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About Physics in Action 
 
Funding 
Gvnejnh!qspwjefe!cz!USJVNG!xjui!b!nbudijnh!dpnusjcvujpn!gspn!uif!Wbndpvwfs!Gpvnebujpn!
)iuuq;00xxx/wbndpvwfsgpvnebujpn/cd/db0*!bne!USJVNG!Ufdinpmphz!Usbntgfs;! ! !

! !

 
Availability 
Uif!Qiztjdt!jn!Bdujpn!tfsjft!jt!dpqzsjhiufe!cz!USJVNG-!Dbnbeb ’t!Obujpnbm!Mbcpsbupsz!gps!Qbsujdmf!bne!Ovdmfbs!Qiztjdt/!!
Vnbvuipsj{fe!dpnnfsdjbm!vtf!jt!OPU!qfsnjuufe/!Bmm!sjhiut!sftfswfe/!

!

Uif!wjefpt!bsf!bwbjmbcmf!gps!gsff!up!bnz!tdippm!jn!Dbnbeb!uibu!sfrvftut!b!dpqz/!Dpqjft!pg!uif!wjefpt!nbz!cf!sfrvftufe!
pnmjnf!bu! iuuq;00xxx/usjvng/db!

ps!cz!dpnubdujnh!!uif!Pvusfbdi!Dppsejnbups!bu!! pvusfbdiAusjvng/db!

!

Dpnqbnjpn!cpplmfut!bsf!jndmvefe!pn!uif!EWE-!ps!nbz!cf!epxnmpbefe!gspn!uif!xfctjuf/!!Uif!fmfduspnjd!epdvnfnut!bsf!
gsffmz!fejubcmf!cz!ufbdifst!bt!mpnh!bt!uijt!qbhf!jt!jndmvefe!bt!jt!jnup!uif!fejufe!epdvnfnu/!

!

!

!

 
 
 
 
 
 
 
 
 

TRIUMF is Canada’s national laboratory for particle and nuclear physics. 
Laboratoire national canadien pour la recherche en physique nucléaire et en physique des particules. 

4004 Wesbrook Mall | Vancouver  BC | Canada  V6T 2A3 | Tel 604.222.1047 | Fax 604.222.1074 | www.triumf.ca 

!

This DVD has been produced for educational purposes.  
Reproduction in whole or in part without written consent of the copyright owners is prohibited. 
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Videos in the Physics in Action Series 
Qiztjdt!jn!Bdujpn!jt!b!nfx!fevdbujpnbm!wjefp!tfsjft!uibu!xjmm!tipx!ijhi!tdippm!tuvefnut!uibu!uif!wfsz!tbnf!gpsnvmbt!bne!
jefbt!uifz!bsf!tuvezjnh!jn!uif!dmbttsppn!bsf!jn!gbdu!vtfe!fwfszebz!jn!b!npefsn!xpsme.dmbtt!tvcbupnjd!qiztjdt!gbdjmjuz! –!
uifz!bsf!npu!vtfmftt!gbdut!xjui!np!sfbm.xpsme!wbmvf-!cvu!fttfnujbm!fmfnfnut!gps!tdjfnujgjd!sftfbsdi"!Tuvefnut!xjmm!cf!tipxn!
uibu!uif!sftfbsdi!dpnevdufe!bu!USJVNG-!Dbnbeb ’t!Obujpnbm!Mbcpsbupsz!gps!Qbsujdmf!bne!Ovdmfbs!Qiztjdt-!jt!npu!cfzpne!
uifjs!vnefstubnejnh-!cvu!bduvbmmz!mjft!xfmm!xjuijn!uifjs!hsbtq/!Qiztjdt!jn!Bdujpn!xjmm!cfdpnf!b!wbmvbcmf!qbsu!pg!fwfsz!ijhi!
tdippm!qiztjdt!ufbdifst ’!sfqfsupjsf/!!

Uif!wjefpt!bsf!gsff!up!bnz!tdippm!jn!Dbnbeb!uibu!xbnut!pnf/!Uifz!qsftfnu!b!njy!pg!mjwf!bdujpn-!hsbqijdt-!bne!4E!
bnjnbujpn!up!ifmq!wjtvbmj{f!uif!dpndfqut-!xijdi!pgufn!bsf!ejggjdvmu!ps!jnqpttjcmf!up!dpnwfz!jn!b!uzqjdbm!dmbttsppn/!
Dpnqbnjpn!cpplmfut!xjmm!pggfs!beejujpnbm!jngpsnbujpn!bne!ufbdijnh!sftpvsdft!gps!cpui!tuvefnut!bne!ufbdifst/!Uif!tfsjft!
ibt!cffn!efwfmpqfe!jn!bddpsebndf!xjui!uif!qsftdsjcfe!mfbsnjnh!pvudpnft!pg!uif!CD!bne!Bmcfsub!qspwjndjbm!fevdbujpn!
njnjtusjft/!
	  
Jn!bmm-!gpvs!fevdbujpnbm!wjefpt!xfsf!qmbnnfe!jn!uif!tfsjft/!

Approaching the 
Speed of Light 

Demonstrates the effects of Special Relativity on subatomic particle beams created at TRIUMF. Real 
data is provided, from which students can see clearly the speed-of-light limit, and how classical physics 
breaks down at high speeds.  

RELEASED 2004.  Re-released in Winter 2010. 

Electromagnetis
m and Circular 
Motion in a 
Cyclotron 

Starts with hydrogen gas, and shows students how TRIUMF ionizes, steers, accelerates, and bombards 
it against a target to create exotic nuclei. Lesson modules demonstrate how each step can be 
understood using simple 11th and 12th grade electromagnetism.  

RELEASED Winter 2010. 

Evolution of the 
Universe 

Will take students on an exploration of the history of the universe from the Big Bang to the creation of 
our Solar System, showing where along the way the elements in their tin cup of water came from.   

IN PREPRODUCTION – Release Fall 2010.  

Radioactivity Will explain what radioactivity is and isn’t, and demonstrate that it is a natural phenomenon with wide-
ranging uses.  Students will be shown the nuclear basis of alpha, beta, and gamma radiation.   

IN PLANNING – Release 2011. 

 

Production Team 
Uijt!Qiztjdt!jn!Bdujpn!wjefp!xbt!qspevdfe!cz;!

Tubnmfz!Zfn-!Qi/E/! USJVNG!Sftfbsdi!Tdjfnujtu!

Nbsdfmmp!Qbwbn-!Qi/E/	   USJVNG!Pvusfbdi!Dppsejnbups	  
Qijm!Gsffnbn	   Sjdinpne!Ijhi!Tdippm!)Ufbdifs!Dpntvmubnu*	  
Kfssz!Wpnh! Qspevdujpn-!Bnjnbujpn!

Csjbn!!Dibn! Tpvne!,!Nvtjd!

Kpin!Mbncfsu	   Hsbwjuz!Mbc!Qspevdujpnt!)Wjefp!Sf.fejujnh*	  
Ujnh!Wbnh! Wpslcppl!Qspevdujpn!bne!Hsbqijdt!

!

Bmpnh!xjui!uif!wbmvbcmf!bttjtubndf!pg!nbnz!nfncfst!pg!uif!tubgg!bu!USJVNG!bne!Sjdinpne!Ijhi!Tdippm/!!

USJVNG!xfmdpnft!gffecbdl!gspn!ufbdifst!bne!uif!qvcmjd/!!Jg!zpv!ibwf!bnz!rvftujpnt-!tvhhftujpnt-!ps!dpndfsnt!bcpvu!
uif!Qiztjdt!jn!Bdujpn!tfsjft-!qmfbtf!ejsfdu!uifn!up;!!!USJVNG!Pvusfbdi!Dppsejnbups!!!pvusfbdiAusjvng/db
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Notes to the Teacher (from a teacher) 
!
Cz!vtjnh!uijt!wjefp!xf!ipqf!zpv!xjmm!cf!bcmf!up!hjwf!zpvs!tuvefnut!b!dibndf!up!tff! “gjstu!ibne ”!uif!fggfdut!pg!sfmbujwjuz/!
!
Uijt!wjefp!hspxt!pvu!pg!bn!bduvbm!gjfme!usjq!J!xbt!qsjwjmfhfe!up!ublf!nz!tuvefnut!pn-!xijdi!xf!gpvne!wfsz!nfnpsbcmf!
bne!ifmqgvm!up!uifn!jn!mfbsnjnh!bcpvu!sfmbujwjuz/!!Uijt!zfbs!xf!vtfe!uif!wjefp!bne!uipvhi!ju!xbt!npu!bt!fydjujnh!bt!
bduvbmmz!hpjnh!up!USJVNG-!ju!xbt!tujmm!wfsz!jnufsftujnh!bne!ifmqgvm"!
!
Gspn!nz!fyqfsjfndf!xjui!uijt!J!xpvme!ibwf!uif!gpmmpxjnh!hfnfsbm!tvhhftujpnt/!!Nptu!pg!uiftf!xjmm!qspcbcmz!cf!pcwjpvt!
up!zpv!jg!zpv!bsf!bn!fyqfsjfndfe!ufbdifs-!cvu!gps!uiptf!xjui!mftt!fyqfsjfndf-!ps!xip!mjlf!nf!dbn!tpnfujnft!tubne!up!ibwf!
uif!pcwjpvt!qpjnufe!pvu-!J ’mm!usz!up!tubuf!bmm!uif!mjuumf!uijnht!uibu!usjqqfe!nf!vq!uif!gjstu!ujnf!uispvhi"!!Beejujpnbm!
tvhhftujpnt!zpv!nbz!ibwf!xpvme!cf!xfmdpnfe-!bne!J!ipqf!dbn!cf!jndmvefe!jn!gvuvsf!wfstjpnt!pg!uijt!epdvnfnu-!xijdi!
xjmm!cf!nbjnubjnfe!pn!uif!xfc!bu!xxx/usjvng/db/!

 
Pre-Teaching 
Uif!fyqfsjnfnu!dpvme!cf!qsftfnufe!bt!bn!jnuspevdujpn!)up!npujwbuf!ufbdijnh!sfmbujwjuz*!ps!bgufs!ufbdijnh!tuvefnut!bcpvu!
sfmbujwjuz!bt!b! “tff!ju!xpslt" ”!uzqf!pg!mbc/!!J!ibwf!vtfe!ju!nptumz!gps!uif!gpsnfs-!cvu!jn!bnz!dbtf!J!gffm!ju!jt!jnqpsubnu!up!
tusftt!uibu!uijt!jt!pnmz!pnf!pg!b!mbshf!tfu!pg!fyqfsjnfnut-!bmm!pg!xijdi!tipx!uif!nfdfttjuz!gps!tqfdjbm!sfmbujwjuz!bne!bmm!pg!
xijdi!tvqqpsu!jut!qsfejdujpnt/!!Pnf!pg!uif!ib{bset!pg!ufbdijnh!sfmbujwjuz!jt!uibu-!cfdbvtf!pg!uif!mbdl!pg!ejsfdu!fyqfsjfndf-!
tuvefnut!pgufn!tff!ju!bt! “nbhjdbm ”!bne!tpnf!bsf!sftjtubnu!up!uif!dpndfqut-!fjuifs!cfdbvtf!uifz!gjne!uifn!upp!pee!ps!cfdbvtf!
uifz!ejtmjlf!uif!dpntfrvfndft!)jn!pvs!ifbsu!pg!ifbsut!b!mpu!pg!vt!xbnu!gbtufs!uibn!mjhiu!tqbdftijqt!upp*/!!Pnf!ipqf!gps!
uijt!fyqfsjnfnu!jt!up!tipx!uif!sfbmjuz!pg!uif!ejwfshfndf!gspn!dmbttjdbm!uifpsz!jn!b! “sfbm ”!dpnufyu/!!Uijt!nffet!up!cf!
gpmmpxfe!vq-!pg!dpvstf-!xjui!b!uifpsfujdbm!tusvduvsf!tipxjnh!ipx!uif!sftvmut!gmpx!gspn!tjnqmf!pctfswfe!gbdut!bcpvu!mjhiut!
bne!npujpn!)ps!fmfduspnbhnfujd!uifpsz!jg!zpv!dpnf!bu!uijnht!uibu!xbz*/!

 
Data 
Tuvefnut!xjmm!nffe!tpnf!hvjebndf!jn!gjnejnh!uif!gmjhiu!ujnft!gps!uif!qbsujdmft/!!Jn!qbsujdvmbs!uifz!xjmm!cf!mppljnh!gps!
uisff!gmjhiu!ujnft!)dpssftqpnejnh!up!uif!f,-! µ,-!

€ 

π ,!qbsujdmft!jn!uif!cfbn*!cvu!npu!bmm!pg!uiftf!bsf!nfdfttbsjmz!wjtjcmf!pn!
fwfsz!qmpu/!!Jg!pnmz!pnf!qfbl!jt!wjtjcmf!ju!jt!bmnptu!dfsubjnmz!uif!f,-!xijmf!jg!uifsf!bsf!uxp!qfblt!uifn!uif!mpnhfs!ujnf!xjmm!
cf! µ,/!!Gjnbmmz!xifn!uifz!tff!bmm!uisff!qfblt!uifn!uifz!bsf!f,-! µ,-!bne!

€ 

π ,!gspn!gbtuftu!)tipsuftu!ujnf*!up!tmpxftu!)mpnhftu!
ujnf*/!!Uif!sfbtpn!gps!npu!tffjnh!bmm!uif!qfblt!jt-!pg!dpvstf-!uif!efdbz!pg!uif!qjpnt!)bne!nvpnt*-!bt!xfmm!bt!gbdupst!
jnwpmwjnh!uif!cfbn!mjnf!uibu!bsf!qspcbcmz!cftu!hmpttfe!pwfs/!
!
J!xpvme!tvhhftu!vtjnh!pnmz!uif!nvpnt!bu!gjstu-!bne!hsbqijnh!qjpn!ebub!bt!bn!pqujpnbm!beejujpn!up!uif!mbc!)bmpnh!xjui!
gjnejnh!sftu!nbttft!qfsibqt*/!!Tpnf!qpttjcmf!ebub!ubcmft!gps!tuvefnut!bsf!jndmvefe-!pnf!xjui!kvtu!uif!cbtjd!npnfnuvn-!
ujnf-!bne!wfmpdjuz!dpmvnnt!bne!pnf!xjui!

€ 

γ !bne!w

€ 

γ !dpmvnnt!jg!zpv!bsf!epjnh!uif!mjnfbsj{fe!hsbqi!)eftdsjcfe!cfmpx*/!
 
Graph 
Bt!b!gjstu!bdujwjuz!J!gpvne!uibu!tjnqmz!dbmdvmbujnh!wfmpdjuz!bne!uifn!qmpuujnh!q!wt/!w!xbt!uif!cftu!jnuspevdujpn!gps!nz!
hsbef!22!tuvefnut/!!Npsf!bewbndfe!tuvefnut!bmtp!tffnfe!up!cfnfgju!gspn!uijt-!uipvhi!tpnf!xfsf!sfbez!up!hp!tusbjhiu!up!
npsf!dpnqmfy!hsbqit/!
!
Wifn!ibwjnh!uif!tuvefnut!qspevdf!hsbqit!zpv!nbz!xbnu!up!ibwf!uifn!qmpu!cpui!uif!ebub!bne!uif!qsfejdujpnt!pg!uif!
uxp!uifpsjft!ps!zpv!nbz!xbnu!up!ibwf!uifn!qmpu!uif!ebub!pn!tiffut!uibu!bmsfbez!tipx!uif!dvswft!tp!uibu!uifz!dbn!tff!
xijdi!uifpsz!uif!ebub!gjut!bt!uifz!qmpu!ju/!!J!gpvne!uibu!ibwjnh!uif!dvswft!bmsfbez!uifsf!ifmqfe!cpui!xjui!vnefstubnejnh!
bne!ujnf-!cvu!tpnf!dbsf!ibe!up!cf!ublfn!up!fyqmbjn!uif!uxp!ejggfsfnu!mjnft!bhbjn!bt!uif!tuvefnut!tubsufe!uif!qmpuujnh/!
!
!
Jg!zpvs!tuvefnut!bsf!vtfe!up!qmpuujnh!uijnht!jn!ufsnt!pg!efqfnefnu!bne!jnefqfnefnu!wbsjbcmft!uifn!ju!jt!qspcbcmz!xpsui!
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qpjnujnh!pvu!up!uif!tuvefnut!uibu-!bmuipvhi!xf!bsf!dpnuspmmjnh!uif!npnfnuvn!bne!dbmdvmbujnh!uif!wfmpdjuz-!xf!uijnl!pg!
uif!npnfnuvn!bt!efqfnejnh!pn!uif!wfmpdjuz-!xijdi!jt!xiz!xf!hsbqi!uif!npnfnuvn!bt!uif!efqfnefnu!wbsjbcmf!jn!pvs!
hsbqit/!
!
Mbufs-!qfsibqt!bgufs!ufbdijnh!bcpvu!uif!sfmbujwjtujd!usbntgpsnbujpnt-!uif!tuvefnut!nbz!qmpu!b!hsbqi!pg!q!wt/

€ 

γ w!up!
mjnfbsj{f!uif!hsbqi/!!Uijt!mjnf!xjmm!ibwf!tmpqf!n1-!bne!hfnfsbmmz!hjwft!rvjuf!hppe!bhsffnfnu!xjui!wbmvft!pcubjnfe!jn!
puifs!xbzt/!!Uifsf!jt!b!cmbnl!hsbqi!qspwjefe!xijdi!jt!dbmjcsbufe!gps!uijt!)dbmmfe! “q

€ 

γ w ”*!uibu!zpv!dbn!dpqz!jg!eftjsfe/!
 
Mass 
Uif!spmf!pg!nbtt!xbt!b!usjdlz!pnf!gps!nz!tuvefnut/!!Tpnf!xfsf!vnefs!uif!jnqsfttjpn!uibu!uif!fyqfsjnfnut!tipxfe!uibu!
nbtt!dibnhft-!puifst!uibu!uif!fyqfsjnfnu!tipxt!uibu!nbtt!jt!dpntubnu/!!Pg!dpvstf!uif!usjdl-!bt!ejtdvttfe!jn!uif!
beejujpnbm!nbufsjbm-!jt!uibu!ju!bmm!efqfnet!pn!xibu!xf!dbmm!nbtt"!!J!uijnl!ju!jt!jnqpsubnu!up!dipptf!pnf!ps!bnpuifs!
efgjnjujpn-!bdlnpxmfehf!uif!puifs-!cvu!uifn!tujdl!xjui!pnf!jnufsqsfubujpn/!!Tuvefnut!nffe!up!cf!fndpvsbhfe!up!tff!uijt!
npu!bt!b!dpngmjdu!cvu!bt!bn!fybnqmf!pg!ipx!xf!dbn!jnufsqsfu!uijnht!ejggfsfnumz!xijmf!tujmm!bhsffjnh!pn!uif!gbdut!bne!fwfn!
pn!uif!uifpsz/!!
!
Npsf!efubjmt!pn!uif!n!wt/!n1!jttvf!jt!jn!b!tfqbsbuf!tfdujpn!pn!nbtt!npubujpn/!

 
Units 
J!gpvne!uibu!uif!vtf!pg!uif!usbejujpnbm!TJ!vnjut!xbt!nptu!usbntqbsfnu!gps!uif!tuvefnut-!bmuipvhi!tpnf!pg!uif!tuspnhfs!
pnft!bqqsfdjbufe!uif!wbmvf!pg!uif!bmufsnbuf!vnjut!npsf!dpnnpn!up!qbsujdmf!qiztjdt/!!Vtjnh!uiftf!bmufsnbujwf!vnjut-!
ipxfwfs-!ufnefe!up!dpngvtf!uif!nbkpsjuz!pg!tuvefnut/!
!
Uijt!jt!b!usbef.pgg/!!Tuvefnut!gjne!uif!nvncfst!bxlxbse-!ftqfdjbmmz!ibwjnh!up!vtf!tdjfnujgjd!npubujpn!uispvhipvu/!!J!gjne!
uibu!fndpvsbhjnh!uifn!bne!bdlnpxmfehjnh!uif!bxlxbsenftt!pg!uiftf!vnjut!ifmqt!uifn!up!efbm!xjui!uijt!cfuufs"!!Uif!
puifs!uijnh!uibu!tpnf!tuvefnut!xjmm!ibwf!uspvcmf!xjui!bsf!hsbqijnh!b!wbmvf!mjlf!2/4!y!21.2:!lh!n0t!xifn!uif!byft!pg!uif!
hsbqi!bsf!mbcfmfe! “y21.31!lh!n0t ”/!!J ’e!tvhhftu!tipxjnh!uifn!ipx!up!jnufsqsfu!uijt!cz!sfxsjujnh-!fwfn!jg!uifz!tipvme!bmsfbez!
lnpx!ju"!
!
J ’wf!jndmvefe!b!csjfg!tvnnbsz!qbhf!pn!uif!fyqfsjnfnu!bgufs!uijt-!xijdi!njhiu!cf!pg!tpnf!vtf!up!zpv"!!Zpv!nbz!bmtp!
dpnubdu!nf!jg!zpv!xjti/!!Jg!xf!hfu!b!mpu!pg!dpnubdu!uifn!xf!nbz!usz!up!dsfbuf!tpnf!tpsu!pg!ejtdvttjpn!gpsvn!)dpvme!cf!
gvn*/!!J!ipqf!uibu!zpv!bne!zpvs!tuvefnut!gjne!uijt!fyqfsjnfnu!bt!jnufsftujnh!bne!ifmqgvm!bt!xf!ibwf"!
!
Qijmjq!Gsffnbn!
qgsffnbnASjdinpne/te49/cd/db!
Sjdinpne!Ijhi!Tdippm!
Bqsjm-!3116!
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Mass Notation 
 
Jn!uijt!wjefp!xf!qsftfnu!uif!dmbttjdbm!npnfnuvn!bt!
!
!! q!>!n!w!!!!!!!!!!!!!!)2*!
!
bne!uif!sfmbujwjtujd!npnfnuvn!bt!
!

! q!>!γ!n!w!!!!!!!!!!!!)3*! xifsf!!

€ 

γ =1/ 1− v2 /c 2 !
!
Cz!dpnqbsjnh!)2*!bne!)3*-!ju!jt!pcwjpvt!uibu!uif!dibnhf!gspn!dmbttjdbm!qiztjdt!up!tqfdjbm!sfmbujwjuz!jt!bddpnqmjtife!cz!

beejnh!uif!gbdups!pg!γ !jn!gspnu!pg!n/!!Tjndf!γ !jt!dmptf!up!2!gps!wfmpdjujft!nvdi!mftt!uibn!uif!tqffe!pg!mjhiu-!d-!ju!jt!
bqqbsfnu!uibu!uif!dmbttjdbm!gpsnvmb!)2*!jt!kvtu!uif!tnbmm.wfmpdjuz!mjnju!pg!uif!npsf!hfnfsbm!frvbujpn!)3*/!!!
!
Ipxfwfs-!tpnf!ufyucpplt!qsftfnu!uif!sfmbujwjtujd!npnfnuvn!bt!
!

! q!>!γ!n1w!!!!!!!!!!)4*!
!
Wibu!jt!uif!ejggfsfndf@!!Uif!bntxfs!jt-!uifsf!jt!OP!ejggfsfndf"!!Uif!nbtt!n1!jn!frvbujpn!)4*!jt!fybdumz!uif!tbnf!bt!uif!
nbtt!n!jn!frvbujpnt!)2*!bne!)3*-!bne!uibu!jt!uif!sftu!nbtt!pg!uif!pckfdu-!uif!nbtt!uibu!uif!pckfdu!ibt!xifn!ju!jt!tjuujnh!
tujmm/!!!
!
Uif!sftu!nbtt!n!)ps!n1-!xijdi!jt!uif!tbnf!uijnh*!gps!b!qspupn!jt!bmxbzt!:49!NfW0d3-!sfhbsemftt!pg!xifuifs!uibu!qspupn!
jt!tjuujnh!tujmm!ps!npwjnh!bu!:1&!uif!tqffe!pg!mjhiu/!!!Up!cf!nblf!frvbujpn!)4*!dpntjtufnu!xjui!frvbujpn!)2*!jn!npubujpn-!
pnf!tipvme!sfbmmz!xsjuf!uif!dmbttjdbm!npnfnuvn!bt!q!>!n1w-!cvu!tjndf!npcpez!epft!uibu-!xf!qsfgfs!frvbujpn!)3*!pwfs!
frvbujpn!)4*!bt!uif!gpsn!gps!uif!sfmbujwjtujd!npnfnuvn/!
!
Opx-!jn!mppljnh!bu!frvbujpn!)4*-!pnf!dpvme!tbz!uibu!uif!npnfnuvn!jt!cfibwjnh!bt!jg!uif!nbtt!n!xfsf!jndsfbtjnh/!!Uibu!

jt-!jg!xf!efgjnf!uif! “sfmbujwjtujd!nbtt ”!cz!nsfm!>!γn-!uifn!xf!dpvme!xsjuf!uif!sfmbujwjtujd!npnfnuvn!bt!
!
! q!>!nsfm!w!
!
Tp!uif!qbsujdmf!jt!fggfdujwfmz!cfibwjnh!bt!jg!uif!nbtt!jn!uif!dmbttjdbm!gpsnvmb!q!>!nw!xfsf!jndsfbtjnh/!!Uivt-!b!qbsujdmf!
dbn!nfwfs!sfbdi!uif!tqffe!pg!mjhiu!cfdbvtf!bt!jut!tqffe!bqqspbdift!d-!jut!sfmbujwjtujd!nbtt!bqqspbdift!jngjnjuz!bne!ju!
cfdpnft!jngjnjufmz!ibse!up!bddfmfsbuf!ju!bnz!gvsuifs/!!Jn!cpui!dbtft!xf!bsf!sfdphnj{jnh!uibu!uif!pme!gpsnvmb!gps!
npnfnuvn!tupqt!xpsljnh/!!
!
Wifn!xf!xsjuf! “n1 ”!xf!bsf! “cmbnjnh ”!uijt!gbjmvsf!pn!uif!nbtt-!bne!tbzjnh!uibu!pvs!pme!jefb!pg!nbtt!ibt!up!cf!dibnhfe!cz!
bepqujnh!sfmbujwjtujd!nbtt/!Uifsf!bsf!tpnf!puifs!sfbtpnt!up!ep!uijt!upp/!
!
Wifn!xf!xsjuf!kvtu! “n ”!xf!bsf!tbzjnh!uibu!xf!epn’u!sfbmmz!nffe!b!nfx!jefb!gps!xibu!nbtt!jt-!cvu!uibu!xf!gjy!uif!
npnfnuvn!gpsnvmb!bt!b!xipmf/!Uifsf!bsf!tpnf!puifs!sfbtpnt!up!ep!uijt!upp-!bne!jn!gbdu!uijt!jt!uif!bqqspbdi!ublfn!cz!
qiztjdjtut/!
!
Tp!xifuifs!xf!xsjuf!n!ps!n1!jt!nptumz!b!nbuufs!pg!ubtuf/!Wf!diptf!up!vtf!n!bt!cfjnh!nptu!tjnjmbs!up!uif!vtf!pg!nbtt!
uibu!zpv!bsf!qspcbcmz!nptu!gbnjmjbs!xjui/!
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Units 
 
Mass 
Jn!uijt!wjefp!xf!fyqsfttfe!uif!nbtt!pg!uif!qbsujdmft!jn!vnjut!pg!NfW0d3/!Zpv!bsf!vtfe!up!tffjnh!nbtt!fyqsfttfe!jn!vnjut!
pg!ljmphsbnt!)lh*!tp!xifsf!epft!uijt!nfx!vnju!dpnf!gspn@!Pnf!sfbtpn!qbsujdmf!qiztjdjtut!vtf!uiftf!vnjut!jt!uibu!uif!nbtt!
pg!uiftf!qbsujdmft!jt!fyusfnfmz!ujnz/!Jg!zpv!mppl!vq!uif!nbtt!pg!uif!fmfduspn!jn!zpvs!ufyucppl!zpv ’mm!tff!ju ’t!nbtt!jn!

ljmphsbnt!jt!:/22!×!21.42!lh/!Sbuifs!uibn!vtf!uijt!bctvsemz!tnbmm!nvncfs!qiztjdjtut!vtf!uif!nbtt!pg!1/622!NfW0d3!)zpvs!
ufyucppl!nbz!bmtp!mjtu!uif!nbtt!uijt!xbz*-!xifsf!2!NfW0d3!>!2/8:!y!21.41!lh/!

 
Energy 
Fjntufjn’t ’!gbnpvt!frvbujpn!F!>!nd3!sfmbuft!b!qbsujdmft!nbtt!up!jut!fnfshz/!Wf!dbn!tff!uibu!vtjnh!uif!nbtt!pg!bn!fmfduspn!
jn!ljmphsbnt!xf ’e!hfu!jut!fnfshz!bt;!!
!

F!>!nd3!>!):/22×!21.42lh*)4/1!×!219!n0t*3!>!9/3!×!21.25!K!
!
Uijt!jt!bhbjn!bnpuifs!fyusfnfmz!ujnz!nvncfs/!Jg!ipxfwfs!xf!vtf!uif!nbtt!pg!uif!fmfduspn!bt!1/622!NfW0d3!xf!dbn!hfu!jut!
fnfshz!bt;!
!
F!>!)1/!622!NfW0d3*)d3*!>!1/622!NfW!xifsf!2!NfW!>!2/7!y!21.24!K!
!
Opx!zpv!tff!uibu!xf!ibwf!b!nfx!vnju!gps!fnfshz/!Zpv!bsf!vtfe!up!fyqsfttjnh!fnfshz!jn!kpvmft!)K*/!Qbsujdmf!qiztjdjtut!
fyqsftt!fnfshz!jn!vnjut!pg!fmfduspn!wpmut!)fW*/!Bn!fmfduspn!wpmu!jt!uif!bnpvnu!pg!fnfshz!uibu!bn!fmfduspn!hbjnt!xifn!ju!
qbttft!uispvhi!pnf!wpmu!pg!qpufnujbm!ejggfsfndf/!Zpv!nbz!npu!ibwf!tuvejfe!qpufnujbm!ejggfsfndf!zfu!tp!mfu ’t!mppl!bu!b!
tjnqmf!fybnqmf/!Uif!BB!cbuufsjft!uibu!zpv!qspcbcmz!vtf!jn!zpvs!qpsubcmf!DE!qmbzfs!ps!ejhjubm!dbnfsb!ibwf!b!qpufnujbm!
ejggfsfndf!pg!2/3!W/!Tp!fbdi!fmfduspn!uibu!qbttft!uispvhi!uijt!cbuufsz!hbjnt!2/3!fW!pg!fnfshz/!Up!hfu!uif!fmfduspnt!vq!up!
uif!231!NfW!uibu!xf!tbx!jn!uif!wjefp!xf ’e!ibwf!up!qvu!211!njmmjpn!pg!uiftf!cbuufsjft!fne!up!fne"!

 
Momentum 
Bnpuifs!nfx!vnju!xbt!vtfe!up!eftdsjcf!uif!qbsujdmft!npnfnuvn/!Npnfnuvn!jt!gpvne!vtjnh!uif!gpsnvmb!!
q!>!nw/!Jg!xf!ibe!bn!fmfduspn!usbwfmjnh!bu!6&!uif!tqffe!pg!mjhiu!xf!xpvme!dbmdvmbuf!jut!npnfnuvn!bt;!
!

q!>!nw!>!):/22!×!21.42lh*)2/6!×!218!n0t*!>!2/48!×!21.34!lh!n0t!
!
Tp!bhbjn!xf!tff!zfu!bnpuifs!ujnz!wbmvf!bne!uif!usbejujpnbm!vnjut!pg!lh!n0t/!Jg!xf!jntufbe!vtf!uif!nbtt!pg!uif!fmfduspn!bt!
1/622!NfW0d3!xf!dbn!tff!uibu!ju!jt!nvdi!fbtjfs!up!dbmdvmbuf!jut!npnfnuvn/!!
!
q!>!nw!>!)1/622!NfW0d3*)1/6d*!>!1/367!NfW0d!
!

Dpnwfstjpn!Gbdupst;!
!

2!NfW0d3!! >! 2/8:!×!21.41!!lh!

2!fW! ! >! 2/7!×!21.2:!!K!

2!NfW0d! >! 6/47!×!21.33!!lh!n0t!
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Approaching the Speed of Light 
General Idea 
Wf!xjmm!cf!uftujnh!uif!qsfejdujpnt!pg!dmbttjdbm!nfdibnjdt!bne!tqfdjbm!sfmbujwjuz-!jn!bt!gbs!bt!uifz!efbm!xjui!npnfnuvn/!!Jg!
dmbttjdbm!nfdibnjdt!xfsf!dpnqmfufmz!dpssfdu!xf!xpvme!fyqfdu!up!gjne!uibu!npnfnuvn!xbt!qspqpsujpnbm!up!wfmpdjuz;!
!

!!!!!!!  

€ 

 p = m v !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  

€ 

 p = γm v 
!xifsf!

€ 

γ =
1
1− v 2

c 2

!

!
!
!
Jg-!pn!uif!puifs!ibne-!sfmbujwjuz!jt!dpssfdu-!uifn!jndsfbtjnh!uif!npnfnuvn!xjmm!npu!bmxbzt!dpssftqpne!xjui!bn!frvbm!
jndsfbtf!jn!wfmpdjuz/!!Uif!nbtt!jndsfbtft!upp-!dbvtjnh!npnfnuvn!up! “qffm!pgg ”!gspn!uif!tusbjhiu!mjnf!bne!btznqupujdbmmz!
bqqspbdi!jngjnjuz!bt!w!bqqspbdift!d-!uif!tqffe!pg!mjhiu/!
!

Opuf!uibu!tpnfujnft-!ju!jt!xsjuufn!  

€ 

 p = mrel
 v !vtjnh! “sfmbujwjtujd!nbtt ”-!uipvhi!uijt!bqqspbdi!jt!npu!gbwpvsfe!cz!

qiztjdjtut/!

 
The Method 
Jn!pvs!bqqbsbuvt!xf!dbn!dpnuspm!uif!npnfnuvn!pg!uif!qbsujdmft!cz!bekvtujnh!b!nbhnfujd!gjfme/!!Wf!xjmm!bmtp!nfbtvsf!
uif!ujnf!uif!qbsujdmft!ublf!up!usbwfm!b!lnpxn!ejtubndf-!xijdi!hjwft!vt!uif!wfmpdjuz/!!Vtjnh!uijt!xf!dbn!gjne!xibu!wfmpdjujft!
dpssftqpne!up!xibu!npnfnub/!!Uijt!xjmm!bmmpx!vt!up!dpnqbsf!uif!qsfejdujpnt!pg!dmbttjdbm!bne!sfmbujwjtujd!qiztjdt/!
!
Npnfnub!gspn!73!NfW0d!up!331!NfW0d!)ps!4/42!y!21.31!up!22/9!y!21.31!lh!n0t*!dbn!cf!tfmfdufe/!!Zpv!xjmm!tff!tjnvmbujpnt!
pg!ipx!uijt!jt!tfu!vq!bne!ipx!ju!svnt-!bne!zpv!xjmm!cf!hjwfn!sfbm!ebub!tfut!gspn!uijt!bqqbsbuvt/!!Gspn!uijt!zpv!nbz!
nblf!zpvs!pxn!hsbqit!bne!tff!ipx!uif!qsfejdujpnt!pg!sfmbujwjuz! “tubdl!vq ”/!

 
Units 
Ju!jt!dpnnpn!gps!tdjfnujtut!up!dipptf!vnjut!pg!nfbtvsfnfnu!uibu!sftvmu!jn!nvncfst!pg! “dpnnpn!tj{f ”-!spvhimz!1/2!up!:::/!!
Uijt!nblft!uifn!fbtjfs!up!sfnfncfs!bne!up!ep!dbmdvmbujpnt!xjui!pnf ’t!ifbe!)f/h/!nbtt!1/6!NfW0d3!bne!npu!9/:26!y!21.42!
lh*/!!!Dpntfrvfnumz-!bu!USJVNG!uif!tubnebse!vnjut!vtfe!bsf!npu!uif!pnft!uibu!xf!bsf!nptu!vtfe!up!jn!pvs! “ijhi!tdippm ”!
)nfdibnjdt!cbtfe*!dpnufyu/!!Bmuipvhi!zpv!xjmm!tff!uif!puifs!vnjut!vtfe!jn!tpnf!qbsut!pg!uif!wjefp-!zpv!xjmm!cf!hjwfn!
wbmvft!jn!uif!puifs!gbnjmjbs!ufsnt! –!bne!zpv!xjmm!gjne!uifn!sbuifs!bxlxbse!)bmm!uiptf!qpxfst!pg!ufn!xjmm!cf!rvjuf!
bnnpzjnh*"!!Zpv ’mm!qspcbcmz!bqqsfdjbuf!xiz!qbsujdmf!qiztjdt!vtf!uifjs!pxn!vnjut-!cvu!xf!uijnl!ju!xjmm!nblf!npsf!tfntf!up!
zpv!jg!zpv!vtf!uif!vnjut!xjui!xijdi!zpv!bne!zpvs!tuvefnut!bsf!bddvtupnfe!)fwfn!jg!uifz!bsf!b!cju!bxlxbse*-!up!bwpje!
dpngvtjpn/!
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The Apparatus 
B!tdifnbujd!ejbhsbn!tipxjnh!uif!tfu!vq!gps!uif!fyqfsjnfnu!jt!tipxn!cfmpx/!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!

	  
!
!
!
!
!
!
!
!

!

!

!

!

Tjndf!xf!lnpx!uif!ejtubndf!cfuxffn!uif!efufdupst!bne!uif!ujnf!ju!ublft!uif!qbsujdmft!up!usbwfm!cfuxffn!uif!efufdupst-!xf!
dbn!gjne!uif!wfmpdjuz!pg!fbdi!uzqf!pg!qbsujdmf!ejsfdumz/!Wf!bmtp!lnpx!uif!npnfnuvn!pg!uif!qbsujdmft!cfdbvtf!pnmz!pnf!
npnfnuvn!xbt!cfnu!dpssfdumz!cz!uif!nbhnfujd!gjfme/!Tp!xf!dbn!tff!ipx!npnfnuvn!bne!wfmpdjuz!bsf!bduvbmmz!sfmbufe/!

Zpv!xjmm!nblf!b!hsbqi!pg!pctfswfe!wt/!qsfejdufe!wbmvft!up!dpnqbsf!uif!dmbttjdbm!bne!sfmbujwjtujd!uifpsjft!xjui!
pctfswbujpn-!bne!efufsnjnf!uif!sftu!nbtt!pg!uiftf!qbsujdmft/!

1) Beam of protons 
from cyclotron 

3) Particles of various 
kinds & energies are 
produced by collision 

4) Magnetic field 
bends path of 
particles according 
to momentum 

5) Particles pass 
through detectors 
which signal timer 

6) Number of 
particles in each 
time bin are 
recorded.  

	  
	  

7) Computer produces a graph 
showing time to travel distance Δx 
for various particles. Each peak is 
one kind of particle, and we can 
calculate the velocity for that 
particle 

2) Hits 
Graphite 
Target 

time→	  

co
un
t→
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Worksheet 1.1   Approaching the Speed of Light – MKS Units 
 

 
 

  

 
!
!
!
2*!Uif!qjduvsf!cfmpx!tipxt!b!tjnqmjgjfe!tfdujpn!pg!uif!ebub!dibsu!gps!231!NfW0d-!tipxjnh!uif!nvpn!qfbl/!!
Ipx!nvdi!ujnf!)jn!nbnptfdpnet*!ep!uif!hsfbuftu!nvncfs!pg!nvpnt!ublf!up!dsptt!uif!ejtubndf!cfuxffn!uif!
efufdupst@!Opujdf!uibu!hsjemjnft!ibwf!cffn!beefe/!!Pn!uif!bduvbm!dibsu!zpv!dbn!gjhvsf!uiftf!pvu!cz!mppljnh!bu!
uif!tufqt"!
!

!
!

! ! ! ! !
! ! ! ! !

! !

! !
!

! ! ! ! ! ! ! ! ! !
! !

!

)bnt;!2:/9!nt*!

3*!Hjwfn!uijt!ujnf-!xibu!jt!uif!wfmpdjuz!pg!uif!nvpnt@!

!!!!!w!>!
Δe
Δu

!!>!
5/51n

2:/9×21 –:t
!>!3/33×219!n0t!

! ! ! ! ! ! ! ! ! ! ! !!!!!!!!!!!!!)bnt;!3/33×219!n0t*!

4*!Wibu!npnfnuvn!xpvme!zpv!dbmdvmbuf!hjwfn!uif!nvpn’t!wfmpdjuz!jg!uif!dmbttjdbm!gpsnvmb!q!>!nw!xfsf!
dpssfdu@!

q!>!nw!>!)2/9:×21 –.39!lh*)!3/33×219!n0t*!>!5/31×21 –21!lh!n0t! ! ! ! !!!!!!!!)bnt;!5/31×21 –21!lh!n0t*!
!

!

5*!Wibu!npnfnuvn!xpvme!zpv!fyqfdu!hjwfn!uif!nvpn’’t!wfmpdjuz!jg!uif!sfmbujwjtujd!gpsnvmb!q!>!γnw!xfsf!
dpssfdu@!

!!!!!γ>
2

2.)3/33×219!n0t!÷!3/::83569!×219!n0t!*3
!>!2/5:1!

!

!!!!tp! !q!>!γnw!>!2/5:1)2/9:×21 –.39!lh*)!3/33×219!n0t*!>!7/37×21 –21!lh!n0t!! !!!!!!!!)bnt;!7/37×21 –21!lh!n0t*!

!
6*!Wijdi!jt!dmptfs!nbudijnh!uif!bduvbm!npnfnuvn-!uif!dmbttjdbm!gpsnvmb!ps!uif!sfmbujwjtujd!gpsnvmb@!

!!!!Uif!tubufe!wbmvf!pg!uif!npnfnuvn!)231!NfW0d*!jt!7/52×21 –21!lh!n0t/!!Dmfbsmz!uif!sfmbujwjtujd!frvbujpn!jt!b!nvdi!
cfuufs!nbudi!uibn!uif!dmbttjdbm!gpsnvmb/!

v	  

4.40m	  

Timer	  

Mass of muon: 106 MeV/c2 

 
 = 1.89×10–28 kg 

Momentum:   120MeV/c 
 =  6.41×10–20 kg m/s 
Separation: 4.40 m 

19	   20	   21	  
Time	  
(ns)	  

Peak is at about 19.8ns 
(probably ±0.1ns) 
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Worksheet 1.1   Approaching the Speed of Light – Physicist Units!

 

 
 

  

 
!
!
!
2*!Uif!qjduvsf!cfmpx!tipxt!b!tjnqmjgjfe!tfdujpn!pg!uif!ebub!dibsu!gps!231!NfW0d-!tipxjnh!uif!nvpn!qfbl/!!
Ipx!nvdi!ujnf!)jn!nbnptfdpnet*!ep!uif!hsfbuftu!nvncfs!pg!nvpnt!ublf!up!dsptt!uif!ejtubndf!cfuxffn!uif!
efufdupst@!Opujdf!uibu!hsjemjnft!ibwf!cffn!beefe/!!Pn!uif!bduvbm!dibsu!zpv!dbn!gjhvsf!uiftf!pvu!cz!mppljnh!bu!
uif!tufqt"!
!
! !

! ! !
! ! !
! ! !
! ! !

! ! !
! ! ! ! ! !

! ! ! ! ! )bnt;!
2:/9!nt*!

!

3*!Hjwfn!uijt!ujnf-!xibu!jt!uif!wfmpdjuz!pg!uif!nvpnt@!

!!!!w!>!
Δe
Δu

!!>!
5/51n

2:/9×21 –:t
!>!3/33×219!n0t!

!

!!!tjndf! !!!d!>!3/::8:3569×219n0t!

! !!!w!>!
3/33×219!n0t

!3/::8:3569×219n0t
!!>!1/852d! ! ! ! ! ! !!!!!!!!!!!!!!!!!!!!!!!)bnt;!1/852d*

! !

4*!Wibu!npnfnuvn!xpvme!zpv!dbmdvmbuf!hjwfn!uif!nvpn’t!wfmpdjuz!jg!uif!dmbttjdbm!gpsnvmb!q!>!nw!xfsf!
dpssfdu@!

!!!!!q!>!nw!>!)217NfW0d3*)1/852d*!>!89/7!NfW0d! ! ! ! ! ! !!!!!!!!!!!!!!!!)bnt;!89/7!NfW0d*!
!

5*!Wibu!npnfnuvn!xpvme!zpv!fyqfdu!hjwfn!uif!nvpn’t!wfmpdjuz!jg!uif!sfmbujwjtujd!gpsnvmb!q!>!γnw!xfsf!
dpssfdu@!

!!!!!γ>
2

2.)1/852d0d*3
!>!2/5:1!

!!!!!tp! !!!q!>!γnw!>!2/5:1)217!NfW0d3*)1/852d*!>!228!NfW0d! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!)bnt;!228!NfW0d*!

!
6*!Wijdi!jt!dmptfs!nbudijnh!uif!bduvbm!npnfnuvn-!uif!dmbttjdbm!gpsnvmb!ps!uif!sfmbujwjtujd!gpsnvmb@!

!!!!!Uif!tubufe!wbmvf!pg!uif!npnfnuvn!jt!231!NfW0d/!!Dmfbsmz!uif!sfmbujwjtujd!frvbujpn!jt!b!nvdi!cfuufs!nbudi!uibn!uif!!
!!!!!dmbttjdbm!gpsnvmb/!

v	  

4.40m	  

Timer	  

Mass of muon: 106 MeV/c2 

 
 = 1.89×10-28 kg 

Momentum:   120MeV/c 
 =  6.41×10–20 kgm/s 
Separation: 4.40 m 

19	   20	   21	  
Time	  
(ns)	  

Peak is at about 19.8ns 
(probably ±0.1ns) 
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!
Opuf!uibu!xifn!dpnqbsjnh!ebub!xifsf!xf!ibwf!b!nvncfs!pg!qpjnut!uif!cftu!nfuipe!jt!vtvbmmz!up!hsbqi!uif!ebub!npu!
dpnqbsf!qpjnu!cz!qpjnu/!Uibu!xbz!uif!xipmf!qbuufsn!dbn!cf!tffn!bu!pndf!bne!ejggfsfndft!gspn!uif!qsfejdufe!dvswf!dbn!
cf!tipxn!nptu!dmfbsmz/!Vtf!uif!gpmmpxjnh!tiffut!)ps!zpvs!pxn!ebub!ubcmf*!up!sfdpse!uif!ujnft!bne!dbmdvmbuf!uif!
bqqspqsjbuf!wbmvft!gps!zpvs!qmpu/!
!
!

Student Exercise Instructions 
 

Vtjnh!uif!ebub!tvqqmjfe!pn!uif!cbs!hsbqi!gps!fbdi!npnfnuvn;!
!

2/ Efufsnjnf!u!gps!uif!nvpn!qfbl/!

3/ Vtf!e!>!5/51!n!bne!w!>!e0u!up!dbmdvmbuf!w/!

4/ Qmpu!q!)wfsujdbm*!wfstvt!w!)ipsj{pnubm*/!

5/ Epft!uif!hsbqi!mppl!dvswfe!)sfmbujwjuz*!ps!tusbjhiu!)dmbttjdbm*@!

!
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Data Table [1] 
Calculations 
Npnfnuvn!nbz!cf!gpvne!pn!uif!hsbqit/!!Vtf!uif!T/J/!vnjut/!
!
Ujnf!jt!gpvne!gspn!uif!qfblt!bt!tipxn!jn!uif!wjefp/!!Sfnfncfs!uibu!uiftf!ujnft!bsf!jn!nbnptfdpne!)21.:!t*/!
!

Wfmpdjuz!jt!

€ 

displacement
time

/!!Uif!ejtubndf!bmpnh!uif!cfbn!mjnf!jt!5/51!n-!tp!

€ 

v =
4.40m
time

!

!
Momentum (x10-20 kg m/s) Time (x10-9 s) Velocity (x107 m/s) 
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Data Table [2] 
Calculations 
Npnfnuvn!nbz!cf!gpvne!pn!uif!hsbqit/!!Vtf!uif!T/J/!vnjut/!
!
Ujnf!jt!gpvne!gspn!uif!qfblt!bt!tipxn!jn!uif!wjefp/!!Sfnfncfs!uibu!uiftf!ujnft!bsf!jn!nbnptfdpne!)21.:!t*/!
!

Wfmpdjuz!jt!

€ 

displacement
time

/!!Uif!ejtubndf!bmpnh!uif!cfbn!mjnf!jt!5/51!n-!tp!

€ 

v =
4.40m
time

!

 
Momentum  
(x10-20 kg m/s) 

Time  
(x10-9 s) 

Velocity  
(x107 m/s) 

€ 

γ =
1
1− v 2

c 2

 

€ 

v x 

€ 

γ  
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1.1 Extension:   Introduction to Mesons and their Decays 
 
Uif!Tuspnh!Ovdmfbs!Gpsdf!

Ju!xbt!lnpxn!cz!2:43!uibu!uif!bupn!dpntjtufe!pg!nfhbujwfmz!dibshfe!qbsujdmft!dbmmfe!fmfduspnt-!pscjujnh!bspvne!b!
qptjujwfmz!dibshfe!nvdmfvt/!!Uif!nvdmfvt!jn!uvsn!xbt!lnpxn!up!dpntjtu!pg!qptjujwf!qspupnt!bne!fmfdusjdbmmz!nfvusbm!
nfvuspnt/!!Cvu!xibu!xbt!ipmejnh!uif!qspupnt!uphfuifs@!!Uifjs!nvuvbm!fmfdusptubujd!sfqvmtjpn!tipvme!nblf!uif!qspupnt!
sfqfm!fbdi!puifs/!!Uifsf!nvtu!cf!tpnf!puifs!uzqf!pg!gpsdf!jntjef!uif!nvdmfvt/!
!
Uif!Kbqbnftf!uifpsfujdbm!qiztjdjtu!Zvlbxb!qspqptfe!uibu!uif!nvdmfvt!xbt!cpvne!uphfuifs!cz!uif!tibsjnh-!ps!fydibnhf!pg!
qbsujdmft!dbmmfe!nftpnt/!!Uijt!jt!jmmvtusbufe!jn!uif!gpmmpxjnh!gjhvsf/!!
!

	  
Visualizing the nuclear force as an “exchange” of a meson between protons and neutrons. 

	  
B!qspupn!dpvme!tqpnubnfpvtmz!uvsn!jnup!b!nfvuspn!qmvt!b!qptjujwf!nftpn/!!Bddpsejnh!up!rvbnuvn!nfdibnjdt-!uif!
ifbwjfs!uif!nftpn-!uif!tipsufs!uif!ujnf!qfsjpe!uibu!uijt!jt!bmmpxfe!up!qfstjtu-!cfdbvtf!uijt!jnufsnfejbuf!tubuf!jt!b!
ufnqpsbsz!wjpmbujpn!pg!uif!dpntfswbujpn!pg!fnfshz/!Uijt!nftpn!jt!uifn!bctpscfe!cz!b!nfvuspn!jn!uif!nvdmfvt-!bne!uibu!
nfvuspn!uvsnt!jnup!b!qspupn/!!Uif!nfu!sftvmu!jt!uibu!uif!jnjujbm!qspupn!ibt!uvsnfe!jnup!b!nfvuspn-!bne!uif!jnjujbm!nfvuspn!
ibt!uvsnfe!jnup!b!qspupn/!!B!tfdpne!qpttjcjmjuz!jt!uibu!uif!qspupn!uvsnt!jnup!b!qspupn!qmvt!b!nfvusbm!nftpn-!xijdi!jt!
uifn!bctpscfe!cz!bnpuifs!qspupn/!!B!uijse!qpttjcjmjuz!jt!uibu!b!nfvuspn!uvsnt!jnup!b!nfvuspn!qmvt!b!nfvusbm!nftpn-!xifn!
jt!uifn!bctpscfe!cz!bnpuifs!nfvuspn!ps!qspupn/!Jn!uiftf!mbtu!uxp!qpttjcjmjujft-!uif!jnjujbm!qspupnt!bne!nfvuspnt!sfubjn!
uifjs!jefnujujft/!!!
!
Uif!tibsjnh!pg!uif!nftpn!qvmmt!uif!qspupn!bne!uif!nfvuspn!uphfuifs-!cfdbvtf!uif!nftpn!jt!b! “tujdlz ”!qbsujdmf!uibu!jt!
buusbdufe!up!cpui!uif!qspupn!bne!uif!nfvuspn/!!Uijt!jt!tpnfxibu!mjlf!uif!tjuvbujpn!pg!dpwbmfnu!cpnet!jn!difnjtusz-!
xifsf!uxp!bupnt!bsf!cpnefe!uphfuifs!cz!tibsjnh!fmfduspnt-!xijdi!bsf!buusbdufe!up!uif!qptjujwf!nvdmfj!pg!uif!uxp!bupnt!
cfjnh!cpvne/!
!
Uif!qjduvsf!pg!uif!bupnjd!nvdmfvt!jt!uivt!npu!b!tubujd!pnf-!xifsf!uifsf!bsf!kvtu!qspupnt!bne!nfvuspnt!tjuujnh!uifsf!
vndibnhfe-!cvu!b!eznbnjd!pnf-!xifsf!nftpnt!pg!wbsjpvt!uzqft!bsf!dpnujnvbmmz!qpqqjnh!jnup!fyjtufndf!bne!cfjnh!
fydibnhfe!cfuxffn!uif!qspupnt!bne!nfvuspnt!jntjef!uif!nvdmfvt/!
!
!
Uif!cpnet!uibu!ipme!qspupnt!bne!nfvuspnt!uphfuifs!jntjef!uif!bupnjd!nvdmfvt!bsf!spvhimz!2-111-111y!tuspnhfs!uibn!uif!
cpnet!uibu!ipme!bupnt!uphfuifs!jn!npmfdvmft/!!Uibu(t!xiz!nvdmfbs!sfbdujpnt!qspevdf!tp!nvdi!npsf!fnfshz!uibn!
difnjdbm!sfbdujpnt/!!!
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Nftpn!Uzqft!bne!Uifjs!Qspevdujpn!

Nftpnt!xfsf!gjstu!ejtdpwfsfe!jn!dpmmjtjpnt!pg!ijhi.fnfshz!qbsujdmft!gspn!pvufs!tqbdf!dbmmfe!dptnjd!sbzt-!xjui!uif!bupnjd!
nvdmfj!jn!uif!bjs!npmfdvmft!pg!uif!bunptqifsf/!Mbufs-!xjui!uif!jnwfnujpn!pg!qbsujdmf!bddfmfsbupst-!nftpnt!xfsf!ejtdpwfsfe!
jn!nbn.nbef!dpmmjtjpnt!pg!ijhi.fnfshz!qbsujdmf!cfbnt!xjui!nvdmfj!pg!wbsjpvt!nbufsjbmt/!Jn!uiftf!dpmmjtjpnt-!uif!ijhi.
fnfshz!qbsujdmft!xpvme!cmpx!uif!bupnjd!nvdmfj!bqbsu-!bne!uif!nftpnt!xpvme!cf!mjcfsbufe!bt!gsff!qbsujdmft/!!Ju!xbt!gpvne!
uibu!uifsf!xbt!npu!kvtu!pnf!uzqf!pg!nftpn-!cvu!b!xipmf!{pp!pg!nftpnt/!!Uif!bddpnqbnzjnh!ubcmf!mjtut!kvtu!b!gfx!pg!uif!
ep{fnt!pg!lnpxn!nftpnt/!!Uif!mjhiuftu!pg!uiftf!jt!uif!qj.nftpn!)efnpufe!cz!uif!Hsffl!tzncpm!π*-!bmtp!dbmmfe!qjpnt!gps!
tipsu/!!Ju!jt!gpvne!uibu!qjpnt!dpnf!jn!qptjujwf-!nfhbujwf-!bne!nfvusbm!uzqft-!bne!uiftf!bsf!efnpufe!cz!uif!tzncpmt!π,-!π.-!
bne!π1-!sftqfdujwfmz/!!Bmm!uiftf!nftpnt!mjwf!gps!b!wfsz!tipsu!qfsjpe!pg!ujnf!cfgpsf!uifz!efdbz!jnup!puifs!qbsujdmft/!!Uif!
ubcmf!bmtp!tipxt!uif!nptu!jnqpsubnu!efdbz!npeft/!

!
Bddpsejnh!up!Fjntufjn’t!gbnpvt!frvbujpn!F!>!nd3-!jn!psefs!up!qspevdf!b!qbsujdmf!pg!nbtt!n-!pnf!nffet!up!tvqqmz!bn!
bnpvnu!pg!fnfshz!F/!!Ju!jt!tffn!uibu!uif!USJVNG!dzdmpuspn-!xijdi!qspevdft!b!cfbn!pg!qspupnt!pg!fnfshz!611!NfW-!ibt!
fnpvhi!fnfshz!up!qspevdf!pnmz!qj.nftpnt-!bne!npu!uif!ifbwjfs!nftpnt/!!Jn!gbdu-!USJVNG!jt!bn!bdspnzn!gps! “Usj.
Vnjwfstjuz!Nftpn!Gbdjmjuz ”-!b!qbsujdmf!bddfmfsbups!eftjhnfe!up!qspevdf!mbshf!nvncfst!pg!qj.nftpnt/!
!
Nftpn!Efdbz!

Uif!qbsujdmf!dpmmjtjpnt!qspevdf!mbshf!nvncfst!pg!dibshfe!qjpnt!bne!nfvusbm!qjpnt/!!Uif!nfvusbm!qjpnt!efdbz!tp!rvjdlmz!
uibu!uifz!epn’u!fwfn!nblf!ju!pvu!pg!uif!bupn-!cfgpsf!uifz!efdbz!jnup!uxp!hbnnb!sbzt;!
!

!!!!!!!!!π1!→!γ!,!γ!
!
Fbdi!pg!uiftf!ijhi.fnfshz!hbnnb!sbzt!xjmm!tusjlf!puifs!bupnt!jn!uif!dbscpn!ubshfu-!ps!uif!tuffm!bu!uif!gspnu!fne!pg!uif!
cfbn!mjnf-!bne!qspevdf!bn!fmfduspn.qptjuspn!qbjs/!
!

!!!!!!!!γ!,!bupn!→!f.!,!f,!,!bupn!
!
Ifsf-!f.!jt!uif!npsnbm!nfhbujwfmz.dibshfe!fmfduspn!uibu!xf!gjne!jn!bmm!bupnt-!bne!f,!jt!bn!bnuj.nbuufs!fmfduspn-!xijdi!jt!
qptjujwfmz.dibshfe-!bne!xijdi!jt!uifsfgpsf!nbnfe!uif!qptjuspn/!!!
!
!
!

Uif!qptjujwfmz.dibshfe!qjpn!efdbzt!jnup!b!qptjujwf!nvpn!)eftjhnbufe!cz!uif!Hsffl!tzncpm!µ !\ “nv ”^*-!qmvt!b!nvpn.uzqf!

nfvusjnp!)eftjhnbufe!cz!tzncpm!ν !\ “nv ”^*/!
!

!!!!!!!!π,!→!µ,!,!νµ!!
!
xifsfbt!uif!nfhbujwf!dibshfe!qjpn!efdbzt!jnup!b!nfhbujwf!nvpn!qmvt!b!nvpn.uzqf!bnuj.nfvusjnp;!
!!!!!!!!!
!!!!!!!

€ 

π− → µ− + ν µ !

Symbol Name Mass 
(MeV/c2) 

Half-Life (seconds) Decay Mode 

π+, π- charged pion 139.57 1.8 x 10-8 µ + νµ 

π0 neutral pion 134.98 5.8 x 10-17 γ + γ 
η eta meson 547.30 3.9 x 10-19 γ + γ 

3π0 

π+π-π0 

ρ rho meson 771.1 3.0 x 10-24 π + π 
ω omega meson 782.57 7.1 x 10-23 π+π-π0 
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!
Uif!nfvusjnpt!bne!bnuj.nfvusjnpt!bsf!hiptumz!qbsujdmft-!xijdi!bsf!tp!jnfsu!uibu!nptu!pg!uifn!qbtt!tusbjhiu!uispvhi!uif!
dpndsfuf!tijfmejnh!cmpdlt-!bne!tusbjhiu!uispvhi!uif!fnujsf!fbsui/!!Uifz!qmbz!np!spmf!jn!pvs!fyqfsjnfnu/!!Nvpnt!bsf!
qbsujdmft!uibu!bsf!tjnjmbs!up!fmfduspnt-!cvu!bcpvu!311!ujnft!ifbwjfs!uibn!fmfduspnt/!!Uif!nvpnt!bmtp!fwfnuvbmmz!efdbz!jnup!
fmfduspnt!)ps!qptjuspnt*!qmvt!nfvusjnpt-!cvu!tjndf!uifjs!ibmg.mjgf!jt!2/6!y!21.7!tfdpnet-!bne!uifz!bsf!hpjnh!nfbs!uif!tqffe!pg!
mjhiu-!wfsz!gfx!pg!uifn!efdbz!xijmf!gmzjnh!epxn!uif!cfbn!mjnf-!xijdi!ibt!b!mfnhui!pg!bcpvu!28!nfusft/!!)Bn!bncjujpvt!
tuvefnu!dpvme!ftujnbuf!xibu!gsbdujpn!pg!uif!nvpnt!efdbz!xijmf!gmzjnh!epxn!uif!cfbn!mjnf-!xjui!bne!xjuipvu!sfmbujwjtujd!
ujnf!ejmbujpn!ublfn!jnup!bddpvnu*/!
!

Wibu!fnufst!uif!gspnu!fne!pg!uif!cfbn!mjnf-!uifn-!bsf!uif!π ,!bne!π .!xijdi!ibwf!npu!zfu!efdbzfe-!qmvt!µ ,!bne!µ .!
psjhjnbujnh!gspn!efdbz!pg!dibshfe!qjpnt-!qmvt!f,!bne!f .!nbef!cz!uif!γ !sbzt!gspn!efdbz!pg!nfvusbm!qjpnt/!
!
Uif!cfnejnh!nbhnfut!jn!uif!cfbn!mjnf!tfmfdu!pnmz!qptjujwfmz!dibshfe!qbsujdmft-!tp!xibu!fnfshft!gspn!uif!fne!pg!uif!

cfbn!mjnf!up!tusjlf!pvs!efufdupst!jt!b!njyuvsf!pg!π,-!µ,!bne!f,-!bmm!xjui!bmnptu!uif!tbnf!npnfnuvn!efufsnjnfe!cz!uif!
tusfnhui!pg!uif!cfnejnh!nbhnfut/!
!
Bn!fybnjnbujpn!pg!uif!ebub!hsbqit!tipxt!uibu!bt!uif!npnfnuvn!pg!uif!cfbn!mjnf!jndsfbtft-!uif!nvncfs!pg!qjpnt!
sfmbujwf!up!nvpnt!bmtp!jndsfbtft/!!Uijt!jt!cfdbvtf!jndsfbtjnh!uif!npnfnuvn!pg!uif!cfbn!mjnf!tfmfdut!qbsujdmft!uibu!bsf!
hpjnh!gbtufs-!xijdi!jn!uvsn!ublf!mftt!ujnf!up!gmz!epxn!uif!cfbn!mjnf-!bne!ifndf!uif!qjpnt!ibwf!mftt!pqqpsuvnjuz!up!efdbz!
jnup!nvpnt/!
!
Tubnebse!Npefm!

Uif!ejtdpwfsz!pg!nftpnt!bne!puifs!uzqft!pg!qbsujdmft!mjlf!uif!qspupn!bne!nfvuspn!)bt!xfmm!bt!uif!nvpn!bne!nfvusjnpt*!
mfbe!up!tvdi!b!{pp!pg!qbsujdmft!uibu!qiztjdjtut!gfmu!uiftf!qbsujdmft!dpvme!npu!cf!gvnebnfnubm!bgufs!bmm-!cvu!nvtu!cf!nbef!
vq!pg!tpnfuijnh!fmtf/!
!
Nvssbz!Hfm.Nbnn!bne!puifst!qspqptfe!b!npefm!cbtfe!pn!uif!jefb!uibu!qspupnt-!nfvuspnt-!qjpnt!bne!puifs!qbsujdmft!
xfsf!nbef!vq!pg!b!tnbmmfs!gvnebnfnubm!qbsujdmf!dbmmfe!b! ‘rvbsl ’/!Rvbslt!bne!Mfqupnt!)tvdi!bt!uif!fmfduspn!bne!uif!
nvpn*!uifn!cfdpnf!uif!gvnebnfnubm!qbsujdmft-!xijmf!qspupnt!ps!qjpnt!bsf!dpnqptfe!pg!rvbslt!bddpsejnh!up!qbsujdvmbs!
mbxt!pg!qiztjdt/!!Gps!fybnqmf!uif!qjpnt!xf!ibwf!vtfe!bsf!nbef!vq!gspn!bn!vq!rvbsl!bne!bn!bnuj.epxn!rvbsl!)ju!tpvnet!
dpngvtjnh-!cvu!ju!jtn’u!uibu!cbe"*!
!
Uijt!jefb!ibt!cffn!nbef!jnup!b!tpqijtujdbufe!uifpsz!pg!tvcbupnjd!qbsujdmft!npx!dbmmfe! “Uif!Tubnebse!Npefm ”!xijdi!jt!
wfsz!tvddfttgvm!bu!ifmqjnh!vt!vnefstubne!ipx!qbsujdmft!cfibwf!bne!jnufsbdu/!Tpnf!uppmt!pg!uijt!uifpsz-!tvdi!bt!
dpndfquvbm!Gfznnbn!ejbhsbnt!bne!fnfshz!dbmdvmbujpnt!bsf!pgufn!epnf!jn!tdippmt-!bne!gfbuvsf!jn!uif!fyufntjpn!
xpsltiffu/!
Nbufsjbmt!bcpvu!uiftf!upqjdt!dbn!cf!gpvne-!gps!fybnqmf-!pn!uif!xfctjuf!pg!DFSO!)bnpuifs!qbsujdmf!qiztjdt!sftfbsdi!
dfnusf!xijdi!USJVNG!tpnfujnft!xpslt!xjui*/!Usz!iuuq;00qbsujdmfbewfnuvsf/psh!up!hfu!tubsufe"!
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Worksheet 1.2   The Particles 
Uif!nbjn!qbsujdmft!zpv!xjmm!tff!jn!uijt!fyqfsjnfnu!bsf!qjpnt!)π,*-!nvpnt!)µ,*-!bne!qptjuspnt!)f,*/!

Uiftf!qbsujdmft!bsf!qspevdft!xifn!uif!ijhi.fnfshz!qspupnt!jn!uif!cfbn!iju!uif!qspupnt!jn!uif!ubshfu;!

! ! ! q!,!q!→!q!,!n!,!π,! !

!

Uif!π!nftpn-!ps!qjpn-!ibt!b!nbtt!pg!24:/7!NfW0d3-!ps!bcpvu!384!ujnft!uibu!pg!bn!fmfduspn/!Ju!jt!b!tipsu.mjwfe!qbsujdmf-!
xjui!b!ibmg.mjgf!pg!pnmz!28/8!nt!jn!jut!sftu!gsbnf/!!
!
Hjwfn!uibu!uif!nbtt!pg!b!qspupn!jt!:49/4!NfW0d3!bne!b!nfvuspn!jt!:4:/7!NfW0d3/!
!
2*!Wibu!jt!uif!upubm!sftu!fnfshz!pg!uif!uxp!qspupnt@!

!!!!Uif!upubm!nbtt!jt!:49/4!NfW0d3!!,!:49/4!NfW0d3!>!2987/7!NfW0d3!

!!!!tp! F!>!nd3!>!2987/7!NfW0d3!×!d3!>!2987/7!NfW! ! ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!)bnt;!2987/7!NfW*
! !
3*!Wibu!jt!uif!upubm!sftu!fnfshz!pg!uif!qspevdut!pg!uif!sfbdujpn!)uif!qspupn-!nfvuspnt-!bne!qjpn*@!

!!!!nbtt!)q*!,!nbtt)n*!,!nbtt)π,*!>!:49/4!NfW0d3!!,!:4:/7!NfW0d3!!,!24:/7NfW0d3!>!3128!NfW0d3!

!!!!tp! F!>!nd3!>!3128/6!NfW0d3!×!d3!>!3128/6!NfW! ! ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!)bnt;!3128/6!NfW*
! !

4*!Wibu!beejujpnbm!fnfshz!nvtu!cf!tvqqmjfe!up!dsfbuf!qjpnt!vtjnh!uif!bcpwf!sfbdujpn@!

!!!!!Fgjnbm! –!Fjnjujbm!>!3128/6!NfW! –!2987/7!NfW!>!251/:!NfW! ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!)bnt;!251/:!NfW*!

5*!Uif!fnfshz!nffefe!gps!uif!sfbdujpn!dpnft!gspn!uif!ljnfujd!fnfshz!pg!uif!qspupn!jn!uif!dpmmjtjpn/!Bnz!
fnfshz!npu!vtfe!jn!dsfbujnh!uif!qbsujdmft!sfnbjnt!bt!ljnfujd!fnfshz!jn!uif!qspevdut/!Hjwfn!uibu!uif!cfbn!bu!
USJVNG!dbn!hp!vq!up!631NfW!xibu!jt!uif!ijhiftu!ljnfujd!fnfshz!uibu!b!qjpn!qspevdfe!uijt!xbz!dpvme!ibwf@!

!!!!!FLg!>!FLj!.!Fnffefe!>!631!NfW! –!251/:!NfW!>!48:!NfW!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!)bnt;!48:!NfW*!
! !

6*!Wibu!jt!uif!upubm!fnfshz!pg!uif!qjpn!)jndmvejnh!ljnfujd!fnfshz!bne!sftu!nbtt*@!

!!!!!Fupubm!>!nd3!,!FL!>!24:/7!NfW0d3!×!d3!,!48:!NfW!>!62:!NfW! ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!)bnt;!62:!NfW*
! ! !

7*!Wibu!xpvme!b!qjpn’t!wfmpdjuz!cf!xjui!uijt!bnpvnu!pg!ljnfujd!fnfshz@!)ijnu;!ju!jt!nfbs!d-!vtf!!sfmbujwjuz"*!

!!!!!!γ!>!
Fupubm
Fp

!!>!
62:!NfW
24:/7!NfW

!>!4/826!

!!!!!!w!>! 2! –!20γ3!>! 2! –!204/8263!>!1/:74d!!!! ! ! ! ! ! ! !!!!!!!!!!!)bnt;!1/:74!d*
! ! !
8*!Wiz!jt!uif!qjpn!mjlfmz!up!ibwf!b!sbnhf!pg!ljnfujd!fnfshjft-!vtvbmmz!mftt!uibn!uijt!nbyjnvn@!

!!!!Tpnf!npnfnuvn!bne!fnfshz!xjmm!cf!dbssjfe!bxbz!cz!uif!puifs!qbsujdmft/!Wjui!uisff!qbsujdmft!uifsf!bsf!b!sbnhf!pg!!
!!!!qpttjcmf!pvudpnft/!
!
9*!Wibu!xpvme!uif!npnfnuvn!cf!gps!b!qjpn!xjui!uijt!nbyjnvn!ljnfujd!fnfshz@!

!!!!q!>!γnw!>!4/826!)24:/7!NfW0d3*)1/:74d*!>!5::!NfW0d! ! ! ! ! ! !!!!!)bnt;!5::!NfW0d*
! ! !
!

!
!
!
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!
Opuf;!uijt!tfdpne!qbhf!pg!uif!xpsltiffu!xbt!psjhjnbmmz!efwfmpqfe!gps!uif!JC!sfmbujwjuz!bne!qbsujdmf!qiztjdt!fyufntjpn/!
!
Uif!qjpn!efdbzt!jnup!b!nvpn!bne!b!nfvusjnp;!

€ 

π + → µ+ + ν µ!
!

Uif!nvpn!jt!b!dibshfe!qbsujdmf!uibu!jt!bmnptu!fybdumz!mjlf!uif!fmfduspn-!pnmz!bcpvu!311!ujnft!ifbwjfs!)n!>!216/8!
NfW0d3*/!!!
!

:*!Esbx!b!Gfznnbn!ejbhsbn!gps!uif!efdbz!pg!uif!qjpn!)uif!π,!dpntjtut!pg!bn!vq!bne!bn!bnujepxn!rvbsl*/!
!
!
!
!
!
21*!Jg!uif!nvpn!sfdfjwfe!bmm!uif!npnfnuvn!pg!uif!psjhjnbm!qjpn-!xibu!xpvme!jut!wfmpdjuz!cf@!)Uijt!jt!b!cju!
usjdljfs!uibn!ju!mpplt!tjndf!zpv!nffe!up!vtf!sfmbujwjtujd!gpsnvmbt!gps!npnfnuvn/*!

!!!!!!q!>!5::!NfW0d!>!γnw! tp!!!!γw!>!
5::!NfW0d

216/8!NfW0d3
!!>!5/836d!!

!!!!!uivt!!
w

2.)w0d*3
!!>!5/836d! !!!!!!!!w3!>!33/4d3)2! –!w30d3*!! !!

!!!!!w3!,!5/83w3!>!5/83d3! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!w!>!
33/4d3

34/4
!!>!1/:89d! ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!)bnt;!1/:89d*

! ! !
22*!Wibu!xpvme!uif!upubm!fnfshz!pg!b!nvpn!xjui!uibu!wfmpdjuz@!

!!!!!!γF1!!!!bne! γ!>!γw0w!>!5/83601/:89!>!5/94!
!!!!!!>!5/94)216/8NfW*!>!621!NfW!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!)bnt;!621!NfW*!
!
23*!Dpnqbsf!uijt!up!uif!ljnfujd!fnfshz!pg!uif!qjpn!psjhjnbmmz/!Wibu!jt!xspnh@!

!!!!!!Uif!psjhjnbm!FL!pg!uif!qjpn!xbt!62:!NfW/!!Bcpvu!:!NfW!pg!fnfshz!jt!vnbddpvnufe!gps/!!Fjuifs!fnfshz!jt!npu!!
!!!!!!dpntfswfe!jn!uijt!dbtf-!ps!tpnfuijnh!jt!njttjnh"!
!
24*!Wifsf!jt!uif!njttjnh!fnfshz@!

!!!!!!Tpnf!puifs!qbsujdmf!nvtu!ublf!tpnf!fnfshz!bne!npnfnuvn!bgufs!uif!efdbz/!Uijt!jt!xibu!uif!nfvusjnp!epft-!bne!uif!!
!!!!!!ejggfsfndf!jn!fnfshz!jn!tvdi!efdbzt!jt!xibu!ujqqfe!qiztjdjtut!pgg!up!uif!fyjtufndf!pg!uif!nfvusjnp!jn!uif!gjstu!qmbdf"!!
Uif!!
!!!!!!nvpn!ibt!b!ibmg.mjgf!jn!jut!sftu!gsbnf!pg!2/6!njdsptfdpnet-!efdbzjnh!jnup!b!qptjuspn!!qmvt!uxp!nfvusjnpt;!Uif!
fmfduspn!jt!!
!!!!!!b!wfsz!mjhiu!qbsujdmf-!xjui!b!sftu!nbtt!pg!1/622!NfW0d3!/!!!!

! !

€ 

µ+ → e+ + ν e + ν µ !

!
25*!Esbx!b!Gfznnbn!ejbhsbn!gps!uif!efdbz!pg!uif!nvpn!)ijnu;!uif!uxp!nfvusjnpt!bsf!b!dmvf*/!

!
!
!
!
!
!
!

26*!Hjwfn!uijt!wfsz!tnbmm!nbtt!uif!fmfduspn!xjmm!ibwf!wfsz!ijhi!wfmpdjujft/!Fyqmbjn!xiz/!

u	  

–d	  	  

µ+	  

νµ	  

W+	  

µ+	   W+	  
e+	  

νe	  

–νµ	  
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!!!!!!Up!dbssz!b!npnfnuvn!fwfn!b!gsbdujpn!pg!uibu!pg!uif!nvpn!uif!fmfduspn!nvtu!ibwf!b!wfsz!wfsz!ijhi!wfmpdjuz/!

 
Extension:   How does the Bending Magnet Select Particles for Momentum?  
[Right-Hand Rule Version 1]  
!
B!dibshf!r!npwjnh!jn!b!nbhnfujd!gjfme!pg!tusfnhui!C!xjmm!fyqfsjfndf!b!gpsdf!pg!!!GC!>!r!w!C!
!
GC!>!Gpsdf!gspn!uif!nbhnfujd!gjfme!
r!>!qbsujdmf!dibshf!
w!>!qbsujdmf!wfmpdjuz!
C!>!nbhnfujd!gjfme!tusfnhui!
!
Uif!ejsfdujpn!pg!uijt!gpsdf!jt!hjwfn!cz!uif!sjhiu!ibne!svmf;!
!

!

!)Gpsdf!jt!dpnjnh!pvu!pg!uif!qbhf*!
!
Gps!fybnqmf!mfu ’t!tvqqptf!uibu!uifsf!bsf!nbhnfut!pn!fjuifs!tjef!pg!uijt!qjfdf!pg!qbqfs/!!Uijt!xpvme!mfbe!up!b!nbhnfujd!
gjfme!qfsqfnejdvmbs!up!uif!qbqfs!bne!dpnjnh!pvu!pg!uif!qbhf/!!B!dibshfe!qbsujdmf!usbwfmjnh!jnup!uijt!gjfme!gffmt!b!gpsdf!bt!
tipxn!cfmpx/!
!

!
!

!
!

Qmbdf!zpvs!sjhiu!ibne!pn!uif!ubcmf!jn!gspnu!pg!zpv/!!Jg!uif!qbsujdmf!jt!usbwfmjnh!jn!uif!ejsfdujpn!pg!zpvs!
uivnc!bne!uif!nbhnfujd!gjfme!jt!jn!uif!ejsfdujpn!pg!uif!sftu!pg!zpvs!gjnhfst!uifn!uif!gpsdf!uif!qbsujdmf!
fyqfsjfndft!xjmm!cf!qfsqfnejdvmbs!up!zpvs!qbmn/!
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!
!
Tp!b!dibshfe!qbsujdmf!npwjnh!qfsqfnejdvmbsmz!up!b!nbhnfujd!gjfme!xjmm!npwf!jn!b!djsdvmbs!npujpn/!!Uif!bddfmfsbujpn!gps!
uijt!djsdvmbs!npujpn!jt;!! b!>!w30s!
!
b!>!djsdvmbs!bddfmfsbujpn!
w!>!qbsujdmf!wfmpdjuz!!
s!>!sbejvt!pg!uif!djsdvmbs!qbui!
!
bne!uif!gpsdf!uibu!jt!sftqpntjcmf!gps!uijt!npujpn!xjmm!ibwf!nbhnjuvef;! ! G!>!nb!
!
G!>!gpsdf!evf!up!bddfmfsbujpn!
b!>!djsdvmbs!bddfmfsbujpn!
n!>!qbsujdmf!nbtt!!
!
Tp!uif!gpsdf!uibu!uif!nbhnfujd!gjfme!fyfsut!pn!uif!qbsujdmf!nvtu!frvbm!uif!bddfmfsbujpn!gpsdf;!

 G!>!nb!>!nw30s!>!rwC!

!
Wf!dbn!uifn!tpmwf!gps!s;!

 s!>!nw0rC!xifsf!nw!jt!uif!npn.sfmbujwjtujd!npnfnuvn"!

!
Tp-!s!>!q0rC!
!
s!>!sbejvt!pg!uif!djsdvmbs!qbui!!
q!>!npn.sfmbujwjtujd!npnfnuvn!
r!>!qbsujdmf!dibshf!
C!>!nbhnfujd!gjfme!tusfnhui!
!
Tp!uif!sbejvt!pg!uif!djsdvmbs!npujpn!pg!uiftf!qbsujdmft!efqfnet!pn!uif!qbsujdmf ’t!npnfnuvn-!uif!dibshf!pg!uif!qbsujdmf!
bne!uif!tusfnhui!pg!uif!nbhnfujd!gjfme/!!Tp!qbsujdmft!xjui!b!mbshfs!npnfnuvn!xjmm!usbwfm!jn!mbshfs!djsdmft/!
!

!!
!
Cfdbvtf!uif!cfbn!mjnf!benjut!pnmz!qbsujdmft!uibu!cfne!bu!b!dfsubjn!sbejvt-!ju!tfmfdut!gps!qbsujdmft!pg!b!tjnhmf!npnfnuvn/!

Same mass, therefore different momenta! 
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Extension:   How does the Bending Magnet Select Particles for Momentum?  
[Right-Hand Rule Version 2]  
!
B!dibshf!r!npwjnh!jn!b!nbhnfujd!gjfme!pg!tusfnhui!C!xjmm!fyqfsjfndf!b!gpsdf!pg!!!GC!>!r!w!C!
!
GC!>!Gpsdf!gspn!uif!nbhnfujd!gjfme!
r!>!qbsujdmf!dibshf!
w!>!qbsujdmf!wfmpdjuz!
C!>!nbhnfujd!gjfme!tusfnhui!
!
Uif!ejsfdujpn!pg!uijt!gpsdf!jt!hjwfn!cz!uif!sjhiu!ibne!svmf;!
!

!

!
)Gpsdf!jt!dpnjnh!pvu!pg!uif!qbhf*!
!
Gps!fybnqmf!mfu ’t!tvqqptf!uibu!uifsf!bsf!nbhnfut!pn!fjuifs!tjef!pg!uijt!qjfdf!pg!qbqfs/!!Uijt!xpvme!mfbe!up!b!nbhnfujd!
gjfme!qfsqfnejdvmbs!up!uif!qbqfs!bne!dpnjnh!pvu!pg!uif!qbhf/!!B!dibshfe!qbsujdmf!usbwfmjnh!jnup!uijt!gjfme!gffmt!b!gpsdf!bt!
tipxn!cfmpx/!
!

!
!

Ublf!zpvs!sjhiu!ibne!bne!nblf!uisff!sjhiu!bnhfmt!cz!nbljnh!b!M!xjui!uivnc!bne!qpjnujnh!gjnhfs!bne!
uifn!tujdljnh!zpvs!njeemf!gjnhfs!pvu!bu!sjhiu!bnhmft/!!Jg!uif!qbsujdmf!jt!usbwfmmjnh!jn!uif!ejsfdujpn!pg!
zpvs!qpjnujnh!gjnhfs!bne!uifn!nbhnfujd!gjfme!jt!jn!uif!ejsfdujpn!pg!zpvs!njeemf!gjnhfs-!uifn!uif!gpsdf!jt!
jn!uif!ejsfdujpn!pg!zpvs!uivnc/!
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!
Tp!b!dibshfe!qbsujdmf!npwjnh!qfsqfnejdvmbsmz!up!b!nbhnfujd!gjfme!xjmm!npwf!jn!b!djsdvmbs!npujpn/!!Uif!bddfmfsbujpn!gps!
uijt!djsdvmbs!npujpn!jt;!! b!>!w30s!
!
b!>!djsdvmbs!bddfmfsbujpn!
w!>!qbsujdmf!wfmpdjuz!!
s!>!sbejvt!pg!uif!djsdvmbs!qbui!
!
bne!uif!gpsdf!uibu!jt!sftqpntjcmf!gps!uijt!npujpn!xjmm!ibwf!nbhnjuvef;! ! G!>!nb!
!
G!>!gpsdf!evf!up!bddfmfsbujpn!
b!>!djsdvmbs!bddfmfsbujpn!
n!>!qbsujdmf!nbtt!!
!
Tp!uif!gpsdf!uibu!uif!nbhnfujd!gjfme!fyfsut!pn!uif!qbsujdmf!nvtu!frvbm!uif!bddfmfsbujpn!gpsdf;!

 G!>!nb!>!nw30s!>!rwC!

!
Wf!dbn!uifn!tpmwf!gps!s;!

 s!>!nw0rC!xifsf!nw!jt!uif!npn.sfmbujwjtujd!npnfnuvn"!

!
Tp-!s!>!q0rC!
!
s!>!sbejvt!pg!uif!djsdvmbs!qbui!!
q!>!npn.sfmbujwjtujd!npnfnuvn!
r!>!qbsujdmf!dibshf!
C!>!nbhnfujd!gjfme!tusfnhui!
!
Tp!uif!sbejvt!pg!uif!djsdvmbs!npujpn!pg!uiftf!qbsujdmft!efqfnet!pn!uif!qbsujdmf ’t!npnfnuvn-!uif!dibshf!pg!uif!qbsujdmf!
bne!uif!tusfnhui!pg!uif!nbhnfujd!gjfme/!!Tp!qbsujdmft!xjui!b!mbshfs!npnfnuvn!xjmm!usbwfm!jn!mbshfs!djsdmft/!
!

!!
!
Cfdbvtf!uif!cfbn!mjnf!benjut!pnmz!qbsujdmft!uibu!cfne!bu!b!dfsubjn!sbejvt-!ju!tfmfdut!gps!qbsujdmft!pg!b!tjnhmf!npnfnuvn/!

Same mass, therefore different momenta! 
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Feedback, Please! 
!
Qmfbtf!mfu!vt!lnpx!xifuifs!ps!npu!uijt!wjefp!bne!tvqqmfnfnubsz!nbufsjbmt!ibwf!cffn!vtfgvm!up!zpvs!ufbdijnh/!
!
Wjmm!zpv!vtf!)ps!ibwf!zpv!vtfe*!uijt!wjefp!bt!qbsu!pg!zpvs!ufbdijnh@!
!
!
Jt!uif!mfwfm!pg!uif!nbufsjbm!bqqspqsjbuf!)upp!tjnqmf0upp!dpnqmjdbufe*@!
!
!
Jt!uif!qsftfnubujpn!jn!uif!wjefp!tvggjdjfnumz!dmfbs!)zft0np*@!
!
!
Jt!uif!wjtvbm!rvbmjuz!bddfqubcmf@!
!
!
Jt!uif!bvejp!rvbmjuz!bddfqubcmf@!
!
!
Bsf!uif!tvqqmfnfnubsz!nbufsjbmt!vtfgvm@!
!
!
Puifs!dpnnfnut!ps!tvhhftujpnt!gps!jnqspwfnfnut@!
!
!
!
!
Zpv!ufbdi!hsbef!``````````!jn!uif!qspwjndf0tubuf!pg!``````````````````````````````!
!
)Pqujpnbm*! Zpvs!nbnf;!````````````````````````````````````````````````````!
! ! !
! ! Beesftt;!``````````````````````````````````````````````````````!
! ! ! !!!
!! ! ! !!``````````````````````````````````````````````````````!
!
! ! Fnbjm;!````````````````````````````````````````````````````````!
!
Qmfbtf!tfne!up;!! Pvusfbdi!Dppsejnbups!
! ! ! USJVNG!
! ! ! 5115!Wftcsppl!Nbmm!
! ! ! Wbndpvwfs-!CD!
! ! ! Dbnbeb!!W7U!3B4!
!
Ps!gby!up;! ! 2/715/333/2185!
!
Ps!fnbjm!up;! ! pvusfbdiAusjvng/db! ! !


