg, &Richi ifRbipisd ohedikplepser. TREInABE pRicestBf Blodl SCOBRHERES 524 may
provi de t he gnraﬁ)%ﬁg Sdllgrlltgl I:o%g(e:lts;ognasndodflglgapgrolcensg%g cglglggrﬁzitsso ras ?szlgnow?lsln tx\eel -
art. One or more computers 524 is electrically coupled to and controls the operation
of one or more of the X-ray source 500, the detector 506, the conveyor system 508,
the image processor 520, and the display 522. The connections between the computer
and all the components are not shown, to simplify the Figure. The one or more
30  computers 524 may provide the processing functions of the image processor 520, as
well.
[0083] As shown in Fig. 8, the collimating slot 503a and the X-ray radiation
beam R are directed towards the region above the conveyor system 202, to irradiate
the cargo conveyance 504. The radiation beam R may diverge over an angle 6. The
35 X-ray source 502 is preferably displaced a sufficient distance from the cargo

conveyance 504 so that the beam R intercepts the entire cargo conveyance 504. The

angle 6 may range from about 30 degrees to about 90 degrees, for example.
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[0083] As shown in Fig. 8, the collimating slot 503a and the X-ray

radi ation beam R are directed towards the region above the conveyor system
202, to iwopadiTawes93t he cargo conveyance 504. The radi at ipom/Use@aioRonay
diverge over an angle 0. The 35 X-ray source 502 is preferably displaced a

sufficient dpgsfance fHAMNCEIR AL Qf {HEOMYQRYRTOE n@%e@amt Hathetdgphsam R
i ntercepts the entlre cargo conveyance 504. The le O may _range from

about 30 decfiodiBatedragdisson bom. déeyrexamples § r*hee%ﬁll*m#t@d 13 Btigpbeayp R/ 99 193
PCT/ US2006/ 00%99791 OmR- Jlgg%nafrhﬁecﬁ&“&‘r@ug@i (S8, r%fmgt hei (et Ret oF d@@@coxmayh

depend on the shape of a collimated rad |at|on beam For exanpl i f
col i mated reements @ﬂ)’ bea@mvweds I thee el limpseshiadiatiombeai Reih giconabeasetteet or

array 504 co cto? gjgé{%e a%o%mgﬁxoﬁgltcgfeoto?latﬁggpgﬁ co'ﬂﬁaylsxlﬂg W6 8Y ided. If

the collimte IS a cone beam etector "array nmay
conprise”h Un@?dﬂﬁ@ﬂﬁnewabfdérgwtdmnaﬁ$aﬁhﬁ@ﬁﬁﬁghgmme5%@H@M@O@pﬂ$01nDre

adj acent }’Flux%l:i f dgt SBQB%GS% BUENGS, ea-mecocghﬁﬁé Ae A rid%e 3005 TRYEATPT | SE a

plurality o €s 0 tectors, each si ng one of fore rows of
det ect or eléﬂemtsawgwpﬁnmedmmn@a housi ng. [0085] The enbodi nents descri bed

above may al {208 %je “SefT‘ﬂ{a efn odlGiES §Shég@§betd a%%ve g%%@# i Esteﬁﬂ‘?é(‘%éc?mg%s{

neut r ons un ertain condi t1ons erial may
under go photmatemls d&novgn wemsesptrwcdndaxs carhaen i wdmuons)f Fde kxxayade, rthmt rons.
nat neut engrat.i on

The si gny ' Cagwg%llsmedl{x% Crge éng?togeutrgﬁ Oprg?d sses,I ]SICE‘l Lg% Apissial of Oc{e

enbodlnent a8 as’s ¢ath o OF °TELt na% rlals by
enabl i ng noreeutracc urdtcesigdfiemtty natuced (of climmamdirbentiraf ghsuitioanst éis tt ed by
the test materials 6 di.a Iron shi el di ng
of the. pr 6sROSRent FRBR e TRt P A A EorsC st ool B P ok er gy

| evel s. Li ne@buxa&czeteaﬁﬁnh@drmftﬂkbaimnb@mfdeetrmedmad WB1thd teftalﬁhtﬁtallson at mul tiple
energy | evel e described in U No. 6, 366,021 1 S, Patent
No. 4. 400, 650%d U s%aé‘é{l%‘hts"'f\ﬁﬁes i 85‘62 ,'“%HP‘&hs:?“eg‘?‘Eg s} n%raS% t he
assi gneex®f mhentioh esgipefattventsinle anduldpe endigplideratiettabicceleri®s gace,
herei n. Another |inear accel erato e used is descr ed in US 25

r that
Appl i cat i on 'RBY Pa§7°748 cgu7Fadiniqiey ‘%‘H“@%éé‘ﬁ%%"?‘& arexdssgibegn LS ikateqt 5o

assigned to nb. @3@@21@9@ of Pdidie NI 2300650 MeeDsl PaeNdo. 453822001 PiRERL ed by
ref erence, herein. Linatron M |inear accel erator, manuf act ur ed by

Vari an Medi cHf 3§§/‘§‘Beéirr€0 then@ssigyee opahe PAFSERS, ingantionpgndapieo ingerPREisd BY singl e

or multiple 1%&%&5 Eoreih. 0 0&i8IneMihdaf a&RIBR0CRNVANARE BSdaE QedRB&T inbeg. above,
enbodi nents of the 30 invention nmay be used to exam ne ot her objects, such

as | uggage, depjisatigoNesl0/E#5947, fled on December 24, 2003, which is also assigned to

the assignee of the present invention and is incorporated by reference, herein. A

Linatron M9 linear accelerator, manufactured by Varian Medical Systems, Inc. of

Palo Alto, CA, may also be used at single or multiple energies.

[0087] While cargo conveyances are described above, embodiments of the
30  invention may be used to examine other objects, such as luggage, bags, boxes, etc. In

addition, the object may be a patient vundergoing radiation scanning or radiation

therapy.

[0088] While the charged particles discussed above are electrons and the

generated radiation is X-ray radiation, other charged particles, such as protons and
35  deuterons, may be used to generate other types of radiation. For example, gamma ray

radiation may be generated by the impact of protons on materials such as lithium,

carbon, or sulfur.
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addition, the object may be a patient undergoing radiation scanning or

radi ation therapy. [0088] Wiile the charged particles discussed above are
el ect r onswandotdoesosgener at ed radi ati on i s X-ray radiati eqr/ustévenmhar ged
particles, such as protons and 35 deuterons, may be used to generate other

types of sadpm'g]on- FoWwnhBx@aRb@ce GATRI hBe P8l lidkdak Qb BRXorPEnEapRE_Fed by
the i npact of protons on materials such as lithium carbon, or sulfur. 29

WO 2007/ 001693 1EETRRISAME6 Lo 250%0such asppgartatiphi (cxclptien. seiurado diegegnrphed above
is a linear gcofliBlafRexa@fiber types of sources may al so be used, such as a
betatron, cyclotron, or radio frequency quadropole, for exanple. [0090]
The enbodi nef080ldescr i Bedntvedisients dpssribsddieprivare gkampips efifmpleaentetiens t he

i nvention. iifd i : i departing
from 10 thgﬁgéﬁgﬁﬁ%¥Ogﬁgﬁ?ﬁggﬁgﬁgg?n&g?%ﬂE?Seﬁéﬁ?@% Béh?ﬁ%M%ﬁalns, bel ow.
30 WO 2009/ othesg®epEhelszO061, 0dind 70defiBed bithaiclaimsl belawr adi at i on source
conprising: a housing; an accel eration chanber wthin the housing, the
accel eration chanber having a peak accel eration energy greater than the
neutron production 10 threshold of tantalum during use; a source of
charged particles supported by the housing to emit charged particles into
the accel eration chanber; and a target supported by the housing downstream
of the acceleration chanber; 15 wherein: inpact of the target by the

accel erated charged particles generates radiation; and the target consists
essentially of at |east one isotope having a neutron production threshold
greater than the peak acceleration energy. 20 2. The radi ation source of
claim1l1, wherein: the peak acceleration energy is less than or equal to 8
MeV; and
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the target is chosen fromthe group consisting of at |east one isotope of
carbon, alum num scandium titanium vanadium nmanganese, cobalt, and
copper. 2§02oo7fesosadi ati on source of claim 1, wherein: pClrarsp@al20070
acceleration energy is greater than 8 MeV and less than or equal to 9 MV,
and the targgedlaiins chosen fromthe group consisting of at |east one isotope
of alum num scandi um_ vanadi um nmanganese, cobalt, and copper. 30 4. The
radi ati on source lof cHairiedon KHERSPRPIYME peak accel eration energy is
greater than 9 MeV and | esghofdign or equal to 10 MeV; and the target is
chosen fromthe group consisti n[g of at |east one isotope of alum num
scandi um nanganese, and cabagopleratign chanmppiawithig thethiosting dis aceclerption ai m 1,

wherein: the.peak BeH |ag>re§1$ 4 QBleRNEH H«)ébég?r&'ie@%’}aﬁrthé&%ﬂoé oBMiognd I ess than
11 MeV; and 31 WO 2007/001693 PCT/ US2 /020070 5 the target is chosen

from t hel@r othgrseaihsf gniehip. diringuseeast one i sotope of scandi um and
al um num 6. The rad! ation,SQuEE cﬂ£r§§d Ml%suf!&?ﬂﬁ@b?fhetﬂaﬁsinqg%l%mit

accel eration energy is greater than and | ess than” about .1 MeV; and
10 t he t ar gethatgsd ppsiclss mésbneselaafioothambeniandm 7. The radi ati on source of

claim1l1, further conpri Z![ nﬁ'tar tg,ggﬁlohg@g e ﬁ&ﬁg{g%‘gw‘h&retaﬁleofl?ﬁéjg ng, the

col l'i mat or conpri sing east e | sotope ing a neutron production

t hreshol d greatlertiotheamblhe peak accel eration energy. 15 8. The radiation
source ofsclaim7, further w%?r@ﬂ{-i sing: target shielding surrounding at

| east a portion of the target, the target shielding conprising at |east

one i sotope having a neutr anpget otbetargenbit the eshistated dpnsad partitlhan t he peak

accel eration ene[eg)(adia%.onfl'a% radi ati on source of claim1, further

conprising: $0°H60sT NG °6ni"€l ding to shield the housing, the housing
shi el di ng the target consists essentially of at least one isotope having a
neutron production threshold greater than the peak acceleration energy.
20 2. The radiation source of claim 1, wherein:
the peak acceleration energy is less than or equal to 8 MeV; and
the target is chosen from the group consisting of at least one
isotope of carbon, aluminum, scandium, titanium, vanadium, manganese, cobalt, and
copper.
25 3. The radiation source of claim 1, wherein:
the peak acceleration energy is greater than 8 MeV and less
than or equal to 9 MeV; and
the target is chosen from the group consisting of at least one
isotope of aluminum, scandium, vanadium, manganese, cobalt, and copper.
30 4, The radiation source of claim 1, wherein:
the peak acceleration energy is greater than 9 MeV and less
than or equal to 10 MeV; and
the target is chosen from the group consisting of at least one
isotope of aluminum, scandium, manganese, and cobalt.
35 3. The radiation source of claim 1, wherein:
the peak acceleration energy is greater than 10 MeV and less

than 11 MeV; and
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conprising at |east one isotope having a neutron production threshold
greater than the peak acceleration energy. 10. The radi ation source of
claim 1, wbeaneimicoshe target consists essentially of at pceastowenegoorsot ope
of copper. 25 11. The radiation source of claiml1, wherein the peak

accel eratyon energy is at tﬂquxggt @99}_4&1 fforf tﬂ\ébg\[oupji%nsiﬁir{gqgiaﬂals@gnesOur ce

conprising: a housing; an acceleration chanber 'withinthe housing, the
accel er at i onisgs®pe pbsehedivinand dgminupeak accel eration energy greater than the

| owest neutron pr@"““ﬁ%’?ad&&t@%"s&ﬂ%ﬁfc‘?efimtl‘ﬂ(lﬂéreﬂ" during use; a source of
y the u 1

charged particl es supporte ousing to emt charged particles into
the accel eration chanber; shepgrlgadtcelsiapipmernteegy ibgrepieethho Uk amlessdbarst r eam of

the 35 acce ! er; and a collimtor coupled to the housing,
proxi mat e thé&{”gtrl%g&eghﬁgp&e)ri al : wherein: 32 WD 2007/ 001693

PCT/ US200®6/ 020070 5 i npacthechrgttrensists goentially bfadumimoml er at ed char ged

particles generates ragdiati.on; and :.{i'e ol.| Lmat or conpri ses at | east one
i sot ope having a I?1’eut rf)hr? rg%?tgl lﬁ?:lfrlc%%ft ?%‘Pesﬁ%‘hér %Or% gglgfg' t han the peak
accel eration energy. 13. Theoliatimicogredso titead®ugihg,cheadofirdior avrgrieing t he

collimator conprises: . 1Q at |east one flrst s ion consjsti essentially
of at |east Bh&stPEIPEPE éwgﬁﬁe‘é{r%eoﬁ?(}u(ghorbtﬁ]&eﬁﬁoﬁ% igrgﬁtefﬁfuég‘ﬁ(?f’agggreater t han
t he peak accedceteadtionenergner gy; and at | east one second section conprising
at |east one isotgpe .having.a neutron .production threshold greater than

t he peaklgccel eration ﬂﬁé?cg%?on S?E‘Srciafcqal*ﬁ‘ef?‘é\ﬁ‘le%‘f‘%‘%’rﬁls’élgur ce of claim 12,
further conprising: target tghitehididag su@owllirglllehita poRloBef thettiiget @eget
shielding materi i Si

o g T ol FoTBLE S0, Tl Sa5k, o0, 201 0BG, avig, 8 et o
greater than the peak acceleration energy.
9. The radiation source of claim 1, further comprising:

20 housing shielding to shield the housing, the housing shielding
comprising at least one isotope having a neutron production threshold greater than the
peak acceleration energy.

10. The radiation source of claim 1, wherein:
the target consists essentially of at least one isotope of copper.
25 11.  The radiation source of claim 1, wherein the peak acceleration energy
is at least about 7.7 MeV.
12. A radiation source comprising:
a housing;
an acceleration chamber within the housing, the acceleration

30 chamber having a peak acceleration energy greater than the lowest neutron production

threshold of tungsten, during use;
a source of charged particles supported by the housing to emit
charged particles into the acceleration chamber;
a target supported by the housing downstream of the
35  acceleration chamber; and
a collimator coupled to the housing, proximate the target
material;

wherein;
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15. The radi ation source of claim 12, further conprising: 20 housing
shielding to shield the housing, the housing shielding conprising at |east
one i sot ope 2nemiong3a neutron production threshol d great ecTitusameiob®7o peak
accel eration energy. 16. The radi ation source of claim 12, wherein: the

col I'i mat og conpri ses copperimgaggfggtarégggy fhﬁ%@eﬁér&’c@%il%&’%eﬁga fiegl ai m 12,

wherein: the peak acceleration energy Is greater t owest neutron
product i on t Benesties radiefiomehd/bdenum 18. The radi ation source of claim 17,

wherei n: the peak accel eraty . . Ut r.on 0
production threshold of tar;[l]éa)t tﬂl%?ﬁi%&n%lrgeg%?%ﬁgﬁ??é@?%{é&@%}?g?ﬁng: a
housi ng conpepiosiefpniingshiotdjgmaierghdnghe peak aceeleedtionahérgn chanmber within the

housi ng, the accelegeration._ ,.ck i.ng,~a_ peak .accel.eration energy
greater than the ?%mes?ﬁﬂgﬂﬁgﬁggg%%gﬁ%%P%%’ngePﬁr%%?%PﬂD%¥mFﬂﬁ33ten
during usdé; a source of chated opafitsi cbitm ®ugipdrgteastntiyllytdiat hatishang to em t

charged particles,.into the accel eration chanber. WD 2007/ 001693

PCT/ US2006/ o?é{i??% hidhga %ur%rﬁéé’rogj&%}%’Brﬂir%%‘O@F%% “Pﬁbﬁg‘? %eg'lkasaxﬁe&%aam of the
accel erati onewdgyyaed ; and target shielding surrounding at | east a portion
of the target; wherein: ir’%?ct of the tﬁr %et mat.erial b%/ t.he accel erated
charged 10 particles generia{*8¥ OPEIPYd S INLRIPIAAS AHPATEP MR ng

mat eri al conmpavises naiiroh aRiuciivnghiesioidofeaterigan tA@pak ACdHldrAdnRAGEYC i on

t hr eshol 359" eater than_t he ,geak accgéjr,ati OF %ner%g{p., 20. The radiation
source of°clai m 18" whErdRHaiqnsoptss gletlaiiniZe YA ONISiREE: ses: 15 at | east
one first section consistinggasaRmingab kiicl@thertrge® BRltar@fhicldsRLLAGANAVI Ng a

neutron production threshol d greate_r than the peak acceleration energy,
proximate th goqlarllsg%g( at leélﬁ‘bc)ne isotope having a neutron production threshold greater than the

peak acceleration energy.
15.  The radiation source of claim 12, further comprising:

20 housing shielding to shield the housing, the housing shielding
comprising at least one isotope having a neutron production threshold greater than the
peak acceleration energy.

16. The radiation source of claim 12, wherein:
the collimator comprises copper.
25 17. The radiation source of claim 12, wherein:
the peak acceleration energy is greater than the lowest neutron
production threshold of molybdenum.
18. The radiation source of claim 17, wherein:
the peak acceleration energy greater than the neutron
30  production threshold of tantalum.
19. A radiation source comprising:
a housing comprising housing material;
an acceleration chamber within the housing, the acceleration
chamber having a peak acceleration energy greater than the lowest neutron production

35  threshold of tungsten, during use;

a source of charged particles supported by the housing to emit

charged particles into the acceleration chamber;
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at | east one second section conprising at | east one isotope having a
neut ron production threshold | ess than the peak accel eration energy, 20
upst r eamwO 206mo0idosst section. 21. The radiati on sour ce pofir/usk@icned9)
wherein: the target shielding conprises copper. 22. The radiation source

of claim %9, wherein the p%atglg@t%ﬁ% 8@5%091?%%‘%%%‘%“5?6%8%? than the

| owest neutron production thresho e radi ation
source of cl &faglepgion ghnler;indhe peak accel eration energy is greater than

t he | owest neutron productl td atl on source
tﬁé@et P{eﬁlﬁmhgoﬁ{ e%gt ! n :}Lhof eth Et

conprising: a housing; erator c r W t g, the
accel eration 30 chanber haz‘(/herﬁgna peak accel eration energy of Iess than a

| owest neutron production P% F%gal eﬁm%%ﬁglegyatg%gﬁ%gﬁéfa?& C(Px (parged

particles to emt charged pa es | ator ¢t arrber a target
suppor t edOby pattielehgansiatay raddgionsadeam of the 35 accel erator chanber wher ei n

i npact of the target by th ed char,ged ener at es
%hfiat(’c\il('%%t s?net‘?ci]lég 1r1_|1ater1al%ompg €s a{ l%as? Qng %

radi ation; a collimtor couple roxXi QOpS arget; 34
WD 2007/ 001698v11¥g35r Ildﬂﬁ@@@ﬁ)’dﬁé’t@ﬁmﬂresfﬁlctgeag@tthasmheelbaikragceadlatioaasetrgpart| ally

surroundi ng the target ]| eI d the et; rein., the t t he
col limator, and tfie tarlfrlg;eetra dgtiog, sl 8%%3%?13299’ (\,Nglﬁrﬁglr they darggl s ahf%gm?adl ation
source of cl aompiés: wherein the collimtor conprises: a first section

i sti roxi mate t.he and a second

consIStig eosent a1, o cPpRgTy BLPELIRLS 0 A5 A afoReTon
t hreshol d | esstdph aammgwn@aak pagiogioariatihon efved ghan tROyRkateam@eh 15 the
first section. 26. The radiation source of claim 25, wherein the target
shi el di ng energy, proximate the target; and
at least one second section comprising at least one isotope
having a neutron production threshold less than the peak acceleration energy,
20 upstream of the first section.
21. The radiation source of claim 19, wherein:
the target shielding comprises copper.
22.  The radiation source of claim 19, wherein the peak acceleration energy
is greater than the lowest neutron production threshold of molybdenum.
25 23, The radiation source of claim 22, wherein the peak acceleration energy
is greater than the lowest neutron production threshold of tantalum.
24. A radiation source comprising:
a housing;
an accelerator chamber within the housing, the acceleration
30 chamber having a peak acceleration energy of less than a lowest neutron production
threshold of copper;
a source of charged particles to emit charged particles into the
accelerator chamber;
a target supported by the housing, downstream of the
35  accelerator chamber, wherein impact of the target by the accelerated charged particles

generates radiation;

a collimator coupled to the housing, proximate the target;
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conprises: a first section consisting essentially of copper, proxinmate the
target; and 20 a second section conprising at | east one isotope having a
neut ron pwoduetdoosy3t hr eshol d | ess than the peak accel er acrars2@6oe@y)
upstreamof the first section. 27. The radiation source of claim 25,

further cenprising: housi ngg&Bhielddicn® b8 5@1@%%&'&]9@1&1@&%&5}@&t@éuéf)@ere' n

t he housi ng shi el ding conprises copper. 58. e radiation sSource of claim
25, further g@r’fﬁlgi:t'si ng: | ead shielding surrounding at |east a portion of
the collimator and the targgl;shi el ding. 29. The radiation source of claim
22, wherein: 30 the acceleration chanber has a peak accel erati on energy
greater than the |owest néigtpiget fheselliswtonrrng Hregatge] siebting eongsisen. 30. The
radi ation soyggg, of claim29, wherein the acceleration chanber has a peak
accel eration energgl greater than the |owest neutron production threshold of
mol ybdendtn 35 3125.Thelheagfiationspursoolr daimeH, whaeimtiBosolliwhaeeiomptibees:

accel eration chanber has qéﬂgg&ﬁgggﬁsﬁﬁ]ﬁ% Esg%tﬁ%é%gg%rear%%na’iehcﬁg t he

neutron production threshol t ant at1'on source of
clai m 25, whtargstrandhe peak acceleration energy is less than or equal to

about 9 MeV. 35 WO 2007/00 US2006/ 020070 . 5 33, met hod of
generating radiation, corrp%?gcﬁﬁg%g%é?ngrrésfqgr?gyegﬁg%ésatofigp?vilr%ﬁaes to a peak
accel er at i onneutiongyodugiaaghreshofdlass thangthepesk nowrlepatiod eadrppniotvhsieamalfd of
t ant al um[l co{ I ifﬁi%tr; t he charged particles with a target consisting

a ?y okﬁ‘e a

essenti élgg't one isotope having a neutron production threshold

| ess than the 102¢eaklhacceliativat soorcee0erdsiin Bndwigesier alei fggdt aghiadingn from
the colli si on, of ,Steshe charged particles wth the target, w thout generating
neutrons. 34 °"HE%et hod of claim 33, further conprising: collimting the
generated radiation by a calfirits&tion caERAd &séidially of copper, proximate the

target; and
20 a second section comprising at least one isotope having a
neutron production threshold less than the peak acceleration energy, upstream of the
first section.
27.  The radiation source of claim 23, further comprising:
housing shielding to shield the housing;
25 wherein the housing shielding comprises copper.
28.  The radiation source of claim 25, further comprising:
lead shielding surrounding at least a portion of the collimator
and the target shielding.
29.  The radiation source of claim 22, wherein:
30 the acceleration chamber has a peak acceleration energy greater
than the lowest neutron production threshold of tungsten.
30.  The radiation source of claim 29, wherein the acceleration chamber has
a peak acceleration energy greater than the lowest neutron production threshold of
molybdenum.
35 31.  The radiation source of claim 30, wherein the acceleration chamber has
a peak acceleration energy greater than the neutron production threshold of tantalum.
32.  The radiation source of claim 25, wherein the peak acceleration energy

is less than or equal to about 9 MeV.
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15 at | east one isotope having a neutron production threshold greater than
the peak acceleration energy. 35. The nethod of claim33, further

conpri si ngo 28dT/@edBNg the target with shiel ding conpri siPog/skods@ambzo one

i sot ope having a neutron production threshold greater than the peak

accel erat§g on 20 mner ggymeégd oﬁé’éﬁergﬁ{gh@@jamn g&@,{g\i@, further conprising:
shi el ding the housing with shielding material conprising at |east one

i sot ope having a neutron pﬁ@ﬁ@@ﬂﬂ%ﬁla{&?ﬁé@ﬁl@leél“g%Eeéké?cefefﬁéﬁnte?f’égbeak

accel er at i 0Ny EAETHY: thé Rewdibn &dﬁa%h%éherd Sk a cargo conveyance,
conpri si ng: a radi ati1on sowP ositioned to Irradiate an object; and a

detector positioned to recé@ll}@mg tdichargshpagticdesrwith terggeeonpigfingi t h  t he
obj ect; wher glnbhe.f eﬁ“ijéaé’ttan%8§>§é‘ﬁ%eg°£ﬂgﬂfrb§gr%du i tlﬁeJBBf&%s@%an%
ousin

accel eration chanber supported by th accel erati on chanber
havi ng al(peakecakecwlesatmnicosrganed gy of | ess than the | owest neutron

production threshold of COg&%Fan g%g@gﬁr&% thd e & f't}‘? gFglggﬁH{lElP

production threshold of t@ingste a source o arge tic
support ed bywiththehiogsi W'ghatmgmatmgcduapg‘ed parti cl es into the accel eration

hamber | 36 Wo 2087 00TEST EEH teBb6 BBE B e el n: i mpact of the
target material by the acceélemamr@dh@gmuegt&ad rao@icni byl sesl gpe@rcatmessingdi at i on;
and L he L8 ORGSR bt sl RSB ARk PR, 32
housi ng; andad'cdegebn siurgl. di ng supported by the housing, partially around
the target; and 35 The method of claim 33, further comprising:
shielding the target with shielding comprising at least one
isotope having a neutron production threshold greater than the peak acceleration
20  energy.
36.  The method of claim 33, further comprising:
shielding the housing with shielding material comprising at
least one isotope having a neutron production threshold greater than the peak
acceleration energy.
25 37. A system for examining a cargo conveyance, comprising:
a radiation source positioned to irradiate an object; and
a detector positioned to receive radiation after interacting with
the object;
wherein the radiation source comprises:
30 a housing;
an acceleration chamber supported by the housing, the
acceleration chamber having a peak acceleration energy of less than the lowest
neutron production threshold of copper and greater than the lowest neutron production
threshold of tungsten;
35 a source of charged particles supported by the housing to emit
charged particles into the acceleration chamber;

a target supported by the housing downstream of the

acceleration chamber;
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wherein: at |east one of the collimtor and the target shielding conprises
15 copper. 39. The systemof claim37, further conprising: shielding over
at | east wopostdoosy3of the housing; wherein the shieldi rgTWSOEGI0SE®I0 COpper .
40. The system of claim 37, further conprising: 20 a conveyor to support

t he object for scanni ng andyf®ejgonvey the object through the system the
conveyor being configured to support and convey a cargo conveyance. 41.

The system of claim 40, whdf@pe of the tasgt utesishisethe accslerpded chatghd ckness  of at
least 5 feet phdicRs PBlePfi®IradidRndsnd The systemof claim 41, wherein: the
cargo conveyance is a standard cargo conveyance. 43. The system of claim
37, wherein: the peak acceltB? targebepngisie eggontially gf atdeast oretisntortelod coppoest

neutron productign thrgsBald RLLHPsY RIBRPMBmAR;E4. The system of claim 43,
wherein: the peak acceleration energy iIs gredter than the | owest neutron

producti dfl threshol d of tartcallimator4Buplathie thylsweimgofdcl ai m 37, wherein: the
peak accel eration energy i m%?%ﬁkhﬂﬁggﬁﬁ9%5b9“%fl Mh,%%nm gagﬁﬁﬁ}er t han

about 6.1 MeV. 46. A netho manu ring” a radiatiton sourc "'The met hod

conpri sing: t@Ft\0d2007/ 001693 PCT/ US2006/ 020070 5 sel ecting for at |east

one of a target, a collimtgr,..and target shielding consisting essentially
. it .

of at | east one isotope having a neutron production threshold |less than a

peak accel eration energy ofattcag ogooftbecoliimaoasslehdiargegstididing canigged ncl udi ng

t he selquedcgﬁ%grial. 47. The nethod of claim46, further conprising: 10

sel ecting housi'ng shielding material consisting essentially of at |east

one isotope havingp.a riEhetsysiampif odinct, Gnthehsshding: | ess t han t he peak

accel eration energy; and shielding over at least a portion of the housing;

wherein the shielding comprises copper.

40. The system of claim 37, further comprising:

20 a conveyor to support the object for scanning and to convey the
object through the system, the conveyor being configured to support and convey a
cargo conveyance.

41. The system of claim 40, wherein the cargo conveyance has a thickness
of at least 5 feet (1.5 meters).

25 42, The system of claim 41, wherein:

the cargo conveyance is a standard cargo conveyance.
43, The system of claim 37, wherein:
the peak acceleration energy is greater than the lowest neutron
production threshold of molybdenum.
30 44.  The system of claim 43, wherein:
the peak acceleration energy is greater than the lowest neutron
production threshold of tantalum.
45.  The system of claim 37, wherein:
the peak acceleration energy is less than about 9.9 MeV and
35  greater than about 6.1 MeV.

46. A method of manufacturing a radiation source, the method comprising:
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assenbling the source with the selected housing shielding material. 15 48.
The nmethod of claim46, further, conprising: preparing a prelimnary design
for a radwetz@mosedarce to neet, at |east, neutron prodecriuseoooeers enent s;
inputting the prelimnary design into a sinulation to predict neutron

production; and 20 recei Vi ngleaihodtt AYdastne bP£ 1asdeMd! BlIinSHor, ﬁ%tar}ﬂe met hod of
claim 48, wherejn, if the output does not neet ~ requirenents e net hod

further conprsh@léiﬁ”’g cqpiiE epRgnHaky of als Pashenedspioneheying  Aguitdnerediictient ed desi gn

into the si n'lﬂllué‘slhb@rlests%aﬂra%bl@ﬁccelgétlgﬁéﬂeF@%fB{eQG%g'afﬂ@ 50. The nethod of
claim48, conprising: preparing the prelTm nary design based on at |east

one of size requirenents #a¥nklipgfesauraintlodingthesrlatttbmaicdaui rements. 51

A radiation sourcgy COMRIh&hQES clapd 48, ﬂﬂ h@lc&gp &%accel erati on chanber
wi thin the housing, the acceleration amber 'h ng a peak accel eration

energy gri€ater than the ne@@lﬁ@imgﬁmﬁng:thhng mhicgsglvohslstol esmntizlywipt dur| ng
use; a Sour CeQlont RAIGE AR § Al SR pRUBRRN LBl Ma%aga%fge%ﬁ ab el

charged particles th on Chanb sup orted by
t he housi ng @@sAgst@npéam of the accel eration chanber mhereln 38 WO

2007/ 001693 PCT/ US2006/ ozoggsgmbg %{@@g&mo\g@{ﬁ Ctecheﬁ uls)%gﬁlgelgaccel er at _ed

charged particles generates ra arge PSt’ essenti al | y
of a | ow at omiaterisinber material conprising at | east one isotope having a
neutron geoducti ope thr h% reater t n t he eak accel eration energy. 10
52. The radiation sour@ie lgtﬁioc af?:?%l rre(iOH’pP ‘851 ow at omi ¢ nunber

preparing a prehmmary design for a radiation source to meet, at

least, neutron production requirements;
inputting the preliminary design into a simulation to predict
neutron production; and
20 receiving an output of the simulation.
49.  The method of claim 48, wherein, if the output does not meet
requirements, the method further comprises:
adjusting the design; and
inputting the adjusted design into the simulation to predict
25  neutron production.
50.  The method of claim 48, comprising:
preparing the preliminary design based on at least one of size
requirements and X-ray radiation generation requirements.
51. A radiation source, comprising:
30 a housing;
an acceleration chamber within the housing, the acceleration
chamber having a peak acceleration energy greater than the neutron production
threshold of tantalum, during use;
a source of charged particles supported by the housing to emit
35  charged particles into the acceleration chamber; and
a target supported by the housing downstream of the
acceleration chamber;

wherein:
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material consists essentially of copper. 39

WO 2007/001693 PCT/US2006/020070

5 impact of the target by the accelerated charged particles
generates radiation; and
the target consists essentially of a low atomic number material
comprising at least one isotope having a neutron production threshold greater than the
peak acceleration energy.
10 52, The radiation source of claim 51, wherein the low atomic number

material consists essentially of copper.
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