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Overall Comments on BD, chapter.8: "Higher Order Corrections!:__. a

oe "4, This was my third "shot" at this chapter. The first time I looked at
. _ it was during 230. I absorbed very little because I failed to. ignore.... ~

the integration detaigs. Also, I was unhappy with the feynman rules

at the time and so did ‘not believe the various expressions. The. —~~ ~

second reading must have been during 230C. Again, I got very little

out. ee - --
' This time, I got the whole picture. The reason I suppose is that

Ihave more general knowledge of what is going on, but. also, thig time{
Ytook careful notes, section by section, to keep myself honest. Ifl hade an decided effort to find the"results" and to ignore the details _

' of integration. Maybe some other time I will look at all the tricks

for doing these integrals. _ ae -e -{o> Usually it is the jo of the author to cleanly separate the “results”from the messy details, not the job of the reader. That is one of the |-
tiajor faults of Bjreken and Drell, that you cannot go in there and
read the results without trampling over all calculationaldetail. _ -

For example, I wanted to look up the result for the Lamb shift. The

dialogue eee nat ta sakte an result was interstrewnwith cal _ 2 | _culation, so I had to read the whole damn chapter to get the result.In retrospect, of course, it was good to have read it, but I would ..
have preferred to make that decision independently.

ne “2. Meliy ideas are contained in this chapter, so I will just list some

oO key words. Many of these were on my "list", sothis was 2profitable _-
“GigPéssions

. 77 relative signs of feynman graphs andgeneralizedPauli
photon symmetrization can generate disconnected graphs |‘

- the cutoff method of doing integrals

subtractions oo. _
gauge condition -
23 and vac pol charge renormalization

_.aan - ~~ PROEGH wae Bel Bropegdter confection
vac pol Uebling potential and -27 mc

_ .soo

~ - > “orderby onder niearity ~ ~~ ose ess geesHi external wavefunction reriormelization fer photons
__

~  “lectPoh propagator incdifaction “** * TT'
mass shift din, mass renormalization

cial ' ~ 2g Charge venormalization~~~ mm| external electron wavefunction renormalizationhoe
“mass“counterteting os1 Ward's Identity

a H anomoleus magnetic SoNene ent the Infrared problem and Brem.
Lamb shift and-vavitua’fluétuations = ~~ ose

aiid 3. ‘This chapter” should. haverdeen required redding beforeWe went” intoour
renormalization discussion in 2300. It took me maybe 3 days’ to:fe) do this. soe whee

| wae .

~ 2 we Gd - - -
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0| Bjorke] Dreli. on "Vacuum Polarization" ee _.
| 1s Any time you have ana electron photon situation, it is possible that _
1 ~" ghe’ photon can "spend stnie of {t's "tiiie” being an e+e=pair.When We —correct the photon propagator Tor this possibility of having the

—-" =" photon ™polarize fhe Vabbtin”,two things resultsa) the Shares! gets renormalized by a 23 ¢ 1 - (a/3PI)1n(M/m)?,‘
“whereWis reuters | ~ T| b) the pong space propagator has added to it a small constant- 1 pieté -(2/15PIN). This condtant “piece in‘configuration spate appears ——

L as a origin point corfection to a Coulomb potential, a strengtheningae - of “the hegbtive potential: asa regult,. energy Tevels-FOr L-0stoic — ~
states are stabilized by {0-5 ev. Por hydrogen, it is ~27 mé.

2. This atomic correction is only a small part of the Lamb shift which
— ~ ~vis more~like-+1000me tétal. Our small piece fs known ‘asthe Uehling ~correction and was Bound by him in 1935. .

3+ We can always consider an “éxternal photo’" to be.just 4 propagator' very close to mass shéll; so-vdc pol fias the same” effect. The self
' interactions oh the propagator "increase" the size of the propagator

~~~ - |= -by-2ys We can assoctate @ SQRT(Z3) with eachvend, and ‘then simply ~~
' forget about the source énd. Hence, thé charge where an external

~~ - > 4 > photon-attaches~is-renormalized“in the satié-way as the intérnal ~ ——~~

\ changes. .fe) "hs In the SZ picture we allow an external photon do all its self
)- —~ + =" interactions; just: as if it were-any-other photons~then; ‘however;  — —

we amphtate it as if it were a noninteracting proton propagator._- +> “Thus;—that~photon-hasdonated factor Seer (Z9)- to -our amplitude—>~ ~~~of interest which we do not want, so in the 182 rules we divide ~-
= + — ~by-this-SQkTs~~In ether: words; we-should-completely remove the~ -

full, slfinteracting ‘external line to get just ‘the Greens functions.

. — 4 - ee ee Ee ,

+ - 1 ae ee eee
'

a Lococo cee eee we eee

1 -- . ~e eee -

{
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fe) |_ __ Gomments on Electron Propagator Renormalization:
- = - + - 4. When we-add-the second-order~self energy part term to the bare” — ~ ~

: electron pappagator, we of course get a corrected propagator,
--- —- -! =  jist-as-the-second order~photon~self-energypart caused xt correction to the photon propagator.
-- : nanos eee eee

| 2. Thus, we first have the problem of computing the self energy part, Ep)-e
ks “in-the-photon: case, we'dothis-vie-a-subtraction;and the-result| is given in 8.40. in3. In this self energy part calculation, you need both a cutoff(subtraction)

' ~ and a photon mass (reguiator).-In éther words, -both-the-IR and Wo =~

| catastrophes are .present,.)v
|e So, what happens to the electron propagator as a result of this
' correction? ll boetannir —

a) the mass is shifted by a (computable) amount.
t b) the propagator is multiplied by Zp
1 c) no other effects for p® very close to m@ where C(p) = 0.

| 5. What about a p2modification? In the photon case we had aq change
-- b - in the photen propagator which 3ed-to an-observable effect, namely ~

H vacuum polarization caused shifts in energy levéls because the

=.- ~- j -f statdc~potentials- were-modified- (Uehling).-Of course "potentials" -7

H involved photons, not electrons, se we get no corresponding analysise) —-% —here-- Still, I feel there -showld-be -seme-observable effect: due-to

4 this C(p). We “ignored this in the course, BD ignore it in their text.
” \ 6. What about the scale factor Zz ? An electron propagater (as with the

wy a4 ~—photon) always occurs between- two-"vertices".-Thusy we ‘gould ‘takd-. a SQRT(Zp) to each vertex and renorm the charge.. Then, we have

- wr SORT(Z3: so-far renorming the charge. Later -Z2's- effect, will-be--
RW ye exactly cancelled via Ward's identity, but wait on that.“Gy 7» External electrons? I retract my earlier paragraph on this. In

-- 4 cs ~- -computing-s-Greens. Function, you-do want-te include all-self — - - -
Y ‘e interactinns on those external lines, because those self interactions
resee are-part-of the -physical- external-particles.-When we apply-the— -—amputator operators, we do pick up the Z, sitting on each external

. ----electron-propagator..=
However, somehow this is too much. It is not consistent, to

-- += keep-the-entdre-Zp because. the. source" should get-half of it.
This is a poor argument, but there are other proofs that you only

. want to-pick-up-a-SQRT(Z,) for.an external electron, not & full Zo.
In perturbation theory, then, we can include all ‘self interactions

. by using ‘bare.charge -and‘then gultiplying-by SQRT(Z2).-Or,-we ean - —
just use the Zp renormed charge and do nothing else. OR, in LSZ, we

- . + 4 p++ — will gain-a full Zp by treating-the external-line as internal. Then-
on amputation we have to divide by SQRT(Z2) to correct. *

oO 8. Mass counterterms: if in the full free. lagrangian you decide to go' with. the physical.mass,then you.must correct with.dninteraction -  -
, mass counterterm. This is becuse. lagrangians are’ reatly only

-. = y+ = supposed.to have. bare quantities in them. Of course, if we neglect —t self energy graphs, we can sometimes use renormalized charge, eg,

—= ee - but then ye would never get the, observable corrections! : -
L
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- we My
1 =

ro) - —-|coments:on Biorken land Diels __262) Np(e.dase).+ Td Yaw(e) + BF pole)
. a etn vertex Correction. In ena’section we first-dealwiththe Dirac matrix_‘element of thevertex"at q=0. We show that when q-0, this matrix element

_ — ~~ must beproportionalto gammaso this defines constant 2+. ____ ;
ae ; 2+ However, from the Ward Identity. which relates the second order vertex:part__‘at

q0 tothe second order electron self energy, we can show that Z; justMale)=2 ate) _ defined is equal to-2Z>. Theresultis that the charge renormalization ___.|. ~ dnduced by the electron self-energy is exactly cancelled by the charge
_. . —.-j}- -Fenormalization inducedby the vertex correction, _ _ _ : ~ --e| caer

__ 3Specifically, BD add up all the-vertex conrections (6terms) including =. the mass comterterms. The result of adding all these things (at q-0)
_ ig that only the SRT(Z3) charge renormalization survives. This was _

‘induced by the second order photon self energy (vacuum polarization).

| 4e Note _on mass_countertermsi tie clectron “prépagater* should réally have
|" the bare masa. But we. like using thé physical mass in-thispropagator. Inf

| order to be able to use the physical mass, we have to modify the Diracequationand the Lagrangian (from whence, the Propagator derives) with"amass coulterterme thes ve ave to include all seperate graphs with
| Counterterms: Ofcourse this counterterin "X* alreadyis equaivalent ..

to two Vertités in “order because as we computed, if is proportional to a
ES } $. The Feynman Ful for a mais counterterm

is (di) st vertex, ~~ ~~ 7ie) | ewe '50 begin"td compite the vertex cérrection £6F Glo. THIS Fequites- ondeH

|”
again both IR and UV cutoffs in the photon miss position, but the small

~ oe Pgil€ depends only on the Infrared‘ citorr. This résult (page 17) shows —
three terms: : : “

a |" gy anv intrared divergent term ~2«Cr/n) ee
b) a -3/8 term which is exactly like the vac pol which is -1/5, _ -co

> ts = * pot "Yet incliided inte"this"regult. “~~
\ ¢c) for the first time, the anomolous-magnetic moment term appears..

uf AIT thiFee"teray’ Come from the “onefeymnah gréphi. in which “a photon bridges ~‘the vertex.

a a- Toy. te verte wee

| 7. Now begins « very long analysis of that infrared divergent term. This term- modifies elastic’ Coilomd scattering. “If We Were VO Femove théintrarea ~~
| eutoff, this modification would be infinite and Coulomb scattering would

- | not tidke SeRSE. aaeememmeneneata
We ran into a similar problem with Bremstraullung. There, unless we

- ~ “put” ani ineFared™cutart on the pioton energies tiittable, the Brea crésy~~
section again became an infinite modification, .| - Here it 4s argued that when the differential cross sectTon mbairications
of these two processes are added, the infrared cutoff disappears.

a 2

os i [Yeor + AP o> erate Leal
7 [@) However, we cannot directly add our results to show this cancellation* because.the Brem was. computed_using, massless. photons. and_excluded_energies —

: up to Kmin- On the other hend, the vertex correction was done with massive

|. photons. and. included all lower.energies. We have to.get these.onto the
same footing somehow.

ic Bole ens -
1;



ana
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’

\

“\ _ . 8+ Inorder tegoto this “same footing", BD in effect recompute the vertex. __Oo | correction be removing photon phase space up to Kmin They assume that
a ._;_-—knin is_much lerger than the_photon mass._So, after computingthe| change in the vertex due to. this photon phase space modification, they

—-- _discover that they_alsohave :to includedan effective change_inthe -'
“Vertex caused by a change in the electren self energy part, because it

- = = = ~-t90, has aiphoton loop, The sum of these corrections is illustrated on __‘top of page 176.

—~s ' 9 What. results From this photon phase space correction?
-_—.- | a) the infrared term which was1n(m/,)in 8.62 ignow replaced with __ant ‘In(m/2kmin) + Thus, we can add to the Brem result in a second.

. '._.") a +5/6vaepol type texm appears outof thin aire1
10. Now: we can add the Brem correction to the Vertex correction, ‘and also~~
“ada inthe zeroth order “elasticScattering,On page 2i we see thatthe_sum is no longer infrared divergent, but depends only on ax -- :oT | “this in tern is determined by your experimental resolution. Although

- thig equation does not: seem to say so, I would-assume that as your =. _'  resolution“gets more and more perfect, the modificatfon should wanish.
— —- 1:  g Note here thet we only added inthat infrared piece of the vertexi~

From now on we do not simply ignore this piece. We have explained how
we -experiuantelly aveld the, inffared catastrophe, but that “piece” is .still therein the vertex correction and will Lead to. still ‘more a

——-—- —. observable effects (Lamb). - ~ -
ie) | i1. The Lamb Shift. The vertex graph is the primary contributor to the Lamb- - “shift. We learned ‘that, the vertex graph Contributesthat kai, term.the =3/8 term; and the +5/6 term. It. turns out that kpin has a"=

= | natural Value f” about “nine inverse BoiY FadiT. “We certainly expected —
|  it*to have something*to ‘do with the scale of the problem (atomic radius).

. | So, Tf the vacuiim polarizationterm (thé “1/5) ware -1; then the aa

. k{nin)tera would be about. #35, and the. other two fractions ‘contribute42.3. ~ ee qo ee eeeMowe Thus, when these. three effects are added, I get.+975 mc for the energyVoonbsSavee; | “shift. Ihave left Out tte ancnoTous magnetié moment Correction, and maybé~
. some other .corrections I dont know about. “But the point is clear: the

~\ * ‘main Fedson Tor the Lamb shift is thefact“thatthe electron in thehydrogen
atom Cart emit a photon and. then catch it again on the oterh side of

. | Ate Colom itterdcticn vertex. This is calléd “fluctiiations.”Tits ~~ ~~"7
' "vertex" correction is about 35.times, larger than the Uehling vatuum

"|> potential Correction We"discussed eurliers|mm ~
ed T2. Iq Of¥er to evaludte kqgai:BD go tothe Bethe Monrel-caleulation‘of ~~the energy shift for photons of energy below‘kwin» This is done via
-

4 stafiderd old fashioned sétond oxde? Perturbation caltulation Sing ~~ ~
as a perturbation the j+A, where-j-is the elctrors Dirac curréat}~and

~ 1 Kisjustee*. It is as ifthe VACUUM caused“the electron to emit’ -
‘a photon, and then the electron catches the-photon again. The vacuum~

7 = tt 8Rels the electron and makesit do~this; ‘hetice the HaNe “vaeuun™ —-—————fluctuatioris"s We know that even the vacuus'-has a certain nonzero

,-> ‘— VEV for" stevtric ‘fivli, and itvis thts electri¢-Tieldwhichis inducing”[@) | this transition, loosély’ speaking, =~ 7 . m .
Hl “Having“dorie-the ‘Bether"¢elCulatton;~BD add its rebult to-their~ -

sone . former result, the k(min)'» cancel, and you get a specifié redult, (8,89).
1.:

i -
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Qik vnandt rnornainsd cous be
| wr yore Lacknae

p

__, _ Amonolous Magnetic Moment of Electron, \ | 0/7aM‘e) 1. The term "magnetic moment” seems to hava a “nominal meaning

— |~~ “Gnd an “operational” meaning. Nominaliy\we write domen
_—— operator for the magnetite moment by Just cribbing: from vlassivel -
|| BAM this operator isk acertain spatiel_infegral ofthe current — _____J. If you put in the well-known Dirac electron current, you get

~~ in M = 6/2My. ‘This ieexactlywhat you get, there are no "corrections"~ --}-- when youdefine-magnetitc moment= re ayd aster tt peroe
_ . |. -dnsert fancier curranta (with form fectors, ete), youegain find -

. the nominsl magnetic moment for that particle.

- “25 The “operational” magnetic moment is* the magnetic moment: you woixtd =~ ~~~
' operationally meanure. The only way you.can.measure it is wia.an. ___ _
' interaction between the electron and a classical magnetic field.

TT “| In “external potential field theory" the “source” of magnetism =~
ween ee is represented by-an-"x";—This-"x" is exact:in that if-you made~ — ~

- | a field theory model for the external potential (ie, you make a __.__fe) ' proton go in a circle and have a current which generates a vector

' 7" Sotential ete), you would have to include corréctions "on the proton ~
| += side"~to-all orders to-get-"x"=( In-passing, we-note that-thisis ~ -~

. ' why, there are no correctionsto the Mott formulas you cannot talk,i about "double Coulomb scattering" etc because the entire effect of

oe : 7 the source proton has been includedin the Coulomb Potential). ~ ~
- ee Howevery you-can-still do-eofrections-on-the “electron-side™ — --

_ 4 ofthe interaction, This mearis that the operational magnetic:

moment can only be exactly computed from an infinite sum of feynman
c= > * ” graphs.THe lowest order graph is the nominel magnetic moment which ~~~
— 4 you-cannet measure because-you-cannot-"turn-off"-the correctionse -

|. -In_this picture,the operatimnal magnetic moment is that magnetic
:

moment you would have to use with no corrections to get the same

Te Spatiace~ ~ Te

—-- 3, The first order correction ig 1,16x10"9 = 00116 relative

to 1 NaMELY,| a/2PI. It was first computed by Schwniger in 1948. The second order

oO ' cor¥ettion was déne in 1950 byKarplus alia KFOLL to Ge -2:973(e/Pr)®.
| They goofed,-however,-and-in 1957-8.Somerfeldand Petermanm redid -
| _the cale to get,-.328(a/PI)°. This new result (quoted by BD and GAS}.As of 1963, exper says .328 + .005, see BD).

\
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nae! -Axial-Vector Vertex in Spinor Electrodynamics ¢ fry easly be cale:
Srovmew L, Antex tos ieInclitutefor Advanced Study, Princeton, New Jersey 08540 Re,

(Received 24 September 1968) ar

Working within the framework of perturbation theory, we show that the axial-vector vertex in spinor ae gmBas.(3)j sper eranreece ih ht vy malrain ol Na etyi field equations. Specifically, becauseof the presenceof clored-loop “triangle diagrams," the divergence i .: fal-ector cirent ot ‘the usa! expression calalted fromthe fld equation, and the arrestor ° SEER ~9/0,*(p,current
does aot satisfy the usual Ward identity. One consequence is that, even after the externaliine SSG| estan oration ae hentia eee ealdeena Gadie) UR REorder perturbation theory. A corollaryis that the radiative corrections to nf elastic scattering in Brey oc inth| acura thay degen ft (ad het), Aer ines tnt in asics "Ay Out tac inti electrodynamics, despite the fact that th theoryi avant underms transformations, the aia-vecor YEE (9) which w.eurent Is not conserved. Tn an Appendix we demonstrate the uniqueness of the tangle diagrams, and." ~*QHiBE" equations, actdiscuss
a possible connection between our results and the x"~» 2y and »—+ 2y decays. Inparticular, we ay tf To this end; argue that as result of triangle dagrams, the equations expressing partial conservation of axialvector MES io

' efined manner, which completely alters the PCAC predictions forthe+ and the y two-photon decays. ae.

INTRODUCTION well-defined manner, which completely alters the PCAC P) .i aa . ici ph ai
T= axial-vector verter in spinor electrodynamics Predictions forthe 2? and the y two-photon decays. | BR “ini is of interest because of its connections (i) with UB YA where the veri' radiative corrections to vd scatteringand (ii) with the-vs I. AXIAL CURRENT DIVERGENCE AND (ig Bij self-energy parinvariance

of massless electrodynamics. We will show WARD IDENTITY VERAIEY, the free propa::

in this paper, within the framework of perturbation We work in the usual spinor electrodynangt ews the fre pro,ie) theory, that the axial-vector vertex has anomalous described by the Lagrangian density! ee renormalizatio: properties which disagree with those found by the formal Bid and 2, Eq. (5)i
manipulation of field equations, In particular, because £(x) = (x) (¢y- O—mo) (x) — 4 Fo) P"(2) Bedi 3{
of the presence of closed-loop “triangle diagrams,” the sed 4 te PMA,i divergence of the axial-vector current is not the usual ex- seb re @Ane):, (OE tn order to de
pression calculated from the field equations, and the aAg(@) a4,(2) a UBS ceasingaxial-vector current doesnot satisfy the usual Wardiden- F,(x)=—*———"""|). esqn—, NES in whichtheetity. One consequence is that, even after external-line ax axe oat Res E termion line b
wave-function renormalizations are made, the axial- . nary _ SSI Vand endingvector vertex isstill divergentin fourth- (and higher-)or- We define the axial-vector current j,*(2) and ai & and ending| ler perturbationtheory. A corollary is that the radiative PSeudoscalar density j*(z) by aie Sagams in +cortections to vi clastic scattering in the local current- i Meas : «eg at to an4

elastic ; 58@)= VePrarab(e): UAE? 10), respect.i current theory diverge in fourth (and higher) order, A “W(e) - EL.) SNe tae: second consequenceis that, in massless clectrodynamics, PE)= VO) @):5 ie ie e.i despite the fact that the theory is invariant under the corresponding vertex parts I',*(p,p') and Ti(jip} ae.
‘vs transformations, the axial-vector current is not are defined by Bs. IT fos: conserved. oyna , Pi) iaA

In Sec. I we derive the usual formulas for the axial. S+’@)Ps*(0,0Se'(P) ™ ae q
vector divergence and Ward identity, and then show Bii how they are modified by the presence of triangle = =—fdeadly ore XU)JOO, EE' diagrams.In Sec. IT we discuss various consequencesof a ber hai the additional term found in Sec. I. In the Appendix 5,/(pyr6(p, 9.59" ef BE 7s where we have|'
we show that it is not possible to redefine the triangle 9? PF*(#2S9'(e aa & ‘he xan vert.diagram in a physically acceptable way so as to elim- : dpeeeip! 7 “ee femainderinate theanomalousbehavior discussed in Secs.Tand if. =~ J A¥4y e"-“TEHC);#OMON. ad Bf by (—p') anvWe

also discuss in the Appendix a, possible connection nM By
between our results and the x?—> 2y and9—» 2y decays. Using the equations of motion which follow fron Ege > __(yfo) In particular, we argue that as a result of triangle (1), the divergence of the axial-vector current m ¢ ian: diagrarhs, the equations expressing partial conservation. wom i 3 1of axial-vector current (PCAC) for the neutral members 1, '¢ uss the notation and metric conventions of J. DB LSof the apial-vector curren octet must be modified ina 3,NewVar/06Spp IO Nocatee aDIT
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“mats Vector Vertex in Spinor Biectrodymamtes"  ~ ~8
PRI77; 2126 (1969) -- - —-

1. First recall some basic QED fects. ‘The Ward Identity redlates the full
vertexto the full spinor propagator.An alternative formrelates the —
vertex corréction to the spinor proper sélf-anergy part. In lowest order
the Ward identiy may be tirtvatly-proven by Using thé Little Difaé ~~ —~

- spinor space identity. - - _-

2. The axial version of this identity appears. in (2) of_Adlers_paper. There-are. —
three terms instead of two_on the right side. This leads to_the three tem, _
axial Ward identity shown in (4) and again in (5). This Ward identity is _
formally "proved" in the unual wayby considering all possible "insertions"
of the “axial photon" onto the axial vertex blob. Unlike the vector Ward
case, the closed loop contribttions do nof vanish. However, when one adds
“the loop ant line contributions; the formal-result-(7) vbtaitis. “~~~

4.--But-there.is a catch. Part of the proof requires translation-of-the-originfe) atc in a divergent integral. Such a translation is only_justifiable if.
. the integral is only logarithmically divergent. It turns out that the

triangle closed loop is actually linearly divergent’, as opposed to the higher _
loops, so you are not really sure that the Ward holds. Itturns out in
fact that the naive Ward is wrong, and that there is an extra termas show
in (G2). -

- 5:-You can directly derive the Ward identityfrem eurrent conservation-and ~~ -~

- axiomatic_stuff (reduction_stuff).see. equations (3)and-(}.-The fact that

. the actual perturbation theory Ward has that. extra term means _thatcurrent |
conservation (axial) also hasan extra termas shown in (30). __

6. The effect described above is called "the triangle anomoly". It is directly
related to another triangle effect which is this: according toWeinberg, ~
you can obtaifi the “asynptotic behavior" ihe certain sensé 6f a féjrinan

graphs by doing a certain power count, For axtal stuff, the aétiaT power

is one lower than the power count: gives-because the leading-power has68 vanishing coefficient. BUT, for the triangle graph, Weinbergs power~is :

correct.



oe 7-Nhat are some of theimplications of this triangle anonoly? First, recall

. _ the theorem proved by Preparate and Weisberger: if the current is
_. _ conserved spart from“usual méss terms, then you can multiplicatively [=}

renormalize the vertex: ie, thé theory cen be renormalized. Adler °

7 ” GiowsGhat WS ektFa teim iW theCUFFENE covervation HHS HHS ~
,

-—tineprenmantcauses-thehth-order-vertex-correction to be-divergent~evan
a —efter-the-standard. wavefunction- renonnalizations. OUCH. -

<-.. =. 8+ Next, he shows that the 4th order radiative correctionsto eve eleastic | _
oe scattering diverge for thesame reason. (However, to understand this you

have to understand that Fierz transformation which takes you to the

~~~ "~" “Charge retention Ordering; 1do not know about this) ~

Qu Tie WHIRY ibiuowal Pact—Ts-thatelthowga the axial cwsrént is ot
soa ++ Mconserved'y the-tagrangian-stiti-has-perfect gamma-5 symmetry.

. ...  10,-Pinally,on_page238 Adler_biveds she form for a.coeficient in the .
___ . _ broken current conservation.If you can make your axial charges add up

. . — Tight,you can evade this problem altofether. Harari in another paper
; _____@lains thatthe condition is actually ‘thet the hadronic quark + lepton rycharges must edd up to 0, This fact obtains in the GIM theory with a

fourth quark. so . ye ~

ee *]



Positronium



About Positroninm, [ee March 26,1976.
1. reference cards: Pond Dicke, Deutschey-Green-Lee, Ore Powell, —- ——-  -8 other refs: Heitlor book, Segree book, oo.

2. General description. Positroniughas the same general energylevel structure‘as hydrogen, axcept spacings are all scaled down by factor 2 due to smaller
reduced mass. Thus, ground state binding energy is ~6 ev.rolative-to-total -
mass of about 1000 ev. ‘This is why potential convept still works.

3+ Ground state hyperfine: due to the obvious spin gitustion, youget a split

ground state waethe triplet 38, lying about ToS above the singlet 1S,
The singlet (alse called " para” although spins are. nat. "parallel") decays -
into two phtons in XGkX 10°10 seconds. This is a standard QED calculation
of annihilation, you have to mltiply by wavefunction at origin etc.

The triplet {also ealled- "ortho" moaning-straight in Greek, se-spins aligned)-
state is metastable in that it can only decay into three photons in 10-7 sec.
Ie, this triplet state is long lived. Of course there we threesuch states. 7I have not seen a “modern” calculation of three photon decay in QED, bub the _ _
graphs are pretty clear, Old calaulation is Ore Powell above. You would

expect three photon decay to be down by order-alpha. -Actually, factor--is- -
more like 1000.

4. You can also radiatively go from triplet downto singlet, but easy to showthat only Ml transition can do this. (lo parity change). The spontaneous

W1 lifetime is on the order. ofa month, sa you can forget abou’ this. But,
when positronium is in a paramagnetic gas whose molecules like O» have

magnetic moments, I gather that Mi-radiabion-ftoats around and-can-stimutate:me) this triplet to singlet transition. This effect is called quenching. Im fact, __
this can happen very fast so that quench tine is 10"! seconds. Depends on
gas pressure. - - —— |

5. Selection rules: you can show that singlet must go into even number ofphotons __
nerely ny charge Conjugation arguments. The catch is that (c1)'*S tells you
‘tho C of a spectroscopic state. Similarly, this shows that triplet. cannot
go into ‘vo photons, Analysin is analogous to PIO decgy into two photons.
By the way, EXXX PIO has never~beon seen-going into three photonst -{iitt-1970)
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Lamb Shift



A Brief Review of the Lanb Shift as Described In—BD volume - -—- - Marob-a6, 1976 _

@% = _ 1. First, lets get Ushling out of the way. Even wefore that, lets say what the" - “ Lamb SHI is: it is fie energy GfTereicebetween the 25;and 2Plevels in
. hydrogen. In basic hheory, thene are_degenarate._(ia,- Sehrodinger-theory}.

In the relativistic Dirac theory of hydrogen where you use the Dirac Hamiltonian
_in the SE, you-get some --Yfine-structure"-namelys ~~~ — ~

ws "han " = /d,0co mba— ope Upinestucha = (0ocomte
oT = os — - Gottfried_page 369 - --\ he

Fete 28 = DE fovm He. : -
: ee :

-- t foccet -- -
Bown. Resabunakee poy ee eee ~ -
rao Duac Canale

Ditac theoty aitofatically {aéludee spin effects ( perturbation theory calis
ahis spin-orbit. interestion) and.shus_yieldsthe finestruciure .BuiIthink -states with the same n and J are mtill degenerate. For sure, the Dirac theory
“of hydrogen does fot give the Lemb-shift.- ‘ou reatiy-need QHD. By the way;

the Lamb line is what interstellar hydrogen does all thetime. 7
2. Now for Uehling. The Uehling corréctioraccontsfor 27 mdof sha -Lavb_shifaabout 1/40 th of the full shift. Ib is simply the vaccuum polarization correction

to the photom-propagater. This- covrection-causes- a-constant-term—to-appear = -Ce) in the renormalized (to lowest order) propagator. This constant term in the

mofieitim space photonpropagutorappears a8 a@ deltd functionterm im the .potentialin configuration space,a simple fourier fact, This is the Ushlingpotential, also know as @ contact potential. This potential clearly only

‘affects S-waves which hawp some amplitude at the-origity It tends to-stabilize -
S-orbitals, although as shown above the total Lamb shift is a raising of the
S-state, For details on Ushling, see pageS-of BD noted ‘chapter6.In the messy formas which are obtainedin BD and. below, this Uehlingterm always appears as a -1/5 term in the vertex correction (vertex in the
non—proper" sense). Ie, vacuum_polarization-can-be considered-as-one-term in -
>» full vertex correction. >

3,50, where does that bulk 1000 mc of the Lach shift comes from? To_get the answer,
‘We can think in terms of the Ushling effect described above. in the above, we
obtainedthe Uehling corraction. as_a_cornection_te. the photen propagator. Butyou could also think of this as a correction to the vertex. Then this Ushlingcorrection -appearm in- this -way-t -qyrompop ———— - os =

oe gt aS)BO hE oe ee)
From this poimt of View, you can see the g* factor which cancels theq@?ofthe photon propagator coming from your xx external potential x to this
corrected vertex. Thus, the size of thie-q@X,. -term in. tlie vertex—coprection
Will alwoys determine the size of ‘the contact potential, which in turn will

determine the Laub shift. wo aeA We shell now show that the (-i/5) isonlya smsil part of the total. .\
jeQs NP .



Dre a Oe(ed aeconchi poe tun
. Soo — SON SES SeaasNe

Toy imadine FEY vou eho ate We actual -testex corbections In lowekt order.- —-$O. Ae RD shh, this means You_add tdgether 6_dyaphs. Thiee have dimple -\.-
photy Res, ond VP, and two are mads counter}erm graphs whic! 2~~ Fecal -erehalso-sX thie-dpders then you-add 421 this aturtup; you . ;

oe get “thy me £0; Vertex cordectiom.

Ya lhaeleg @) the anomotous magnetic moment term appears with usual a/a. ThisUNGAR | Moen net voneera the buns “SuiTY however becuse
Hor @ g? Yora. .eng d}-a-(~3/8)-verm appears like-the-Ushling (1/5). :ae, ~X)..an infrared divergent tern ln(u/\)-appears because you have-to - —— -ond! S regulate the vertex loop integral.

. w 5. Clarification om Uehling versus vertex,We are arguing that the vertex
sorrectionsgive tertis which are effectively like the Ueylimg term. BUT

- -+ —-—¥ou_ptil]_have toimoludethe Iehling along with the vertex correction,Ushling is a corzgetion to the ghotom propagator, vertax correction is~ vss > something elsen~ - Qe,—cod Kee areeghe do omolnig, Lawla war.
~~ + 64 OK, so_now whab.do.you dowith thatinfinite tending infrared correction???

This is where things get complicated. The first thing that BD do is
+ +>—neke-a-vir¥ectionto“the-vertexcorrection so-thet loop piictons With ~~ ~

. below some K(inin)'are+not counted in the integrations. When this ie _.~
dons;the photon mass Vanishes fron the newcorrection and the new log

. fern in_1a(o/fnin da Also,tn the process of this. correction to the vertex -correction, a° term of (+5/6) appears, So, the "vertex correction without
~--Boftphotons-below-kgigis-now ‘gieven by: as .
we eye ~ ee ——

= Agwd x a. A eB
a eS ee e
—Rotuntty F tgegAnctudes tee‘Uehhing-here-even though it is -nob reallya part of theavertex correction itself. The (~3/8) came from the original

“Vertex Calculation,the (45/6) comes when you modify the vértex correction -
-. . for soft photons. eee cee ee

_ Te So, we have tten ridof the photen mass, but now we have this arbitrarysoft photog cutoff k(min) appearing. What do we do with that?? This part
.-. is-weny subtle, There is. still anothervertex correctien " that wehave

not yet done, and that is the possiblity of soft physical photons being

radiated from the vertex, (called Bremstraulhmg), Well, actually BD da = -
not Work it: this way, Shey-entyshowtiat—z~They maki claim that that"~~"

Tk(min) really is presentin the vertex correction. I+ must be there to
_-. = -«aneal another kuin which eccurs in the Bramstzaullung cross section,

Then when you calculate elestic scattering (Coulomb say) with Brem and with
vertex--correctiom-containing- kmimy—the-tmo—kmins eancel -and--your. actual -Coulomb scattering is independent of k(min) as well as photon mass.

8. So, wo still have kmin present in the vertex correction, Now comes a stupendous
gimpick. This is the “hard photons vertex correctiom. We showed above that
if you--inetude-the-soft—photons, ‘the vertex correction depends on photon
mans. However, somehow if you Handle the soft photons in a Fermi nonrel

“+ ealowletionto ger-the wort pltotow energy “shift, again the kmins cancel,.This extra calculation in effect gives you a vertex correction which

cancels the kmin term. No terms like (-1/5) are ‘added here. °
9. Total Lamb shift then becomes:

.
0.

(Me) aS ‘OE = Yule) \* Sn (BE) +E -2Sr 1
: 2.

E= Gaim Jn bday



~2-

— - Here is the relative size. of these témie?la Su | ‘cone = BE ons... =i ~ on

A | vex ook [Sa ZB) 28-F-1|
x cok LSE T 23-1) = BAK = WWD me.

10. Some numbers. from Schweber. If I take out-theUshling, my -actual” number:
_.* 4s 1002 me, Schwever says this should he_1010.. Now, the anomalous magnteci

. moment increases the shift by 68 mo, Ushlingpulls it dom by 27 maThis” |

takes you to 1052. Experiment says 105748. The remaining few mzcome from
higher order stuff plus finite size effects (I read this es : proton or

nucleus is not really a point but has a rédius, Not clear how this ohanges
~ caloulation which was based on an external potential anyway. Perhaps finite
proten mass also enters in this catagory). i

11, Conclusion and comments: We have seen that the Lamb shift is a direct

_

consequence of higher order QED corrections. The vacuum polarization
“correction is relatively unimportant coming in at 27 mc. (However, the

VP correction is proportional fo electron. mass so would dé about 200 tities ~

zn larger for monic hydrogen. AIsay VP is proportional to-Z4 for hydrogenlike

oe) -system, This at least suggests thet VP is more significant-in heavy atoms,—
. but I have not thought that. through.) Except_for bout 5eV due to higher order

and fini e sise effects, theentire rest of the 1057me Laub shift comes from
the simple lowest order vertexcorrectiom. This vertex correqtion generates
among other things the anomolous magnetic moment term which accounté only
for 68 mc +. The real problem is how to handle the soft pheton problem

in actually calculating the vertex correction graph. Somehow BD end up ~

- not using QD for a part of their caluodtios WHIth is supposéd to test ODT ~
I think a bound state theory in = little-batter at doing this Lamb thift:

Roughly, the pictures you might dzaw for-Lamb shift are these: — a

. . Roughly speaking, viriual_photoas from the nucleus _allow
. the elctron to emit and recapture photons. This process __

shifts the energy of the electrons state.

6 -



aa eyNT

a.Rete 1 Camall paged 36S em0
EE| eR aan Cita a
“VitalsDiam aaya Grok E028) =(2/2)in H. But Rall

ovo ommodored

Hae a aac cnn calamad (4932) —— tsWelling)= dt ua vases pote je) (3s)
—s unuagsn Usialeons, Opslaan,went nadia emnactooia?_ __aR

be i Reape smadend (eS ala coud—
aren [2S = toe ee

CF omiss Relnagd sit." Finis Sh. tt ban asso. {lend * 7
PPRY2, 24 Cid ar i taoeye '
i 1 queee ee



QED

Processes



.. GED Promasnw —

Stet Beketitiee tleare

a Eprep — NnstCraGain Pda Crone Sachin,,

; Goalswly ssailaning” )

3 EE sEF Wold —

8 4 SE>Tp renga roduc

FS ES ee Aiphentesd) Apa yourreadanlaion wide.
- — Cuaing Qudsa; LS she.

ee

6 _
;



rs a INL

oO. ‘Pie qwia. Qed eneraction Sombie: 9 eee
i eo ——

Const rosea, Tr eS. te suinpadtines Sol system thee Qa -
- enact Catachonapn annnagah > aeeubh dos sehen

Lae Tey eee

ara eet] 7oa ge Ey [Sre-atsleet] je —
_- whe ao. ee

1 we [\+ fm (\- exs8)| .
—--! ° .-

[ie ia Klain= Meiainas IVD). Yume copebnaigatin,escaping sat git
|

ae (RT|SE +e site] | : .; i & ROiCar save] oo ee
~ Mar tmosmerga,Srimit Go lest Oars. Imran Lie, soccer | ri?

| ee Be cose gee Bek :
Oe reais) = Se OT
_ a he en ns _
- Greer Divide wee trum do Termgerr inn 1983. la qorual dota

cree aachees Be: _—
aw a 2.) LO" QwKless oo 20 1) (431)

laleers 9 Cae ually 2/tteSaue: ha Wh anngay Sarnia,ane
1) £-£.6: oot oe = witay-(Qe22+4)

Rok oad OD Um/o ies), Qua, Ore doled ovrer_antiae a onan.
oe QnOYd ae Digberameryie — . ae

- Mae = Rewdew= 28 Lomi oo
om eve $2 nansue 0 ex Met aEn
SS Shape EZ SAO ne a :



- Ct nates yordD Comin
- Jo Vovers cnc ecivms oc \aafrt crashes: a > wee eee
Oj gs oS gray ewe 2
1 Fe ef ROR EES aden TL

> rsketad: iy = Gt[Rad ZS Aw) +BAERS 60],
- “Tus in We eQousies aqyeeg idleQe i. Ll.
oe SS amore sete oo. _

2 Pt dp ze wd plain, ph hallode IA. ie a) dk wees camden pean

a poteon rome onlay, Sum sige bale en
: a ne

. Shae ue Modu Nopmadal doshem a plow ewBoren Sus g a Powe Se
7 2eoP). TU

TO Aloo, aemngabeME Mika sue andere asl”

6 t= Gad [ROAD Sopa Wi, HE a
© Aianagauis Oa Latetna tntge demon. Digieas,
ee eex pon)



OT ie.CSE

ae a ee a2
80)en - Cie Ga) BU 4 ped) ea)

22. Phare CS TALE
oY A CEJ BOL EN Za Ged us)”
- — bt behRGAGu ey

Of ; “= (eaeaanaeeenl ac

=~ [fRictonid.): At —— 8S 4 ff Ren".

— fa yusk Ge elas susWiflenye puta % ahd—— pete Ste has ge Alt eck ab eck
oT Alta satechuan seySaPeeveVE NOORSe

i i _TGRAS raed Se te| AyAsT Gg
| Ethadt ossah ee Qee

1S) Y “QO Ss



: =~ a

$l (6)a aZi (Ge ciet) s2 ENS Ae SRE oe

LP a lapel Rapete
J Segara)

- ha Ges\s 4 AG) 95 he oo

ef - oo te —-\ L —~,—— =) eee

wee peste. ee ted tt o

Ty SESSSa

oo SNSXL ONE) = KOS HEE
~ __--= 4 ti RG =. & oo -—-

+1



- THE COMPLETE COMPTON CALCULATION FROM'M .TO dos
* 1. the invariant matrix element

2. general rules for M of the form UOu.

3. explicit trace calculations

ae?

5. The cross section Klein Nishina forma

‘e,



way L

suoton Scott eats Oy: Qrad OAL gwo droge AS oh PUAA, :
: OF She
7 per. 7

PRINae
WW {OAs A. Qua Gan way SLAM r

mM S° APs sat+ EZ XSi=o 7

oT" Rot. piso horsimmoetoavecta so yea. Buk .

OQ _— :
M= Cp J \Che=KR+M)|

E

WC PSY
_

~ R- ky .

a

Ty

% we Ui= 2 .

Aan NS pincer fiold g

= UA OQUGA = (SAV (Ax+a)

- ae



reneon oe a meEEE

|Meta, |S+s EM = | a:

40, ictus gobo lala aut ond uae rousvessn loins
__ oO; = (mo Qe = O Re =O _

__

= (o¢€ D.E'=O -e'=0 i”

é = °.€ a

- D= Qk = - Qpe-k’ _

TTR we wy Apdo efne
Zid = Ld" dy

Bodh i: dems vanish + ue ase Deft uf

Me 2a ( EXE, ~£EE )
~~ -¢ ul &ke 1.Sate eee

[ae qunse ye oko Phossssu : —
_

C= 5,0 he
MN = T uw Mrsx oF y

_

[ul= mnt = @, Onn (ui), C(O) (ty

aes a
;

You choca dhia wok? Chpic of ancither nae !



QO —|S2 wena in_geusiall Say _| Serena
CeSSS=v

. (Qa in Sma partisuleniniteD + unk sper. CM :

EEE

OK, Lots go ahead_+ cho fla w ee

oe 1o- = °

pha aadotal dking +». well: _

Yo bogatt fookicug Lite ul, uso ) KE = - __

W=-©" a "ER, €ERY y.

ey,ee 2 SZ
am a

7

CY So
Mote Sao uiplredt Magu,: a

| ye = dk -



‘ _ |

LY Out oO Oaft Ps | a

Wo mood eadsorutindl Paces): ee _

= (a (pstm) €e'R' (pi'+m) We'd
_

= dem) et 7}. ie!

= sme d'h'Cpiem) hed!

———-. |

enAn ey ey
\ ee A A ne eres\o ae

Mn recall drat pe= por K—K'. Dus aud OAL!

7 _ = Oa (pith—hem) deh ptm) KEE
- L=Ta Gi+k=i rm) vek Fem) He

7 boast, kerk andecsr -e! % ge 2 -

= + 2p) hh (Aad hee) =2(kp) raed He’)
~ = 2k pd) WOR Hpk) + 2K6 Ys:¢' f

.
pk! k-e!)

;

-

le = SA PKk!e:)+16 kpXhe' _
7

T= sep) (packer |7



Oo, | _

Pha pnstdetm pide CRP) TA CPREEE)
Oo = ackpi |-(4pr' + 265A GESE)|

obit) hepled @OP- GO]
_ +16 (pk) (pk) ee” ; —ee ed 6)baieGl)
Te See new [= 8€eTCREAPTETEEDS—
cast sea ie ky. Wa ha BY WES ry



SE EE Sian on
oedd = Hepa 2(ehids 2) EGB)

| in (Kp! (8) = =h(Kpi'eeeek!)
atin un: feb Deedee1

Madea. utia —2A CAGK EAR)

Oe aUCKBERER)= 2ENMEN AKA LH)

__ Dek)bp

TN iidkea

iz Ewhaee d)= ~ 20 ACRE)



~~ RNS

br Kp e = Che pe) ooA(KOpe)= Y(Re(pR)

ENGL(SF ACOICL: (2
IE TRLEEH |) p-(e-kep:-(0i-Ps)dH mtpe)LE (Pan Aeyele) -

o—— eee neo)
dobbsTey

R= 8G new [2e)-l +EERGI—BER ED

H “RR p)(k!-p)+ \olapemey __ .ee + Bke)(k-p ep [3 : -—_ : + lo(e-p(kpd facee hi] pele Per) 6 TP)

=ee-kyek) faeey | _

:

wr wo 00



(

= 8 (p.W(p-k) +16 (pk) (ke)™ —Onsgeen gi ONO
wit wit

aa eg

oo pomedes

anes 2ben

| mB - Blnt—“SOCOSSSCSCSC‘CS

_ loom [Ree + Bb mleky — Tem (8B
oO. fo a

aiee' Ta (82 a) #1 van (PE) __
oe

co



on y ! foackim wae

|ABee Opekpvie Ye =) =

enSA
——- | Wewall wdoyrole aren elec hue 0. dt. woke smuy cum oemeccdTt ones: Ge BE)eee
ae = rR

| Git __h_Che Wey fe)a en

ofeaBeBe a OPP Fe) Soe (ek)

ae th
~~ MS

aA”

Dawa, in or code, ee
|

ae= NYmi Le Nea
——- —-Gmartke

be

aa| eee

OhbaHheue gare cnupeldy Sou TM dodoGu Wide



se 49s”

“Baeb pnt uaty Goa aaa dyno ane| Qana opreglet ~ = -

te qa Prete = Memchomafenmedtite Corfe

“Mt fv Men Renterenteh ase CBed.G,40 aie
- - Nekee Quck wmnouwtocks v0 Veg =o. So, using QS Sire,

. wrrome: omen” -- ~ -We=AAs2 Bee RG’ aC) ise -.hs - Te gl Ne DEF amet. wTYe” Meanabite, Jamal Gra BCBSOS Se (avons)
_ Noth Duaggaica aregonaerepact? Che guoboe ste een, guru te— - twa ye bo a daggornwann Gan Sdae\) Men ot -

L . sey — shopxe Aebroath ca. oo
- Ws, ae= Tel’: Cem Sent) - mi se Sc a°OS( )

ue weNaw gate Salo wen . Shane the Qo _.
So: = as Set) ah MR BOS

Se: de” wigan as: Soa dt Be y8C »
er, fr Wang prod, Baler emd . Weak we Qa maa o

_ york sascih mama. Manat af = Pe 8) 580 -

_
{me a -

— us weave gol as = “Tgge on a 3S ~

\\ gee Et, [P83 Qrowraiod Qe dite dak.re) Ah 64a My oo
T

Maawalitteny gin Lyagela ae Dts oo!.- | = BSUprease...= Ag C\~ cose)~ — . _ = Ypgrewsy_ _



Tn _*

a . -2-
oe Vv

OD. Margen rece Gel so thee
ootereme ACAGMY)

- YR sity it ~-
— vo se wee

stata eae,pl _
oe — pi simien. _ 2 eek

5 thee. ae HoRal = eet aay) ~
- t. AR RESBH mE TEBY sewhe/ad__
—— Mew. Sack Ming, wecandes Qe dra. _. _ie. Deng, ae a. oe
= EMU CGEOO RW) = ERC ACA + EM h(eW _

Mad, As M(ERTOR- RRQ). _—

4 = 4(266.- Lea percessl) = 4( Ee +Aprenss) _-ome
B= ROPER) =4,s0 2 ~ oe

- 9 ENEE repos)tint = 966, 4+ 2ppemestmt _
i “= alts Be PxQe cose) : - —

_ Bik Badkie nmeama = On (mee£4fF cose) = 2 (aes + pL(| e086). _
. = AC Amo + G2 eos)

- 5 4 (mts feos) _ — .

~ dtm dog: dee GRsivbrpeat.) - -eat Westen -

Bak mie dleata= ot (eigen) RT
So ae =at tng eo) | p=e a

re) 5 dk «| Apt sadter, -
Rawades Coe gt eo) = Cet ere FCiasided) = Ce pes) 7
: _ = ENC piste) -



oe | —3- L

QO wa. Ha eofetacdsiten) - GMGadsuly)”

1 an 4 ptsite Se psa.

a dee @Biw  . Autu) eeBhAv Y gt sim'(e/2) ~ Ga—ee
© Man Crake Dela Naot ug ak vail ag o rasa vmemalun

—— Qi chy ouch pug dete cree sachinWdbintte, oo rccoutkADueSat ie Wey y Shase Oro ce ownceceQa.
a

a
a

;- cutee ee

|G pete Das amaunen ce Bask: oh oy, aaneonabe angbein a ia
pane meen veo = Sy le te ay -1 Wad Sage tenn Mast aie em. CaFmw owt dey

+ 2) Wao Amen te conga do a dypied hodimie?  _

y° yes Cece Dee Loh Ange Sect?

oi Pa, Aa Data nmnncarnmtion’ wan bo dunk wads (he plosespnse’
doy op r 2Qn.
4p, BR Set) =. de SCELEES) Loh —=“ QuF LE Oe. 2B, CWP TE) “Qe ZMe ae

. eS sere. - an
eeCR ELwe - - a\ Oia become da cait | you gear spatbo 0 de ie sdk you ae -- Ae . e

= Cay Sey. Se NY Sloe) ISoy Beet) USB - Gy(Se.
- come he x .-- ~--



- Proaespedom ti; BO *oan Lote AX -4- Lr
:~

|. = wy XA. &-e:)- 1 SeaipeyOres fase aabiy: tribes) ESE)
Ba BD Me = ee=LU=Le das thal mo engi

boam tape Bd
Se he a FSG 0)he, Hewalok aene) —

: Aye YE a »- 2€ pesado é
_ se Axtee)te Feat pa oo

: PPEOHS gsi -

fe) Meo. dp =_gdpal.s pEAEAN so ee
de es pP AR GW OC mae = Gd hOAAY.

! Ve gr pl swe, - legrsiscen) -
Wao plac! BO oo

ACJ ERG AR ances Foose) :
= 4 (mde gr enstefe)

. = Heesth) |

Soi ROSARY HET

FSW S$) a gpa (tee. :Wr de ee abantateoe StAe al _ UF siatlel), eo.s
a os -

fe) ' & a) AR Agu pasar geose aBS, ~~~ b) narBe §yo /\) & oak when.
-~ te - —_ = a



‘e) Sey Sa dowels Adee Seober a
— ne - — ae eee

_—-

k “ EE bs =F -- - eee- bt? PD “ec eee ee

on rey . Me= R@biexlBaw TL)
aR, : « QD Sen Se

0 eee eer

: 2 QE roxGwe) PE Eaam. .
- [RRA LRABP Cosas me) Pts CE ,_pentt.,0, pss.)

- i é , ( fits CB). - -

. ous. Doane macomentionstd Ruthin yd Jur leigladere)

oa wm tthoned by DadsWe a
"Sip: Quand Meck k= Oe Jvte,bo ah Sine oad

| = eet eee MEET on
5 See Ws Ro wet Bek
Was Bah WeS We mee

:

Sos 2 pF -_ “oy a

Te) SE 1 Ee 20m oe
Rae. (Blea Co



RS

O | Yao o Aa Aye GoldenRule ts Couloulg, Soations

<2. D Wakdoeaitydslalee shod youu with FER

FR gw aster) Katia. dee J DL
| SRR RNP Cem -

en - a

-- Toni S68) shall. weld, wade Mees
:

1g = mr8CGre) [detPd BO :
: TGP EGTA LL

’ c my ‘Ye -

Css. mammal: -2 :
te Wak: SRG: a ce

TT LT geile= Ste ty BOWWEESTE KT

_ 1 Mbit= ete aeeseilagp: RES88 x

© He dre FOMO@: SO
OO hin Vumsace” MeteEG2e)sous he LL

-— =f Ms = Sey. FOL TR



ae

ae, _a- L
i

| qua orterey [etckey Rakual Eel dye Se
-- LE PO) 2G IO - -

na eau bo Ou" rake ide ened evergtiing)” Of conan, alee
— - {alums dagamsect~ a small ba = Wr danacere > adh por.
~ --©Qhe eonaspending, oA in. Se Wo pambisteCrean i ddauralle —Bae MRO Ee pe eee eya eas

er, en ee ~ ee

. a= fue = on’: Sesh Ae | G¥8o- VTP
oy ~ WO QE LEC. WAVY 2G,G3)

- Reeadh Dhak Cae Cre den FT syste, Med, 6 boar Seam oDindane
"Yrak on Oar arth Dink: - ee

on (Tal = Im =Ue. (aeae«(| ;

; fh pany Sendd sap Do_, » Sothde = S@)
aWake thine vom a

—_ Brie boa annoger Te
.

1 _ G Aut + te. 77. 1 La Gn cet [IY ee ee,

fe) Rk We hour agueddakSL ge he a te Ghcrei?ea TE TB BE RIK Lie' — =) a beeccooteer$S |



a, ~%-
oo v

e) |g. ame ram aeheebhad ipa Aeon ordia aa |odeam. de Wamdle, oxternod ath proton a

- Thowtitedan pot eas Wily aon_garlemel pokwhiol sontlad. -
—— featGrae iat The atofh Rein Dh otmcnnarshontba fileA,= Mae watering
OL Auli, \ewlasaend dank omer acchim) ve “bogies

7 We Rab, = des aaa eae avs Stew,
. or) 3%) v .

Yoo, Bee gee

> Fad= WS Geel eeiwierl ae© afe) - LEG PC) -26,2,.8) - - .

a DL S<3¢g) AW Wr attualh UntunchinNetwdewon,
+ d= QWSO. R eeSe a* , 3 Ta Von 43 ~ ~

. = CD. WWACE=£,) lected dpe, . _-
we cee - rvgs 2E,G PES. - wee

wn Wde dL ecmenthak do le artinms cndapondac.CAP>= saul, HE_ ack oo oo
Cowmoit:Dre Goddennde vide in o cYrrquondagel(swegaskie

a enna prose, _— - : —-

_ > GLHBS= OQ Me co.

CO - bs, ow Coends enat, MES RG) Geehe acy. SB -
oe fs God Sr Ouie satimabedn vo how andes — 4 a oe- ~ — 3



OF Olive Ede,wach Hin spin aut (8? Wy

_—=a Sey = a Rj}a:\ OR2

a. S@=55ree——fe SEa ave ae
ar eo Se a .
TO
— -@ fanaa omfae = . ee oe

tees] ea
Sade at oo AVION Same 8005= 0d, SS

OF that matea ic Thy Depot? Ma See anstthany apm gebang ——-_osksiae up to_suctaa “hang‘ Adssgp y Sossnd Oe tm Crnstmarla scadkh.

Lede ak Sa nin) 7 Oa meh Sy oathaoe ayes de
a pon ts aks —

eaeeSES

— 0).Seae

+ OH 2. 05:Ge. Du ar ‘ — caw a _

2 -



—@ Joondude dust Ono ce mosmols Ginig oo oF. Wey °
cornaurs Ta = S° muagass to ato dn cadslerale” Mor 7

Ooms ou san pha tee fa SESE suc low dae

DOW

A me} AES BSA 7 aQua cam Nees pol 1A BwSipea on Electors Plat Dat© 26_ ar eae re _ oo
u x = or rr ———__

=ual, ave Maal Tu Side(e)|coBg NOS

es SE ae ——_——
eS aeee ee a

Og SEE eS ES a Gy Epler

| OR idadpanes Ae narondenen Cab atone Hee
_ koe OaMe & sie & ot _ .

en ae i ee

Waleti, antes OR S20aedise Gecko SCS



re|

; "

O- > gSinetels feat —
— aayen ea iges Pauls) | LLU BOER Y ucos i Te = OTISBMY| LWA MWg)
LAA (TelGT (teeny,eats) A Leen tgenan).

_- Au - - Aye - =e

© @ Ayo WR BW) ~ OE KOGA) ;
= = = AL pe pee Pape— quel paetetomi).| - 2 nee.

—_ BaoppeeGeubmtheseme ye
Awe Statostate tS qe) oo

~ Sw Ay wy” -
| B= al pte see > ag] -.

Oy OS hots [apap asgullecetseceasy’y,
(p= LAC Cotten) Ceeediered) = s(t tyes) st]
@' Be, QW=CUA)= Eer-ptscsor . PAE exe,aantes ae Eeaiiocce a

Ln Ap 8 = UL NU Be epee) + (ated) am
og TRE Ge ee

. 4st ° eee ey ee

7 s as KY Bees Caen) + ippaeh —
‘omen = biratst orb eset 1 ne Wetatas(utind)

a ween bedeer 2 LL



i ~ee y
|

— . odes Vide= UR ye Lk
fae et Si — SSSR. - . ee

~ to ace aah) (Ter dQg >
Sy, wnbagpode.bo gabe Lo. Lo
Aee a
=(BD.awe

@ Now dated:

-. as, 4 (BF EBV eecupant) = es"esCutemd)
\e) — s Cukamtssy) = Sf C\e Subawty) a

b= He UY SO] . .
a = Sfx (~ meyy 09) Se .
See Fee ageh = SS Ls Eopene)+5 (\- AT
a = SU SGRem.« datwyse

Se eoee A

. [& = (by, [ Loesiotenidt 2 UH oats |T:O aha ~ TF Cn .

Cod fo- See (R) Lee Ok sae) = & ning SO
+ en y



O -OFn_ BE eA. wsogk Sue HErsa 2

wo = D Ve magback te ak oud My Drom aman de
7

. 1 [a- fel wose. +e site] - - -
- ue, wole Oak B= fe = @/pe): = ns -
Ong oe



4 y ~2-

st Taplor, waing, \ ce xalup Se
—. .® satost pasdy tn doo. saduphe cadendaesn =
me) Hs. Ss BaSy. YHaa — - —-——-

_—_ +a4GSTA = eV
= ey"

oo 7 —_

mo HS

often) Pte lf85.p2,——=- S182
SL

2 iy Sava dhadly© eee CE pa Ra +PetReval) :
® v a eo : : B = GPa) :

oh nen Baga

fe) Soh TONG Na)BORO)Voy
PT acess DEa aay

: Fate Jjark duntsuararsOn alarm? arstakas. Sreuyens aunana Qin._ Sha teak Noe «AN ofan anes oe Soe
Nemn (ha mee ben om partis Hales, De syed A and Ry

errodd aban cons of. a - ae
We pam and armatyye tre Pa Gack 2 Lk

Koh T(MeaKe Gee) CAC 7]yo
oo :

x \dlusd’xe + HO: HO: |oy

a FAM eee any emer. vara. MAdgban Leneme von appa. Ce STR
Oo — feomgay ee. Se ae PCRS A ead, =
TIL Lg Clone WAP CCRT EOKONG):WOGOTLIDS

~ wt en Remar dee tyv-CerKe) _— :



= parsesetetintymny=
|)hatuachpaseqagk



a. ake pridttoomedde Dewees

—hekecema jaecoguubat

ue, C4080) = Seay dehy eegedey
oe ne Ma er

SERIESSeg
~ Tacae

1 SONS): = seve bck ade anced em,TOfksessoe nunas™s Gime ggeam

= Bis ipaoe
fT (96) 863) = 2odd)ee

2 TT FR Thao)= ee:

“O-7 = + Cai gqusgay = GIA EISEY



ae an
— ——- | Mao Gedo casshunse dee zpresdl omats a

cs (nnnl a
eee S47 2: SS Ht6 mH LL
_— Eeoe _

2 SE Seeoe
aoT

aaSeee ee

a) areas Ook ae |
eee Eke Mee ee Mom alll eanatan sseeghe



. > “ 0 Wrele 5

To LTP engaged) =: Sera OT.
[2 + @ Sel s CY TET ST

TOL Waa glee DDater
Of. FERs CHE IS LL
OTOS Sh SIG EES REL

HER CRE KEELWA

— pice up aaSern_traeobanl Sioa 08 QuetaneCerna
6- Maw , rrgaong Dre rranhle in - eee ee
~

F [40 965403) = OID Hoe oe
7 OPE Qe) TRL + SOT ERIS IGSTLET OT

= Sapay (SYK)SEMaca tent
: "NGS TO aeech ag ER, SPO

anQuchad ction kote ckested,see Urmd.oun bad:
- ~ to ee ent be pe

ae ee TR



oo N o

—ab Measvaide kote ke, ae gat - GS [QV] LL

an w Soappegs a SY

TS RIOS eOOeS: CO TL
TETBay SITCHINpa|e

. . Whew alow _

= eeesta
oo Iscwoesgety
LP TTS SST Sy
_ Tp. aera

“Llpae sateterg + aeee | 0.

| SRSSEES PETE TT
7 TPT TS SES STA

Pgs. gelcatia,tak Tan ansae 6



2. _. MsipsdSlasses> = <I S82 2

Of resSaautivioee SS TT

cp PASRYE

(fT TS Retin EASA SRD PSEA |

OT Se
‘Ophcayet RSE

a RESCLCYs

O- ana cans Amon SdagdKy adoupina Yeu



. - ~/0- , a

sags Nasaigaes daa o .carroses— yeasty. sr a) a ©)
re ne SA ~-— a -—-

oo | Sie Adincomanaa Otte, Endt ent ctucone Cpamd @._|
__ ise.Be C= CON, TE eu Man agauado

—-——— —-dhnose Uh, ack i. ee ek we ee

Chane eu l TSS
. [Aci ne a - - - . |

. . a Wa Adalsin Wada Sn Ves rome + _ we. eaea ee a ers©)

ZO Sihuont oak Sel ete ad. pwnage tht | Aes quya,; YeeBysshe, Vkan feet ee3S acend smelled’! anao Hom Pad 8 cgettald Vaneau Sick
... Joes so

. . done Qe POAmOieAss bee oh’ wonsa_sypeboammd Mas

(| Qo attacaninng paren Cock Oa Nopeaivinal Dasa) ve

TT a Ae
sak =f ageeea CO a



a -8- ee seh 5
= Se = Qa en_ ad Oro 2 eXthe-PherPie +X)“~ os _—_s 7oi a sayteal ne
OTL * . x aor beara]ro

Noo, eared Su US cxdaen? Pack CO x=le,
bmg Gied) degallnr. Mewse! - .

woe Ka BORMAN aah Vacy 2
a aSO a

- _ _ eo ae ke. fos me

5.1 Oe mere “Sy Son SO Ee
© OMegui en

|S Fare Nagi Or eee et

LW dae ig Dek Ole bowSEM TT

7 donde Wits et ron enn ae
Mn,do Ou SE dogs 7 GS SUpetictcee)

Sea NS BY» Lap. EY -



LL SeSing sa. Ten

i (nn NC es

ee tak ol obke “Q's 2d cay uses os Saba oe

1 iat emda Gay eaeoe mpd Sd det bawvn[vod Ae anid Oe Aadsed olfiond louk CHa Dee
en LCS CO, .

> [Sezakeabaal ad EAC
a GPUS: a SOP: 170 Tome vO



O | reece Sian ARERR Rak SE AOS.
is a ee
on Pogo fo LoeS

_) OWESPRL US lega A Aaig

aSNe100,

_Kaif yorumhabsa lt
OSS ALBRONYo vor TEM)ra

Obie tac pitt Sk onoedlgues7

_—|Se, exessluing oil (losis _crnoratetnd von anastoee

ITT ay@vikiligeny = Ge a

~~ |GSS ES
a — ws erelk

a H Saneaean



_UP 2cGeerCCD

i = Cot Ra A) Ga):sete—
a Frere GYRELI_—
cee <py- -- - Bk foscicqua \-—ee- ByOE = 4c Or al (SE RON ac) a

~ neers OP._ @
ae Weak eesags OA ae owls

aEA

ee SE a eeee“u@) = FaPFO

~Tiina



O | as, eet lhotiy GEARGTATTTae
oe -— -———,,-- Ten NT en

PS SBMSto's
fot. Gay fradtad). (ESS).aaMaa =nOGeeea |-. - ee oe eeMEE:

Dio a Qewe na so san: - _ ee ee :
. WWis\"= oh. GEESRERS: Banlhcd wy uenhs.wu)

: . orFey BONA wal BOT ISH)
_- mS ey HM Bf) SOAS ATH)
Of 8d.Fy FO RageTORTIa,

.- © Wa MAREE SCN ASD) eg

_— Mow pe, de sg Suu madsen Sau! ou
| i meSHEECinoFWC

- aps a ~~ je: eee~
~ ne Ter aes - .



. hacsi, oe a

_ Seeker eee {Sg

- see RR
TS estSSLONELY)

~ Mp Spcauiaal nSeltaaeaia nai Mas ont te O
aa)oo= Pal [Sot BGS KQED)
2 ELSLORYSL A MEI TT
OP eiahacowpatiaes



ae | —B- * ee seallu . g
a Y es 2 1 cocks Senn, Nr _{ vt »
oa eeeARECg)

aaauate QS=0 8s = OA]

- — doce OL Vaal _AGs ee
Bie sayy witligd

--- - ewe oe . —-—..

|On Oy Oe Ga IRCTEEETS
7 lo os ~~ wey Wla odyECVE)

—-[-.- SPeeee

vo JOO Sg A
mees

BD actSe Ree a
a {Sitoleait oxbanalplaatoos Ye ka) pathossaan?



ERR Ce on et a 779
a+ ee~ {3 ee — a ~ - 2

ae ircrerrereer0  reraresv oer onecas-
rni He _— ——p ~~~ .Sah GS GAGSRGEA TRUK ALP CNIS,

Ga Seaieatbic

oe ae———— - #LoS
SY Jat), METTOS AY,Areata|TEETAGS, KAY TTTT]
Weatata

~~ Tiga BaeWichae

ow om one said. Ske SERN)BME StatinsSee Tn eewa

| Nhs GeOST
ef2, dS A _



Ryanshou bans) ke

© oSiw 4 . Urea, dent oa LAR font
Oe

ot

© Va Jul deie coded Relea UeMtan sang 244 4 Wate's ber.

© Matha Lewk kv Be sud) shviows ture pyprmcn guage oi:
ca FReanse\S-tY aco ss ete Sf

Bak Owe ta seatachritly Du Matt sSaskic, onplibeds
quanby BOC), = gezrhe8

S iad : watmi

de am aas\ | Se kak, (Eom) (as)© BR) > (Bs) [ES (6)
TeeBrom koBa ep= KIEi-preossil ete, so (CARY &. wyRBaosup aa phate gat may soft. te

© Suppose your anger etbdua sdf gltrs Grow Kinin & Kine Cue
yor ah rd BO 7g "Wat k ae

Gi) = Gi) 4 AGE) SBE we

e° Ergin eras date vik lolnoug \areamar ot Ky20 ues alee cada gueOTAS sues wrth Dur orndu ad eonsatiod
| Naren yor aninithaad bak and 3 £- Qreae como Me ER duwsrdpace



R adiation 7



_ asackins rom Sacks, Baths, Schadf »

© x. rivets a quick summary of Jacksons chapter on classics! radiation by moving
7 charges. Probably this is unrelated to atomic. radiations, but maybe it will
7 “be relevant. ‘The basic idea is simply to Say: E and B fields may be computed

f¥om 4, which in turn maybe obtained (at retarded time) from the current. ~~
density J... Buf the current density of a sfriglé partielé is trivial. THEs; you

*  obbain the" trivial—tienard-itectartpotentials on-page 4655 “Theonly-faney~ ~
.

- aspect is the-littie-k factor which, causes-potential-fields to-cempress-into-—- -~

a beamin the direction o-f the particles_mation. woe —- ~

Now, given these LW potentials, you_can calculate— and.B. But it
turns out t hat B= nx8 so you only need calculateB. This is done in 1h.
where.we get a fast falloff "velocity field” which we shall negelet, and the
standerd ratiihion field which isproportional to particle acceleration, This

is probably the fundamental formula of the chapter. ~ a a

Next, JDJ goes.to a noiiéél fFaine ‘and computed the radiaféd energy ~

~  inte--solid angle. Yow get the standard result that dP/dOMEGA. =~alpha-x accel?
x sin(angle)?.. This -then-integrates-over-solid-angle to give theLarmour-formla, -

, ‘This, Laxmour formila,is non. rel. but_is easily.relativissad to: give :
6 result 14.24 or 14.26. Themain differences from the nonzel Larmour.are the

presence of a ganma® factor and_a second velbeity dependent term, JDJ then goes
on to calculate radiation from linear and circular accelerators. This gives

the famous games” radiated power dependence which 30 muchlimits energy
of eléctrons in circular accelérators: If is noted that radiation lossesin —
a linear accelerator-are’totally negléagable, litte why “slac was" BiiTE?

*

Next-comesthe-"angutar-distribution“of radtated power'~stuff:- You-

- + get the searchlight effect witha width inangle-of-ganma’*, - Rrom-an-estimate -
of the."sea_time" yon can guess that the frequency spectrum_will run upto

ganma? times the fundamental frequencyof the rotating particle. Another rule of
thumb is thet it is always the {transverse acceleration that causes radiation.

Next, he mentions that one simple way to make a particle dcéelerate

is to apply a plane wave. This leads to the Thomson formula for bhe cross section
for radiation upon a free partitle (oreffectively free). The result is tha-
standard (11c0s®)- engutar-distribution;-with Thomson total -cross-sevtion-of
SPI/3 times ro”, the-chassical -etectron-radiuss At bigh“energy this-process

is called Compton scattering..and.the-Iéin Nishima-formila-mst be-used whichle) shows. peaking in the forward firechion, ...  .. -



~

~ -——— ~Jackson-closes-out_the-chapter_wiht comments.on Gerenkoy effect —-—-
- The main idea is that when a particle travels at aspeed greater than the oe

__ speedof Light in the medium, the particle radiates only in a specific direction

.

whoke cosine isthe, ratio c/v . By measuring this radiation direction, you

can figure out theexact speed of the particle.Of courseit has to be goingfasterthan the local speedof light oo a

2c" Having reviewed this isiness-on-radiation of single’ particiss “in“wotion; wenOW ~~

- (Grr, eaenermorrmsinaie-Hekdar bioping this wil have more relevance -(QD) 460 atone. and.-charmoiium transitions... e-are-still completely -calssical, no
. quanfummechsnicsyete 2 ee : -
7 to. We start on page513 which shows that there are two ways to make _

the wave equation describe electromagnetism in the absence of sources. On e way
has B satisfyingthe wave. equation.Bmust then have no divergence (transversality

~"~" """“Gonditidonon B), and you get B-from B by taking acurl. This is the "electric"

"7" “gdeTTHKe Yor EL transitionC6 bs described Tatey. ~~
~ But~onceyou know that=B- satisfies the-wave. equation (by the way, the

- +--+ —~bime-dependence-ts-always fixed-at~a-certain-frequency OMBGAy-Thus,{del? + k2)}- --- -
is the_wave_operator),.you-can_expand_+his.thing_onto. ppherical harmonics as

. .  4n16.35...Ie. the angular stuff is deseribedby spherical harmonics because x *]
these solve the angular equation. The radial equation is then solved by some
version. of, spheéical Bessel functions. You usually choose hankels because these

“ "have distant plane wave behavior that you want for radiation theory. Of éourse
“in thisexpansionthere are. cerfain undétérmined vector Coefficients, These

~ Way Departtatty determined by cheervir: trat Boma bs"eransverse" *. Herice
youvend-up-with-B+ -b-¥- where I-ts the angudar momentum vector-operator and Y --

- ++ -is-spherical-harionicThen-there,-is-only-a_scalar.cocfficient f(r) -See 66.12.
: - -Toese_fields By,= f)kr) LY), and Ey, = curl By, are the famus |

. "multipole fields". Of course these are only half of a complete set of expansion

. fields because: you also have to include the. "magnetic possibliities” as shonw

in 1bshhe

:

.

3. Sec TUSS: Jackson claims that angular mométum selection rules are simply
Biverty vector additions The-matbipslertieid carries off L, If your initial

: state is-Js-finel- statevis Jt,—then-Jt aust be-contained in JxL-to get. action.

Obviously this.is just-WignerUckart andthe multipole field is a tensor operator. _,
‘The parity. selection rule is more interesting. The parity of the eo

radiated "“miltipole" field is actually given by the partay of Bym which is (-1)+



-

-2-

for electrics, and (-aybrone for magnetigs. “ThiS,fOr example, iv EI tmmssrtion ~ ~~
(elevtire dipole), the field has purity<I to-the-initizi-and-final-atomie-statés6 must have-opposite parity. If the atomic-states-have same- parity,+then-El-is-
forbidden-and you can then have only Mi‘orE2 whichare bath two. photon_operations . .
I think. Ie, they are at ‘the. same level ofweakness relativetoBl. _

In this discussion of ‘stlection rules there is. mention only of
parity and total J. No mention of orbital L as in Russel Saunders stuff. I will have

to look elsewhere for discussionof more detailed atomic sdlection rules and rules
of thumb.

5 ee as

oa * OK, now we tave set up the-multipote fiedd- anatysis.—The next-question-
is how do you generate a particular mitipole-field.-All fieldsare-generated-by — -
moving charges, so it all boils don to looking .at_the J of the.radiating. saurce..
If you integrate your charge density against a spherical harmonic, you get the °

electric multipole moment Qm + Roughly; thisis the scAlar. coefficientinthe ycradiation expansion. Thus, just from the physical shape ‘of the radiating charge q/'

Sisixibution you can figure out which electricmiltipoles will go, For example,
.

a linear antenna has ag{1,m) only when m-0 and =1,3,5..... A Circular anterma
6 probably has ho electric moments. It Ceftainly haS-a Strong M1 TotehtTHOME

* You get the magnetic moments My, by Looking-at M =-curkJ. = do mot want-to-make
any inferenees yet about the relatiin between-the- shape-of quantumwave--functions

. and the radiation, Wait until we incorporatequantum mechanics later.’ --
Now here sre some rules of thumb for atomic and nuclear radiation

without eny quantum mechanics. : the belative contribution of multipoles is
set by size of (ka)* where k = photon energy anti a = characteristic distance. For

~ " atomics, a = Bohr like distance and k = 1 evmoreor less. One gets tha ka = order ~
of Z x ALPHA so generally small except for heavy atoms. This, usually you keed only —
deal with the leading multipole. Thos; you have’a “high Quality" pertiepation——

- expansion. By malcing a simple niodel, you can ‘show-that-M is dowm-frourE at the -

same 1 by same matio of (2 alpha)”, That is why El sits-by-itself, then-Mi and-E2 —
- are_same strength,in atomic radiations... : — oe

In nuclear stuff you_take a = few fermis, but k yaries over very large
range from 10 kev to 10 mev. Still, it is generally true that electrics are

stronger than magnetics by maybe factor 25 to MM. (of the same order,ie, El strongerthanHZ Mi, ). But what about relation between 2and Mi ? In atomice these were
6 ” the_satie “size, Xbuty in nuclear M1 tends to be 20 timeslargerthen E2. ~ So the order

- would be El, then M1, then £2, ahd so oh if all allowed. —



—s

.  L-Rirety-they-clanify the business of “intrinsic magnetization. Recall how -
this_magnetizetiogfound its way inte Jackgons multipole scalar cocffisients, e

. In the weve equationsyou puta source. Whereverthe current J appears, you
___ ____ alsowant toinclude the bound current curl(M). Thus, this M occurs in the

varbous moments Qj, and My,- For example, suppose you have aneutron irradiated““""""
“by a plane wave. Since thereisno charge density, there will be no electric

(7 7" HOI peTe Facaeion. —(exdept Possibly Ik Higher OEF dis to Oy, > there wT
“> “Be nagReeierantatror-homeverbevausee-you wilt have an vscLllating magnetic

“+ + moment-Perhaps plane wave xx. Obviously, thie has something to-do with

~---spin-$-of-panbiclebecause spin is always tied to intrinsic magnetic moment
. -hence to intrinsic "magnetization" khich causes. radiation. _

2. Alsointhere pre-quantum comments. Blatt Weiskpf observe that the angular
distributionof radiation for order (1,m) is the same for either electric"

~~ " “ormagnetic. See 16,72of Jackson. .

° => “SUTIN Tirst part of “trmnsitionto Qu BW note that-radtation actually occurs ‘in
quante-which-carry-hvs “This-is a "photon'-However, this photon-sam-carrkes
angularnonentun_ofLshereLis the multipole order. Roughly, this .mst eo
bethe. tokel angular momentum carried off by, the photon, which is the vector

. combinationof thephoton spin (1 unit) with the orbital angular momentum,
This idea comes, across in the Heitler type theory below where the exiting

photonis put in a plane wave e*’* which we Jmow is a superposition of
7 ~ “erbital angular momentum states. “This also supports the idea that a photon

-- -~  -ganmotvurry-off “angular mometun-O-which” yourmight think possible because
: Sui -and-E=1-could- combine-bo-give~ O- The reason must be that My = 0 is not

- possible fora. photon-due. to-masslessness. Thus, you never get mulltipole
-- - Radiation with 120, Alneys starts with dipole. - :
. _ ____ $0) E wil grop my erroneous idea that multipole radiation of

order L involves and I-photon process. In fact, only one photon is involved

inmultipole radiation.

4. Now finally cones the transetisnwher'e you must somehow replace the classical

The-idea is to-replace- charge density RHO with ug” w/ Te, a charge deinsity
becomes-the-actual physical overlap.of two wavefunctions (orbitals). e

$ Similarly, the current_goes over intoug pw /yhere p = momentum operator.



—_—

-~3- -

The-reason that these. quantum mechanical _analogues_appear is of course-that - :6 in quantum mechanics, the radiation rate_(transition probability) is obtained _
from perturbation matrix elements (ug/#'/u;) where H' = v.A roughly, where A
is the vector potential. Now, you might also include in your perturbation

Hamiltonian some kind of spin term like s.B and this will then cause the
magnetization style terms to appear when you calculate the multipole moments.

Blatt and W then go on to disciss ‘some Of tlie nuéleer photo” ~
processes~in their chapter on nuclear physics~and-radiation. I will rewt-instesd ~

the abbreviated stuff in Segre.

What bbout Schiff 7
a

He presents some of the Heitler style semiclassical theory of radiation in

which the atomic system is quantized but the radiation field is classical. When
you do this, you find a matrix element which lookslike integral of efK-r 4 Up Pye
The exponential Comes from the plane wave of the outgoing photon, the A.p comes ™

froin the interaction hamiltonian. If you replace the exponential by unity in
‘the long wavelengtir limit (as you integratge over the small atomic orbitals) ,-

— you clearly see that only electric.dipole radiation survives. Ie, -yow-can replace

OD bho natzix. element of p with the matrix element_of_r_and this_you at once.
recognizeag dipole electric xxkimn radiation: integral( r¥ up* uj) Yoy isgmneral
Blectric multipole. . .

“If you go on to expand the exponential, you next obtain B2 and M1
radiation multipoles, and so one Ie, you expand the photon plane wave in
sphericalharmonics.

‘One also sees from this treatment that’ the treHSitidi rate is  ~ 7

- ‘proportionat to the em-field present-{/a/2}. -This is usual stimutated-emission- -

+» ideas The idea of—spentaneous. emissionI believe requires full quantizatien :
of the. radiation fields. (ie, “second quantization") Thisis the, magic business
of n going to n+l and ground state energy (quantum fluctuation). Althoughyou

. really cannot explain this in semi classical, you can fake it. This is what Schiff

does in his chapter 11 which has a section on spont emission. Then when he docs
“second quantization at the end of the bool, hegetsspont to be partof the .
straight?dFward QED calculation. ~ - ~

Actually, Schiff is probably e good place tb read “hoi to relate fhe VYariolis

6 levels of radiation theory: classical,-semictassical, full Qup.



Jackson's Chapter 17 - oe

6 . 1. He opis by discussing the fact that we have been neglecting reactive effects
so far in the book. when an electron changes configuration in a time that is

very short, on the order of the characteristic time% = 1074 sec for electron,
then you must consider reactive effects.For example, an electron that is

~~ ‘accelerated by external fields radiates and then résponds fo its own radiated
fielar - Se 7 ~ 7 7 7

2. Section 17.2 gives a quick Larmor-based derivation of the Abrsham-Lorentz equation

“of motion, equatiicn 17.9. What isTew here 15S “ddiiping ters” which is proportional
- tod. Recall that usual chassical damping terms are proportional just to v.

- The effect of such a #" term is -simtler-te- a-standard-damping term,-as shown later.

3. I now skip; to section 17.7 where the Abraham-Lornets equation is transcribed into

a more newtonian-looking form 17.51. By using this form, you get rid of undesired
blow-up solutions of the other equation. This "integrodifferential” equation"
is cleatly acausal, as illustrated by the preactéleration exaipe. But you could

- never make observations on such a small time-scale -anyway; and-@-uncertainty

6 would swamp such an effect anyway, s0-no -problem.- Referred to-as : -calesical-
microscopica causality violation. oe .

~ he Section 17.8 gives-the first application: linewidths radéating-atom has: a --

damping term given by the AL equation andyou-calculate a univerel linewidth
- called [ Algo, you find a shift, from the natural frequency whichis much smaller _tha the width in this model. However, whenyou go over into QsD, you get a much

larger shift then this classical model predicts due to photon loops and vertex

corrections etc ("vaccum fluctuations" so-called). This makes the Lamb shift much
larger. ~~

5. Section 17.9 deals with atomic scattering of light. You assume en external electric

field and put in the AL damping term into the equation of motion. Here,in addition,
Davé puts in a standard v-typé damping term tO AcéouHt for other formsoF damping”
like thermal effects, vibrational decays; etes—You-sotve-for-the’electrons motion ~

x(t). From this (ie, from’) you-eakculate the-radiated field; at-the-same -

frequency of course. You then get the-cross section for such-radiation.intoAS
and at energy Q). Then 17.67 shows the total radiative crosa section (elastic).
If you are above the resonance assumedinthe model here, but still at reagonably_fe) low energy, you recover the Thomson cross section result. (Remembef that at high

ehergy you hezve to use QED to get Klein-Nishina result)(ie,Compton scattering).
Dipoye sum rules are then mentioned.For notes on skipped sections, see other sheet.
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Comments on the spim-flip synchrotpon radiation
.

6 ly First some remarks -om classical theory. If you take some charge and make it
7 = = kecelerste,, you getradiation.Thore ‘are_noveral wayo—to- analyze-this, One

way_is to compute the vector potentialA directlyfrom the current d,. then
+ get the fields B andB from A, then getradiated pewer spectrum-dI(w)/d(Qaw

and so on. his is how you compute radiation pattern from an antenna (see
oe

Jackson chapter 9) of radigtion from a. charge ( see Yackson chapter 14). This
“might be called "charge radiation, However, suppose you have a magnetic

7 WoreR’ which accelerates, bit you have Ho {Fee curreit as such. Well obviously
— — + thet magnetic moment~can be simlwted ‘by“a current -ucvording tod =-eurl fit},

-— and this current is being-accelereted- and hence-radiates. Thi: redietien will  -

- tend to be AL, or "magnetic radiation" whereas.the-charge radiation tends. to :
be El. In cither case, yon can_get the xelativintio. radiation. pattem bydeing -
a simple time integral of the path then squaring (this is for aparticle) where

‘the particle velocity appears (for charge radiation). and its magneticmomentappears
for magnetic radiation. Generally speaking, if a particle has bothcharge and magnetic moment, the charge radiation dominates. a :

2. Jackson reviews the notion ef regular syachrobron radiation am spontaneous_.8 _. mission, as if the accelerator where a huge atom. You start bypretending
there is an external A field and take Ht =A,v e, Ie, as if Awere an extemal
perturbation (time dependent) which, is causing atrnasition, But thea you let

A be the potential of the sponitaneously emitted photon itself . This results :
in a fPalidition rate and radiatioi spactrum shown 1a°(33), ie, the QH matrix
element appears (2/€-Wwe"}9 inside a time imtegral, all deve tA Heisenberg

oo picture, But this can be taken-at-once to-classical limit end-@i-diseppears -
- and.you are left with the-classical velocity (instead of a matrix-element of

a the Heisenberg velocity operator). ‘This is of course justified because the | __
__ seeelerater orbit has such a huge n= 10'7, thus, we recover via theory of:

spontaneous emission the classical "charge radiation” of aynchrotrons. The

" “gpin of the radiating electron is irrelevantto this business of charge .
radiation. Notice how the Qimatrix element of velocity was replaced with ~~

"thé Classical velocity. ~ a
7

3. Jacksons text does on page 481 give a classical formla for radiation by @

~ “fant moving dipole moment. However, the dagnetic dipole moment of the moving ,lok cliarg® Seeiis to be alwayé if ai Cigenstateof mag fonent. Ie, you see p as & .
~~ > classical object-im the equation; In-QH-this is bike (up/y/up}-—~Theomg -- ~~

~  -Ronent_is_always"up" because.classical physiondoes-not know-about—spim-flipss—



-- -  -4y Po-anrive-at-something-reasonable for-the magnetic moment radiation, you need~ —-

something. with more QM init, Jackson takes over his previouw.spontanecus. - eo.
_ emission argunent but goes with A" =gflg.3- B As before, you first

imagine that Bisan external time dependent perturbing magnetic field (like
from a plane wave) whicl' is inducing transitions between unperturbed levels.

But then you let B = field of spontaneously radiated photon, Then in direct

Vanalegy you cam compute the radiation, pattern and lifetime of the “upper” 7
” “Tever singportivbationtieory. “You get nearly the right aasier for -

--  —Aifetime;-but predictst00f-polerisation-of course. ‘The reason” in-that
-the epin-is-act-at rest-really im your comiving frame and -one-mst include

. —-. —Thomaa.pracassion terms. This.yields the effective interaction. Hamiltonian
giver ir equation{(40}:— Note that-a=0 is-for-g= 2. Se ali you need do is .

- —grind—thpough-your-perturbation theory with this hamiltonian. - The-net
_ — effect is_shownin (46) where you replace the velocity operator of charge

radiation with a spin operator. The electric polarigation’é is of course _.

nore or less replaced with themagnetic polarization Xxe. The result is°
schematically given im (47) and completely stated in (55) with all Themas

_ - 5a Mow). this. "spim radiation"has both spimflip and spim-nomflip pieces... 8
The impertant peikt is that exly the spin flip pieces can affect the...

. beam polarization; non-flip transitions leave the beam where it was. So
you simply compute the total rate of transitiom from up to down, and dow

“7 ""“Youp (Jackson Galls this €), These rateo are not equal, as equation (57)
~ “giows,and the obvious result is 2 polarization.(59)/ Since the rate oe

0 = “5 “GETRHeEe SPiN FACUStiGNe IS FERNEE low, JOU have to walt a WHLLO sd That
-—— —— -enough-ef these-transitions-ocour-to-getthe-beam to a steady state for ~~~ ——
a+ + -up-wersus—dows transitions ---—-— -2+--— cee cee |

an ee en nen °)



Recent QED Tests

Strauch

(1973)
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2 Quantum eleetrodynamic processes —-rset QEO lede. ~

The three reactions of order a? for the study of the validity of QED with ¢”e~ colliding beams are:
1 eT He” setter, a)
i !4 et +e” > ty, @ :
: ete tte °) For
H anni
t The QED calculations for these processes are based on the assumption that (1) leptons behave like Allt
- Point-like Dirac particles; (2) Maxwell's equations are valid, the photon propagator is simply given LA

by 1/¢*; G) diagrams ofthe order a dominate in thecalculations, and contributions from higher order Beesdiagrams can be taken care of by the usual methods of radiative corrections, The validity of these as- spae
sumptions has been tested with increasing accuracy and over an increasingly large energy region in 11
experiments reported at this Symposium from Frascati and CEA: let me say right away thatertaiesiay Fras' siumrcimesecheersfomelt | will not discuss reaction (3) since no new results'have become available since 45*
last year’s Chicago Conference. inf

,

-



KK. Strauch, Recent experimental results 3

Reactions (2) and (3) contain no e* or e~ in the final state and are thus “annihilation reactions”;
they do not occur in e~e~ collisions. As will be discussed below, the Bhabha scattering reaction (1)

involves an additional annihilation diagram not present in the e~e~ elastic scattering. Reaction (3)+ is the only one of the three to uniquely involve a time-like photon.

Interesting results on the validity of QED and on the search for heavy leptons are reported at this
symposium from studies of the a? order Bremsstrahlung reaction:

ette” ete ty, @)

Three QED reactions of order «* have been studied in e*e™ colliding beam systems:

et ge” ettentyty, 6)

et tem settentet ten, G)
ette ete tpt ty. ()

‘The double Bremsstrahlung reaction (5) was first studied at Novosibirsk [5] and has since served as a
convenient luminosity monitor for medium luminosity experiments, New interesting results are

sony, reported at this symposium for reactions (6) and (7) from experiments at Frascati in which the inelas-
ware tically scattered electron and positron are detected.

In reactions (4)-(7) the final state contains the initial state leptons plus one or more particles or

a photons. These reactions occur both in e*e™ and in e~e~ collisions. The name “electroproduction”ot
is traditionally used to describe the production of particles by electrons (or positrons) inelastically“hose
scattered from a target ;eeesromrstetiet2arecxamplesnfielecteopRRTOEETPIn contrast to reactions (2)er and (3) which are annihilation reactions and only occur in e7e” collisions.

rable .

2.1 Bhabha scattering e*e~ + e*e~

The elastic scattering process e*e” + e*e” is described by two Feynman diagrams:

wo Ne .

ges sm$ as .@
@) For experiments which do not measure the charge of the lepton (the only ones reported to date) the

hk
annihilation diagram (on the right) plays its most significant role at the scattering angle of 0 = 90

ike ‘AliaheeepertmentssirarenelectmusandonsitromsratteredinterasottamplereeTEASTiven At Frascati the luminosity is measured using small angle Bhabha scattering; at CEA the double .der
Bremsstrahlung process is used for this purpose. Both monitors detect events dominated by low q?-

as space-like processes where it is reasonable to assume that QED is valid [6].
nin . ‘The most accurate experiment spanning the region of //s = 1.2-3.0 GeV has been carried out at
via~ Frascati by the BCF group [7]. Their results are based on 12,827 events scattered into, the region

ince 45° < 0 < 135° and distributed among 11 values of \/s. The authors fit their beautiful results shown
in fig. 2 with the expression:


