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Abstract

.The scope of the research reported in this thesis addresses some phénomen‘a ‘associated '

- witk lepton-photon processes resulting from the incidence of ultra-relativistic particles

~ upon highly ordered crystalline materials. The study of channehng phenOmnna, were -

extended to mvestigate coherent, correlated and strong ﬁeld versions of the basic QI:,D.
--_processes at much_hlghe_r energies and at incident sngles shght_ly large_r than the chaun-
neling criti_cai angle. These investigations are based on the concept of coherence, Asa
result, the nature of the QED pr'oces.éés changes because the Larentz boosted particles
('y ~ 10°7%) tra.vellmg th.mugh crystalline materials at wltra-relativistic velocities ex-
E pf&nence correlated scattering with many a.tomlc centers. The mteractmn zone extends

over & large region of space, the coherence lengi!. ThlS Ieads to coherent enhance-

ments of the normal cross-section, Furthermore, the atomic ﬁelds reach cumcal values

E > E,, where Eu. = 1.32:10' V/cm (x > 1). This marks the onset of strong fleld eff .
fects in which the radiation mechanism changes from classical synchrotron dependence'
' Ex< 1) to the quantum synchrotron law of E-," ®_dependence (¥ 3 1). The work

of such a ﬁeld Ey over the electron Gomptcm length ¢équals the electron mass. The -

o .formahsm used to study these processes is the semi—classu:al Constant Field Approx— :

imation (CFA) pnmartly because the theoretacal descnptum of QED in such ﬁelds is
.b_eyon_d the fra:newprk of perturbation theory,

Thus the extra physics involved leads to either véry st:rq_ﬁg enhancements or losses
“in eross-sections as well as. dramatic changes in the sha.pe cﬂ‘ ci‘bss—sections In a.dditioﬁ', o
. new phenomena appear whmh teepen dn understanding of fun}amental theozies, and
| thus allowing new theoretical tests and applicationa, - For example an enhancement'
in the bremsstralﬂung (BS) photon yields of more- than 100 times the Bethe-Heitler
' cross—sectmns can be pmduced The polansatmn and multzphczty of these photons was
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- investigated.

__Th'&‘_ mam _t'hi'_ust of th.ls bhe_sis, ‘however, is _ﬁhe'ﬁtudy of t'he_ -énhanced pair pro-
duction by aligned incidence of bigh energy photons (E, < 150 GeV) in & Ge crys-

' tal at rooﬁi temperature, This_'ekp_erimental-:setup was thus used as a laboratory to S

investigate cohefent and strong field QED. The results obtained have shown that en-

" hancements in integrated cross-sections up to four-fold the ylelds of the Bethe-Heitler - :

‘mechanism could be obtained and these were seen to agree w:th the CFA theory for '
.I photons mmdent on the axial onent.atmn of the germamum crystal. Furthermore, a. .
detailed companson of dlﬁerentxal pmr—pmductmn and the CFA calcula.tzons was car-
. ried out, This measurement is ‘among the first in which such detailed comparlsons are
' made. These dlﬁ'erennal pair produf.tmn data also showed cxcellent agreement with
the CFA in the whole energy range 40 < }_7,’.,r < 140 GeV. '

Further investigations were then carried out to invéstigate the onset of the LPM -
-effect Wh.en'phbtons in the energy range 10 < E., <150 GeV were incident oﬁ 2 Tung-
: stﬂﬁ_crysta._l. cOoIed to 100 K .The LPM effect w:as. been predictedby theory to result; in
suppression of pair production yields in the high-energy region of the inéi_dent photon
épectmm To date, ﬁo clear and conclusive evidence exiéts but the experimenﬁal.dat&
" do indicate theugh that f.here could be such an inhibitive process. Tuken together
 these results have shown that single crysta.ls can be used to investigate and flluminate

the effect of coherence and strong ﬁelds on QED processes like bremsstra.hlung, pair- .
_ productlon and the LPM eﬁect |

In addition, ﬁhére are possibili’ties to 'investiga’.te the applicatiohs of these systems
.' in other phvsws areas. - An exampie of thls is in the induction of pmr-productmn.
) .processes in heavy crystals in order to veté unwanted evenis in the upstream decay
.regto_n of the CERN-NA48 CP violation exp_eument. Moreover, complementary studies
caxtied cut in the cousse of the res‘eéfch have a;ll_ucled to the usefulness of crystals for
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the bending of high-energy protons ot she Large Hadron Collider.
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‘Chapter 1
- Intr'odi;l-éﬁion o

- “Here und el&ewhere, we shaH not obtam the best ma:_ths into thmys unts?. we actual!y _

see them gmwmg fmm the begining « Ahstotle '
1.1 Historical Backgro_uhd o

The dissertation repdr{s on the 'investigatioﬁ of thé effects that maﬁifest' 'theﬁselves
_When ultra-relatwmtlc multi-hundred GeV leptons 1 have or:ented mcldence on highly -
ordered crystallme matter. Over the past decade ‘the interaction of multi-GeV e.le..-.
~ trons and positrons with onented cryscals has been & subject of mtense theoretlcal and

expenmental acrut.my

. These studies_'were prompted much ealier on by the discoveries of _électromag— _
netic effects fuch as enefgy_ losses of MeV poéiti_ve ions pénetratihg'cr}?stalé. Tt was
found that at incidence close to certain indices or planes, the depth penetrated into
the material was greater than that obtained when fhe’ crystal was at a random otk 3
entation w.r.t. the beam-[1, 2]. The conclusion reached was that there were certain
onentatlons of cmtalﬂ in which these ions experlenced much lower energy Ioss rates.
The results therefore brodg® « ubout 2 resuscitation of & concept of the transmlsmon of

_-10!18 along open crvsta‘ Le uhannels, whlch had lain dormant since Stark 3} propoaed

1Tl-ns pertains Spec:ﬁcally to elertrons end positrons
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.__1t m 1912 The theoretlcal bedrock of theee phenomena was cemented by Lmdhard-

[5] when he conjectured Y ptcture of channelmg where i lons were steered along a row

o 'of atoms. a strlng The seminal threa.d in Lmdhard‘s treatise was the concept ofa

" continuum potentlal and ofa criterion for chan.nehng in the form of a cnr.xce.l angle of :
- the incident beam w1th respect fo the crystal axis or planar chrectlon In addxtmn, the.

use of the tmnmerse energy’ of & channeled particle was apprecta.ted, which together

 with'a stanst;cal treatmcnt allowed greater theoretical eamphﬁcatxon Lf.'he hxstoncal S

' _' dev_elopment of channeling is also discussed in [6, 7}). Channeling has played a plvotal. _
role with regard to a plethora. of uses like ion implantation and defect studies relevans
to semi-conductor technology and well as in other ficlds like Particle 2nd Astrophys_icé.-_ |

~ The channeling energies which were hitherto limited to the MeV regime were then :
extended into the GeV range. Invesmgatlone of vanous phenomena mvolwng heavy :
: pomtlve and hght oegatlvely charged particles were endeavoured amongst which were

' studies of the comparison of energy losses and sce.ttenng. A strong impetus to chan B

nehng was provlded by chonneimg rediation [8, 9] and the subsequent experimental
' xen.ﬁcatmn (gee [‘1 10] and the references therein). The pronmlga.tlon of the fleld of
_ channehng radiation strongly revived the field of light particle channehng where it was -

demonstra.ted how the direct electromagmt:c radiation’ was enhanced with mtenmtles '

dependent on the specific crystal potentwd 512] The investigations of the mﬂuence__. o

: of crystal structure on electmmagnetlc processes is still an enterprise of rich exoer- '

 imental and theoretical activity. This is evident with: coherent bremsstrahl: ng and

: coherent pau*-product.lon a.t Ge\ energlee whlch are prolidc lepton-photon elecnomag .

netlc pmduct.lon processes In pa.u: ‘production, a ohoton mcldent a}ong a crysﬁal axis
is convertcd into a lepton (electron-positron) pair whxch may be channeled along the'
atomlc rows and plancs. Enhancements in the yields become Yery pronounced for GeV
. energle_s and a_lso persist into reglons far beyond the eritical angles choractermng the

* channeling trajectories.
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Recent dmcovemes of th,e euhancement in photon emmsmns from multleeV elec-

. trons mudPnt on oriented crystals have been desmbed within the realm of serm-
: classmal theones, the most con.moul} nsed uf w‘m.h is the r:unstant ﬁeld a.pprcmma.tmn '

[16] In this, there is 4 decoupling of the partu.le motion into transvexae and longitu-

"dmal components 'I'he trajectory of the partu.le it the. Iongltudmal dlrectmn canbe .

descnbed bv clasqlcai electrudvnamxcr . This is because a full description of such & QED
' process is mad& complicated by the fact that it reqmres a solution of a large number of '.
_ stateés which are proportmna.l to the Lorentz factor { v 05““} in the Dirac equatlon _
435 However, notw:thstandmg this problem, there was a ngorous attempt by the -
- Frankfurt group [18, 19] to prrmde-a full QED. deScr__lptlon,.mvnkmg- all the general_- :
properties of a ﬂeld_t'hemfy inter alia gaoge fnvariance?, vacuum'polarizatioﬁ'and self-
energy to prbﬁide a self consist.en't set of"isolutz:ions. In this Way, théy"sblve the pfobiem
by mvokmg a kinetic- equatmn to evaluate an electron dzst.mbuhon function in axially

'onented single crystals, A solution was obtained based on the smgleﬁtnng model and

- the cylindrically symmetnc Dirac equation. I-Iowever, because the- model they used is -

still based on a single string potential it therefore still lacks the generic features of the
full lattice which v 1.1 make it applicable to very interesting resea.rch areas such as the
strings of strings region and planar p_otentlals. _

Consequently, the models used kere are those devemped by Bmer [14 16] to de—
seribe channeling ra.dlatmn, and by Kononets [28, 29] which assumes channeling radia-
" tiou to be basmally_ of synchrotron nature and _thereby mi;Orporates the Opnsta.nt—F_leId |
Appro:dmation:(CFA) for.the éva.luation of radiation prbbabilities.. This spproach is
_based on taking into ¢ gnizance both the coherence due to the periodicity of the crystal

- sﬁructure and the strong ﬁelds [13] due to the ultra.-relatwlstm lepton mc:ldence, and

has been very buccessful in the descnption of our CERN data [21 22, 23].

F\lrthermore, this investigation of the processes involved has' led to fmther appre- .

#The term gauge invariance denotes a transforma.txon of a physical system that obeys the' symmetry.
ofa partmula.r mathematmal group and lea.ves the ; hysical state of the system. unt;hanged
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clation in regard to usmg & crystal as a laboratary to mveshgate the’ theory of strong -
ﬁeld QED. The theory of strong. field QED hag attracted a Iot of interest recently and
_turnecl out to be lmport;ant in descnbmg some aerophyszcal phenomena Cr\rst‘.als have. -

turned out to be umque for thls mvestlgatmn For the 111c1dence of GeV- leptons on & |

- _I..cr,vst:al; the quantum pardmeter which sets the Schwinger Field threshold [20] isx =

v Ej Ey, where v is the Lorentz factor for the particle, £ is the local fleld strength which -
is very high near .a; crystai'aads and reaches values around 101""V/.cm'. 'The:t.'efqre, w
ultra-relativistic lepton energies ¥ is of the u:'rief of unity where By = m?c® feh~s 1.32
1{)“j Vfcr_ﬂ. For increasing i_ncoming particle energy (increasing x), the strong crys-

talline fields have a dramatic influence 01 QED processes like radiative louses which are -

‘thus turned from the classical E? depénc_len_ce {x.< 1) to the quantum syl;ch_i’ntron law -

. of EY 3 dependence {x 2 1). As a result, radiation emissions are enhanced by up to
i two orders of magritude; and pair production is enhanced by up to.one o:_dér of mag-
niiade. In this regime, the quantlmi racoil effects of the emitted hard photans have to

be taken into account. HbWever, a8 has been descri'b_éd earlier, & full QED description
has proved to be very complicated. Therefore, there is & flurry of'theoretical activity

in the Quest to-discern some underlying featu_:es of these strong field effects. .As an

example, in the irterior of compaét stellar objects, [25“ 26, 2'7],. -auch'ﬁalds ate known

to originate from the gra\rlta,tlonal collapse of s, star, as 2 result the maguetic fislds get
" compres: sedd along wn;h the grawtatmnal contractmn when the star collapses, resulting

- in extremely intense ﬁelds _ _ )

B The work descrlbed in this thesis is based on a series of expenments conductei _
at the European Laboratory for Pa.rl:m}e Phyucs (CERN) using the NA43 detector of

.the North Avrea of the CERN- SPS when multi-GeV electrons, pomtmns a.nd photons'

sweve inca 2nt on oriented single crystalline materials, namely Germamum, Slhcon, Di-

- amond and Tongsten. The physics involved therein sought to mvesmgate the correlated -

o _ versions of stfdhg field QED as a result of strong ﬂeld'effects and the coheience due

 to the periodic nature of crystals. The uniqueness of these mvestlgatxons also derwed :

from the facy that mteractmns extend over a long spaftal regmn due to coherence and
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B -therefore certam depletzons in cmss—sectlans (Landau-Pomeranchkadxgdal eﬂ‘ect) can

L also be mveetigated

L 1 2 Plan of Theszs

S 'I‘he thesm is etmctured into seven chapters a8 fonows

. The theory of classical channeling is presented in Chapter 2 and is therefore
& pre-cursor to the deve.lcpmeni.; into the channeling radiation regime at high ener-.
gies. To tfke the discussion beyond. the chaimeing .regime ‘qbc,'senii-classical .foi:malism .
within the description of Baaer et al. and Kononets is:also presented whose cardinal

_ fea.tures, viz coherence and strong ﬁeld eﬂ"ects are considered. ‘The suppression of the

. bremsstrahlung emigsions and its time reversed process, pair-production in form of the

' Landaﬁ—Pqﬁleranehuk effect ere also preseht_ed. A discussion of various theoretical at-

- tempts £6 undefetend this inhibiting process will be presented. '

' Experimental details are dealt with in Chapter 3 where a description of the
acceleratar, the beam-line, the detectors, scinti_llators and _targets 'Iare given in detail,
-Of importame are. t,he. position sensitive detecﬁoi:s, naniely, drify chambers whieh were'
. used for taggmg, energy measurement and heam colhmatmn in order to fulfill the strm- :
. gent requmemenfs of critieal angles for studying sligned mcldence phenomena in these
_'energy regunes. “The use of vm__*lous aspects of the beam-line _mcludmg the lead glass .
electrorﬁagnetic caler'im.eters will alsu be discussed. Calibration of the imlebftant de-.
' tector components, namely the lead glass calonmeter, drift cha.mbers and the magnets
. 'ze gwen in Ghapter 4 -

_ Results of the pa.i.r-pmductmn mechamsm are presented in Chapter 5. An anal-
. ysis of the expenmental results and an a.ppraleal thereof with regard to the theory is

presented Various a.pphcations of pau-productmn are extended to include the pro-
. p_nbed uses of mugle_crystals for the veto of background in the CP violation expenment o
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Jin whxch mng;le crystals are used to veto events whlch oceur in the upstream ﬁduc:al

' decay reglon

Reeults of Stuﬂiee of the LPM efféct are presented in Chapter 6. Guhlparisbn
_ with other related experiments are ‘made &nd conclusions are ‘also dmwn regardmg :

whether t.he results presented do mdlcate any ewdence uf the LP’\-I suppresmon

- A discussion of the results of experimental Fnidings is presented in Chapter 7
- which is also a general overview of the research'associated with this thesis. Follmﬁng _
from that are conclusions and other p0551b1htes for: futm'e (or proposed) apphcatzons
- of the work studled (or related to) in this thems



'Theory

'“f!"_’h'_e concepts init_ieﬂy formed by abstraction from. perticular situations or ezperimental -
- compleses acquire o life of their own.” ... Werner Helsenberg

2.1 Intro d'uction

'. Thm ‘thesia reports on the stuches of the normal QED processes like paxr—produetion aud _
_ _mherent bremstrahlung under the condmons of ultra-relativistic incidence in ahgned
crystalline tareets. The nature of the mteract1on of gulded pa.rtmies with ordered
‘matter is determmed mainly by the coherence and strong field eﬂ'ects which subse-
quently lead to sngmﬁcant changes in the shape end magmtude of the normal QED

' cross—sectmns, ay well 28 to new eﬁ'ects

- In the stedies of eohereht correlated i)henomena, ehhaneem_ente in transmission.
- yields were found to be dependent on the energy of the incident prejectﬂe as well a5 the
onentetmn of the target crystal. Some of these phenomena were understood within the.
channelmg concept of Lmdhalﬂ 18); so eencewed in order to descnbe the substantla.l in
fluence of correlated ecattermg processes on the pa:rtiele meotion aleng an atomie chain
or plane inside the crystel In the ult:a-reletn'lstlc regime, the picture che.ngee slightly

o beca.use the recoil on photon emlssmn becomes sxgmﬁeant and the energy dependent

| Lmdhard entxcal angles 1,0,; are very small (m t;he order of mmro-ra.dmns) As the par—.
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ticles tranféf through the crystal at uftra—reldtivistic \'reldcities (GeV), i‘.hey'exper'ience o

S correlated scattering with many target atoms. The interactions therein are extended

'. - over & 1arge reglon of space called the colierence: Iength Furt:her oty the conela.t:on -

" in sca.ttenng processes persist to a.ngles much greater than 7. At angles of mmdence' .
which dre § - 10 times larger than v, the QED processes can be descrzbed as ongl-_ '
" pating frum a constant field and tlns happens just below the charactenstlc angle .

Furthennore, the standard Born a.pproxlmatlon also holds to angles miuch greater than_ -
Sy. ' '

Of particular interest is the mvesmgatmn of QBD phenomena such as pmr-productlon '
and bremssbra.hiung in st.rong fields. The concept of strong fields perta.ms spec:ﬁcally
o the 1mport;mce of the ra.dmtmn processes for which the coherence length I i is of the '
order of the field deflection l_ength Lyt (a detailed description of this concept follows in _
_the sub-section .beiow). This leads to & sitnation Whéreby. radiatipn pfdc_es_s_es have &
: h-.igh probability bf thé emission of photons whose energies are in the order of .ra'diating
mcldent parmcles [21, 22, 23, 4}, Moreover, in accordance with QED cross-syi:nmetry
42, 44, 75] the pa1r~prr Saction yields from incident high-energy photons will also be R
_mcreas.nd by up. to. an order of magmtude ab{m that for the Bethe—Heu:ier process
[71 67, 66] E

. . Various semi-classical theoretical approaches have Eéen used to explain the exper- |
. .iméntél .dat.a aud to date the most énnrunonly used is the (j'onstant. Field-Apprb:dmatiOn
: ._of Ba.ler et ol [16]. This approach provzdes 8 physmally plausible, albeit quam—clasmcal
.attempt ta understand the Iepton—photon processes in oriented crystalline matter and _
' to date it has shown a-remarkable success in interpreting these correlated and strong
" field effects, In this éhapter, an outline of the varions gspects of the theoretical ap;
proaches used to describe the uhdérlying phenomeny is given. The starting point is the
_ _.int'roductidn__of the'-cbhcept of guided motion and the c@rfela_ted seattering ;;rocesses

in the form of channeling, this is given in Section 2.3. In Section 2.4, a discussion ~
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of the radiative pfocesses encountered in these experiments is given, followed by an.

mt.roducmon to the main thrust of thxs thes:s, namely, the study of the correlated .

; strong fleld processes in the form of the CFA. “In partmula.r, a fpecial emphasis w1!1 be -

placed on the understandmg of the coherence and stron,g field eﬁ‘ects and how these'- -

two concepte influence the QED procesees that are under mvesmganon in this thesm
. The impact of the coherence and the nature of the mﬂuence of strong fields on pair

productlon in oriented cryst;als is gnen in Section 2.5. In thxs secuon, an analysis of the

CFA is given in det.ml followed by short general oveiview of vatious non exhonstive

' -quantu.m mechanical attempts to mterpret such” processes Furthermore, as a result

. -of the lcmg formatlon zone for these- QED Processes; the depletions and setting in of

_ _melasmc processes 1n form of the LPM eﬂ‘ect wﬂl be studied i in detaﬂ in section 2 6

~ The _OGhe_re_nce Length

Many electrodynamical processes whic:h oceur when an ehergetic'perticle is traveﬁing_

L eondensed inedi&, gsuch as real or virtual photon emission, develop in & ﬁhite region

" of space along the partxcle trajectory. The normal QED processes there ate no longer '

described as pomt mtera.ct.mns hut ha.ppen over th.le large formation zomne. The Iength

' of this zone is known as the coherence length - In aligned crystalline matter the spa- - K

- tial extent of this cbherenee leng‘t.h CAL eNCOMPass many periodically arranged atoms
~ and can result in dramatlc changes to the. features of ordmary QED . processes h.ke'-
bremsstrahlung and pmr pmduetzon Moreaver, changes to these QED effecis become
.more apparent when the- partlcle (or phot.on) i incident at ultrar-relamwstlc veloemes
~ on the target, as then even & { ela.twe]y) small longltudlnal momentum tra:nsfer aloug

the partmle traJectory ig readily observed

i*or illustrative purpoees, the eontext in whxch this wﬂl be looked at is quaen—

tlassical, In the case of coherent bremsstrahlung, the coherence length #3d gan be

- interpreted as the length through which the de-coupling of 8 photon from 1;1_1e _eIec1_;r_o:1 .
* oceuss. The perticle and the photon.e;re considered as separate physical entities if their
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. distenée'of sepa:e.tion is Ae. T he' full separat.iou takes place 'over the ﬁériod (e'ediatian

D _farmatwn time) 1o 'I‘he coherence length for bremsstrahlung may be deﬁned as the -
_ dxstan(,e travelled by the partlcle during the time 7e: L I |

h 2E(E hw) B oo C ' -

= Bome® me @ 1)_

In case of pam—productmn. IP“" can- ‘be mterpreted as the reglon in which the

electron/positron pair goes through complete de-coupling, where the distance of sepa- »

 ration is the Compton wavelength, The separated leptons (e /et .palr-) are thus only . .
: considered as separate phyeical entities if their distance of eeperation is A; and this
takes place over the separation tune T 'I‘he coherence length for paxr—ereatmn thus

becomes i, = c'rc Where
I*'*“*(e.,w) er{gew) = 25+£_Acﬁw/2ﬁmc2. T (23)

‘The elactron rest i_nessend the Compton _Wa.velengl:h- the have standard notation. In
equation (2. 2), €+ = &« [Mw is the ratio of ‘one pair-member anergy and the total in-
cident photon energy is Fia, Note that lf’““‘ increas~s with energy of l'.he pair, whereas

l"‘“‘deareaees with the energy of the radmt.mn particle.

_ There 13 another way of luokmg at the coherence length from the Hmsenberg uft-
certamty rela.tmnshxp Tlns happens when we make a supposxtmn thai t.he uncertainty _'
in the incident energy durmg the mterectxon process is related to the longltudmal

momentum transfer o thus

qu pg p' k= \/FF m“‘ V’E’?—m"" ET, o '(23}'

where Pes p’e, E., e.nd E} are the electron momentum and energy hefOre and after mter—

. action, respectively. E, is the photon energy and, in accordinice with the Heleenberg 8

_ iuncert.amty principle, the 1ongltudmak momentum transfer i is gy ~ ?i/f,c “This equa-.

. tion can thue be simplified to the following formula when the incident partmle isof

. ultra—relatmsuc energy, ie in the limit E < E:
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 where y= Eefm Accordmg to the uncertamty pnnc1ple the virtual photon exhange | _
_ dxsta.nce becumes finite and is given thus Iy = oy? / E,. Equation (2. 4) wag derived from - B

a simplified descrlptlon of the coherence length a.nd daes not depend 011 the mﬂuence

of the medmm in wh.lch radla.tlon occurs and hence does not determme the kind of the_' -

K dynamc of the reactmn For lughly energetlc pamcles and soft quanta., the coherence
Ien gth-may reach macroscopic dimensions. As an example, the process of emission of '
a1 GeV. photori by 2150 GeV electron takes place over a coherence length of 34 pm.
A closer look at the relationship between the formatmn length?! and the cober-
 ence length can reveal some saiie_nt. diﬂ'érences. This relationship is strongly inﬂuencéﬂ
.'by the. ll:ind' df the readti'on dynémics'which take place and also on the nature of the

o medmm in which these 1ntera.ct10ns take place, However, there is no clear cut distine- .

' hon between these t.wn concepts, what ig descnbed balow is another possxble way of .

_ mterpretmg the 1elatxonsh1p between the two length scalee

* In the presence of 'strong crystalline fields (in the x > 1 regime) the coherence
length iz larger than the_ formation length, This comes about because of the periodic

a]jgnment of atoms in a erystal and also of the ultra.-rélatifistic incidence of p'articles :

© - thus as a result, the mteractlon Iengths are. la.rger than in a.morphous matter. At '

x < 1, the formation length is once agam equwalent to the coherence length Based on

~ these arguments, the coherence and format;on 1engt.hs have to be seen in the context of o

: understanding the underlymg mecha.msm which are related to enhancement in radlamon o

_or pmr production with respect to the random mmdence.

2.2 Criteria for Strong Field QED
Quantnm field thedries can in general, prov.ide us with the best available understand-
- ing of eleme.nta.rv pa.rtu'le interaction processes. - These have reSulted in madels whase
| phiysical parameters agree asmmshmgly well with expenment Quantnm electmdy—

1n most of the literature, the coherence length _and the fonnsthn length are used mt.ezc_hange_a.bly :
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B -ﬁgﬂﬁés (QED) is one of such theories v&hos’e bv.envhel_mjng_ agreement witli-._ék;ig:inien_t _
has been vindicated"nnder't.he miost Stringent of ex;jerimenﬁal conditions, In quahtﬁm _

' eIectrodyna.mws, a tranmtmn from the neutral toa charged vaeuum in the presence of '.ﬁ
strong extemal electromagnetic ﬁplds is prechctecL Thls mamfests 1tse1f in the form of |
- the occurrence of spontaneous ¢ /e~ paar crea.tmn The theormca.l understa.ndmg of
this Process as: well as some attempts to successful!y mvestlgate it in strong ﬁelds will

be deta:led in the sectmns follomng

. 'Vaeuum Pula.msatmn and Pa.u' Formatmn

- - Perturbation methods have thus far made xt possible to calcuiate and thereby preclmt .

- the behaviour of charged pa.mcles in we_ak elect.mmagnetlc.ﬁelds. This is primarily
due to the smallness of the QED coupling constant o ~ 1/137. However, as stated ~

by Greiner [33] (a detailed treatment of Strong field QED is given i this reference)
physical sitixations exst in which this constant becomes large, for example in the pres-
ence of & large atomic nucleus with Z protons and therefore, Zar can be in the order of
| unity [33] In these ca.rcumstances, the predlctmus of the perturha.tlon theory- do not
hold and therefore non-pertubamve methods will have to be used in order to descnbe. '
the undmlymg phenomena The occurrence of a pair in ‘this process has been mooted'
in heavy ion cclhsmns in w].uch a strong field i is developed for a mtﬂiclenﬂy long period - -
;of time. The Darmstadt group has carried out such i.nvestlga,tmns as detailed n {34] |
A deta.lled review by A. Sr.hafer [85) also deals with the str(mg ﬁeld effects

According td the current.' ﬁeld’theories. it is pdSsibIe that a;ﬁacuum can be spon- '
taneously broken by strong external ﬁelds In these instances the normal vecuum? state

is unst.ahle and decays into a. new, charged vacuum that contains real partmies When

e qua.ntum field is conaxdered ina strong extmnal and classical (unquantised) field,

- %A pentral QED vacuum can be seen as negative energy acates filled with’ electrons The mﬁ.uite .
) cha:rge is reno-mahzad to zero
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: _partlcles ma.y be. createri 5p0nta.neousl,} when there 1s a change in the vacuum ca.used__ o

by sufﬁmently strong speca/t:me dependent e*ctemal fields. However, below these field -
. strengths, virtual partzcle pairs are created as fluctuations of the vacuum [41]. The .

: Helsenberg uncertamty condltmn At~ ?1',‘('271@::2 norre the less precludes the farmatmn '

of real pairs gince the hfetlme is very small. Tn the presence ofa strong ﬁeld, howe_\rer, K '

- the virtual pair can be separated dum1g this shm:i; time by more thas iie Compton
wavelength and also 1f the kmet1c energv is grea.ter than the pan* rest mass, the paar )
B consequently becomes veal. ' Lo

“The external field with & significant temporal and spatial extent can lead to

_ obeervable critical behanriour above which the newly charged quantum etates can be
descn'bed as producte of a dynamlcally broken symmetry Accordmg to Miiller ef al.

[36, 37, 38] this producl'. is equivalent to an excitation of the Dirac sea : _ _
w(m,t=0)_ _=-'2bp¢p(=c_)_+2 am-tm)- g ey

'where b and @&, are annihilation and creation operators for positrons and electmns

respectwely The energy of the created palr IS given by the expressmn 3

Zpr"bﬁTIEnlanan o (.2;6).._:." |

The ground sta.t.e vacuum is character]sed bv the Ferml-surface A “hole” in the Dirac

sea i3 mtel_'preted.as & positron. The Fermi surface dmdmg the single particle states = -

' into the electron and positron gtates can _be 'determineﬂ expenmenmlly by obeerving

 the threshold for e~ Jet pair-production resulting in the'vacuum_ expectation i{a_l_ue '

and this can be deseribed as the zero component of th'e'cu:rent four-vector:
<l o=/, 1) o o (28)

- From the above the expression for vacuum polarisation is given as:
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< 0jplo >z ppm(m) Z vy ) - Zw,vp x)] L '(2-9)_'-
_' The abm'e expression vamshes for ﬁeld free. regions because all charged states cancel
each other out There are several QED COﬂjECt'ﬂI‘GS from which it can, shown that the . -

- charged vacuum sta.te is degenerate ‘Such cases are encmmtered in ¢t theones where -

: there is two-fold degeneracy because b T dlps of the pobentia.l are energy positive:
<¢5>'=:I:<'¢>u.' o (210)'

' In the snpercntmal cage-the crea.ted state is degenerate mth occupled negative elec—'_ _
tron states. Hence a spontaneous creation of ete™ Iapton pair becomes possible as the '
* electron from the Dirac sea oceupies the additional state leaving 2, hole in the Sea. This

hole escapes as a positron while the electron charge reniains-at the source. The newly )

* created charged vacuum is stable and also obeys Pauli’s exclusion principle.

The 'cl;eatibn of such a 'pa.ir has to be within a time-scale o.f 1072 g and can thus
only be sustained in very strong (critical) external fields (Eg = 1.32-101¢ V/ cm) Such
fields can be obts. aed ﬁom-

& Hea.vy_ ion scattering_-processes can reéu[t_in_ a strong feld if the combined.
- charge of the two colliding nuclei is laxge, i.e. (Ze > 173), as mentioned in the

discussion abaove.

= A well collimated lasex “eam with an mtensny of 1{J21 W/cm can sustain o ﬁeld -
of ¥ V/m. - ' ' '

= Single crystals'w']._lich are aligueci w;;.t awell collimated Bemﬁ of ultra-relativistic
pa_r.tic.l_es can su'sta.it.:_: a s&oﬁg field. The motion of the paxticle in its Lorentz
bodsted rest-frame .i,s 'steered by atoms m a plane. In crystals these fields are
acrosaoplc and last long enough so that they can be mvest:gatecl fu]]y A de-

' taﬂed account follows helow
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. Why use single crystals?

- Crystals are good c_andjdﬁ_'t_es for the invest'igaﬁion of strong fields becauée'pfohabiﬁties" )
 for radiative electromagnetic processes have to be-calculated in the electron/positron
- Lorent.. boosted (y > 105-5) 'rest-frame of the particle which éxperiences-a strong field
over a macroscopic distance.” To illustrate the point even further; take the local field
on the surface of a bare nm::Ieusa to be: E = Z;;e/r2 where 7 ~ 1.2 AR and '

532/2 Thls makes o .
E=z= de/ra E‘uﬁ,/mc, C '(2' 11)

| where Eu = 1.32 1(]18 V/m'is the “crmcal field”, A the number of nucleons T the

tclear radius and-;x is the ﬁne-stmcture constant. ‘In such situations, the quantum -'

‘parameter determining the process in given by X = - B/ By where ~is the the Lorentz
- factor (~ 105-%) and E the local field for which the Lindhard éoﬁtinuum potenfial can
be used.. For ultra-relativistic ‘particles, the Schwmger parameter that characterizes
the mﬂuence of quantam efficts on recoil x reaches values greater than unity. Accord—
maly, a partmle that expenences governed IIlOtlun msuie the crysta[ thus interacts mth .
many such auclef since the field extends over the entire macroscopic length of the crys-
= tal, Furthermcre in contrast to hea.vy—mn collisions, the interaction lengths (as stated

: before) can cover a. mucroscapic spat:al extent of 1. - 100um ‘for incidence along the

crystal axes or planes [55] Hevever, the theoretlcm difficulty | is that the descrlptmn_ o

of Such processes in crystals is neyond the rea.lm of fulty pertubatwe QED because a
full QED _descnptmn of these e&’ects_ requires’ a solution of t;he Dirac equation, a.nd for )
ultr_a;—rgiativistic pasticles, the number of quantum staies (< ) is too large to be be .

- golved analytieally and thus semi-classical methnds are used. .

_ In the sochons follrmrmg, an appraxsal Qf some of the mndels currently bemg en-
ployed is detmled The next sectlon wﬂl be an int. oductmn to the concept of channeling '
from which moat of the theory ongmates, hawever we will see later that the effects of

" _ coherem:e and strong fields go well beyond the chanuehng a.ngles

3'1'0 simplifs the argumenl:, we will i 15nore screening effects
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x 2 3 T he Contmuum descnptmn of crystallme field

eﬁ"ects

- For a particle traversing a crysi_:é,_l as depicted schematically in .ﬁgu_re 2.1, directim;él '

 effects start showing t__iue‘ to correlations between successive soft col]jsions_ with target -

constituents, When a ché.;:ged p_afticle _mm'e.s along a low-index axial direction .and .
- passes close to one atbm expérienci_ng only-a slight deflection, it will invﬁriabl}’-pass_

. close to the aeighbouring atoms of the same row. This led .idbard [5] so introduce
~ the co'ncépt of a r:.ﬁntinuum_ potential in which the row of at was is pé_ﬁodicﬁlly gpaced .

| along the axislil;é “pearls on a string” is replaced by & continuous line of charge of the

'same average linear charge density. The la-ttice atoms in a stri = appear closer together
{beeause of the LOrentzcan.tr.a.Ction'of the lattice) for particles incident on a éryétal-at' |

'_ high veloéities, thus thp cdncept of a continuum potential becomes ever more realisiic,

The particle therefore experiences a cyhr dncal putent*a.l (to first order) as 1t fra.vels

o through the crystal

A description of this continuum processes is illustrated by figure 2.1 where it
" i8 shown ho{v heavy, positively charged projectiles fnoving at non-relativistic energies
- undergo an angular deflectian Ay associated with individual bihary collisions with the
| target at-" an, 'Thesp rlose encounters are governed by a séreehed Coulomb pot'en’tiél
where the screenmg is due to electrons surrounding the atomic nucteus Each Ay 1s_

small compared to the total deﬂectlon whmh in itself is small for the msjor compomtmn '

. of the incident beam The resultmg motion is tha.t of gentle steermg from many atoms

such that the part:cle Iea.ves the st.nng” with the sa.me angle as the ome within which it
approached it, The correspondjng angular momentum transfer Ap is the perpendlculaa: -

to the direction of motion, and this in turn, almost coincides with the direction z of -

the string, i.e. R I :
§ Bpa—g j 42V, V(e0, 7). S e

Here T, reprments the coordinate transverse to the stnug and v is the veloclt;y of
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HINARY COLLASON MODEL

) : N
. ) ko i . .
Crytiat e ® 0 1.t ‘JT ]!' ..

. -Suriqw\

. CONYINUUM JODE!

Grystal . _ .
Surlaee ; . - i, .

B Figure 2.1: Perspective view of an :ixia.lly’ aligned cubic crystal. The direction of
observation is parallel to a m_a.jdr' axis of the crystal The schematic drawing also
deﬁicts the trajectory of 3 particle ihcidentl'at'sm&ll anglés relative to the cxyét&l axis
'. Qhe_re_ the _deﬁeétion a8 & result of correlated binary collisions ocours and then the same

deflection by a continuum row.
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a partiéle iﬁéident. on a crﬁtal with a résulfing' particle-atom: iﬂtéraa:tion' poten'tiél--
- represen’red by V Accordm,; tr.} equation {2.12), the momentum transfer during the
g qcattermg by the single a.tom can be determmed by the mteg'ral O\rer a tlme mtewal -
At= d/a for the furce obtamed from the potentlal . -

vtr&* f dZV(rJ.,z), el

" where d is the dlsta:nce bet.ween atoms on the stnng This potentlal equatmn (2. 13],
'con‘esponds to that of a charge dlstnhunon smeared in the z-direction, The ‘motion |
'consequently turns out to be that reseinbling & contmuum potentlal obtm.ned by a
| smem‘mg of atomic’ putentxals belonging to the same string, ﬁgure 2.1, The abowvs.
' argument can also be used to descnbe such processes for + » argetic charged particles
 incident along certaxn planar orientations such tha.t the smearing gets averaged over &

 two dimensional c.ontmuum

.- Single string cbntinujim potentials

It is obvious that, for an axially channeled ion, the angiés through which it is scattered.

in suc'cessiv'e' coUisions with erystal atoms must be small. In the classical_ approach, the

. impuct parameter in each cdllision is very large, that is, when put.in relative comparison '_
with nuclear dimensions. ‘The projectile thﬁs interacts with each stom via the 'Couiomb :

‘potential partially screened b3 ‘the electron cloud surrounding the atom as follows:

Ry e

where 6(r/a) is the screening function, a is the screening length seiting the distance
scale of ¢. Zye and Zqe denote the projectile and target (nuclear) charge, respectively. -

A good approximation to the function ¢ is based on the Thomas-Fermi screening
* which uses the statistical description of the atom [30, 32] and considers the electrons
. from the Jattice as an-eleciron gas. The Thomas-Fermi screéning length ayp is :

o =088830p(ZI° 4+ 2P (a8
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o _ _where ag Is the Bohr radivs {ao. —.52 9 p1cometers) Solutwns for ¢ can onl} be .

evaluated numencally, and thus epproximations are g rally uged. Furthermore, Tet

us cons:der a.pprommatmn put forward by Mohere [31] which gwes
(r/a. Za,exp»-—— o _' - (2.16) o

~ Another apj:prmcimation to screened potentia'ls is the _Lindh_ard standard si le
string potential, S o :

31328 ' r Y S S

S ' : IV()_ o 1- PTsClaq)2f . (2-17).
. In this standard approach G fa st to 8. By iusertion of equation (217) into equation
~ (2.13), the standard 'Cdntinulim potential corresponding to 8 single string is obtained,

CUlry) = gl—?giln [1 + («f—f) ] . _ L {218)

" 'The uncertaintj’r'in the_pusition due to thermal vibrations of ‘target afoms irr'.xpiies. that
a transverse smearing in additio‘n toa lbngitudina.l one equation (2.13) has to be taken
into account. This consideratmn reaults in a modxﬁed expression for equa,non (2 13) as
follows: | . | o

U= [@RPEANG ). e
An harmonic appxmamatmn for the interaction forces can ba a,pphed where the prob-
' ablhty dlstnbutmn Pl rL) of the target atoms is a- Gaussian and is gwen thus:

RED =G/t @)

. where g% is the"i:véo-dimensional mear. square thermal displacemens from the string...

By msertlon of equation (2. 18) and equatmn (2 20) into equatmn (2 19) the fol]owmg B
: 'ana.lytlcal form may be used: '

zze --.-.(}2@2 | N o |
UT ) et 2l P (1+-————)_. o e (2.21) L
(-1- d 292 .

- _ In addition, there are other approximatmns for t.hermally averaged potenmals the

most commonly used ot wluch is the Doyle-"I‘umer potentml [40] Doyle and 'I‘umer
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S'il'icoﬁ'_ | Germanium | Dismond |

1 e (A) _bi(-:i_z) A 0N |a A (h(AY) ]
21203 {s7.7748 | 2446 | 55.893 | 0.70307 | 35,9951
125333 | 16,4756 | 2.7015 14,393 { 11951, - | 11.2066

08349 | 28708 | 16157 | 2.4461 | 04563 | 2.8130

0.3216 | 0.3360 [0.6000 | 0.3415 | 0.1247 [ 0.3456

 Table 2.1: Parameters of the Doyle-Turner potential for i, Ge and dismond crystals =

obta.med analytlcal apprmumatmns to-atomic pote:nt:a.ls based on relamwstu_ Ha.rtree-
- Fock calculatmns. In their caleulations, they ﬁtted the caleulated electmmc-scattermg '

form factors (m the ﬁrst Born approximation, these are proport;onal to the F_‘o'_.mer :

transform of the poténtial). with a sum of four Gaussians. The continuum potential =

therefore benomes 8 Sl of four Gaussians. The thermally averaged Doyle-‘I‘urner

' smgle—stnng potenna.l consequently becomes

J-} - Zlez 2‘1 ZB‘ ( Bar":'-pz) B .. . (2'22J .

 where B; = b;/4x. The constants and b; are given'in' Table 2.1, In general, it has -
been found that the a'pplicatio'n of the thermaﬂy averaged Doyle-Turner potent.ial' lea.ds

to very good agreements with expenment over a wide range of channelmg processes
| {42] _ .

2 3.1 Planar Channelmg

- -The descnptmn of motion for ions penetratmg an axm].ly symmetnc crystal can also |
.be generahsed {0 a two—dlmensmnal case, i.e. motion in a planar contiuuum This B
: --potentlal is obtamed by smearmg the charges of the crystal atoms mto two dimen-
o sions: Therefore, bv using the standard potent1a1 equation (2 13), an axpressxon, can_ . _

" be denved for a smcts static plane as follows:
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U(y)“2ﬂz12'292nd [92+Caa“)1f3_.y] oo '. (223}: o

B _'_where yis the distance from the plane and dp the mter-planar dnstance The qua,ntxtv o

| _ _'_n denotas t;l_le atomic density, Thermal averaging should be taken into account as was

. in the axial case. However, the effect of this smearing it * . * #ramatic than in the axial

si_tua.t_ion_ since static planar potentials remain iiui'-' st * . .- sitions of the planes. .

2.3. 2 Crltlcal angle for channelmg

' Channehng eﬂ'ects can be observed by physxcally mea.surmg the yield of the processes B
“which require close contact between the projectile and the constituents of the crystal
target. In the eveit of the transverse energy of the incident particle beiﬁg somewhat
below tﬁe potential maximum U{0}, the positively charged particle is repelled away
" from the region of tﬁe sn'ing of high nuclear scattering centres. On the other hand, if -
" the projectile moves at a transverse energy above the barrier, it would hit target atoms
‘in essentially the .same manner' as in an amorphous (rahdom orientation) ‘material.

_There is a certain opt1ma1 critical value for the transverse energy dastnbutxon in -
order for the channehng condltmn to hold and it follows from the COndItIDIl

_-py-i‘{)z —pyws = UO, - : . {224}

: '._where "1,(: and _‘15' the ﬁngle bf _in‘cideucé to the cr}'stallographic::' directions and f._is the

momentum of the incident particle. According to equation (2.24), the transverse energy - . -

of the incident particle must -be smaller than the height of the transverse potentizil' Us.

' This designates the setﬁing in of directional channeling effe'ets [42 43] such that if the

mcxdent particle i is trapped in a potentml well along along the direction of motlon, it '

will be thus be guided along the erystal axis. -
The charactemtm a.ngle for these duectmna.l eﬂ'ects is then glven from equation o

@ 24) by | | | |

,. [421228 ] vz L
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| material | axis | ¥ (urad) | plane | p, (urad)

(st f{<uosl  lue [ s}
Jee o |<mo>for | (1) 6
|w  f<uosjsr - jaigg] 1l

Table 2.2 Typical cntxca.l angles for amal and planar chaunehng (m m:cro-rachans) for
a partxcle mc_ldent on the crystal at 1 TeV

: In this expression, the channelmg angle is charactenstlc of anion with cha.rge e
which is incident on a ‘crystal with axial spacing d and the kinetic energy of the ion
" is pv/2, It could be pointed out that this result is an agprammatmn uf the Lindhard -

critical angle . Sxm:larly, cr1t1caJ angles for planar effects can also be obtained in

. the same way, following the previous method of generalising the a.xxal potentlal into A |

two—dxmenmonal potentml for the planar case, thuS‘ .

= (421323 ndpca/pu}m o (2.26_)_

' The pia.nar Lontmuum potentlal Is shallower that the a.xxaI one, thus resultmg in nar-
- rower cnmcal angles for p]anes which are typma]ly Pp ~ 1,!)1 /3. Values of crxtl_ca_;l an_gles
for axial and pla,nar channeling are tabulated as shown'i_n table 2.2'._ '

24 Radiation'emissidns |
2 4.1 Channelmg radlatmn

_ The. lm sie theory of. channelmg ‘has been described in the sectlons a,bove What is
sought to he elucidated now is that the ahgued motion in & cryatal can subsequently -
give rise to colierence eﬂ'ects in the phol;on exnission. When the a.ngle of mmdence 15 less -
. than the critical angle for channehng, the assoc:ated ra.dmtmn is called Channelmg _
| radiation (ChR) [49] - ' ' _ ._

The structure of (ChR) is strongly dependent om, the form of the crystal potentml
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. Channeled positive ions are repelled away from the Scattering muclear centers while

o .negativelv charged ions are focussed around row# of atomic nuclei. As.a.'res.'ult their ChR. :

spectra will be dlﬁ‘erent smce they experxence dlﬂ‘erent potent:als At GeV energies,

'part:cles whlch are nearl} ahgned with crystal axes or pla.nes move along clasmcal

trajectones {52, 14, Ia}, however, . at energies above 2ﬂ GeV a class:cal descnptmn is

no Jonger valid due to the settmg in of quantum recoils of the hard photon emission .
processes. In the next sections, it will be shown that coherent phenomena ¢an still

~ occur beyond the critival angle for channeling v

2.4.2 Brehsz'trathﬁg '
" The radiation emﬂ:ted by 3 charged particle penetrat.mg an atomrc ﬁeld is known
as bremsstrahlung For instances where the incident particle is of l:ugh -energy, the
~ emission process can be derived from pertubative QED where, in the Born limit, Ze <

1, and als in the regime of soft'photou emission i /E < 1, the cross-section for phomn

emission at energy Hiss upon relativistic electron/posmron 1mpact. of t.otal energy Eis

_ apprmnmately _ _ . _ _ .
da 16221. RN £.25 5 DI
d?iw = -é-z a'rem (1 '—E—'-FZ ( £ ) _ 111(1832 ; ) . (2.2?) o

- where g = e/ me® = aﬁa‘, is the classical radius of the electron and. Z the cha.rge of the
incident particle, However, the above equation holds oniy in the reglme nf complete-
atomic Thomas-Fermi screemng where v 3 1. F1gure 2.3 shows a typical case whereby
& photon is emitted as a result of scattering :rqm the screened field of the atomic m-

“cleus. E\th}iafﬁore, radiation may also be emitted as a result of direct scattering from - .

target eleétrnns, this leads to an éﬁt_tra. contribution to the crqss-se_étion of a._facfor 1z
‘above .:the puclear cros#ﬁectic_ﬁn {42] Equatibﬁ?.z’?"is.;‘efened io as thé Béthe-Heit_lar_ .

: _cros_s—section [54] .

At hlgh-energv lepton mcldence { E >1 GeV ) the magor cause fnr enelgy loss

m mattel is by far the bremsstrahlung emismn Therefore. a convement approach is
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- ! material | L{equation {2:28))(cm) l,'(measured)(cm)'
| Cldiamond) [ 148 1122
s .l - lass

e fe2a 0 jas

1w 033_1'- o o

" Table 2.3: Comparison of the caIculated and the measured values of the radmtmn' '

lengths for the matenals under consideration.

e to mtroduce the radlamon length I. This is defined as the penetia.tmn depth for which
the mmdent pa:tlcle looses all but a fractlon 1/e of its initial energ;.r An expression

' for the raciation length can be derived from equatmn (2. 2'?)
1/l = 4Z"’omr§lr'1_(18321_"3). S 228y

whér_e n is the target density.and the other terms are as defined in eQua.tiqn (2.27). -T_he' .
above equation is derived by integrating the differential cross-section (equation (2.27))

over all radiated eriergies for an amorphous material. From equation (2.98), it can be =~

- concluded that the radiation length is an 'energy-indepgndent material property. Table

2.4.2 shows values of Tadiation lengths for materials commonly used for the studies_'
detailed in this dissertation. ' ' ' '

2. 4.3 COher'ent B'rémsstrahlung

" ‘This phenomenon occurs when an.electron crodses & smgla crystal ina chrectmn which - -

is close to major crystallographlc axial and for planar du-ectlons “The electron therefore
has a greater prob&blhty of scatf.ermg coherently on a large number of ta.rget atoms -
along its trajectory. As a result of this. coherence, the electron radiates by cx:osmng

Ianes of atoms as it travels through the crystal; the penod.lc crossing of planes re- :
sults in much greater enhancements in em:ssmns than in the amorphous (randomly
orxented) target. This ty_pe of br_emsstr_ahlung has thus been_ r.efmed to as the “coher-
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o ent bremstrahlung” Detailed account. of explicit exprefmons for the oromseouons of L

 the coherent bremsstrahlung CBS is given in a review by Diambrini Palazzi- [50] and

- Ter-Mikaelian 51} Moreover, Sorensen and Uggerhoj [42} have also given a t,bmxrough =

_'ovemew of the concept of coherent bremmstrahlung Based ot: the ‘the references
above, it will be shown 1n_1_:h13 section how the expression of the cross-section for CBS_
has been derived from the tools of pertubation theory. This starts from the premise

" of taking bremsstrahling emission pooability to be proportional to th_o square of &

_ sécond-order matrix element which in turn is composed of a sum of terms, each pro- : _
pomona.l to the product of two first-order matrix elements one for the mteractlon with
the rachatlon ﬁeld and another for the scatterlng in the atomic field. - .

A genera.l expressmn for & series of pla.ne wayes mc1dent on a smgle atomie scat—

fv'(r)e???‘daﬁ R

where V is the atomic potential and fig is the recoil momentum of the atomic nucleus.

. termg potentml s

'do_oc

(2.29} :

"Ina medlum composed of N atoms, the potential Vi i replaced by a total interaction
potentla.l, V=3 V(?’ ﬁ), whem 7% is the position of the w'th atorm. Accordingly,
| equa.tmn {2.29) can he modified to give the following prressmn for the dlﬂ"erentlal
_ cross—sect:on for photon production of ene..,y Fieer;

dlwd?

do

Natoma = dﬁﬂ)da (2‘30) ’

Ze

'However, in an amorphous medmm the last factor is N whereas for a perfect crystal .
fin the. lumf. of N = co), th phases must be carefully ‘taken mto account and the

E express:on consequently becomes

= 'Tn

(2"'“’ 18(?11226(? ?) o '.”(2.3_1)'

"In the above expression, equation- (2 31}, “g’ denotes the reciprocal lattice vector, S(?)
is is the structure faictor and Nu the number of atows contarned in a umt cell of vqume :

) A When thermal VLhmtxonal effects are taken into account, the mterforence structure
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: glven in Equatiohs {2.30) and (2 31) becomes less prom.inént As a' fesult when thérmal. SR

| averagmg has been factored futo equatmn (2. 30), the follmvmg e:rpressmn is. obtamed

< Ze,?ﬁ.

> N{I—exp(—q’pl)]+mcpf—quf)lze‘?ﬁlg, | -'_'(2-32) -

. whe_re ﬁ’ denotés the ethbnmn Jattice sites and oy is the one-dimensional ﬁbfafionai e

. _ amplitude. Moreover the Debye—%alle‘ factor reduces the interference factor. when '_ .

- thermal vxbranonw effects are taken into account. This part correcponds to the second

term - on the rxght hand side of equa,tmn (2. 32) and i referred to as the coherent part, | - '

S ‘On the other hand, the mcaherent part corresponds to the ﬁrst. term on t.he rxght hand
side of equation (2. 32) - ' '

Followmg frota the a.bove exphc:t expresmous for the amorphous and the inter-
ference cros&-sectxons may be deduced As an example, Ter-Mﬂiaeha.n [51] gives the __

followung form:

do

FT 2ok [(1+(1—n)'~’)(w:m+w*) 2= A @%)

In the above expressmn, the ﬁ'a.rt.lonal energy of the photon is denoted b} n ﬁw/E

. F‘urthermme, expressmn for 1,!;‘“‘ and ¢ are: _ | _
= 4’5(2“) ZIS(?)F exp(-g”p‘)F‘"(m (-- - 1) | 23y

nt . 27,-) 5 . ___i
w‘ oy Esr—q‘n exp(—g pZ)F’(g) (—— ){ G g"}_, '_ o3

. respectlvebr, where the fact;or Fis proportlon&l to the Founer tra.nsform of the ‘atomie o '_
potentlal

F U‘) (4«3 )

‘the prime'in the Smnﬁia* - ndmates that all terms are summed accordmg to the

- kinematic iestrict,ion which L. .*_1_:s them to the_component of 7 along the_ motion of the

f*k ‘V(r)d“r, R (236)-. |
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Figure' 2.2: CBS as obtainéd from the Born appm\:imatiun for10 GeV electrons and

o pos.ltmn.s Incident at- 1 mrad from the < 110 > ax15 of germanium kept at room

temperature In the power spectra shown above. a) the beam 15 incident in a direction -
_para.lie[ to the (110) pia.ne “herea.s in b] a random value of C.‘ll:. az1muthal angle is

chosen.

- projectile. g1 in which gy 2 . Figure 2.2 shows examples of cohereat Bremsstréhlung
- spectra comp'uted for high-énergjr elecirons near the < 110 > axis in a germaniuni .
crvstal. As sho“n in the ﬁgure, there i isa st:rer:ll7 enhancement of the radiation }1e1d'
in comparison to the Bethe-Hen'.ler yleld (as given in equation - (2 27)). In addition, : i
for incidence in a plane Btrong mterference peaks show up due o0 penodxc crossmg of
_ dzﬁ‘erent a:ces [49] ' ' ' '

2_.5 : Coh_e_rence and'Strong Field Effects

- 'I'he basice radxatmn and palr—creatmn effacts descnbed in th;,s thesis are related, i
is best illustrated by the Feymnan diagrams in Hgure 2.3. It can also be sazd that

at t._hese high energies, the t_ran_sverse exnursions of the radiating projectile are negli-
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: _gible in'(‘umparisbn with thosé'aiong the ‘atomic planes/axes. The parti-le 'fher’efor‘e

mmts radlatmn in su&'h a way that it appears ta be ra&hatmg as & resulf of a constent.

| electmmagnenc field [13 14] and the characteristic angle was given by Baler, i.e. @

' wh:ch can be. asstgned to signify these effects can be denved from the co::serva.tmn of - |
: transerve energy as Tollowine: ' ' ' '
éﬁmﬁ Lo PAOP-T (2 ;o
' where wg and Ad are the mmdent and deﬂec-tmn angle, Iespectlvely, Un is the geale of
the axmljplanar potential and 1 the electron mass For smail transverse excurmons,

Aﬂ) & 1})0, we get : '

L IR (2.38)'

¥ mcin
Fmallv, we can deduce the followmg expresmon for the Baier angle
'Qu oy o (2-39) |

For incident angles less than the Lindhafd eritical angle,"nM'ely,. Q< ‘%1#1'._ a strong
channeling effect appears 'where negatively charged particles are focussed around atomic
nuclei and positively charged ones a.re trapped into atonuc dips. This therefore leads

'ta enhanced ylelds for electrons.

_ I‘or multl-(:eV e"‘/e , the Lindhard a.ngles are (100 200) nucm—radlans, wlulst'
the Baier angle ©y is 5 — 10 times larger and “independent” of perticle anergy At
6 » By, the standard Burn approximation holds However, for © < 6y, the process
- can be described as ongma.tmg from a constant field. For O &y, a full guantum
descriptlon rnust. be perfonned and has turned out to be very complma.ted By taking '
! prompt from classical physics where an electmcally charged partxcle ernite eIectro-
-. _magnt,tlc radnatmn durmg its acceleratlon, the 1nst sntaneously enutted powar Pis
- proportional to the gquare of the acceleration viz P o (vF/M )2 Heuce, we rna;f show -_

| “tha ‘lectrons: and posu;mns are of practmal mterest as radlators
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Fair production - Radiation emission

Figﬁre'E.S':. First order QED_.deébriptiuﬁ of the _bfémsstra.hlung é.nd_.pa.ir-productioﬁ’
mechanisms. o -

2.5. 1 Pair-Productiori (Semi—classical ap'proximafion)

. Detalled below i is a denv&tmn by Kunonets [44] for an expressmn of the space-energy
denmt.y distribution-of the et /et pairs created per unit path by a non—polamsed beam
‘of photons in a singie axmlly oriented crystal [45]. A method is developed in which
- the Bajer-Katkov semi—daSsicaJ equaiion [46] mauy be written as an integral of time & .
relalave tn the smgled out axial fa.mx.‘y using classwal co-ordmates T g and velocities’

+4 6f one of the’ paxr members 48 follqws'

@y, . A
_dEid,g'_‘,’_ ”_'zﬁs"z(.si,w)_{@i e [ i) “*_’L(O)FSi’lA*@“‘ -
s (5= [amasnTh e
- where o = _ o
sl = c@i’w){ +"’—*[fn Wi - drt - rop] ). ey

In the above ‘expression, 5.-1-. = g3/l is the ratio of one pair—memher energy and

.tho total phuton SHETRY, Y4 = si/mc2 59 is the umt-cell area for the 2D lattice -

ANote that thea:. qua.nt:ties are —
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| dlsregardmg (mthm the quasx-classmal phenomenologv) the 1ong1tudmal ccnmnbutmn_ -

I which s treated classically. -

Tt can be seen £mm equation {2 40) and equatmn (2. 41) that the Iongltudmal

e .forces play 1o major role for the transverse motion. Moreover, the pa.rtlcle at very high

'. _.'.'energies is conﬁned to & very small forward angle such that emissions take pls.ce within
. ‘the emission ccme J1/7. An mtegrat:on of equation (2 40) over all posslhle partlcle
traJectones in the transverse plane and in the process also taking into eognizance the

- 2D lattice density distribution and the transverse scattermg results in the followmg -

: _-exmesmon [44]: _ : - o
de @ 2. f“" T T r 72 3 dr '
dfidS" ___ 2750 crc{(e"" +£ ) o\ % +tz T /. sin + BTThs 12131:3; T
o T T 7 dr| |
| +§E+E_-— [5 -— j{; sin ( -———-GTCTW Tr?, Tf?r) T_“jl 2 (.2..42)

In the above expressibn eqﬁa.tion (2;42), information about the balance (or coxhpetitiﬁri)
.beiween the aligned (cohereﬁt) and random (incoherent) 'eﬂ‘gc_t's is clearly elucidated. To _
illustrate this poing further: the incoherent ty_pe of defiection is represent@ad by T4a, 80d |
g iﬁdependeﬁt of r,-.f, wheréas_ the cohérent type is-determined by T.,f.a.nd'independent
of 7,5 - these effects (coherent and incoherent) interlace with eé.ch'__dther_. in a single .
common expression, (equaﬁion (2.42)). A highly' relativistic i)hoton (or p'arti'clej will
_ _ihtefa'ct coherently with many p’eriodihally aligned nuelear scattering centers slong its. -
traqectory in the crystal and this can result‘, in the radiation length being shorter b}r 3
| _orders of magmtude (we will discuss thxs effect in greater detail later in the sect:on that )
deals with the LPM) It is therefore worthy uf note that the correspondmg formatlon o
' t1me is very short in ahgned crystals ' '

T-rr mefF.L - . .(2'43)

beca.use of the strong ﬁeld Un that the part:cle expenences ingide the crysta]lme chau— o

-_-nels andplanes* : _ _ _ -
. -F¢=va/aw_ R 244

where qﬁ- is the sc'reehi'ng_ length for the Thomas-Fermi _pot_'.eﬁtia.l.
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_ Pair _Pm'duction'ih ._Amorﬁhods: Targets

B ' ) An aﬁlol;phdus tafg’et.- corresponds td_ the limiting (:#se when: _ ._

_  Here, L,B is the mult:ple—scattenng length over which an electron has passed from
. the creation pomt, and the correspondmg mean squared scattermg angle becomeS'

- i .
<A“’(L,,)>=.'—?5 e (246)_'_

e The above equation shbws that the opening angle is inversely prop'ortiuna.l to the
: Lorentz factor, hence for highly Lorentz-boosted pm_]ectﬂes, the emmsmns are generally |
onﬁneu toa small front.al cone. ' ' :
The equatum for the encrgy dmtrlbutmn of e“'/e paizs produced by 8 smgle'
hlgh—energy photon per unit path in an amorphous target is - '

d;“‘ X(£++E- —E+£ ) o _ (247)

which is the Bethe-Heﬂ:ler formula In this expressmn Xy is the radlatmn length reiated

to by as followmg ' _ o . o
' ' —“—Xo- o o . (2-.48).

Integrating 3quat10n (2 47) pives the total y1e1d

. 249 -
- _Xu'_. (2.49)

Nlmir" =

o Palr productmn on aligned smgle cryst.als

" The cross-sections for the formatmn of & pair in crysta.llme matfer can be obtamed. "
within the definitions of the constant field _apprommat;on. In this case the crystal is

.' enﬁsaged as being aligned near an axial direction and the corresponding limiting case
thereby bemg e = oo If Ifollows ﬁherefore from equation (2. 42) thaé in this cage
the palr-crea.tmn progesses resemble & purely coherent. Lha,racter. A sunple denva.tmn

. ba__sed on Kononets [44] is _presented in the follow:ng section:
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e 1._.'7_3. : —. 47'1,5 . S
f§ Sm( 1211; ) \/332*"’( ) - B0

o /:"m( um ) T 5——“ Kua(y)dz; o (281)
In Egs. (2.50) and (2 51} the factor K,(2) is a delﬁEd Bessel funt.tmn of the

: third'-ki_nd for the pth order [47] and 7 is the pair formatan tlme, the s1ze of a tx_me :
:dnmain which gi_vés ) méin'.contriia_ution to the integrals of equation (2.42), The longi-

~ tudinal path lf = ery passed by the particle during the time 7give the bair.forma.t_ion.
S .l_ength_'which, -according to equation (2..42) has a single common value for coherent
and incoher_ent pair pt_'oductior_l processes. On substitution of the above equations into.

- equatibn'(2;42) one obtains the follow ing constant feld approxim‘atio'n soliii_:iun: '

-dgztd;_?_-% v/'d'-‘l'(:c SE_ (g—l- +§—2)(I{913; "i"f—l—é-— /%E -Kifs(y)dy] | (2_‘52) _. B

_ Sﬁrei;ﬂeﬁ_[d?.] arrives at a Somewhat s:lmllar equation by the inverse method of calc_ul.at;-”
‘ing ratiation ﬁelds since theré is & cross-symmetry between bremsstrahlung erhissidﬁs :
. and pair-production as shown i figure 2. 3 where these two processes are related vm
_ the rotation of the dlagrams by & qua;rter turn, ' '

2 5 2 General ovefview of -pair.'c':reation in abdnstant field
* When a high-energy photon interacts w1th a single crystal, the mecha.nmm of palr— o
creation is modlﬁed conmderabiy inl comparison with that in an amorphous medium
The coherence and correlated effects start--ma.mfe_stmg themselves w_hen.th_e pamcl_e o
-i§ incident on a target that is characteriz&ed 'by a pei-iudicity of the étructure.- Hence,
at deﬁﬁite incident angles and photon énergies, the cross-sections for the pair-creation -
processes differs from that of scattering from mdepenclent isola,ted scattenng centers
] (Beth&Hextler mechar “;m) "The process of paar-creatmn in & constant field has been de- |

- talled in the literature [GS] I has been shown that the Constant Field Apprmamatmn .
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* [63] 13 applxcable if 8 <« bu/m Theoretically, the treatment of pair-creatmn s

) parametnsed by the settmg in of the fonvmg s::ale factor®: -

k= i -+-"'% e
: where, k”(w, k) is the four—mumentum of a photon, Fpy is the elet'tromagnetlc ﬁeld_ ;
tensor, m the e]ectro_n_- mass, E the Iocal electric field of the crystallme p_lane/axm
.&'nd ﬁﬁal-ly E = mzle is the critical ﬂe'ld" Many peculiarities of paj.r-production
in single crysals bear sxm:iantms Wlt]l those of pmr-crea,tlon in the field of a plane B
N electromagnetlc wave. This conies as a result of the fact that for phatons (or ultra-
relativistic partlcles) travelling in- the vicinity of the axes (planes), the crystalline field
can be reduced to a flux of equivalent photdns ‘This concept was brigi.nally proposed
by ‘Weizsicker and W1111ams and smce been known an the Wemsacker-Wﬂhams [69] -

method of virtual quanta.

'2.5.8 Interlude ou formalism of the pair-creation processes
In this section is given a general ﬁeid—theoretic deriﬁtion of the pair-production mecha-
 nism, followxng from which will be a descnptlon of the criterion for reqmred parameters
- of pa.ir-productmn 1t is rather not an exhaustwe trea.\:lse on the theory but what is
_ sought to be shown is a stacndard textbook approach to ﬁnd if there are any connections
~ tothe CFA. In the mmal analyais will be shown how the mteractmn thh the extemal

ﬁelds verds 8 sm:ple exampIe of-a dynam.lcal system.:

Sta.nda.rd qua:ztum ﬁeld approach _

.It ig well knmvn from the quantum field theoretm formula.tum tha.t the mtera.ctlon of

phutons with .an externa.l ﬁeld yields a snnple example of & dynamical system. There i

are *%everal examples that serve to ﬂlustra.te such proceqses, for example, radiation from' _

THere, relativistic anits are used, ie. i=g=1
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a classmal source. Here, we deal largely w;th a fermmmc svstems and thm 2fore, g phys- '

1cal counterpart herem is & provess of panr—creatmn by an e:ctpmal electromagnemc ﬁeld '

The lepton-photon praces'sea ‘are studied on the basrs of s0me mmght of the roIe
of the Dlrac eqquation of thc quan ad field Tl’ ' |

e ~mly(a) = o @sy
' where /A#(z) is the gauge external field. S |

The equatxcm correspunds to interaction with the Lagranglan
1;1 =~ -—-_-»et!;(m')'y-“r,f (.r)A“ R (2 55)

The prenuae for such processes starts from the bas1c tools of pertu:batmn theory,

in whrch all steps leading to - matrix are known _
-5'. = exp -[--i f d“xA;,.(;ch(x)]:
= .exp [—-?: f d4$Aout($)J($)] .. o (2.56) _ .

'I‘ho a.bove expreselon s a Lagrangran whlch is quadratlc in the fieids, rather .
_ than lnear and Lherefme the commutator of the two currents Py is not. ac number

However, _ka’s theorem gives the probability amplitude of emitting no pair to be;

Sod) = <OulSP >_-2‘,( fe [ da . dmn<orr[‘(.v1) Ae)ttan).

n=0 -
(a:n) ﬂ(%)t’f‘(xn)llﬂ > : s _ S ' (2 57 .
. From the algebra“ the ﬁns.l answer grvesc[41], after sorne trxmcatmn on the I;erms 2
of t.he S matrix:

- .S‘n(A} = eDet I— r) exp ['n In(J-I. . - (2.58) -
3The “n® subscnpts have boen. omitt.ed in pquatmn {2 57). moreover, the couplmg gets switche:l .
off at large T : .
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© where

@62)

S "“eﬁ(x),P —m - - i
- 'Therefore, - L
oS """“[(‘P'“_”‘* ’f~.eﬁ(x)—m'~'~ie]'.- R
Furthermore, | | o -
lnSn( ) Tl‘l]l ([,P—-e Al - T“I.-i-ib‘;m) o (2.61). B
' Apphcatlon of charge CDIl_]llg&tIO.ll yields‘ ' -
| 1y
Sﬁmmillg equa.tmn(Q.Gl) and equation(2.62) _glves _
| 2111.5‘0(/1) = Trln ([,P. e. ,_él_(:z:)} —m -1-18.——-_"?2 e —H’E) - (2.63)_ ”
Ut:hzmg the. useful 1dent1ty, _ S
makes it possible for the p_r{_\babihty of pa.lr-crea.tlon to be deriVed:. |
» ___1;'-_@& Hl : -.'ia.(ﬁ.r.’.’--:'e) - .r' .
w(:::) =~ @ f .[eE cmh(eEs) ] R(ie ) : (2.85) .

 where the term 1 /3 corresponds ta the subtraction at e =0. To be noted also is that the -
mfra-red dlvergences at § =¥ 0o are msurecl by the m" = ‘t.':.‘ prescnptmn Moreover, at
- =10, the bra.cket vamshet: hke 5 and the mtegrand is finite. Therefore, the proba,bﬂlty “
of creatmg a palr varies as an ex:po:ne-.ntm.l'lr ‘where it is seen that the prohability for'
producmg a pair, m 2 unit volume per unit tinie is reduced to the following expression:

Rk zznz 7:33 o (z.ﬁs) .

n=1

7Agam it is seen from tlus “nmve view that in arder ta mduce spontanauus palr-creaﬁon, very _

© large flelds are reqmred

sy
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_Onset of criticality -
‘The parameter which determines the behaviour of pair creation in & constant field is

. gi{fen in équatidn (2.53). At 5 < 1 the probability for cresting a pair is low.. This
- ties in well with -equation-f 2.66); as it can be noted that. the prnbabi].ity'for QED pair- N _

creatlon is. very small smce el ig neghglble in comparison with m"’* The para.meter .

Ko E/Eu sets a rinimum thref;hold below which palr-creatlon in not prcﬂ.')al:-le8 '
_Huwever, with & ~ 1, the probablhty for palr creatlon in a constant crystalhne field
| increases ra.p1d1y and becomes equal to the probabmty of the Bel:he—Hmtler mechamsm. _
~ The .ﬁe.l'd. threshuld or- t'unverselv the euergy thréshold above which pﬁir-p’roduct.ioh i
real, w > w, is determmed by, among other eﬂ"ects, crystal parameters like thermal

' vxbrauons a8 follows :
: " m? pa‘.
YU Za

In equa.tlon (2 6”) p is the tempera.ture dependent thermal vxbratzona.l amplitude, d

' 267)

-the pa,ramett!r that deﬁnes the inter-atomic distance for a crystal of a.nomlc number z
and o is the ﬁne strueture constant. Another approach that can be attempted is one
in which the minimum feld is set by the_ para;meter x = 'rE,f Ey. This sets-a criterion
for quantum fecqil effects to h‘ecorﬁe-signiﬁ(_:a;nt; In the ph_oton energy regime undgr :
conéidera.tio'n. 20 < E <. Em;x ~ 140 GeV the sti‘dng ﬁeld effects and qué.ntum recdils

{x = 1) can start’ manifesting themselves, as a result, crystal induced pair creation
can be observed Moreover, the creation of a pair occurs over a finite spa.tlal extent
which is characterised by the forma.t:on zone. A detailed derlvanon has been givenin -
[63] where it is shown that the maximum excess of the pmr—crea,tmn probability in the |

axis ﬁelxi over the pair creation in the amorphous medium (Bet.he—He1tler process) is
demgnated by the paramater ' '

1 agm |

EZamusszm)’ -(2'63)

o _..'rmnxw

Where as is the effective scleemng radius of the string potential, From the above
_ equa.tmn it can be deduced that r™= 1s larger for small Z and large g Fhrthennore,'

- 8Fpr example, atomic feld strangth on a Bohr arbit Eptor 18 of the arder ~ eBatgm ~ m?a®
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- 1:'Ilfmxre 34 The probablhw for pair creation by a photon fncident %m the < 111 >axds
of W. Fe, C and Si and the < 130 > axis for Ge. The numbers in nrau(e'5 ‘indicate
the ’Emperature t:.n Kalvins) of the -*'v=l:a.f The cemperazure, 'mless S‘e:a.ted ocher'ﬂse
is ahe room. nemueranure. These values are based on CEA cal‘.u.atwns of Baier er al.
_ 63:

* the forination lengsh is related to the Compton wavelength o follows [65;: -
b= A x. - N X R

By the combination of equation (2.69) and the_Schw'i'ngef crizerion x}' it 'can be seen

that the euha.ncement is propﬁrtidnal 10 AE/vEq. 111 other words, it is mversely -

proportional 1o the Lorentz faceor 7. However, the strong field in the rest frame of
the electmn extends over many nuclear scattering centers. Converselv. by taking the
sn.ua.l:mn where the feld i is E'f in the laboratory frame instead of the Lorenﬁz boosted
~F elt,ctron fmmt, leads to a constant enhancement ndmelv )lcE/EQ IIowewr, the.’ .
saturation in- this case happena a.r, energing twll d.bD"ﬂ tho 1hu.~,hold This is llustrated
in ﬁgure 24 where the behaﬂcm of pa.u rxedtzon probal:qhtv as a function of photon
energy 13 shown. In the figure, all ‘materials under consideration are shown.

The analvms that fulicws ie based on the rrvstals whose parameters are t.abulaaed -

shown in 'I'a,ble 2.4
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msterial |axis . | p(&) | d(A) | wi(GeV)
C(diamond) | < 111> | 0.040 | 3.567 | 90
w(293) | <110> |0.0503.165 | 22
1w | <110>10.030 | 3.165 | 13
Ge(203) | < 110> |0.085 | 400 |80
| Ge(100) | <110> | 0.054 | 400 | 50

' Tab'lﬂ 2.4 Pa.rﬁmeters used in the thesis to calculate the threshold energies for pair- L

productlon In the ta.b]e, 'd and w; are the lattice spaucmg and the photon energy
threshold respectively The threshold energles w; are calculated using equation (2.67).

2 6 The Landau Pomeranchuk MIgd?l Eﬂ’ect

The- afore-descnbed phenomena deplct a sem1—cla331cal descnptlon of paar—pmduf:ﬁion
and bremsstrahlung emissions both for the randon: and oriented incidence of leptons
and photons on crystaix_s. It should be noted, 'howe'ver,: that the picﬁlre cha.ngeé dra-
madtically due to the set;f.ing in of ﬁruc'esﬁes that result in the suppressiol, . '."adiaf_ion :
probab_ilities {depletions in cross—sectibné} for bremsstrahlung and conversely, for pau-

.-.formé:.tibxi An a priori conjecfﬁre.was' forwarded in the seminal paper of 1953 by

- - _La:nda.u and Pomeranchuk [53], Their thesis was argued la.rgely on the basis of the

classical tl1eory in which it was sta.ted that the expected increase of bremsstrahlung
o emlssmu actually changed to a depletmn wheu addltlona.l melastzc mterference pro-'

cesses are ‘taken 1nto accouts.

'2.6.1 Basic theoretical principles of the LPM
The' importance of éoherencé time cffects on the prbduction arl abéorp{ioﬁ of field

guanta from the mation of source particles in non-equihbnum dense media has been

& subject of mtense st.udy since. Landau, Pomeranchuk &nd M 4dal formulated their B

- hypothesis in the early 1950's {53, 48]. These studies were cuntg;tuahsed on the ba-
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. sig of -bremss.trahiti; 5 from ultra—_réiatiﬁs.tic_ electrons u.ndergo'ing "Ix_iiilt-iplé seatering..
' from Cmdomb"s'catt ering centers, The formalism which follows below is for fadié.tion
o ermssmn huwever fullowmg from that will bea denvanon for the LP’\.i snppressmn of -

' PP provesses We will re-visit the dlscussuan of the coherence Iength in order to show )

- its imprrtance in deahng with the LPM eﬁ'ect as has bcen descrxbed it is a ﬁmte '

region in space at “]:uch the stnppmg of the photon from the electron takes place. The :
: separated electron—photon are thus onh considered a.S separa.te phymcal entivies if thelr _ '

B r:hstance of separation s A1 Jw and thus this takes place over ‘the separam}n time .

| At—A/v. N | B (27{1)

' 'ﬁhg.zre tﬁe ;eiative velocity is _éiven as: : .. B

“ - | = 1-’- 1; _t;osﬂﬁ | o .(2.’?1)

thus malﬂng the coherence length to be o | o _
'_z.,_vAt~2E2/mw - _ | '(2.72).

_ Hefe.,. an 'ass'um'1’).1'.101:1g is'madl +hat g %: 1 and I —w is replaced by m?/ 9E2. The above:
- -a.rgumeuta therefore allude to the fact that bremastrahlung (and pa:r-producnon) do_.. :
not oceur at & smgle pmnt. (typﬂied by the QED veriex) but extend aver & finite zone

in space-time. Dyson and’ Uberail [83} formulated a similar hypothesns in the 1950’3 i

" which they studied the amsotropy of these processes in crystals The coherent radlar
' 'tlon was found to be influenced by the LPM at low energy emissions, '

_ General farmulatlon :

~ The hvpo.,hems is basmally that if all scattenng centers are motropzc, then the standard 3
notation for the radiation i well_knowu and given by Jackson [85]: .

dI [T rE— - . .

(2 )2 [fv dte‘{ &ﬂn/\ﬂ] , o | (2.73) .

" PRelativistic units viz = e =1 are used
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' where r{t) denotes the tra;ecton of the c'ha.: ged partmle through the dense medmm,

R ) its velomt} and = klwis a unit vector dzrecteu along the photon momentem,’

Thxs equs.tmn has 1ts equivalence i m QED langnage wherem it can be descnbed a8 a ) '

N square of twa Feymnan pmpagators {84, namely

' % - (2 )"t U dtei{m ic'{)W‘“tﬁ f dte“‘"‘*mn A ‘01]
@ [ wk o m.;n,] S

where the QED prupagator is-
| (;H-Jra}ﬂ'—irn2 = 2poky —2p.k |
= gmlw-gk). o (27)

Fblloxyilig_ fr_o.m_ Cleymé.ns {84], radiation yields can thus b. averaged over all
possible final velocities v, as an example, by considering all s-scattering, isotropic

processes where the distribution of final velocities is isotropic and independent of final _ .'

velocity. ‘Furthermore, equa.tmn (2 ’r'3) can be generahsed over all segments of the locus .~

. of the partlcle trajectory’ _
-dl :(wt k) i(wt=h)
m—— = 2[ dte A Yy +: dte n A vl
d3k f | |
_-+_...+f -'dt:—;‘("’*‘wn/\g,,+....] N (28

. 'The premise of these ealculations emanates from the assumption that the velocity

between collisions is constant:

"’n.'.— (ﬂ ”Iu)z + < U3 — (.ﬁ.;ﬂn)'z >

Rl vy sl Gy o
. Z(————-*(u ‘;1"_’))2 (2= eitad .-e%w“ﬂ>zﬂ B @

where & is the medm'n dependent step term Avera.gng over equatmn (2 76), one
obtam_s an expmssmn in which the first two terms_ correspond tp the radiation emitted
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- by a smgle scatterer of 2 charged pamcle from g to V. This: part is meant to dlverge-_
- forw — 0in ‘much the same way as ordinary Bremsstiahlung. The third term gives:

the solution and also dgmg_na.tgs the medium modification of bremsstrahlung.

" Another wa.jr of lbbkﬁl.'f into the protlem is by setting the avérage time hetﬁeén .
 collisions to be a1  Thus after averagmg, the time can be ubtamed from the exponen-' R
tial dlstnbutmn functmn asg foIlows '
do . o A R
—— = ge* o - {2.78)
“The constant a isa material property that sets an a priori dependence of the physics | '
on the material, The mteg'ral over time between collxs:ons, §_,, is’ derwed a8 follows

f dfehg"‘llcosﬁfb] ﬁbjb? _ ' - {279) “

' The a.bove actmn effectlvely replaces the pmpagator factor 1/{w — k ,_)3 mth /(w—
k) + a® and gives in a final analysis, a mod.lﬁcatmn of the photon emlsmons wlnch

resembles the followmg form; 3
o“'/dwn..\/", #ok»at (8

" The photon emission spectrum de_ac_t"ibed by_the. Be_t]ie—Heit_ler formula extends over =~
 the whole frequencjr range without showing any energy dependence; however, the L'PM
effect, chéiigeg-dﬁalitatively the i'esults, lesding to 2 /& behaviour. '

For a good mldersl:andmg of the method M1gdal [48] saught to use the proce-
: du.re of averaging over the transltlon rates. This method is a, ma.thema.mcally involved

quantum field formulataon albmt yielding the same results in the hm.tt of soft—photon' 5 |

“emission. The golution, as in a:ll cases, is rednuced to the Fokker PIanck equation in t.he
limiting case of small angle scattering, Accordingly, the typical angles of scattermg
are small in comparison with m/E, and the function whlch_was used to determine the -

.photo_n distribution wag [86]

_.é(s_);%%f:&x. (2 _1)- I o (231)

tanh:c z
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Figure 9:5: Situple Feynman diagrams used for the illustratii-e 'puri}oses of depicting
~ the LPM effect for Bremstrahlung en:ussmn (a} and pmr-productlon (b) The ﬁmte'_ .

extent of the formation length is shown

- where the Migdal parameter, s ~ 1/8(m2/p2)vw/q Figure 2.5 is a gra,p]ueal 111ustra.~
tion of the LPM for both these QED processes

~ Bell [86], also proposed (following from 'the essumption which was 8ls0 implicit

in the work of Migdal) that typical angles' of single scattering are smatl compared '
 with m/E. Following {rom that, the average energy radiated per collision!® was then
9g2 /E 5 o

2O e

where B2 is -the mean- square angle of scattermg in a sixigle collision. This expresi )

reduced to -~ - -

' g sion for the energy radJated gives a clasmca.l a.pproximatlon to the Bethe-Hmtler ap-

-pmxxmatmn“ for the emission at low &equenc.les. I:‘urt;hermore, Bell has also stated -

' that frequencxes of mder 1/ 'r'r) correspmd to photon energles Hiiat such tha.t Faw =

- WInterference effects are 1guored.( : :
- “Smchiy speaking, these considerations apply only to hypothetical atoms wit.h very large nuclel,'

.however, it is probable that the results are quahtatwely relevant to the real case '
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L (Wmn)/Efm) ~ 102

 Pair production '
) Foilmng from Knnonets [45] we can denve an expressmn for the LPM suppressmn m.
pmr—produetmn whu‘h arises under the condltmn Lo ' '
. zn»:,s-,' | I -'..-.(2.83)
where I, and L are the coherence (formation) and the mean free pe.f.h (m fp) lengths
_'_respeetwely Furthermore, equatlon (2. 83) can also be represented in terms of angles o
ag follows: - ' SR . - |
< Aﬂ(s,.,) >>:¥£ ke
Slmphﬁcatmn can he obtmned in the limit of 7'.,, -0, by makmg use of the

I. following reletmns

_@' . o _-3ﬂ%. o -
‘/D. =i (;e‘ + 4‘?};‘1‘%) dT - "'"4".;: . . : e (2.85)
._ -] ) . - Ta d'r o .
! e ( T g ) T . @)
s Now, we can introduce the ratio R which is given by the expmmm R
_ /8, .

= Tisaz-h |

where 87, and ﬂ,{,;n are mexihium'aed min_imum'_ang'les for scattering on an atom
wii:h nucleus of charge n.nmbei"'Z' respectivelyﬁ Thie djseussioﬁ is hased on the fact
R thatin high energy pmr-producﬂou processes, sca.ttenng angles which exceed the mean -
squared scattering a.ngles are 1gnored In other wo::ds, the large engle seattenng gwes
a negliglble contribution to pair productlon processes, a.ll motion is conﬁned to & very

narrow kinematic cone. The factor R i obuously a very small per ameter for the kind

of mvestlgetmns carried out m this thes:s ’I'he following expressxon can be deduced :
for the time mtervai -r.,n ' : S _
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. 'where Ty the time mterval through which the mear squared angle of urdm&ry multxple -
' scattenng is I/fy o - g
- Using the relatmns {2.85) and (2 86) and also takmg into acmunt equatmn (2. 88) .

a.nd equatlon (@ 48), gwes the result

&N, _ R(s) [ 2,0 e
=% [(€+€ )\/s_wsae g ] : (2»89)_

. In equatlon (2 89), 3 is the M.lgdal parameter[48 wluch couples the mea.n free

T _. path to the coherence length g fo]lowmg

' Equatlon(2 80) ﬁxes sasa ﬁmctmn of the scattermg pa.rameters and energles It follo“s
therefore from Eqs (2.85) and equatmn (2.86) that the pair formatlon length under
the LPM cond1t10ns is: : . . .

s~ VBIn~lafs (28D
Tt can be deduced from above that the radiation. length shortens 'with'deci*ea,sing 8.

' .From equation (2 9[}), it can also be seen that the LPM supression becomes substantial
at ¢ < 8 and. leads to decrease in the pair production rate with i inereasing energy w of
the mc:dent photun 28 fnllomng'

' 42N,
- déa

o w T - T 2e)
.Mo1eover. equation (2 92} is & cond.ltmn wluch sets a- reqmrement for very hlgh mcldent
_photon energies: fiw 2> fwpy = SQXgmzcafﬁar As an example, in amorplmus tung-

' sten where Xy = 3.25 mm, the LPM effect will start showing up only when the energy :_' _
‘of the photon is 80 TeV. However, when dealing with a.lxgned crystals, there is a strong

- reduction in multiple scattermg length near atormc axes, this 1engf.h may reduced to =

10-2 of the value of L. For example, along the < 110 > axis in tnungsten at 77 X,
the length has a reduction factor of 0.8+ 10“‘ 'I‘herefore, the LPM: frequency Riorpn
gets lmwered by three orders of magmtude This could go down to the value Awppy = )
- ' 80 GeV hence thz LPM suppr&smon will appear in the yield of coherent pracesses a.t -

~ about Hw 2 80 GeV ' '



’rhe them etical outline which wa.s_ detailed in this chﬁpt_er will be used in the intepre-- o
~tation of the data. The stari_:ing‘ point of the study of the coherent, cortelated strong -
~ field processes is in the use of the semi-classical predictions and compsrison with the -

expenment,al results for pa.lr—productmn in an a.x:'ﬂly allgned Ge < 110 > crjrstal at

* room temperature. . More 1mportantly, the use of equation. (2.67) ‘which’ determines.

~ the threshold for pair creation will, in the initial analysis give the value of the photon' '
energy in which enhancements above the Beth—Heltler cross—sec*mns equa.tmn (2. 2?) .
'occur The seml-t,lasmcal calculanons used in sectmn 2.5 were based on the formal-
ism of Kononets, in wh:ch very accurate predlctlons cf the dﬁerential distribution ot' _

' the palr-productlon rate arg ma.de wh.lch will Jater on be compared thh the experl- o

mental data. obtamed in this thesis.

_ The predmtmns of the LPM Doth for bremsstrahlung and palr-productlon wﬂl_ _
be used to evaluate if thev Blso are cnnsxstent with the experimental results given in
.. chapter 6. More importantly in this case_ we will gee if the /i w deviation at low photon

e'mission_s,' predicted in (equation (2.80)) can be observed. Finally, the measurement N

" of the suppression in pair-production yields will also be compared with the theo;etidal -

predictions of Kononets.



Chapter 3
The NA43 | __chp'efixiient- |

“Cequile supris dzwantage, et qui leu fit p!ﬁs de plaisir, ce fut le pa!ais'de sciences, da'ns
lequel il it une galeme de deuz millles pas ‘toute pleme d instruments de mathemahqus _

- gt de physzque Voltan*e 1759
3.1 Introduction

The experime‘ntal setup for the investigation of the high—energjr Ieptot;-photon pror:éséés
is described in this chapfer, The 'princiijal parpose herein is to elucidate variong key _
facets of the NA43 experiment together with somne detailed overview of the operation of
the CERN—SPS Aiso deseribed are va;ribﬁs aspects of beam production and transport

 including many unportant characteristics- tha,t. determme the quahty of the beam inter
alia intensity, dla.meter a,:":l angular dwergence It is these features which charactmse '
the quality of the beam and thus have a_profauud mﬂuence_on the nature of the physics -

to be investigated._" This can be appreci__atgd from the fact fha_t at ultra_rrelati__vistié_
| energies, fetjui.réméﬁts. for channeimg and other aligned' CFA'eﬂ'ects are severe and

_ thus beam divergences have to be kept wnhm accepta.ble limits. Moreover, the use: of
posmon sensﬂ;we detectors (dr:ft-chambers) hag played a pwotal role in the expenment _'

Other detector components, magne’_n_s and scintillators are also d_escrx_bed in detail as

well as the data a;équisiti-:n and trigger settings.
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- 3 2 The CERN SPS

B The Super Proton Synchrotron (SPS) accelerator is 2 proton accelerator in the Euro-

' pean Laboratory for Partlcle Physics (CEBN) Geneva Smtzerland The accelerator :
complex and the injectors therein straddle the Smss—l‘i'encb border at mean depth of
40 m, The dlameter of the SPS is 2.2 km A plan v;ew of the entire complex is shown -
Cin ﬁgu.re 81 ’

321 'I‘he‘ H‘*. beam-line of the North Area Hall of the SPS

' :A 450 GeV /e primary proton beam of nominal mtensﬂ:y 1-5- 1{)12 pa.rtmles per splli.-

is supplied by the proton accelerator complex, the CERN-5PS, and d1rected onta

" the North Area. targets T2, T4 and 'I‘B at fixed ensrgy and percentage dlstnbutlons _
.All beams in the North Ha]l are provided with sophxshcated particle identification and

" momentum mesasuring eqmpment T2 and T4, provide proton beams for ENH1 (Bx-
.penmental Hall North 1) whllst T8 produces a muen beam for ENH2 The productlon
target centres are located in & ha,ll 12 m below the ground surface. The beams are

'. tra.nsported upwards s as \‘.o be a few meters below ground before emerging into the

_ expermental halls. This set-up ensures that radiation levels on: the surface are kept well .

- beluw the acceptable limit and furthermore, the muon background at the expernnents

is also greatly reclua od in the process

. Productlon of secondary lepton beams ”

A beam of 450 GeV protona, ﬁred on & fixed target (T2) made of 300 mm t]:uck Be,
' produces 8 hlgh-energy-secondory hadron beam [57] . _Thls Was ‘then uueoted lnto_

the H2 beam-line shown 5chematicail;? in figure 3.2. The lboam-lin'e- could also be
1 .ﬁltemétivelﬁr used to transport an atténﬁa_ted primary beam'of protons, alectrons from '

y conversioos and polarized protons from A-decay. Howéver, the selection of various o

beam spemes was enabled by means of an aTray of various magaets and targets as shown
in ﬁgure 3. 2. 'I'he electron beam is ﬁltered from ha.dromo debris emanating from the
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. _Figure 3.1: Diagram of the 450 G.eV'-S.uper _Prot.bn 'Syn_:.:hrotron. The 26 GeV proton
synchrotron {PS) serves as an injector for the main ring of dismeter of 2.2 km
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ER#Bam

Figure 3.2: Plan view shiowing the genera} luout of the H2 and other beamlines in the

- experimental North Area (ENH2)
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_T2_ target. The various stages of the pi'oéess are given by the. s_eriés of equations below: - -

All chaxged parmdeq are -.wept away from the beam—lme with the help of various "

_maguets a.lung the beam-line. However, neutral particies pass through undeﬂected o

"~ The electrcm beam is produced indivectly from the decay of ® — 2y, the photona_
therem are converfed into a e*/e™ pair upon mcldence ona 6 cm thick Pb target Just' :
. downstream of the T2 t.arget 'I'he e“' /e have energles up to 3(10 GeV.

Fmallv, a parallel seconda.ry beam of 150 GeV/c electrons or pomfrons wnth nom-
inal mtensﬂ:y of ~ 4 10¢ pa.rtlelea/splll is transported 500m down to NA43. The beam
is also very carefully guided by a set of bending magnets optzmally positioned such
- that low-energy leptons are filtered: away. The résultiug r.an.s, beam divergences were
40 ,um and 50 pmm; in the honzontal and vertrcal planp respecuvely The moment.um
 ‘fesoliation of the beam was Ap/p < 1%..

Rade sion due fo Bremsst.rahlung from scintillators and- dnft—cha.mbers located _
| bntween the bends could be djscarded as the pomtmmng of these bends ensured that
the radiated photons due to. the:r production ang]e would escape detectmn in the lead-
- glass array (see ﬁgure 3.4}.- _ _ |
It also should be noted that the beams suffered somme con!;am.matzon from upstream
* hadronic debns. In figure 3.3 is shown the va_n_pus £racl:10_nal distributions of hadrons-,_ :
as & funi,tioﬁ af ene’rgj,'r for the electrons and pdsitrbns in the:'HZ beamline. This |
: contammatmn appears as gmss1 in the lead grass spectrum "This proton contammamon N
'was estimated to be 35%, the origin of wh:ch was attributed to the decay of 2 neutml '

A barvnn thus

A'“--—'r_p'*-ihﬂr“_- PR _{3»2)

1Thig pertams to a flat background. Nega:twe aud posmve contammanom a.ppea:c 1 the lead 2lass
as well deﬁned MIP signals _ : : :
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_ Pigure 3.3: Hadronic contamination of the electron and positron beams. The variation
* of the fractional 'contam.iﬁa;tion 25 a funetion of energy is given for the two nominal

- energy settings of th_e SPS.
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Figure 3.4: Typical arrangement of the NA43 beam line. This conﬁguratioh was the |

arraﬁg_emeh’_c used_ to investigate pair production .-
3.3 The NA43 beam-line

The NA43 beam-line and detector systém is & multi-purpose system in _ﬁrhich vén‘ous
aspects of strang-field QED physics can be investigated. The NA4S detector set-up
spanned a length of m_cﬁre than 80m. Figure 3.4 is a schematic repfesenta.tion of the
beam-line and the detectors therefn, However, éognié:ance should be taken of the
fact that the set-rp changed according to the physics under investigation, an example
of which was in the mesuganmn of pair-production in heavy crystals wheretn the
ann-Kaon veto {AKS)-detoctar array was installed [59]. An overview and detailed
description of various segments and components of the NA43 detector will be given in

* the sections following:

3, 3.1 Tafg’ét Vacuum Chambers and Crystal targets.

Theae were used i in temperaf.ure st.abmsed huts for the measurement of paar-producmon :
. at 100K (these are shown ﬁgu.re 3.4 and are represented 88 Vae. C‘bamber I, and 1T,
respecmvebv-). The photon beam entered this vacuum chamber through an aluminised
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. mylar window ~ 20 pm th’ick' The 'cr}stal[i'ne targets were used in order to investigate

-~ the QED effects descnbed in the thesis. These targets formed the core of the entire o

. experlmental project. “They were placed in two vacuum chambers, designated by labels I
: a.nd ILin figure 3.4, Inside the vactuum chambers were computer controlied gomometers o

: whose purpose was to allgn the crystal to within the severe unentatlon reqmremeni.s

of the various critical angles The first s ystal was placed in a gomometer which had a )

- step size of 17 prad. For the purposes of mmphﬁc_atmn, t_he expmment can be zoned
. into regions “upstfeam"'axid the “downstream® of bend 8, The radiator crystal is
_ placed in the upstream region whereas bhe converting c:rystal is placed in the vacuum -
chamber that is in the downst.ream region Figure 3.5 and figure 3 6 will serve best .
- to illustrate the exact Iocatlon, deta.lled descnpfmns of each regmn and- the exact.'

' d_lmensmns therenf

;Alignmeﬁt.of Crystals

| Aceurate a.ligﬁmenfof the crystal w..t, the incident beam had to be obtained in
~order o' obs_erve all the cryst_al dependent effects described in this thesis. A well pre-
aligned crystal was useful ip the sense that it _imuld take less time to align. In order

"to ensure that the erystal was mounted correctly (without'loaing pre-alignement), a

laser was used to perform “in-situ” 'pre-a.hgnment that is, ahgnmg the crysta,l with -
Irespect 4o the nominal beam. The converting crystal wh.tch in this case is 2-0.6 mm
'_Ge target could thus be allgned_wmh a goniometer which had a step size of 20 yrad.
: A c0n§eftef of 5 mim Ph was then placéd in front of the alignment scintillator S'c 11
: 50 as to convert photons emitted by tbe crvstal Ahgnment would thus be conﬁrmed o
by observing mtmmum yields in photen conversions. Mureover, data was taken at
different anguiar gettings (cry ::tallograph.lc orientations for thie converter crystal). '

- h Helium tanks

'The nature of the ph,’y sms to be mvestlgated was sich tha.t the whale beam~hne would |

not be under continuous vacuum condltions Therefore Helium- s played = pivotal
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Fignre 3.6 Detailed plan view showing the downstream. region of the e::pei‘imental" o

set-up
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role in the reduction of material along the Beam line. The pui'pas'e of the'He-tankS'
3_theref0re, was material mlmmlsatmu along the. beam—line 80 as {0 reduce. as. much as -
possible, multlplp coulmnb scattenng (m c.5) and convemons of radxated phot.ona
and radiation photons hy electmns and pomtrons

- Inside the' bendmg magnet (Bend 8) (see ﬁg"ure 3 6) & rectangular shaped He tank ' _
was placed, positioned in » skewed way such that lugh-energetm partmles could not hit
the walls of the tank atd thence contaminate the beam from the showers that would
' be produced in that proces 5. ' '

- 3.8.2 Drift che..

The description and tu.-r. - . i;mtiou of the posit;ibn sensitive detectdrs, :

" namely, drift chambers .o w - - -+ detailed in literature and s stilf & b

ject of con’rmumg mvestlgau x and d velo, .t to t]:us_ day. A comprehensw_e studyis
given by Sauli [60]. What is largely detaaed i this section is & brief hisorical ovefview

. and & global description of the means of opera-fion of the drift _chémbers.

It was realised du-.rir’ag the eai-rly stagés of the ri.evelopment of m_iiif.i—’wire 'propb'r—
tional counters (MWPC) that spatial information could also be obtained by measuring
 the drift time of the electrons coining from an ibnising event. If the trigger is avéﬂat_ble
to signal the arrival of & particle and also if the drift velocity through a ges mixture’
| is lnown, then the distance from the sensing wire to the origin of the electfdn can be
deduced. Itis h1ghly demrable to have a constant. dnfr. speed and hence a constant drift
field so as to obta.m 3 consta.nt. relatxonship hetween the time of drift a,ncl the dmtance
- travelied [62] Flgure 3,7 shows a schematlc view of the drsﬂ: chamber, in wh:ch the .
| particle crosses & gas and ionises a certain numbgr_ of moleculea, creating primary elec-
trons and poéitive i'oﬁs Iﬁ"t.he presencebf a constant electric field, electrons will move
w1th const&nt drift. veiccuty towa.rds the wire: with posmve tensmn (senae wire) and -

p thereby creating an avalanche, The position of the i 1oma1ng part:cle comes t.herefore at
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. Flgure 3 Schematlc v1ew of the basm pnnmples of operatmn of a drl.ft chamber, 'I‘he .
length cell (dxstance hetgen the field wire and the anode(sense wire) is 25 mm. In the
centre is placed the.u e wire of 20 pm diameter .co_nnected to a positive potential

+HV2 which is uniformly di'stribﬁt.-ec.l on'thg"cathode wire pla:_re.' 'I'he negative high

tension drops regularly from 0 V(in front of the andde wire) to -HV in front of the field -

'int.e'r'vals of time which béMm the arrival of & signal and the position of the iom's:ing
particle, The voltage in various wires is regulated such that there is a u.mform electric

ﬁeld throughout the drlfi'. region. ' - '

.For the efﬁcient operatioﬁ of a drift chamber, it is t‘.hefefore ﬁecess&ry that a
' praclse knowledge of drift velocity s ascertmned. ‘This is accomphshed by makmg a
strict select.lon of the gas to §ll the drift region The choice of & ﬁllmg gas used is in .
] turu, govemed by several fact.crs among whlch are:

= low-workmg vulta.ge
=] htgh—gam

e good pr.oﬁortibnality :
=3 hlgh ra.te capa.cmy

In genera.l these cond1tmns are fulﬁll&d by & usmg a gas mle.ure rather tha.n a '
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s oure-ga.s. In order to obtaiu » désiré.bie drift velocity of ~5 cm/ps, a gas mixture of -

31%_;;1‘goﬁ/methyeel, 42% argon and 26% isobutane quenching gas subjected to an

electric field of ~ +2kV is essential. Mefhyml of concentration ~ 2.5% is added in

__ “order ta, keep -wir.ee clee;rr and'_.thus. pro]'orrg ‘the lifetime of the chambers. Moreover,
" the spatial resolution of a drift chamber depeads on how well the relation between

.dnft.—tuue and and space co-ordlne.tee is known Furthermore the spatial resolution is -

'also dependent on the amount of drﬂ‘us:on suffered by the electrone dnrmg the course

' of their dnft through the gas. The latter factor, however, depends on the length of the

__ d.nft. regron For a charped beam traversmg through a gas at constant drlft. velocrty I

~ the spread in the electron cloud afl:er a distance  is:

L e
. where D is the dﬂfusmn conetant amd E 18 the electric ﬁeld Therefore, one needs small
dlffusmn for good spatial resolution. In the NA43 expenment, the drift chambers in
use were characteneed by & maximym drift region? of 2.5 cm giving a spatial resolution
“of 100 pm. The intringic accuracy is hce.'vever, limited by the fact tha.t as electrons
drift around the a.node a cloud spreads out due to dlﬂusron thus reeultmg in multiple
ecattermg and secondary 101118&1;1011 ' : ' _ _
The placmg of field wires bet:ween sense w1res ensures tha.t the fields are unrformly
o sha.ped across the drift chamber, Moreover, in order to ensure maaomum eﬁmency _
_w1thm the given etrengths it was necessary to use shorter paf.h Iengths to minimise
the e{fects of diffusion. The drift velocity is cha.ractenstrcally B cm/ f7i:8 thus gmng
dnft times of 1-2 s {the memory time). The wider surf&co area of 15 cm wes covered '
B by using 6 acljacent drift cells. Each of theee cells were ‘set m such a way that t.here '

was an aItemetron in the onentatlon of drift velocmee from celI to cell

The Taggmg Systam

-~ .The ra.drated photon was tagged by measuring the deﬂectron of t.he radlatmg electron o
' .'through BB (4.05Tm). Thls wag part.icularly zmporta.ut when the photon converted__
2This is also kaown bs a cell of a duft chamber ' '
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B into. an eIECtIOﬁ'/PUSitfbn pair Which. would'often zot reach the LG array when the L

- pair Spectrometer was on, therefore makmg the prec1se photon energy measurement '
_ dependent on the tagger. As can be aeen in ﬁgure 3.6, the dotted hne ShDWS & stra.lght '

photon beam and the solid line drspleys a track of a charged sarticle (electron) ernergmg _
'_ from DC4 The megnets were tuned and optimised in such a way that all the electrons

_Were swept away from the photou beam. The fact that the lepton-»photon openmg

g angle is very emall ie. 9 ~ 1/y was the reason behmd the use of a rela.tnrely strong :
magnetle field. ' ' o

The pa'ir':_spectronieter
. The pair spectrometer set-up was so coneeived _in order to measure the .'single photon
energy. In this arrangement, DC5 and DO were used in conjunction with DC4 to
measure the energy of the tagged photon which upon incidence on the second crystal
would have converted mto a lepton pair. A spectrometer magnet {(MDX100) was used
. to separate the e~ /et pair, the tracked cherged partrcles would then be reconstructed
' _ ‘using the rerorded hits on DCS and DCB. Since the tagged photons were of va.rlable_
energy, the consequence was that low and high-energy pairs were picked up by drift-
chambers & and 6, respectively. It is by employing this teehmque that an a.ccurate.

' measurement ot pa.lr-productmn in a.hgned crystal was achieved,

3.3.3 -Electromag'netic Calorimeter -
.The electromagnenc ealorimeter i3 a total absorptlon devrce used to to detect and

meaeure energies of photone and eleetrone/pesrtrons over & wide range of energies® .

: ThlS calorimeter i ig in the form’ of a lead glass (LG) array with eﬂ'ectwe thickness of o

:25 radiation lengths {Xa): These are stacked ag shown in figs. 3.4 to 3.6. The array is
demgne.ted as L.Gal to LGb2’ a8 shom 1 in figure 3.8. LGb2, placed downstream of the

AThe calotimeters can measure efergies in the range keV to multl GeV, 80 & cut-off has o be set '
in the lower soale. The sole purpese is to set a re_strrctlon on useless events that enter the Pb glass
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' array i in direct line of straight electron -and photon beams. This arrangement ‘was
~ such that photons fired the moat downstream cnmponent whllst lepton pan: tnggers
o the nearest adaaeent blocks '

_ o AlI the c:ilo'rime’ter blocks a:é characterised by the fact tl;é.t.they'.ha.vé a g'en‘
. enally good energy resulutmn (oe/E ~ 5%/\/_ where E is the energy of the elec-
tmn/pnmtmn and photon in GeV). The energy deposmed is pract.mally equal to the_ _

. energy of the incident pamcle and proporhoual to the number Qf Cherenkov photons o

:produced by the chm'ged particles (electrons a.nd pomtrons) in the electromagnetlc. '
‘shower inside the lead glass. In th1s way, very good energy detectmn eﬂimency could
be obtamed ' '

- 334 Fvent Trigger and selection

‘This was facilitated by means of a plastic scintillator array set in coincidence _vﬁth one

of the other detectors shoﬁ.r'n in figures 3.5-3.6. The incident beam was of approximately '

: Gaussxan profile with FWHM = 10 mm. The useful pa.rt of the beam was selected by
& scintillator (Sc4) with a hole of ~ 15 mm dlameter whlch served to “sweep” a.wa.y .
| the fanks off the beam The beam partlcle was therefore defined by the coincidence -
) (Scl*ScZ*Sc4) The Scl*ScE trigger was needed in order to take away “acmdentals“ in-
the form of nmse whose rate was eshma,ted to be ~ 100 ~ 10003—1 In his way, 70 %
_ of the mcxdent beam was I'EJBCted The data acqum'rmn Ingm w&s set such that four

' mmn f.nggers were used, namely
. Normallsatlon = (Scl*ScQ*E) |

| K Rachatmn = (Scl*Sc2*_)(Sc11 > 1.5 Mlp + LG > 10 GeV)
. Pa.n_: = B.admtio‘n*(DCEYl+D05Y2} ' |

o Calibration: was in used to calibrate the drift chambers. -
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- The selection of usefuI events was. facilitated by the airav .o'f scintillators . Mens - .

_ tioned spemﬁcal]v here is the counter Scli, among 1ts versatile purposes were the S

follomng
* To g:'we timi'ﬁg slgnals to drift chambers.

. Helped duplicate multlphcxt} detector (MD) mfo1 nation when e mto comcl- o
dence with that MD detector ' '

s It was also used to t.ngger conversions whe.n alignment scans on the crystal were
conducted C .

: Sclﬂ was a.lso useful, it was: posmoned such that n; matched the ‘acceptance -of the

DC4 callbratlon sht scmtlllator 3c8. Thus, information on Scl0 coild a.Iso be used to -
 eflect on the second_anes in goniometer 2 downstream. A similar purpose_was served

by Sc1s with regard to the calibration slit counters Scl4a and ScMB_ downstream.

3.3.5 Data ac_quisition and _bnline- reduction
A block dmg'ra.m of fhe eléctronic arrangement 'used for this project is shown in figure
| 3. 8 Amph.ﬁed analog outputs were generated by the detectors, viz sohd—sta.te detector, h
scintillators and the calotimeter. The mgnals were then processed by the ADC's? of the :
CAMAC system. The drift time (proportional to the dlsta.nce) in the drift chambers .'
was taken between the Sc 't.rigger and the a;nodé wire slgnais and these were processed
by the ’I‘DC’sﬁ A PG based interactive progra.mme DUMLE {30] was used to retrieve
. converfed mgnals from the- CAMAC for online reductuon and a.na.lysm and in list mode
storage. The CAMAC system gives a BUSY signal wh.u:h prevents an avalanche of _
events from gettmg into the systert; the events that come in durmg the BUSY time
window are thus thrown away. Tr o, -simise sa.tumnon, the events are written in the

PC disc space only in between hu. sts Moreove1 the trlggers are opt.umsed with re- :

4.A.nalogue to Digital Converter
5T1me to Dlgxtal Converter -
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. spect to maximui rejection of unintere'st.ing events.

_ It a.l:,n ‘has t.b be noted that dnft cha.mbers were all syuchromsed by a smlulta-- -
neous STARI[‘ signal from Scl*ScZ I-Iowever ‘the STOP signal was not timed ma

- similar way because the leptons did not reglster hits® simultaneously across all drifs
'_ _ chambers. An exclusxon of two non-smmltaneou-; hxts in one drift cell was fac:hhated by
a mechamsm <hat reJet_:t_s hits that are not in the same time window f_or processmg by
the TDCs. AL DC pulsés were set such as to be in coiﬁcidenbe m the.same gate. The
‘doublehlt’ timer was ‘get up such that if two partmles which are. close enough in tnne '
to produce hits which are inside the 1- ps time mndow, then these triggers prcduced' -
_ would be rejected. In other worda, any registered doublehit mthm the time given by
the timer was cleared by the CAMAC. Otherwise one would not be able to reconstruct

the event(s). - -

. Pre-scaling [58) was a moduie used to scale the'numlﬁer of sxgna.ls that were
generated by all the physics evénts.'_ When the-pfehcéling on the NORM triggers was
.set ta 2'3"'. tlﬁs means that 1 /2¥ of the NORM triggeré would not be rejécted Fighre
3.0 shows the pattern after all the pre-scalmg was put into effect. AII tmggers go into
- the pattem bit module wluch is read out and used in the (PC based) analysis.

- ®The term hit denotes a mgna.l which is registerzd by the a_aé.nse wire of a drift-charber
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‘Chapter 4 _
D.etoctoli' | C'alileration -

O “Take 'hetfﬁ'a'm & foot-long stick each day you will not eshaust it in o'ﬁiﬂioﬁ years.”
Kungeun Lung, Chua.ng Chou (ca. 300 B.C. ) o

.. 4 1 Introductlon

A deta.iled description of the calibration of the various detector component.s is given.
The main detector components whose cahbratmn was pa:t:culaxly important were the -

drift chembers and the oa.lorlmeter Toget.hel they were used to give accurate measure-

ment of the tagged photon etergy, ‘the energy of one of the pairs and the energy that '_ —

‘could be redieted inside the’ crystel by one of the peu-s produced ms:de the crystal

B in eddltzon, magnetlo field strengths of the bendmg magnet B8 and the spectrometer -

- (trim 6) had to he. optnrmzed =curately so 85 to achieve accurate deflections. Drift
_chamberb and the lead glass could thus be positioned in such- & way s0 a8 fo achieve

maximum acmptanee of the e et peus

4 2 The Electromagnetlo C‘aloruneter

‘The lead glass calibration method was eonducted dunng da.te. tekmg by allowmg a
strazght beam of primary’ electrons to h:t, the calorimeter &t different energles anh '
enerp;v setiing therefore corresponded to a data. pomt Ina typloal course of an ex- .
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- '.permxent, the energy settmgs were 10 22 35, 70 15{1 a.nd 200 Ge’\’ Lead glass spectra- e

- from exich of theen energms are ﬁtted with gaussian peaks in order to locate the mean
'pos;tmn (in Channels) Th_ese r_ne_nn _posn_tmns would thus be plu_t_ted with the nommal' :

_electrpn energies and_the_ parameters for a polynomial ca.libratior'_x'cnrve extracted.

Furthermore, the energy resolutlon ofa lead glass electmmagnetrc calonmeter is
_ energy dependent {64]. It was thus imperative that the ca.hbratums were takan ove:r 1S
wide ah energy range s pﬂsslble These methods used in the calibration pracesses were -

. of crucial nqportance in estabhshlng conslstency in the ensuing phys:cs mvestlgamons

The calibrations were carried out regularly during the course of the expemmental data

taking in the event.uaht.y of drifts in voltages a.nd other systemahc changes to the ap-
paratus. In this way the syatematics, which could have serious implications for the

- physics under mvest:gation were corrected.

As can be seen in figure 3.4, the a.rfay was stacked such thﬁt the straight beam
hit the central lead glass component (LG b2) only. The other components of the
calonmeter namely, LG al, LG a2 and LG b1 had to be physically moved into the
- beam-line so as to be in the line of du'ect hits by the strmght beam A defailed analysrs
of t.he calibration process is also glven in reference [75). The three components of the
colorimeter, namely, LG al, LG a2 a.nd LG bl were fitted using the a quadratic fit
. a8 followmg E= ch + ﬁC““, ‘where, E is the partlcle energy (m GeV), C the ADC_ '
 channel fox the Lead glass, o and § are the cahbra.t.lon (Btting) constants. Hawever, :
| a fourhh order pol}'nomlal wBs u d to extract fitting parameters for the downstream -
component. (LG b2), Furthermore, the feature of energy resolution of the calomneter :
“had also to be taken into serious c::gmzance‘ ~The resolution of the calonmeter ig-

usually donunated hy sampling ﬂuctuatmns lea.dmg to a fractmnal energy resolutmn

- o //E scaling as an mverse root of the particle energy. It is also a well established fact ~

 thiat at high-energies, deviations from 1/v/E occur because of noise, calibration errors,

. pedestal fluctuations and incomplete shower containment. Therefore, an addjtio_ﬁ.of a
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- constant term tdd‘/E‘ [64]; either in quadra;tufe or directly, .os'tel.xsibly takes all these :

I 'eﬁ'ects into account The 1esulutmn of the lead glass in thm experment (NA43) was
. found to be o/E ~ 20%/@ at E = 150 GeV.. '

4.3 _' Drift Chambers .
- The mechanism of operation of the drift chamber détecﬁors is .described in detail in
_ Chapter 3. In this sectmn, the methods of cahbmtlon of the dnﬂ: chambers aré

"descnbed 'I'he time signal regxstered by the charged partlcle is nommally given in
TDC channels ! These signals have to be converted into physically more relevm;t. spatial

| distances, therefdre, calibration of the drift chambers is required so that the patli of
a charged particle can be reconstmcted correctly Also, using the met]md of event

‘reconstruction and particle tracking, we could effectively use the drift chambers'as .

' part. of & Spectrometer set-up in order to measure the energy of the electron/pos1tron -

pair, The detalls of which wlll be given in the sectlons t‘ollomng

4.3.1 kiethod of ca._libr'éttiﬂn

The calibration was fucilitated by means of & trigger made up of sﬁii;tillaturs placed on
the various drift chambers. These calibration scin_tilla#ors {also known a slit cbuntefs) E
were placed downstream of deift chambers 1, 3, 4 and 6.. Figure 4.1 shows a profile
of thie beam after going thfougli the- calibratipn slit. The other.;ﬁharhbets, namely, 2
~ and § were _calibrated by'r__econstruction'df the geometry of the Liath_of the charged

track from the hits on (DCs 1 and 3) and (3 and 6), respectively: These hits were then
mapped onto the relevant drift chambers by a method of the extrapolation of impact

posltlon From a simple geometncai re-co:lstructlon of the path the hit poaltmns on

~ the chambers could be éstimated. Since the spatml location of the drift chambers is
' known, therefore, the cahbratmn of the drift charabers could be deduced. During. data

 lThe TDC {time to dlgital converter) is a module that is uaed to measure a time mf.erval between
analop pulses The opera.tian is similar to that of an ADC,
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taking, the slit scitillators were moved out of the beamline so that they would not
contribute to the background events due to the scattering of particles or conversions of
photons. The summary.of the triggers used for. d_rift chamber calibratiohs is listed thus:

oo DCI_ ca.librétioﬁ: Sc2*STS
@ DCS cahbratzon ScQ*ScB
=@ DC4 ca.hbra.t.mn' Sclﬂ(*Sc8a+ Sc8b)

& D_Cﬁ ca.hbr;atmn: Sclﬁ(*ScMa. —]_—' Sc14b)

The inclusion of one of the above in the pattern bit (depending on which drift
~ chamber is to be analysed) can be seen to be typically of the proﬁlé shown in figure
4,1. The cahhratlon of drlfl; chambers 4, 5 and 6 is made complicated by the fact that
the beam profile is no 1onger & Gaussian that hits only one cell but is smeared over the
whole sensitive part of the_ dnft chamber, This meant that cognizance would have to
be fa.ké’n of the region in between cells. This ma is also characterised by the foct that
the 'efﬁciency,'_near_ the wires is reducad to less than 50% [62]. Furthermare, the space
' hetwéen .sensa wires is k.wn a8 s dead zone. By iniplication, therefore, éven*s in
: thls region were nonunal]y flagged as non-events. This problem prowded an obstacle_
~ which was clrcumvented by ca.hbratmg each active cell independently of the others. _
_The space in between Wés brldged bv mcluchng it in the calibration consta,nts as an
oﬂ'—set The wire thmkness was a,lsa taken mto &ccount and thus was mcluded in the

_ cahbratmn constants

- | ’I‘he caiibration of thé entire chamber surface '\"':as'fa.c.ilita.ted By the use of two
sht countors, placed such that the cells closest to the largest part of the beam (mner
cells) and those on the ﬁmges of the beam (outer cells) were coverered. For example, |
~ Scla and Sc8b were set into commde_n_ce with Sch_so_ as to calibrate the_: inner _and'
~ the outer cells of drify chamber 4,:f95pectively. Figure. 4215 & plot of TDC channels



4;3.Drift('}.hambers o o | ._69.'.

o -.
-8 280
& 4
200
RE I _ _ | T
50—@“ JJ-L[]
D:J J-ﬂ--—"'ﬁ-"n(‘ | o .; | 'y n
200 . 400 800 1000 1200
_ o Tde {channels)
1200 - '
1000 |-
. BOD |
600 £
a0 E
200 F B o _
T .lit.!llf.'l'll.l.}!.illIllllvllll.lilj.l_"ll.li .
Q 200 400 600 - 80O 100D 1200 1400 1800 - 1800
" delyt VS dedxt I

. Fig1ue-4.i:" Profile of the Yorating” wlit. p_attqrn' shomng the spatial distribution ‘of
uniformly separated peaks (tpﬁ diagre.n} as recorded by th_e active cell (y1) 'q'f DCL.
" The slits are Seﬁarated' by a distance cf 3 mm. The bottdm'cliagr@t_n. shows a two B
dimensional profile viewed from DCL; both for the x and y distributions of DCL.



4.3 Drift Chambers S -

—
wy . . .
r Wy SABJE-fiaf 3 ] //
ok L -11.9% ’
om0 2seeo | / :
K- T, - ]
e
iz .
! o
e -
t . _ .
e / E .
.
3
3
4 ;
P/
;E!- .
XN I WY NP TN R I T
. ] rE mooc EM RSD LR _mnn IIL!H

- Figure 4.2: Space-f;o-tim_e coordinate-p[of shqw_iilg a _quadré.tic calibration of the drift
 chambers, Thé slit position (mm) is plotted against the drift cha.mber hits in Tde
channels. Shown in the insert are the parameters which were extracted from the fitding

proceas

and pusition of an event in & drift, chamber. Typically, a quadratic fit was found to
give more accurate values of fit constants. The knowledge thus obtained from the
cahbratmn of drift chambers could be useful also when the entrance and exit angles on

the radiating crystal a.re deduced ag shown below:

_ (4;1) |

..(4_._2)_ L

. e¢in_" L12
and for the entrance in the y-direction '
Sl
e.yln - le -

 where Lm is the dlstance separatmg the drift chambets 1 and 2. The exit angle was
worked out using a mlmlar approach from the extrapolated xmpact. posxtmn on DC2-
DCB hit pomtmns as shown in ﬁg 4,3.



' 4,4 The Pair spectrometer and 3te3:“=giﬁg system e -

CUpEREEE i e L : .
RN . L . .
1500 F N ) :
s280 fr Sl T F
oo B L ol S ' -
.m0 E 1E00 - : :
1 B B : w0ag P . )
250 B ‘I . B - . .
Ty Eecd 1 M Ly os I IR I 1Y R I SR
~0Z ¢ 02 D& @6 . ~0O0H-0002 - C 0002 D004 -
: x 18
thuT_n .
5000 £ . 100
400 - - ﬂ 3 - 6tioa
I T 5000
;o £ b 2000
2000 £ D B
4. 1o008
. 1800
o Ttk st N TTPE N 5 . ’
YT num aouz nauz S0.CUFS0.005- 00025 ¢ C.0025
. thzout s thyout
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| 4, 4 'I‘he Palr spectrometer a.nd taggmg system

' Two magnets came into valuabie use dunng the expenment These are Bend 8 and the o

. spectrometer magnet. 'Ihm 6. Thexr uses have been de’raxled in the previous chapter,
howewer what is sought to be bneﬂy outhned here are the vm:tous techmques used to

" optimise and calibrate these magnets.
. Tegging system
As has been deécr_i?jed in the prev_ious chapter, the use of tagging was made imperative
by the fact that the accurate measurement of the i.ncidént phdtbn enorgy required the-

use of DC4 and Bend 8 (a.s shown in ﬁgure 3.6).: In this process, the ra.diatmg electron
was deflected by Bend 8 such that the reglstered hit on drift chamber 4 would cotre-

) spond to the energy' of the mcldent photon dowmtrea.m “This could be accomplmhed .

. "by making an a.ccu:ate_ and proper _cah_bratlon of the variotis properties of the bending = -
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_‘magnet; viz current and magnetic field to be appiiéd-'so-&s to achieve the desired deflec-- .
- tion of the electron. Low energy partlcles are deflected t,he most. and thus the accurate
. .tunmg of the magnets was such that as many electmn momenta as p0331b1e had to be - _

- within the detector (DC4} acceptance “This is 111ust1ated in, ﬁgure 44 where is seen
that low energy taggmg electrons <10 CeV are outside the range of DO acceptance.

' Mag'netm Spectrorneter »

‘The spe('trometer was used to separate the lepton pair. Due to the fa.ct that the angle |
between the pairg is very sma.ll ~ 1fy where vy is 105‘3 for ultra—relatmstm leptons

Therefore, it can be seen that the lepton opening angle is very small thus for hlgh
energy photons, the magnetic fields had to be--strong. However, at low photon el_lergws.
the magnetic field could deflect the pair such.tha,t none of the electrons/positrons could
be detected either by the calorimetér or by any of th’e d&wnstr‘eam dnft chambers; -

namely, DC5 and 6. It ki these factors which had to be taken into a.ccount when the

magnets ‘were put into the beamlme Shown in figure 4.5 and 4. 6 are the illustrations -~

of the deﬂectmns one.of the pairs produced in the crystal and thelr acceptance in DCE
. a,nd DCs, respectwely ' '
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~ Deflection vs positon momenturr;
~ DC5is 0.97 mfromthe centre of Tr. 6 -
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o Figure 4.5: ‘Deflection as a function of electron/postiron momentum in DCs
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Deflection vs positron' momentum;
DCE is 4.61 m from the centre of Tr. 6
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Chapter 5
| -'P__air-;_Pr'oduct_iOIi ih a Ge Cryé*"al_ |

Tt was o -3aying of the ancients, that ‘iruth les in o well’; and te carry owf the
methaphor, we may gusﬂy say that logic’ applies to us with 3teps wf’ereby we go dowmn -
t0 reach the water” ... Isane Watts - ' '

51 Introduction |

- Inthis chapt.er results of the analysm of the measurement of palr—productlon on afmm
thicle Gelmanmm erystal are presented Esgentially, the measurements were taken for _ "
! cryst_al that was o4 T' = 203 K, 1_1ame1y_,-mom temperatux_e. ‘These results complement
- those that were undertaken when the crystal IWQS' cooled _to. 100 K [66). :Compli'caticns.
o .that do arise as a result of thermal v_ihifa-tions have to be integrated int_o the contintum
potential, this was explained in general terms in Chapter 2, section 2.3. A detailed -
tr’éat.nwht of therrhai éifecta'&nd their influence on 'thé. threshold fo'r pair-i)roduction _

Co s also given in Ghapter.u, section 2. 5. The motivation for undertakmg these mea- -

surements at room temperatire is prmwnly beecanse tempe:ature d&pendence does not

- grently mﬂuence y1elds along the atomic planes However, along the axis (m the pres-

ence of axial smngs, in which the fields. are very strong } thermal vibrations could
‘influence pair—productmn yields; these factors will also be investigated in this chapter.
Furthermiore, the threshold for pair produntmn on-the axis of a warm crystal (293 K) -

. L'Z[‘hte' maximum averaged ﬁelds in crystals are a.ttmned neur trystal axes,
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is lugher than that on a conled crystal This was calculated from Eq (" 67} wInch o

is based on detalle-d derivations given in reference [63] and more qualitatively in [71].

From t.hese calcula.tmns it can be seen that there is a reasonably large energy span in

h w}uch the pair pmducmon mechamsm as a result of crystalhne helds can be nbserved'

and from which reliable conclusmms can also be drawn. The main thrust of the analy-' _
'513 there{"ore sought investigate and gain mmght lnto these quantum electrodynanical

: processeb at Toom temperature ('I‘ 263 K). The investigations carried out in this the- '

| ) (_;ould be compared w:t._h the measnrements-and_the analysis of Belkecaem {67, 68} .

and more accurate subseqﬁent measurements by the CERN-Aarhus channeling group

~ -{71). The latter of these measurements was based on techniques developed from ultra~

relatmstm channelmg experments m which the crystal was posmoned ina dlvergent N

beam. These measirements wete shown to yield results which were conmatent with the
' predictions of the C}on_stan_t Field Approximation, . '

- The analysis ca.rrled out in the qectmns foilowmg was based on a detailed overview

- of the theory of pa.ir—producnon that was presented in Chaptar 2. Follomng from

that, & detailed. analysls of 1996 data taken at the NA43 detector of the CERN—SPS o

will ptesented

5. 2 Analysm of bxperunental Data |

: '5 2.1 Pre-selectmn of useful events |

Diuring the course of the analysxs, cpxta.m cuts were imposéd on the 'raw 'da.ta set,
The initial selectlon was dlct.ated by the electronie thresholds ami nommal detector

: ac'ceptance and thus ta.ken g a. priori and wntten below:

' Quallty cuts

| =< A selechon of signals on the oalummetei ‘above threqhold wiz B > 5 GeV BS

- designated by the geometrical l;mzt on the acceptance of DCS. Furthermore, the
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' '_calonmeter isa composne of ane central Ph—glass detector two Pb—glaas detectors

a .on the electron side and one Pb-glass detectur on the. pomtron side; therefore the

nommal detector accept:mce threshold for pomtrons and electrona is 7 5GeVand

5 GeV respectwely

< All unwanted downstream particles in the beam are vetoed out by means of the
 scintillator Sc9. A reJectzon of all pair events abmre the pedestal namely 1 MIP

- was thade. This procedure could thus mal:e 1t poseubla tha.f. only photons were .

allowed Yo euter the convertmg crystal

U ok _Pa.u production i is defined bv a trigger that also mcludes events above 3/2 MIPS
on Scll. This sets & cnndmon for a “true” p.m—event Similar cuts were also _
" xmposed on the SSD detector

~The elect_r(mic. pr&selectioxz-niénti_ohed above was made 'p"ossible due to the s’ettingz :

up of the bit pattern (see Figure 3.9} such that most of the events would be -att:ibuted _ '
o pa'.ir.-produfﬁtion.' Also, as can be seen in. ﬁgﬁre 3.9, these event tﬁggers _ensﬁred
* that a self—cons;stent_ﬁormalisation between runs was made such that measurements
of absolute cross-sectiqns’_‘ for enhande:ﬂents.could'ﬁé car'ried out. A noﬁﬁnai electron .
beam of 150 _GeV was used 1o pfoduce taggéd photons that were in the energy range”
~ 10-140 GéV In a typical experimental data analysis, an estimate of about 10% oﬁt :

of 32,000 events are Selected The analysis code of S. Ba.llestrero, na.mely BOOKS5 o

_[?3} was. used to select. pre«cahbrated data. This code follows a data translation and
reduction pracedure and is an easily modifiable an_d flexible program that transforms
raw ADC and TDC data into ph;ysicé.lly mieaningful N—tupies' which-can be fed info
the. lngh]y mteracuve OERN analysis. cude PAW) [74] Sophmt:cated off- lme mmlyms '
' Gould thus be carned out usmg PAW. '

_ The term abyolute is used Iiberally here beca.use these megsurements are primarily about macro-
- geople e&‘ect.s, where the uvarall behavmur, “gross” structure (or trend} is mvest:ga.ted. The partmle
ml‘.eracts (mside the crysta.l) with many atoms over a large mac.roscopm dmta.nce '
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5.3 Background Study and mult1-photon eﬂ‘ects

_ -Sevetal prqcesses are known‘ o have 51gnatures similar to those_ of the reqmred (avents RE

and thus are required to be considered as backgrounds. Taking cognirance of the

possibilities of multx—photon eifects can also lea,d to the reduction of unwanted events.

. The multi-photon effects happen when more than one photon uonvert. as a result of the

 relatively large emitter foil. The event.s in w_hmh more than one photo_n convert can .
ot be_fécoﬂstructed in the pair spectrometer snd thus were rejected in the analysis, _
“The tagged photon be#m was produced fmm'bremsstr'éhlung qf the in;:ident eléctrori -
| béam in 2 0.8 mm Gérﬁﬁanimh'tar'get ‘The value of the thickness, is meant, in sddition -
to 2 mm copper, to halance the nped for substa.ntially large photon mtensaties wh;lst
at the same tlme keeping t.he emission of two photons (mult:—photons) by I:he same
electrons at low levels. A selection of events was thus made in order to discriminate
between those events that are real and those that arefrom the background processes:

This is based on the following 'e:tpression for the measured experimental yields, m:

O'nndnm Ulm:kgmund :

3 "=
- In the above expression, o is the meagured probability for pair creation in the cryétal, :
Precise mea.surément of thé_'total background could not be ascertai_ned bécause of the
. paucity of “no target” data. Tn this case it would be possible to evaluate the _ba_\c!_cgrouﬁd _
events coming from ofher materials and subtract that from the cfystal related events, .
Moreover, a selection based on scanning of the .crysté‘l'was attempted; this ho'wevér:' g
could have helped if the cross-secmon of the beam was slightly larger than the surface
area of the erystal, thm, however, proved not to be the case Also this method was not
' very econom:ca] because. of the loss af statistics, see figure 5.1. The a.rea outsxde the__.
assumed crystalline a.urfa.t,e would be equwalent to the “no target” situation: of course,
one also has to take into ECCOIlIl.t conversions due to the metal holder onto which the
crystal wag muunted However when various sources of hackgrounds were 1dent1ﬁed _

| these were t.hen trem.ed as gwen m Eq 5.1,
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Figu6 5.1: Depiction of the profile of the beam that is incident on the crystal target.
" In the figure are shown v@ripus_attémpts at making selections in both the x and y

directions.
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ReJectlon of unwanted e.fvents in the upstream reglon

Unwanted charged pamcles could be rejected before entering the crystal by means of '

- veto scmtl.lla.tor‘"‘ Moreover, Sc7, placed in front of the DC4 frame (see figure 3. 6), was '.

‘used in the vetoing of electmns which- could also contnbute to. 'backgrounds ‘These
pmtmles are low energy electrons {whtch have radiated F L phntons) w_luch :
| - upon-deflection by B8 would lnt the DC4 frante. These ¢ trons could be be deflected |
. back mto the main part of the beam and a8 & consequence, reglster fa!se events in the

lead glass caloruneter downstream

Backgfou.nd frbin the radiatoi' and the cdnverter .

e 'I‘he first crystal (the converter at random) gave, in addition to the 2 mm Cu, a total L

background of ~ 20%. Contributions to the backgronnds could also be attributed to
- the solid state detector, "This could be handled by selecting events above 3/2 MIPS
and onty these events would be considered as “real”. These bé,ckgrounds were noted
durmg some stages- of the data taking when _t.he_ spectrum had s._hmvn' an unusually
 large number of events foffh_e .SSD_wi_t_h respect f.o t_he Scll. An estimate of ~ 13% '
| _ af the total number of events could be pairs not detected in the niultipﬁcif.y detector,

~ This, however would give IvﬂP signals 011___50 11 and on the 1eadég1ass_calorimetér. _
. '_l'n other words, photons that did not- cdi_wert in the crystal will be'convgrted m the -
silicon surface of solid state detector and ‘the scintillator. Furthermore, there was an
 additional 0.5 mm copper converter placed in front of the SSD when measurements. -

for random orfentation were made. These were found to contribute ~ 0.035 Xoto the . .

 total number of background events; where 'Xo isan e:'cpréésidn which is- génerally used - -

to define the radm.tmn length (in centimeters) of the materml under conmdera.tmn
All the above mentmned factors were taken- into the background subtractmn al—

gorithm. A summary of the main sources of backgmund events could be listed thus:

3 -Raciiat‘br: U 8 mm Ge in ra;ndom. {0. GSGXu vndthouﬁ'any material) and an addi- -

. 9This ecould also be susceptible to systemam ma.ccuacxes since the detector Scg mefﬂmency muld .
aﬁeci: the results, deta;ﬂed study of t.he funct.ioning of Sc9 was not carrled tmt.
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Figﬁre 5.2:.Enérgv distributinn of muon backgtound;
tional 2 mm Cu rachator + background glves a tota.l of D, 058 Xo.

=g ’I‘arget made of a (0 6 mm Ge converter) was estlmated to contmbute ( ~

0.026X,) of the total background. Theae ‘were based ona reference to the. theo- T

retlca.l conversion probability. .

Other baékgrounds' |

An estunate of the other background events could also he estabhshed These could be

'conversmna in the air (X[} 30420 cm), the scmtﬂ}ator wrappmgs, myla:r mndows (111'

He-tubes) and the muons, ‘However, as shown in ﬁgure 5.2 the muon events can ba

" estimated to contiibute less than a fraction of a percent of the background. events, This

- is a result of pruper beam filtering in- _the upstream region. In total, the background
"associated with materials ¢rossed by the electron beam during its. t.ra.jeétpxy along the
beamline was estimated to be 0.022 & 003 X [66}. h



5.3 Background Study and multi-photon effects . 83

BB '-'Selectib'ﬁ-of tagged events

The taggmg system is descnbed in Chapter 8 and the cahbratmns are shown in Chap- :
ter 4. It can be shown that DC4 acceptance is mapped onto the photon convemon- '
downsrream from the fnllowmg formula

B, = Ee~+E'cm. o 62)

Here, E; is the nomma.l electron beam energy, Ee- the energy reglstered on the tagging

- system and the energy Ecalo is registered in the calorimeter. Figure 5.3 shows the plot

of the electron hit on DC4 and the photon energy. It should be noted that electrons
'...WhICh ra.dmte moxe energy expenence ag: seater deflection when they travel through a
- magnetic field. _Accordmgly, th_e shape of the Calon_meter-DCal plot takes _the shape
- 1/{148.1 — E@)‘*. Evénts that are ﬁot in the locus defined by the: t.égger and the

photon energy are rejected. Reconstruction of the energy of the incoming photon was
. deduced from the general expression: p = SHO/BZ.Lﬁcx, v{rhere_ Bl i5 the integrated

. field strength for (sce Chapter 4), Lgc is the distance from the centre of the magnet -
“to the drift charﬁbers B .aﬁd 6 and 2 the position of the hit on a drift t_:hambér.

One fact i_h_at has to be noted is that the sole use of the tagger to define the
incident photon energy has a serious s_ﬁoﬂcoming in the sense that the tagging cham-
ber (DC4) has a limited range of acceptance of electrons; this means that the ﬁagg‘ed--.
photon energues are restricted to E < 130 GeV. The detemu.ua.tlon therefore, of the_ _

. highest energy bin at the upper end of the spect.ru.m is thﬂicult to obtam The energy -
_ binning in this case has to be done by uging the depomtmn on the calomneter. How- -
ever, one major dra.wback of this procedure is that some energy mght be lost due to

‘the mcomplete shower containment 1n the 1ead glass calorimeter.

A selecfibn of bé.dkgrdunds éoming from the tagger is shown in figure 5.4, It

“can be seen that the selection was. made in such & way that events wh:ch fall outside

“'Beca.use of energy Ioss as a result of synchrotron radiation, the nommal beam energy, 150 GeV IS
cha.nged to 148. 1 GeV. - ' '
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.Figure 5.5: Reconstruction of the pair vertex.

the 10::13._8 defined by 'a__strai'ght-line? are rejected. Further userul cuts in the vertex
position of the pair were made, The vertex is attributed to.the point in the direction
perpendicular to the beam where the ‘electron arid the postiron de-couple ffom -each

other. F1gure 5.5 shows a Gauss:lam it function tha.t wag used to° locate the mean

' posntmn of ’rhe pa.lrnvertex‘ in this way the track of each particle could be monitored,

a selection was made such that events fa.lhng outside the -comcidence of this vertex
- and bther cuts were rejected, i.e. events falling outside m Starida.fd deﬁati_oﬁs of the
CGaussian fit (2 o) are thus dlsregarded This ig in addxtmn to selectlons . the opening-
~ angle of the pair(s) where we track the pa,rtlcle ongma.tmg from the electron/pumtron
| “pair vertex and then set a cut in angle space. Thus an event would be cons:ldered rea.l '-

- i it fell within the coincidence deﬁned bv the selections mentloned above

. 8This is a reglon deﬁned by the ceincidence of & t.agger and the spectrom.ater
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: Ré.diative losses .
 Enpergy loss fc.)r' GeV elecﬁmns‘fpositrons i's due to ra‘diﬁtion emission inside' the érystai |
" Detailed mvestlg&tmns of such radlatn- Iosses for 150 GeV electrons have been carried

out [21} A det.aﬂed theoretical dxsmlsmun of these processes m}l be glven in Qhapter
L 7' : R

5.3. 2 Compamson of experlmenta.l and theoretmal random yields. .

A premse cross check was Londncted in order to convmce ourselveﬁ that the nominal
pasmon of the “random” isina reglon far away from the czystallographxc indices such .
that the crystal resembles an amorphous canverter. One method- which coatd be en-

_ dea.voured thereby was by making & detailed companson of the va.lue of differential pair

- production _ylelds for & crystal resembling suc_:h a converter with that of the theoretical

Bethe-Heitler cross-sections. In uther words, a photdn beam coming out of the radiator

I upsﬁream '_(U.S.mm Ged-2 m.m Cu), with an energy spectrura which follows the Bethe-

Heitler radiative distribution as given by equation (2' 27), will upo:i incidence oh the
target duwnstream produce par.rs ina fashmn stmilar to that. predmted by dxﬂ'erenma,l
B dlstnbutxon (equat.mn(z 47)) ' '

_ Shown in figure 5.6 are the data of dlfferentml ylelds for the crysta.i oriented in
a random?® du'ectmn The theoretical y1e1ds are constant for all selected energy bing
 and thus accordmgly, the ratio of expenmental dlﬂerenmal yields and theoretlcal yields
should? result into an energy invaciant “fat” spectrum with a value averaging to uxity.
As seen in the figure, there are slight deviations from the theory. These deviations
.are more glaring at high incident photon. energieé and these wére also noted' in the _. '
‘analysis given in reference [66]. Cne poss:ble exp]&na.tlon for the deviation is that t.he.
' palrs produced in the various mcl - energy photon ranges can expenence mcomplete

' shawer containment in the Pk. o;.. ©AT

BTt has to be noted that background }'le.lu.: have alse been subtracl:ed
_"We also have f.a.ctored in the ra.diauon lengl:h of the oonverter
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Flgure 5.6: Cc npausun of expenmental data w1r.h respect to the Bethe-Hellter cross—
‘sections - for rhotons incident on a 6 mm Ge< 110 > cyystal onented at a. crystaﬂu-
graphic position far away from planes and axes w.r.t. the incident photon beam. The_
~ various eastgy bins for the photon are: (1) Top left: 4{]-60 GeV (i) Top right: 60-90
- GeV; (i) Middle left: 90-120 GaV; (iv) Middle right; 120-130 GeV (v) Bottom left:
N 130-140 GeV. The data are scaled with the Bethe—Heltler theory, given by Eq (2 47)
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5. 4 Results

 The magmtude of l:he observed pair-creation enhancement is shown in figure & A ’I‘hese_

enhancements have been well expla.med by theoreiicat pred_lctmns in v_vhtch the eryatal

- is described a5 a source of strong external fields. What transpires thevefore is the fact . o

that the.periodicitv of crystalline plaliéq has a Strﬁng beming on the na.tute' of the

- physics (and the strong field energy dependent effects therein) that can be studied. -

The a.ngles of incidence of the photon will determine whether the Born-a.ppro:umatmn
‘holds in such instances or not, nutmthstandmg that there are many planar and axial
“effects that smrt showmg np as well, 'I’he follomng cardinal pomts were taken into

ronslderatmn durmg the ana.]ysﬂs

&2 The crystal in this case is at room températm-e, so it has to be noted that for
a given axial direction, the depth of the potential is shallower due to a larger
- amplitude of oacxliat.ory motion of the atoms in a pla.ne or axial strmg, hence
there should be a damping of the effects compared to the case where the crystal -
been cooled to 100 K,

= Th.e results thaugh. do nonetheless mgmfy a substantla.l coherent enhancement .

o puir creation probabllity at room temperature

= Radiative losses by the e!ectron/positroh Inside the crystal are less than in the

' ~cooled case. This is becanse of the fact that the partlcles produced are not '

- _ trapped very des'p in the well. Escape by de—chaunehng could thus mean that .
‘here are mst.ances where the pn.rtlcle emerges from the eIy stal mth less radla.tm '

o losses than in the cooled cage, ~

541 Total '_enhancement (CFA) o
: _Shoﬁ;.n in figure 5.7 is the energy depen’de-nca. of the paiv-creation p_mba.bility expregs’ed LT
. in nnits of t» random (Béthe-He_iﬂer) values, The total enhancernent was celeulated.

by integration over £; of the conversion probabilities; ‘both for the aligned and the
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amprphoué .incicienc_e _uf ;.J_hotgﬁs,. All the 'gr_xergy_'bihs AE;, are ;vgighted_at:corﬂing to .
-, “the statistics in each of the bins, which in most cages is the céntioid of the bin. The ..
| photon intensity spectr:um commg from the radiatot is pmmarlly a Bethe—Hmtler proﬁle |
The energy dlstnbutlon of these phetons was selected fi..n the ca.loumeter In the
analysls, the spectrometer and the calorlmeter were used to measire photon energles :
Residual fomard ermtted phatons die to radiative emissions inside the converter were
' récoupéd "by the ce'_htral Pb?glass block. Also shown in the ﬁgu're. are data puint.é B
‘taken by. direct messurement of taking counts using the solid state detector and Scil |
in coincidence (mvérted triangies in figure 5.7}, As o result, all the energy bins are ©
 different from those of the talten by usih_g the sp_ectro:taeter‘ The general e_xpre’s.sion for . -
| the ﬁajlj—production enhancement is given b_y_:' o '

oy Xﬂ (E )
??_('L‘T). - X‘llrmued ( E‘\')

' The rachatmn length is rala.t.ed to the conversion probablhty p(E,,), for a material of- |

63

: _thzt.kness tas follomng
p(E =1 el Xuga(Br). (64

- It also has to be noted that mu1t1-phntons are accounted for more accurately using the

pair spectrometer, however, the drawback of the spectmmeter is that sometimes good

. events can be rejected due to the amblgmty in the event reconstmctmn.

| The CFA. predicts the measurements for total enhancement very we_ll.' Further-
Inore', t'he' bwo sets of da.ta agree relatively well with each other. The consistency of
the CFA with Pxpenmenta.l data extends to very heavy crystalline ta,rgetq‘ a8 {8 shown
in reference [59] where Tungsten was used. This has led the proposal of heavy targets
in order to induce pair-production in the upstream decay fiducial region of the newly
commissione.d NA4S rle'r.ec_tor-of the CERN-SPS. The purpose.thereof is to veto events_' '
_- tesulting‘ from the 2r — 4y decays. This technique utilises the fact that crjsta;lline _
_ﬁelds are very strong along and h_ear axis and éléo trtkin'g into account the fact thit _'

' the crystal is heavy and hence the threshold for pair-production is low, lrrespective of - -
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Figure 6.5: Total enhanceinent, 7, as a function of photon energy, Ey. The results are
* compared wath the predmtmns of the Conatant Field Appmmma.t;on, represented by

‘the full drawn curve,

thefm'al'e{fe(_:té. A_much-closei: scrutiny however, shows that mes,sz_irément_s‘ on W.aﬁd |
T crystals [55] were f_ouﬁd to disagree with calculations by a factor of 2 along the axis

' bt_lf. do display a bettér agreement for incidences along planes. A. qualitative notehas .

" been taken of the fact that these crystals are thicker and the conse'quence therefore is
‘that already i in random 50% of all photons do comrerr In tlus casé it was anticipated o |
'that a good set of resnlts would be obfained if o thinner crystal 0.6 mm (with lesser

- radiative iosses) was used Thw expectatl 1 1s clearly shown in the results presented o

in the thesis.

'I‘he expenmental da.ta. shuw a charactensmc mcrease of the tota.l enhancement as_ o
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_'_a funct.mn of energy The i mcrease is more promment at energles above the demgnated o

.'threshold This genera.l trend is predicted in the literature f18, 65}, These approxi-

* . mations are based ou the- syntheszs of the contmuum model (see Chapter 2} and the
* Corstant field Appm;umatmn {63] in which the crystalhne fields are calculated ﬁ‘om_

'_ the thermally averaged Doyle—'Ihrner poteumal

Total enhar_metrients away from t’he regime of the CFA
* There ﬁrere Othef 'd&t’é. sets"in which integrated pair-production yields were m&asufed-
at &ngles awey from the regime of the CFA (ie. at & 3 ;). The angular spai covered

herem was in the range 0.5 -3.0 mrad The theoretical calculations used were based n |

- on the sem.l-cla.smcal formalism of Kononets [28, 45]. The results and the comparison -

w;th t.heor_y.a.re shown in ﬁgu.re 6.8, Furthermore, it has to be noted that the data.
. shown in the figure were measured using the SSD and Scll counters. It can be seen’
that the ‘stracture of the energy c_lepeﬁdence of pair prodﬁction changes dramatically .'
~ on movi_ng away from the axds. More spe_ciﬁ_ca]ly, the distribution of pﬁi: production
vields becomes somew_hat flatter and the enhancements thereiﬁ less prominent than in .

_ 'thc -:ase' of close encounter of photons w.rt, to the crystalline axial oiientation.

- 54 2 The dlﬁ’erentlal Spectra :

' Shown in the ﬂgures foilowmg are the results of dlﬁ‘erentlal enhancements in the a.hgned
_ Ge < 110 > c.rystal F1gures 5 9« 5.14 show the measured differential pair-praduction
probability wzthm the. 1nc1dent ‘angle range ( - 3 mrad from the < 110 > along (110) o

plane. The measurement; of the differential dJsl;nhutmn in yields has so far been in- |

- vestigated by Bak et al. [71], In these expenments the a.nalysm was done using the

_ Constant Fleld Approxima.twn for photons ahg;ued with a:ns Furthermore, calcula,-
tions uging the SEII’.‘I.I-C].&SSIC&I approximation based on the Coherent Pau: Production
(CPP} for the photun mczdent in the angle ran,;e 2.75 to 3.25 mrad to the < 110 >
axis along the (110} plane showed a gnod agreemant with the expenmental data. The

measurement.s that are reported in this thes:s, which as descnbed in the preceding
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_ F1gure 5.8: Total enhancement, 7, as a function of photon energy, E, In the ﬁgure
is shown the energy dependeuce of the mt,asmed pa.lr-productmn rate when photons
- are incident at various ang!es from the < 110 > axlal dlrﬂctmn along. the {110) plane
of 0.6 mm_ Ge left at _T _=- 293 K, These data we-s ta.ken using the SSD and Scll
© . counters. Thé_ angular settings for the if;cidcnt plt(:{-Oil are: (i) Top left: 0.5 mrad; (ﬁ)
Top right 1 mrad; (i) Middle left: 1.5 nifad; (iv) Middle right: 2 mrad (v). Rottom
left 3 mrad. Here, the data (filled squares with stat istien] error .h.m) are wtup.n:ed
with the seml—classmal ca.lt,ula.nons represented by full—drawn curves ‘based ox rei‘erence- -
[os 48], | | "
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sectmns were carned out on a mmtal at. room temperature. These results are shnwn_ '
in ﬁgures 5.9« 5.14 for photons ahgned w;th the < 110 > axis and the mc1dent angle-

- range 0.5 to 3 mrad from the < 110 > axis along the (110) plane, In the ﬁgures, the .

full dlawn curves are the seml-clasmcal calculatlons of Ixononets {28, 45] As cau be B
seen, on the ¢ axis (ﬁgure 5.9), the dlstnbuhon g a dome like stmcture centered arouud
) §+ =1 / 2 as pred:cted by the CPA theory. This behawour is consistent thmughout. the o
. incident energy phaton range '

Mmrmg out &om the < 11{} > sxis along the (110) plane, one notices f.hat the
+ -distribution changes and: becomes more structured, At 0.5 mrad {figure 5,10), ane s
close ta the string of strmgs orientation of the iarget crystal. Tl;e string of st:_xngs
‘offect cbrhes 25 8 result of ﬁﬁi(ilie angle space drientatioh in which coherence oceurs as
'a. result of perlodlc crosslng of axial rows of atoms Lindhard circa 1965 hypothesmed
the string of strings effect as just a sheet of atmmc planes. The st.rmg of strings effect N
i this case is mt‘.erpre_ted a5 being analogous_ to the case of coheren_t bremsstra,hlu;lg.
| CBS and coherent pair produéti_on CPP. _‘I‘he. diﬁ‘erence thdugh is that there is a cross-
' mg of atomic pianes'in the CBS case. As stated earlier and as has been emphasised
through the thesis, fields are stronger along axes than on planes, thus the string of
Stﬂ%s eﬁ'ecf. will _resl'_l.lt_- in stronger fleld effects (enha.nced yields) than fhe CPP. Un-
fortunately thdugli, for the measurements reported in this thesis there was no ang'ula.r _
setfing which was aec_urateiy fixed to .ex_act poéition of i:lie s‘rrmg of -stfings effects for

| ‘Ge < 110 >. From 1.5 mra.d' to 3 mrad from the < 110 > axis alohg the (110)' plaﬁe, .

we can see that the distribution is more spread out and somewhat flatter and also the

data is consistent with the semi-classical predmtmns for the incident energy phatons

55 to 135 GeV

| _For low photon energies in figure (5.11), differential pair—prdduction yields are
~ geen to peak at & = %,_ where £, which as described in Chapter 2, is the ratio of

the po-itron energy and the incident photon energy. - The spectra are normalised to
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Flgure 5.9: Differential ehh_anéement, n as.a fima.ion of the relati{_re positron energy, :
- &,. The. ph.oton energy is incideni albng the d.irectioﬁ of orientafion .corresponding to
the < 110 > axis of Ge. In the ﬁgure are. va.nous energy . bins for the incident photon‘- .
(i} Top Teft: 50-60 GeV: (i) Top right -60- 90 GeV; (i} Middle left: 90-120 GeV
' (1v) Mlddle right: 120-130 GeV (v) Bottom Ieft 130-140 GeV. Here, the data {filled -

squams) are compared w1th the senu—clas&cal CFA calcula.hons of Kononets {28, 4a]



" 5.4 Results e S 95

the Bethe-Heitler distributions, which are 'é_ss'entialiy.con_sta_.nt_ aver & large part of the

' sp'ectfﬁm The -distn’bﬁtion is narrower for incident' phdton energies near the threshold

(75 GeV). This is consmtent mth the thenretzcal pred:cnons [63] A higher mmdent S

ene:.guasl the peak at fi., =1 318 seen to gradually spread oub into what resembles adip
_ lnch is szmﬂar to thie Bethe—Heztler distribution, however, the structure becomes more '
' defined. Interestmgly though is the fact that the themy has predlcted tke behaviour
| very well at; energles just above threshold. o . '
" To be noted however, is the fact ‘that the data :lo not seem. to agree very well

with theory at 1 mrad. As can be seen in figure 5.11, the data. are over»predlcted by _

'_ theory at mczdent photon energles la.rger than 60 GeV..
o However, smce there is no exl:enswe literature on the LPM it is dxﬂicult to
qua.nttfy and put A vertaintv for this suppression. Anot;her explanatmn we could seek . )
is that of u_lcomplete sho_wer containment in th_e Ie_ad g‘lass calorimeter, A_lso, when a
c_iose'r analysis of radiative losses is taken into aceount as descﬁbed.ea_rlier on, we can |
' thei‘eforé assume that jm:cticles could have lost eﬁergy radiatively (taking into account -
the Tact that the maximum AE losses happen at 130 GeV and that could be respunmble

for the suppresmon To this end these are Just'. speculat.lve accounts
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Figure 5.10: Differential enhancement, n a8 a.funcr.ion nf the rel_é,tiye 'Qositrbn éne:éy, | X
.'§+‘- The photon energy is incident along the direction .qf drientation corresponding t6
0.5 mrad off thé < 110 > axis along the (110) plane in Ge. In the figure are various |
" energy bins for the incideat photon: (i) Top lefi: 50-60 GeV; (if) Top right:  60-90
GeV;. (111) Middle left 90-120 GeV; (1v) Middle rlght 120«130 GeV {v) Bottom left: .
© 130-140 GeV. The data (ﬁlled squares with statxstma.l etror bars) are compa.red with

'the semi-classical calculations of Kononets [28 45].



5.4 Results .~ . - . a7

rad, T= 293K

| Ge (HO) @ =1m

'»'—;8, ~ 8

B : et B 6 :
E 4 Heiddin | B 4 bk i
E L& . E . A 1 A
uo TN B W W SO E Lo Lo s e p b B
£ D 0.2 0.4 0.8 0B .1% 00 0.2 0.4 6 a8 1t
Lt S : k &, L '
~ 8 1 B [ ~y
& s F

RS I T R s

. E ..* . . E i

N N ﬁa

go"uu TR SR S A PR S{}"lll r el v u s |
£ 0 0204 06 08 tE -0 0.2 04 0.6 08

J ’ <+u

5

®6

g2
R~

Eu

=

r

Figure §.11: Diﬂ'erentia,l enhaﬁéenient; 7 25 é fuﬁctiun of the relative positron energy, - |
£ 'I‘he photon energy 1s incident along the duectmn of orientation correspondmg to
1.0 rorad off the < 110 > axis along the (110) plane in Ge. In the figure are various
- energy bins for the_mcldent. ph_of_:on. i) Top left: 50—6_0 Ge\’, '—|-(11) Top right: 60-90
GeV; (iif) Middle left: 90-120 GeV; (iv) Middle right: 120-130 QeV (v) Bottom loft: -
. 130-140 GeV. The data. (filled squares with sta.tlnt'cal error bars) are compared with -

the senn—claaszcal calculatlons of Konom:w [28, 45]
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LS “The photon energy is incident aiong the dira jon of onentatmn correspondmg to
_ 1.5 inrad off the < 110 > axis a.long the (110) plane in Ge. In the_ﬁgure are various
eniergy bins for the incident photon: (i) Top left; 50-60 GeV; (ii) Top tight: 60-90
- GeV; (iif) Middle left: 90-120 GeV; (iv) Middle right: 120-130 GeV.(v) Br tom left:
. 130-140 GeV. The data (lled squares with sta.tlstical error bars) are compared with

the seml-classxcal calnmla.hons of Kononets [28 45].
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Figure 5 13 Dzﬁ‘erentlal enhancement;, 7 as a function of the relative pas:tmn energy, |

&y The photon energy is incident along the direction of orientation correapondmg to

2 mrad off the < 110 > axis along the (110) plane in Ge. In the figure are various

| .-energy bins for the ircident photon (i) Top left: 50- 60 GaV; (i) Top nght 60-90

- QeVy (m) Middle left: 90-120 GeV; (iv) Middle right: 120-130 GeV (v) Bottom lefe:

130-140 GeV. The data {filled squares with statistical er.or ‘bars) are compared mth L |

© the sem.t-clasmcal calculations of Kononets [28 45},
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_ Flgure 5,14: Dlﬂ'erentlal enhancemeut, nasa functlon of the rela.twe positron energy,' '
€4, The photon energy is mmdent. along the dxrectmn of onentatton corresponding to
3 mrad off the < 110 > axis along the (11{}) plm:_ie in Ge. In the figure are various .'
“encrgy bins for the ancideﬁt_ﬂphotdn:_ (i) Top left: 50-60 GeV; (ii) Top right: 60-90
eV (i) Middle left: 00-120 GeV; (iv) Middle right: 120-130 GV (v) Bottom left:
'_130—140 GeV. The data (filled squares w1t11 statistical error ba.rs) are compared with
the seml-classmnl ca.lculatmns of Kononets [28, 44].
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543 Angular distributions

'The angular variation of the pa:r—productmn mechamsm was also’ mvestlgated. 'I‘he B o

: dlstnbutmn alsn shows the energy dependence of the t.otal yields (the different energ;y
. settings are shown in the_ legend). Figure 5.15 shows the structure of the.rhstr;butmn
~-of the ylelds with respect to the orientation of the crystal for total yields in pair-

_produ_c’tion. The experimental results corr_és;:oqd to the different intervals of energies

of the incident photons indicated in the diagram. At § ~ 0.5 mrad, the yields start

rising: this is the region around the string of strings in Germanium. The restlis.
~ stated here also vindicate the previous meas'ureme;;_;s [71] in which it was sought to
| expiain the data on the basis of coﬁe_re_n_t -pair-production. In accordsnce with the
Bo:n;app:oxim.gtip_n,_ the .d_a'.ta* are meant to drop to zero at axial incidence but they .
reach values which c:msiderabiy exceed the inroherent background. According to the
theoretlcal predlctxons of Kononets and- Tupltsyn [44] the angular position of maximum - .

pmr—creatlon yield i is
o . 4a:n=mc .
,\fiw )

Ag seen in ﬁgure 8.15, t.he maximum yield occurs at 0.7 mrad Unfortunately, there

8(w) = (5.5)
was no data point taken exactly at the position, however, one could estimate {through

interpolation) fr’_bm' the picture that fhg maximuam is at the designated angular position,

'This value is slightly larger than the one. predictéd by Baier et al, wviz 0.6 mrad,

- Accordingly, t.lle calculatmn of peaks in the coherent bremsstrahlung is determined by -

the condition - o . L : : -
| L A@mfe;, =i o

' wheré i is an integer and @ is thé angle of im,'ideﬁce w.r.t the axial orientation. This

'- -however, is restncted by the condit‘.mn ‘which is mvoked in order not to destroy the'.

coherence a8 a result of the photon divergence upon mcidence on the crystal. Finally, .

as predmted by theoretical caleulations, the maximum enhancement appears fqr_ Iawer.

incident-angles and higher photon energies 'as.'presc:ib'e'd by Bq. (5.5}, -Wé can also. '

see from the figure that there is also another “resonance peak” at 9,6 mrad. This

. obsefirat_ion'parauéls a similar measurement done by U. Mikkelsen (page 77 of _re_éférence' -
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R
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- Figure 5.15: An_gul'ar dependence of the pair-production enhancement for photon_é'inci—_

dent at various ang_les'with respect tothe < 110> ast of Ge léﬂ: at foom' temperaﬁure

(293 K). In the legend are the different, energy bins (céntfoid) of the incident photon.
The dats. points are denoted by the dliferent symbols mth error bars showing statlstl-

. eal uncertamty, these were obtained from the spectrometer i.e, by dirvect integration of |
ﬁgures 5.9 -5.14. The Hull dr: awn theoretlcal curve are calculated with the sem1—cla,531ca.l
apprmnmatxon [28 45]

[66]), where for low mcxdent ENEIgY photons the pea.k is at a region around 2 ‘mrad.

_ Foilomng from Kononets’ theury, the maximum enhancement ‘appears at larger angles
for lower mmdent energies of the photon, This can be qualitatively shown by the the .

| expressxon Gmax ~ 0.7mrad - 150/fiw. To elabomte on thig point; if the energy of the

y phutou is 55 GeV, then the correspondmg maxlmmn in pzur productlon ymlds will show

a.tﬁ w-—lgmrad
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'___544 Summary

- In thig chapl.er, results of pan' productmn in & warm (T = 293 K) Ge crystal wege '
: '_prs.'sented The startiry point was to deﬁne a. method of selectmg good data, followed _.

- by a good background eva.luatmn process In the end the spectrometer, tagger and

the calonmeter were used to measure the reqmred pair events. Ehrthermore, radlative :
losscs as & Tegult of L‘he electron being trapped closer o at.omic nuclei have been ac-
_counted f'or by using . the calomneter to detect the forwa.rd emztted radja.tmn' Wxth.
aIl the various concerns ta.ken into account, the expenmental data and f.heory are in
- very good agreement Moreover, two methods were used to measure the PP processes
on axis, namely, using the spectrometer and the SSD, Scll coanters. Both of them
. agree rema,rkably well with each other and aIso with the C::A for axml mc:dence of the
photons. - ' L
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| __ The Landau-Pomeranchuk~M1gdal
Effect

- “The cause s hidden, but the effect is knowm.” .., Ovid -
6.1 Introduction'

A hnef averview of the Landan-Pomerancuk M:lgdal effect ha.s alrea.dy been gwen in
Ohapter 2. In thzs cha.pter, however, an a.ttempt will be made to review and prowde a .
synthesis of the subJect on account of the various manifestutions of the LPM effect with -
_ respect to the different aress of physics ranging from simple lepton-photon processes to
" that of the qﬁark—_gluon“ plasms. Furthe_rmoré,_this study is quite general and extends
| over'many physical prbbléms where & source coupleswealdy to a wave ﬁ.el.ld Ex&mplee .
therein mclude the production of a photon a dﬂepton (pair) from dense matter, or
2 hadron gas formed in h1gh-energy nucles.r collisions and the gluon—parton radiation
(such problems are d:scm;sed in [76 77]). These’ examples serve to fllustrate the recent.'
interest of the LPM from QCD- field theorsticians in their quest to dascern the LPM. '
effect in nuclear matter for QCD. The dmcourse therefore is to generahse the derivation
- of the gluon (photnn} energy spectrum in analogy to the QED LM [82). In this case,
' the ernission of soft photons (glucns) is considered in the context of_trea._tmg the scat-
téﬁng _cei;te_rs as independeﬁt of each other and therefore gi‘eaﬁly simplifies all formulae '
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redumng the problem into a pxcture ‘of classical. propagatlon of 8 relatmst:c partlcle _' o
- travers'ng an infinitely dense medim. Blankenbecler et al. [90] have 1mderstood the =

concept m terms of the quantum treatment of multiple ses.ttermg witk the purpose of o

providing a proper physical 1ni:erpretal:10n of the suppressmn effect and thus redeﬁne i

' the model of multiple scattenng Fhrthermere, the mamfeetamons of the LPM e&ect
also have influences on the neutnno and axion rad:atmn from supernuvae [78, 79] and
on several other condensed matter phenomena [80]. A detailed and more comprehen—
sive overview of other manifestations and applications of the bremsstrahlung effects in :
. 'dense_media is given by Knoll and .L-evi_n' (811 Nevertheless, the details laid out in thie ’
chapter are the basics of the QED versions of the LPM and they will be considered.

6.2 Implications with respect to NA43
L .is pointed. out 'here how tf..xe theoretical analyeie given in Chapter 2, 'seci';ion 2.6 a
- relates to the NA43 expérimental data that has been under consideration. What is

' detailed here are the influences of the parameters which set condmons for the mamfee-_
te.txon of the LPM with respect to the Bremsstrahlung emissions and pmr-productmn
Another important factor that can also be highlighted i i8 that of medium dependence
For example, inside a dense medmm and in the event of the mcxdence of h:ghly-energetle _
pm,]ectlles, the mean free path wﬂl then exceed the eoherence length and, as a’ Iesult
~ the medium will act as 8 sum of lnghly eoncentrated see.ttermg ceut‘.res I.nterfereuce
within the hmlte of the coherence length starts ta oceur, yielding to the modLﬁeatmn nf
* the cross-section by a factor 1/ alc)"‘ As noted in equation (2.82), the openmg angle i 1s .
" '.mversely propomonal to the Lorentz factor. Therefore, for mult:1~GeV energy reglmes :
the opemng angles are small Below is wntten the influence of the s1ze of the target
crystal in relatmn to the formation length !-,., since 11; is shown in Chapter 2 that the
CLPM supprese:on appears when Ll ' ' -
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Me_dium_dépend_elice S |

'- In section 2.8, a'diseussioo of various facrors that influence the onset of the LPM

was given. Now the argument can be taken further so that We Ccal now reiate these' -

o factars to our expenmenta.l results Accordmgly, it becomea clear that the LPM eﬂ'ect is '

) d_ependent on the medium {n which the radiative processes take p_la.ce.. _F_or mstan_ce, the

' radietion lengths. of small Z crystels are Jonger than that of heavy Crveﬁaﬂine targets,

therefm:fx it foilows that the most suitable candrda.te for the measu.rement of the LPM .-

' isa heavy target As an exemple consider the two. extreme caees, viz dramond e.nd

_'I'ungsten The radlatlons lengths of the two cryetals are given beiow
o Dramond_lmd :120 mm -
= Tungsten laa : 3.3 mm

The above facts thus give jﬁstiﬁcation to the fact t.h_at heavy--.a.tom crystellioe
© targets have been suitable for the investigation of the LPM. Moreoveér, in pligned

~crystals, the radiation lengths also gets drastically reduced. This fact will be _considered

in greater detail in the sections which follow.

| 6 3 Experrmental results to date

The measurements t}‘at were endeavoured in thm thems foliowed from the measure-
ments of R. ‘Moore et ol in which a suppresmon was observed in the analysis of the

' date for the measurement of pmr-producnon when 10-150 GeV photons were mc:dent '

ona32 mm <100 > ahgned ’I‘ungsten crystal, As shown in figure 6.1, the CFA was |

' seen to over predrct ‘the deta at hlgh incxdent photon energrea. It was thus thought
" that the effect of the LEM could also’ be measured more carefully o cooled crystals,
the reason being that i in cocled crystals, the threshold are reduced and thus can obtain”
yields in pair productlon over & large energy spaiL. Furthermore, the deeper trans-
“ “verse potentiel unphes that high cryetalhne fields mll be obtained as well and thus f.he

'Schmnger pmameter (x > 1) at Iower values of 7. Also to be tal-:en mto eccou.nt is
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f:' igure 8.1: Enhancement i p}air;prodﬁCtiu'u yiélds ('sca.ied' to che Bethe-Heitler vields)
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the CFA are shown In dorsed hnes. These resu[ts are l:a.ken. from refe"ence [99]

Y
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- the fact that the LPM predmtlons of Kononets [45] are based on the assumpmon that
-the crvstal 15 cooled to 7"’ K, wluch is close enough to t.he temperatures whxch oould:
' bo attmned st the NA43 expemnent name]y 100 K.

The work reportod in the sections wh;ch fo]low below will show the results of the

latest mea.&urements

Radlauon supp* 2ssion |

_. ) 'I'lus eﬂ‘eot wWos mvestxgated for the ﬁmt +ime by the Aa.rhus group [87] A more com-
prehensive set of measurements of the LPM effect were undertaken at SLAC [88, 89} -
(and the referenoes therem) in whlch S 50 GeV, electrons were incident on thin gold-
~ and carbon targets the purpose was to study in detail the emissions of soft photons :
in the range 5 to 500 MeV. In these measurements, a suppressson af productlon rates

_ was obser\red and the results were within an aceuracy of 5%. Moreover, the results.
_ did conﬁrm Mlgda.l‘s theory of the LPM effect, in which it is stated th_at the -p_hoton

"suppr_essio'n rates vary with both the targot thickness and the energy of the incidesit
partilel, — |

Subsequently, experiments have been undertaken at CERN-NA43, in which the
-electron: beams were incident at higher energies (0 < E < 149.1 GeV) '.[55] These
eIectrons were directed on a.0.2 mm W < 111 > ta.rget a study of soft photon emis-~

S sions was carried out and thus fax, measu:ements to date ha.ve indicated that there 1s' o

a woft photon Suppreomon as predmted by the ongmal LPM hypothesm The results
.of these measurements are shown in figure 6.2, Shown i in the figurs is enhanoement of -
radiation yields when electrons are incident on the randt)m]y onented target.(top) and_

- along the < 111 > axis of the a.lsgned target (bottom). The results indicate that there. -

- 1As mentioned in the theoretical outﬁné, there am_oertain houndory_ limits vghich can'iﬁﬂueooe _ '
these eﬁ’eots, for éxamplé, we have as'somed tﬁat the targets are relatively extended, because the
formalism depends very critxcn]iy on the edge eﬂfects as stated in Gleyma.ns work which was used
exbenswely in the theoretical analysm ' :
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-is-a large Suppression compared to the Bethe—Heiﬂér prediction. Tt is.with‘in this soft

' photan limit that the emitted power is modlﬁed from being a constant valuo of the '

Bethe—Heltler to & square root behamou.r as pred:cted by equatlon (2. SO)

_ It. can be seen in- ﬁgure 6.2 that the low end of the radmted photon spectrum
. _ shows a demamon from the Bethe—Heltler prediction and ta.lls off ina /w w fashion. This
| fact is one of the m2in predxctions sta.ted in equation (2. 30), therefore, one can deduce'
“that the resulis mdxcate evidence for the LPM effect for 150 GeV electrons incident on '
a W-crystal. Moreover, it should be noted that 3 very pronounced reductlon of photon __
' ylelds for energies. up to 3[} GeV are observed. '

Pa.ir-productin'n -

: '-The mvestlgatms were ulso extended {0 measure the LPM eﬁ'ect for the time reversed

_ process, namely pair prod-.lctmn In accordance with cross-symmetry, the coherence
for palr-productmn 8 pzuportlonal to the euergy of the pair produced and thus the -
LPM suppresmon (sge_ Chapter 2, se_cti_on 2.1) will appear in the high energy em_i of -
the specirum. Bince the LPM api)ears in _thé soft photon limit for radiation ein.i_ssions,

it i8 expected to appear at the higher energy limit in pair-production, this gives an _

. interest.ing complementary measurement and a more complete picture of the LPM

mamfesta.t.wns w.r.t. to both processes will be oltained. ‘In the analyms which follows,
the follofmng factors are taken intn accou and are listed - thus '

. T11e LPM supp_ression for_ pai_r~pmduction a.rises tm_der condition: I 3> by -

e The mean free .pa_.th and the coherenée length are coupled together by the Migdal
- parameter s, which is a scaling factor that could be used to d_éterniine the onset -
Cof thg_LPM and js given by thg following expression: 5= ‘—,"3 '

From the above argumént, it follese- therefore that the LPM éuppresgion OGCUTS

- at values for s when. §<1/8 (sée'équatipn_ (2.80}), or cqnveréely, whe'n._i_-.he'mean free - -
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__nath (m f.p\ is lesy than the pau* creatmn 1eng1:h Tlns leads to a dﬂcrease in pair p'o~
' _.;'&uctmn rate with i Licreamng BHEIEY of the mcldenf photon Agmn, foﬂomng from
. .Kononets [45}, the IPM suppressmn for ahgned crysrals will ‘appear at lower. energleb '

| “h"m in amurphous targets. n ahgned crystals, there is a strong reductmn in mult;ple e

o seattermg Iength near atomic axes and this length mav be reduced to 10“3 of the- value L
" of the m.£.p. Hence along the < 110> axig of Tungsten at ?7 K the threshold for the -
. LPM suppressmn get Iowered to fw > 80 GeV. -~ - o ' '

' E_\th‘ner_mnre, in accordance with. equation (2.67), the threshold for pair—prodﬁction_ o
. is lowered considerably: However, the lower threshoid for heavy crystals is accomparied

by a lower'rﬁaximum vield [63]. Hence as is shuwn in figure 6.3, thie threshold i lower, |

wiz fww > 15 GeV. (this is also stated in table 2. 4) and thns also compares favourably S

- with pubhshed resu!t% 139]

The results shown in ._ﬁgure 6.3 are very consistent with the calculotions of -
_' KOhoneté because at incidbnf phbton energies }argér' than &0 Ge\f there is an ob-
- gerved drop in pair productmn yields®. This deviation from the chara.ctenstm CFA rise
- (ef p101) shown in ﬁgure 6.1 is also observed for dxﬂ“erent angula.r orientation of the w
' crystal Ta.kmg this observatzon into account 1t can thus be d»duced that these results
. have given substantial emdence of the LPM suppressmn for pa.tr produet:on in ahgned
_ 'crysta.ls __ ' }

| 208 -....-_.e.ﬁther'é could be other effects like the mosaie s’pté&id as was i.nt_érpretéd by R. Moore [59)
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| Chapfer T
D.iscu.s'sion.. -

_ “If t ma-n begms wtth certamﬁes, he 3ha!l end wzth daubt& but if he wzll be content_ '

with drvubts, he shall end in ‘certainties, Franus Bacon

7.1 Overview
A géneral, comprehensive study itto the investigation of _Iépton-photon processes was _
_ carried out. In the_se studies, ultra-relativistic particles and photons incident on ori-
. ented '_'crystalline_targe_ts in hjgh—symmet:y directions iﬁteraﬁ:t,_ with electromaguetic
fields from a.f,or_nic rows and plaﬁes. Two features make these inve_stigatidns 'very inter-
esting: these are colierence and strong fields: |

< Caherehée: The Lorentz boosted .p.article iﬁéident ab ﬁlti‘é.—rglﬁtivistic.speed .

(r > 10°-%) experience correlated, coherent scattering with a contifuum of many

atdxfsic-. centers along the trajectory of its guided motion in_the-crystél. The .

| electromagnetic processes therein happen over _an-extendéd zone and this is known

s the coherence léngt-h..'The "cohéren’ce length '_t"or the .ﬁmcess_es déscribed'i_n

til_u’s.thesis can reéc_:h macroscopic values (i ~ 100 m). Hence, processes which .

~ ordinarily occur at a siagular Iioint in spar.‘e now get eizten&efi over & long spé.tial .

: distance. As 8 result the QED processes are changed dra.ma " ally, fesulting i.'uto_. .
- en.ha.ncements in yields for palr productmn and radiation emission. ":"‘urthermore,:_
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_ ‘the. long .coheren.ce lenpth can aﬁ'so fésnlt‘. in the sett‘mg in of inhibifing pi'ocessés g
hhe the Landau Pomeranchuk Migdal eﬁ'ect A detmled accou.nt of f.he LPM.
* _effect has been gwen n (chap{:er 6) S '

| =] Strong ﬁelds When the pa,rtu:les are incident a.f .’ tra—relativistic en.ergies.on
| Onented crystals the large Lotentz fa.ctors enla.rge the ﬁelds a.!ong the crystalline
axes and planes Tn the Larentz boosted rest frame of the particle, the crysta.lhne _
fields. (Wthh are pmpumona.l to 'r) become Iarge and SubSequently attam values
whlch are in t‘.he range of cm’rlcahty, i.e. the regime of {x = 'yE/Eu > 1), where '
' En'—. m“c?'/eh The onset of strong fields is thus reached in which dramatic
 effects on QED processes oceur where the radiation mechamsm changes fmm_the

* classical -t_'p quartum sfn'chmtr'on law. . -

 Itis und_er tha__above_'mentioned co_ndifi_o_ns that crys.taﬂine targets have turned out
10 be useful in order fu _investigaté the 'f.heory of -coherént and strong field QED. Under
these con.clitions,' the phen‘dmeﬁa. mentioned above are characterised by interaction re-
- gmns of macrosmplc dimensions encompassing a large number of periodically arranged
' target atoms, as a result, the colerence and strong field effects are encountered. For
ultra.nrelatmstlc electrons and positrons, the parameter x is used to cha.ra.ctense the
influence of quantum recoll effects durmg photon emission. At x > 1 the quantum:
- _1ec011 eﬂ'ect.s have to taken into account this is the reg;ion of hard photon emission.
| and thus the theoretmai descnptmn of QED in anch fields is beyand the ﬁ‘a.mework of
' pertuxbatlon theory o

- Also o be noted is that the cdherz_énée in scattering processes pexsist to angles

“much greater than the the cha.nne]jng critical eingle and the QED pm(:eSSes therein can e

be descnbed a8 ongmatmg from a constant ﬁeld Thi¢ is done by using semi- ~classical

o approaches in the forna of the constant field apprommahon (CFA), wmch thus far has

. proved to _be.\_rery successful i in the descnptlon of these effects.
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T 1 1 ’I'he analysm of pair produc{‘.lon

.:The penodlcny of the r'rvstallme matter together with the extens:on of coherence_.

lengths at higher energies -resulted in the coherence in scattering: this leads tg en-.

hancements in radiation,/pair production more intense than for the amorphous target.
By taking into cognizance the intensity of the field and the ha.tl.iré of tlié coherence,
& methodology of descnbmg these eiectrodynarmcal processes has largely been semi-
_-clasmcal and is based on the Constant Field Appro:omat:ou (CFA) Th1s is & good
approxunatlon for small mctdence angles to the crystallme planes and axes. The effec- -

- tive critical angle is ©g = U/me?, where Uis the depth of the plana.r/a:oal potent:al- ._ L

a.nd m is the electron test mass.

The"investigationo carried out in this thesis were with regard to the measufement
- of pa.ir—prodoction on a6 mm thick Ge <110 > cryst_a.l. However, tﬁeSe measﬁ;'él_ilents o

were part of a broader study extending over many years. Some aspects of this studjr
| are reported wherem they relate to the *nam ideas covered in this thesis. In the pair
productlon measurements report.ed g n}'.us ‘thesis, enhancements of up to values. < 4
“above the Bethe-He1t1er yields were o‘\served for a crystal at room tempera.ture ('I'
= 293 K}. Dzﬁ"erential pa;lr—ptoducuon spectra were also investigated in detail.. These
'._were taken over an angle span of 0 - 3 mrad from the < 110 > axis along the (110)
pIa.ne. Furthermore, a detailed enalysis of -the-_enhancement in pair-production ylolds.
' with.re:speot_to the change in the angle of incidé_nco of the photon beam wag also carried

_out, .

All the results mentloned above were folmd to agree very well Wlth the theoretlcal -

pred.tctmns of. the constant field a.pprommatmn In fact given the mayy approxima~
tions in the construction of the CFA (and other semi-classical comectures) wluch it
'1ts applicability, it is aatomsh;ng how well the theory. describes this conprehensive * -
mdpotdsm
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712 - 7S-ystématics which- COuld-a'ffect the data -

Va.rlous fa.ctors wh1ch could have mﬂuem‘e on the results were taken fnto account dunng | _
“the analysis and are discussed in detail as follcwmg '

e The 1dea. of the mosaic sPread whxch could Wash out the coherence was conmd— :

_' ered by R. Moore et al. [59] to be the cause for the "‘drop" in yields. This factor -

- .was also considere here. Howevel, it is difficult to see why the lower energy '
CFA predmtmm; {irvesnective of the angula: onentatmn on wh:ch the effect of

‘the mosaic Spread is degendent o) agree 30 well with expenmenta.l data. Mosaic _

E spread should v ush il coherence over the entire energy range,. not jost the htgh .

eniergy region. - . - orystals are very thin and the mosaic sprea.d there-
fore is in the 1. . W e*:ample, an estxma.te of the mosau: spread
‘for Tungsten is in ¢ .o . O micro-radians, “This is way smaller than the
angle rpan coverec :;.'-1_3]‘:15' R ‘goes up__to 3m rad_lans.

o Another r.eéson- for the suppression m paIr pmductidn yields could be the result _
of radiative losses inside the erystal 'The use of the_ CFA for calcalating _them_’a '
radiated p.hoton spectr_a. at high energies. is connacted to the fact that at & = 150
GBV, photcmé with eﬁérgy less than 3 GeV contribute to the CFA only to 4% of
thé tota.l' energy loss, With increasing ener@. the pbrtion of photons with energy
w < E decreases heca.use of the transformation from a synchrotron radmtzon -
' spectrum with i mcreasmg X, leading to the quantum a.pprommauon v A
" detailed study of radiative losses in Ge < 110 > at ’I‘ == 293 K was undert:&kJen.

[24) i n wh:ch it was noted that there is a region of maximum depth in the Doyle— o

- Turner potential at 150 GeV. In this regmn, snergy multiple scattering exceeds .
radiation cooling by more than one order of magmtucle and hence électrons, ex-
. 'penencmg strong mlelpar scattering alung the axis, leave the ares ot' rnaxunum _

' potent.xal gradlﬁnt over & depth interval in a few micrometers.

. This ré_distribution lessens the steepne'ss of the potential, as_d i:eéult the :I_argeat -
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: radmtwe losses happen at mammum values of X- 'I‘he wxdth of the dnst.nbutlon :

in tra.nsverse energy space is thus greater than the average change. Thm results o

‘in the decrease m radiation due to de«channehng which is compensat.ed by the -

_mcreased ra.dmtlon from above-barrier electrons as well as mth electrons of small

transverse enelgy EJ,, thus makmg the population of this trea higher than the

"mtf.l_al distribution in t:a.usve_rse spa_cg‘. Therefore, maximum radiative ener_:gy _

' _ losses become pesked at fw ~ 0.8 [2.2,' 4]. Ov_iring-'lzau‘géljr to the fact that ele;*;_ N

. trons are trapped close to nuk:lear séatferlng centers along the row and positrons |

.repelled away, it follows therefore, that electrons lose energy more than positrons
due to the re-distribution of channelmg }rlelds i4, 71, 56] '

”The first obSérved ihﬁuence'of iﬁese radiative processes in pair creation experi- ._ -
- mental ylelds was observed in measmements of pair-productlon by Belkacaem et
al {67]. In these measurements, it was noted that a positron that loses energy

' inside the crystal by radiative loéses has 8 higher -probabﬂ.lty of emerging from
~ the crystal with energy less tha.n_ the experimental cut-off, This experimental
| faetor lea& to #uf)stantial redﬁcﬁon in yields .and hence & savere djsé.greemeﬁt. .
- with CFA theary was recorded. . = | ' S |

" In the aﬁalysis' detaited in ﬁﬁié: .tl.l.esis' the région'.of maximum energy loss for

- Ge was. estlma.tecl to be twice the threshold energy for pair productmn in Ge <

110> at room tempera,ture The use of the taggger/spectmmeter and calorimeter -
: .comcldr:nce ostenmbly took all the radiative effects into account; energy radlated-
wnthm the cr:ystal was picked up by the calorimeter where only events above 10

GeV were wns;dered An estimate of ra.dla.twe losses based on reference [66] was

) a.bout 20 % This however, could Only happen at maximum values for x, namely
' 'E > 130 GeV, Whlch is nearly beyond the range of energies recorded in this

1Far g, detailed derivation and deacription .of t.ra.nsverse space dlstnbution of popula.tmns and -
' energies, see reference [5, 42}, '
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. thesis. Moreaver, it is doubtful whether the radiative losses could also persist

" 5o strongly into angular regions far away fmn_i the axis (as seen in figures 512 i

' '-5 14). The fact that warmef crystals: will experienee Iower radiative losses could .~ '

. " thus gives credence to the conclusmn that these losses could not fully account for '

- the. chenges i pa;zr-productmn ymlds that could be ohserved in thrs thesxs

. A stndy of svstematlc factors like the' backgrourd and poor shower eonta.mment. o

. ct_)uld_e.lso be_lool-:ed at. This wes also moot_ed in the analysis of R. M_o_pre [59]. _
The background events should have the effect of alsa washing out the coberence. "
However, based- on the fact that i in the theoretlcal predlctxons, 1o background

evente are couszdered and i'.he structure is therefore hlghly prrmounced In the

~ analysis carried out in this report, the resulis ha.ve more or less repmduced the .

- structure predicted by theory, which gives credence to the fact tha.t heckground
'study was u.ndert;aken to exhaunstive detail. F\uthermore, th° background events

~ are not variable w1th energy, and hence the energy dependent anomaly observed

thus rules out bat.kground related eﬂ"eets. The energy resolution of the calorlme-
ter, which as described i in chapter 4 could also result in poor shower contamment_'

at high energies. This is 111ustrated by the fact that the energy resolution at 10
GeVis ¢/E < 11%/+VB, whi: 1 is considerably better than the resolutlon in the -

hlgh energy end, namely, :r/E < 20%/vE. Moreover, materlal background in
the beamline could also gwe the beam an energy spread which could affect the .

: energy resolutlon of the ca.lonmeter

 ‘The LPM effect -

'A detailed analysis (bot.h theoretleal a,nd expenmenta.l) of the LPM was eudeavoured :
‘The results thus far have served to mdlcete that there could bes suppressmn of rad1a~
- tion y"lelds ats Lgh-energles of ulc1de1:_1t photons. Furthermore, the resurgence of interest
' in the LPM effect has promised to unravel some new insights nto i:he'_'maniifestations -
“and implica.tiune' of the 'I;PI\rI"eﬂ‘eet with _r'ega,rd 1o a wide-r'a.r;ge of experimental a_n‘d - '_ i
theoretical studies in_high—energy physics. A let of questions -sfill' rémain concerning the :
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cons:stencv of the f:heones used to mterpret the I_PM eﬁect Paramou.nt among these

: _' are’ all the various. proposed developments, both expenmental and theoretrcal for fur-

o - ther apphca.t.mns of the LPM eﬁ'ect in mauy azeas uf lugh-energy physics. In this st.udy.:

& comprehenmve mvestlgatmn and companson of both the bremsstrahlung LPM and
pa1r—production LPM was t:amed out. The: thesm, thotgh mainly ;epm:ted on r.he data,
for pa.u- productmn although a companson of buth prccesses w&s made The dlﬂ’erence.

betWeen these processes comes from the fact that as a result. of cross—symmetry, the .

' LPM suppression occurs at the low energy end for. bremsstrahlung whereas it appears

.at the lnghest posmble energ~ end for pair productmn The reason for this being that_
* the coherence length (as descrn.fzd in chapter 2) is p_roporho_nal to the inverse of the.
energy of the emittéd photon_and the energy of the pairs emitted, res'pectiirely; -
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The work described in this thesis has dealt largely with the experimental investigation.

" of channeling, channeling radiation (CER), coherent bremsstrahlung (CBS) and pair

production when multl-GeV eleetrons/posltrons and photons were incident on oriented

crystals. What has emerged is that the. effects under consideration eould be well da'

' _ scribed using a semi-classical constant field a.ppmmmatmn. Some attemptsa_t using &

quantum mechal_l_ical.e.ppro_ach have also been attempted. The CFA {and other similar .

| _serni-elass_ic'el' methoﬁs)__ﬁave thus far been more"suecessful in predicting the obeei‘\fecl_
phenpmene; than any other theory wi;ich has h_it_hefto been attempted.

~ The NA43 experimental endeavours were a comprehensive programme that OV~ |

ered manjr aspects of both_coherent and strong ﬁe_ld QED processes resulting from - )

 the incidence of ultra-relativistic particles on higily ordered crystalline matter. The
focus of thls thesis was baged: on the mvestlgatlon of palr-productlon on Ge <110 >,
where the enhancements above the Bel:he—Heltler cross—eectmns were obeerved These
' 'enhancements rige ﬁ*om 1at threshold to 3 5 fur the ax:la.l incidence. of photons Wlth.
_energy E.y ~ 135 GeV These results agree very well with the OFA calculatlons of
Kononete et al. [44] ' ' g

Furthermore a study of the measurement of the dJﬁ'erentlal dlstnhutlon of pair
_producf.xon was slso made, This work s preceded by & sn‘mlar meaSurement ca.rned -
out by Bak et al. {71]i in which good agreement with the Coneta.nt Field Approximation
. fo'r. photans incident e.ldﬁg the axis as well as the with the Coherent Pair production
Calculations was found. The measurements thet were reported in this thesig were also
comple,'menta:y to recent mmllar measurements in whlch the Ge crystal was cooled
to 100 K [66). The results presented ‘here are amorng the first of the measurements in-
| wh.mh a detailed comparison with the CFA calcula.tmns of ylelds in deferentlal d:st.nbu—
tions for an axmlly ahgned crystal is made. Furthermore, the experimental dnﬂ‘erentlal
dmtrxbutmn in ylelds were feund to agree well with the theoretlcal semi-classical cal::u-'_
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: -la.tlons of Kononets. [28 29 43] ThlS agreement was found i be: relamrely conmsteut_ -
throughout the range of mc:dent phntons (0.5-3 mrad) along the (110) plane off the -
_"<110>axxs o ' ' '

 Purther investigations involving a detailed analysis of the LPM effect were carried

: out.' In fhese measurements, the investigation 'of pair pr'lductibn ona cooled ’I‘ungsten

_ crysta.l was endeavoured "As predacted by theory, there was an observed suppresaon '_
in pau-producmon vxelds in the region of threshold for the emergence of the LPM,

_na.mely 80 GeV. This ana.lysxs has thus prouded ‘what appears to be ewdence of the

" 1LPM. Further analysxs {both expenmental and theoretma.l) of the LPM is in progress -

. and more results which wﬂl yleld more mfonnatmn about, thls eﬂ‘ect are in the process
of bemg completed. Cogmance has to be taken of the fact that there is no clear and 5 |
_conclwwe ewdence of the LPM. However, the results shown in this thesm are also 2

very zmp_ort.a.nt complement to the ongoing study of the LPM effect.

' Va,rious peignant qﬁest’ions as far as tﬁe'stﬁdy of the strong field effect is con- .
cernéd still need to be enswered. ' Pertinent among them is the possible ¢xistence of -
' single i)]iotons, Which have pruved to be very elusive to detect- However, recent mea~
curements of the NA43 CEBN Aarhus g;mup have a promlse of y:eldmg good results
.m the detection of the smgle photon spectra. The success of the CFA in explaining . -
~ the data using a seml-classaca.l formahsm has led to attempts by the Frankfurt group
to use & full. quantum descrxptlon of these effects. ’I‘hese attempts, however, still use
appmxxmatmns fm: aaually onent‘.ed strmgs only, and therefore can only be relevant to
well-channeled partxcles However, the nature of the physms being mvesmgated requires '
that the theories should also account for incident angles up to the Baier e_mgle. Far-

therﬁmre, investigations of various- #trong. field QED effects like phdton splitti'ng' coukd '

" aldo prow.de deep msxghts about W rabure of higher order processes in QED and thus:

K .help concretise the knowledbc. uf the subJect tha.t we have to dat:e
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B 4 3 Apphcatmns

.The study oi channehng and related eﬁ'ects has led to many apphcat:ons. A dlscussmn :
of the use of bent crysta.ls is one exa,mple that has already been detailed in thls thesis. :

What follows below i is & summary of other possnble apphcatmns of multl-GeV channel— .
B mg techmques ' '

C&séﬁde -showei's .

The combmatmn of pan—pmductmn and bremsstrahlung emissions for hlgh -energy elec- o

. trons and photons can result in large cascade showers. By taking into account the e
© diation Iengt_h L., one can- study ti_le charact;_ermtlcs of shower development in cxystals
| Along crystallirie planses, the rad_ia.tion_léngths are reduced 20-50 times as compared to |
‘amorphous targets. A closer study of these shower formation mechanlsm promises to
 yield in_fo:mation about cdmpé.t:t -(lightweight) calorimeters for very high-energy elec-
trons, positrons and gamma rays with an angular acceptance of 1 mrad and shows

* promise to be used in high-energy physics expérime_nts._

- There are also possibilities of constructing & compact direct.ion éensitive’ electro-

_ . magnet'.l(. calorinteter for gamma ray astronomy foq]. This detectur could would have.

 anarea less than the ground baged detectors uhed so far, Usmg either the Ceren.kﬂv '

- light or multiplicity of charged particles which develop in the aligned crystal, such &
- detector will allow safe identification of celestia.l very high—enefgy (> 1{}U GeV) yray -
sources better than the present 35 standard devmtaons. Thxs is Iargely due to a very o

_ good hadmn re_;emon of such a detector

- ] Llfetxme measurements

Smgle cr\rstals could also find use in the sea.rch for short lived (107 — 10‘15 sec) new-
tral particles. When a 300-500 Ge_V electron or photon beam is m_c:dent along the axis,
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_the coherence results in strong enhaneements of partxcle productmn For exampie, the . '

- . beam sees 25-30 radiation Iengths ina few mm. thick W crystal. The path length of

the produced pert:cles 15 still Iarge in compar:son fo the crystal thdmess and particles

will decay within a few meters behmd the terget Such a teehmque of using m'ystals as
. targets could tum out g be a s:lmple methml n searches for. rare partxclm; produced in |

: electromagneme showers '

Other applications
_ The study of these" high—energy' correlated .scattering processes has proved to b'e" prac-
. -ticaﬂy useful for the'bending of high-energy hadrons. This has been proposed for
e.pphce.tlons at thie Large Heclron Collider (LI-IC} Fma].ly, the techmque of charmelmg '

. rad.mtlon and pair conversion has also found use. for the vetoing of unwanted phntons

in the upstream decay fiducial reglon of the NA4S CP-vzolamon expenment

T 4 Outlook

The study of the LPM a,lso promlsee to reeult in many apphcatlons, both theoretmal_ _
and expenmente.l Crystals appear to provide an accessible Ia,bora.tory to study the _
LPM effect. -Examples where such knowledge is useful are:

“In the study of cosmic ray ehowere,' particlee ha.ire'energiee up to 10% GeV [100].
: therefore ong would expect a very et‘.rong LPM suppreemon to show up in- the detection

of the air ehowere Furthermore, there is aiso a very strong interest from h:gh—energy o

_ .physms studies of the que;k—gluon_plasma._ In t}us case the LPM crosses the QED -
domain into QCD This obvibuely poses some i;.heoretical challenges because the ex-
' plunation in QED is sxmphﬁed by the fact that there iz na self coup].mg of the photon,
Y1ywever, when & pa:t1c1e CrOSSES & gluon ﬁeld (w]nch is self couplm,g) the formallsm '
'therem becomes more comphcated) An attempt to mvesmgate this eﬂ‘ect in hadromc
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B gtudies is given in s paper by G}ulassv et al, [76] and aiso i1 & move smxphﬁed averview. . )
o by C‘levma,ns [841 '




Appendlx A h

Other related experlments amd

applzcatlons

: A 1 Hard pheton em_tsswn and polarisatlon

Iu addition, the studles of coherent, corr ela,ted mecha.msms have been pursued o detml
_ m_ore sperifically the measurement of photon intensity spectra [4, 21, 22). The mensure-
" ment of these pheton emissions are related to the investigations of high-energy, nearly

mono-energetic Iihb_tons. Initial conjectures were put forward which, in accordance

W_ith semi—__éléssical '_1-.heqries p_'redié;e:d. that single hard photons were responsible for the - -

production of the n'ea_rl}_' mono-en’erge.tic peak seen in figure A_.'l; However, in the case
of thick crystals (> 200 pm), the high-energy peak was found [75] to display & multi-
-plicity greater than three. This means that in order to measute single photon spect.runi -
' on_e_wbuld Tequire very thin crystals, e.g. < 50 ,‘u.m"for diamnnd.'"I"hi's'ho\veve'r,_would
destroy ;me of the ebherent_:e because th'e' crystal will in_'_.t".his-'_r;ase-. be shorter than the -
- eoherence length. This zould e illustrated by the fact that the process of emission of 1 -

- GeV photons by 200 GeV electmns mcldent on dxamond occurs over a coherence length .

- of 64 Hm. Thus far, severe expenmental congt ramts have precluded the measurements oo

of single photons.
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A deeper mvestlgamon of theae emitted photons has pmlmses to yleld mfurmatmn B

. about their pola.nsa.blhty as predlcted by theories. Tn actual fact, what arises from the

' prehmmary analyms 15 ‘that there is a degree of lmear polanaatmn This polansamon '

- was pmpused by Cabblbo [9?] ta manifest itgelf i in the form of photon attenuation

through pmr—producfmn (or convermon probablhty) Pair-production of high-energy '

photons in crystalline matter has heer theoretically pr edicted to be depeadent on
- linear polarisation. Moreover, the high intensity, spectral density a8 well as the linear -
. palarisa.tion of these ultla.-hﬁ'rd photons will have uses in many other branches of physics
research. A lot of tesearch is also currently ‘under way in an effort to mve%lgate the -
cu'cular polansa.mon of‘ these radiation processes [98]

A2 crys't_al. bending

- The uniqueness of the detector setup at the NA43 meant that 8 wide variety of mea-
N surements on strong field effects could be madé.. The investigasions ﬁhat_ form part of
 this thesis also have a strong influsnce on a whole body of resenrch that covers the ne - |

of crystalline targets for bending of high-energy proton beams for fixed targets. These

results are discuaé_ed' éxte_nsiveljr. in the literature [91, 92, 94]. The basis of this:use of .

_ the crystals is essentially channeling. As has been described in Chapter 2, positivé._ _

'pa,rt,iclé_s axé trapped in. ﬁotentia.l dips'an'd.negat.ivé ones_ex?erience a.n iﬁverted po-. |

~ tential, thus makmg it possible to use bent crystals for beam extraction and béndjng. )

- Thié'teclnliﬂi1e aléo_ béneﬁts from ﬁtﬂisiﬁg'th'e effect of strong fields and thus crystals
" cani'be équivalerit to the use of 1000 Tesla magnets (details are g‘iven' iti reference [93]).

IR Channelmg ina hent erystal mth constant curvature is descnbed in the contmuum

potent1a1 by the mtrncluctwn of a centrifugal furce, gmng rise to an effective potential:

Yal) =Y@)-mmr '_-(An

where xis the dlstance from the line’ thar. is between atomlc planes The cuwature is "

"gwen by K= I/R where R | is the radius of curvature. The eﬂ‘ectlve potentla.l is thus'
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deﬂecﬁon cxf a parailel 450 Gev rcton :
beam by means of (111) planar channeling- S

In a bent sﬂmn crystal
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200 b '
8
=
180

B T T T S
drlft_chamhar bc2 horizdntai profile (;hannel No.}

Figure A2 Sunple Ia.yout of bendmg exper;ments shown a.lso is the dmft chamber -
spectrum in wl:uch the proﬁ]e of the deﬂected beam appears: '

" reduced i in the process, such that nnly pa.rtmles mth low trausverse energy B, ( can be
| {rapped i in the well. Bendmg efﬁ(:lency w111 thus be determmed by the length and the
| 'maxmzal_t_mmtu:e of the crystal. The measurement‘s given in [06] provided ad_dltmna.l
ihforrh,ﬁtion on the data for 450 GeV/c CERN bending experimerits using ﬁ]mdr'c]iaﬁ :

neling in a bent sﬂ:con crystal. The expenmental set-up for these experunents isshown

: mﬁgureA2 o

Axial bending [96] Lias been investigated for both positive and neg'a.t_ivé particles,
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Figure A.3: Deflection eficiencies for the {110) planes in (Germanium and Silic.o_n. A

comparison with a calculé,tio_n t.ha;t i.ncludes the curvatare 6&_‘ the éfystal'is also shown. -

CA deﬁectlon measurement of a 400 GeV{ c protan hea.m bv means of a crysta.l heauer

: than silicon, namely germamum, was. performed ag well. A comparison therem indi~
cated no overall advantage of using & higher-Z erystal, Positive results of the technique :
havé been obtained and hj_g'h'benc_tiﬁg efficiencies have also been obtained. '_I‘he.remain-' o

| Cing invéstigatibns will deal largely with stretching the 'te'chnique towards measurements

of beam bending when curvatures are large. The reSults of bendmg efﬁcwncxes of both _

germa.mum a.nd mhcon are shown in fig.A. 3.
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- Standard" q__uantum ﬁeld "oalcul'at_ion_s

chk's theorem sta,tes that cach term of the S matrix is a sum of products of .
contract.mns of the form _ S : L
| < 0|TA(mk)¢'m)Eca;a_|o > @Y

For 25, and x; given, let us introdce the 4 by 4 magrix a8 foilows;- '

é(ak;fffc;d:;ﬁlj='"1'BZ<U|T[A;,kt$;)$gl(m;)]E0> - ®2 o

.In terms of c, S (A) reads

Sold) = yen 1) f dy.. d:c,.Zs,,

E C(( al}xhaplaxpl) (ammn'}:apmmpro)) e (B.3)

ot iten

' The inteoduction of the matrix T in the torms

<nollyf>=cmand) B4

© So(4) = Det(t ~ D) exp[TrIn(1 ~T) o (B5) .
' stng the matrix notatlon together with the expression of the Dlrac propagator gmes o

TWE(x)‘!mer(y) Ofx -y")'!bs(ﬂf)%(y) Clv's —t")wg(y)ws(w) | (B 6).
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~ such that: T T e L
| < OThAD GO >= e — e, BD

i - - d ..'ik[é-'y] k+m _
S(I'___y)-f-/‘(f_l?r)“.“- o k2—mlPtis

- _I('B.s)_ | |
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