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Abstract. Thephysicsof peripheralcollisionswith relativistic heavy ions(PCRHI)is
reviewed.One-andtwo-photonprocessesarediscussed.

1. Intr oduction

Peripheralcollisionsof relativistic heavy ionshave attracteda greatnumberof theoretical
andexperimentalwork (see,e.g.[1] andreferencestherein).It is thepurposeof thisarticle
to review thesephenomena.

2. Peripheral Collisions

This field wasborn in 1924,whenE. Fermi hadan ingeniousideaof relatingthe atomic
processesinducedby fastchargedparticles(theelectron)to processesinducedby electro-
magneticwaves.In 1934–1935,Weizs̈ackerandWilliams correctedFermi’scalculationby
includingtheappropriaterelativistic corrections.TheoriginalFermi’sideaisnow knownas
theWeizs̈acker–Williams method[2], anapproximationwidely usedin coherentprocesses
in QEDandQCD.In thismethodthefield generatedby a fastparticleis replacedby aflux
of photons(QED), or a flux of by mesonsandgluons(QCD) [3]. The numberof equiv-
alentphotons,n(ω), of givenenergy, ω, in peripheralcollisionsof relativistic heavy ions
(PCRHI) canbe calculatedclassically, or quantum-mechanically. For the electricdipole
(E1) multipolarity bothresultsareidenticalundertheassumptionof very forwardscatter-
ing [3]. In Ref. [3] thenumberof equivalentphotonsfor all multipolaritieswascalculated
exactly. It wasshown that for the electricdipolemultipolarity, E1, the equivalentphoton
number, nE1(ω), coincideswith theonededucedby Weizs̈acker andWilliams. It wasalso
shown thatin theextremerelativistic collisionstheequivalentphotonnumbersfor all mul-
tipolaritiesagree,i.e. nE1(ω) ∼ nE2(ω) ∼ nM1(ω) ∼ . . . . Thecrosssectionsfor one-and
two-photonprocessesdepictedin Fig. 1a,baregivenby
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∫
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whereσγ
X (ω) is thephoton-inducedcrosssectionfor theenergy ω andσγγ

X (ω1,ω2) is the
two-photoncrosssection.Note that we do not refer to the photonmomenta.The virtual
photonsarereal:q2 = 0, a relationalwaysvalid for PCRHI.
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Fig. 1. PCRHIprocesses:(a)one-photon,(b) two-photon,(c)bremsstrahlung,(d) Delbrück
scattering,(e)pair-productionand(f) pair-productionwith capture

Most applicationsof PCRHI were reviewed in Ref. [4]. Sincethena greatamount
of work hasbeenperformedin this field. I will only be ableto quotea shortnumberof
references.

2.1. Bremsstrahlung and Delbrück scattering

Bremsstrahlung(Fig. 1c) is a minoreffect in PCRHI[4]. Thecrosssectionis proportional
to the inverseof the squaremassof the ions. Most photonshave very low energies(in-
frared).For 10MeV photonsthecentralcollisions(CCRHI)deliver106 morephotonsthan
the PCRHI [5]. However, bremsstrahlungcould be relevant to obtaininformationon the
elasticscatteringof photonsoff unstableparticles,likepions:Z +π→ Z +π+γ. For acol-
lider thebremsstrahlungcrosssectionisgivenbydσγ/dω=16Z6α3

(
3ωA2m2

N

)−1
ln(γ/ωR),

wheremN is thenucleonmass,γ= 2γ2
c−1, whereγc is thecollider Lorentzgammafactor

(γc ∼ 100for RHIC/BNL) andR is thenucleardimension(R∼ 2.4 A1/3 fm) [5].
Delbrück scattering(γ∗ + γ∗ → γ+ γ) involvesan aditional α2 as comparedto pair

productionandhasneverbeenpossibleto studyexperimentally. Thecrosssectionis about
50 b for the LHC [5] andtheprocessis dominatedby high-energy photons,Eγ � me. A
studyof thisprocessin PCRHIis thuspromisingif theseverebackgroundproblemsarising
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from CCRHI can be eliminated. To my knowledge,no experimentsof bremsstrahlung
or Delbrück scatteringin PCRHI have beenperformedso far. The total crosssectionfor
Delbrückscattering(ω�me) in collidersis givenby σγγ = 2.54Z4α4r2

e ln3 (γ/meR), where
re = e2/me is theclassicalelectronradius[5].

2.2. Atomic ionization

Atomic ionizationby RHI is usedin experimentswith fixed targetsfor the basicunder-
standingof atomicstructurephysicsin high-Z few electronatomssuchashydrogen-likeor
helium-like uraniumatoms.A nice book on this subjecthasbeenwritten by Eichlerand
Meyerhof(seealsothereview by Anholt andGould)[6].
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Fig. 2. Atomic ionization crosssec-
tions for Pb81+ (33 TeV) beamson
severaltargets[7]
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Fig. 3. Pair productionwith capture
for Pb82+ (33 TeV) beamson several
targets[7]

The crosssectionsarevery large, of orderof kilobarns,increasingslowly with the
logarithmof the RHI energy. For a fixed target experimentusingbarenaked projectiles
onegets[4]: σI = Z2

Pr2
e (ZT α)−2 [1.8π+9.8ln(2γ/ZT α)], which decreaseswith thetarget

chargeZT . This is dueto theincreaseof thebindingenergy of K-electronswith theatomic
charge. Thefirst termis dueto closecollisionsassumingelasticscatteringof theelectron
off the projectile, while the secondpart is for distantcollisions, with impact parameter
larger than the Bohr radius. The probability to eject a K-electronis much larger than
for otheratomicorbitals. Recentexperimentshave reportedionizationcrosssectionsfor
Pb81+ (33 TeV) beamson several targets[7]. In this case,therole of projectileandtarget
areexchangedin thepreviousequation.In Fig. 2 weshow theresultsthisequation(dashed
line) comparedto theexperimentaldata.Sincethetargetsarescreenedby their electrons,
thediscrepancy is expected.Eventhemostdetailedcalculationsby Anholt andBecker [8]
(solid line) yield largercrosssectionsthantheexperimentaldata.
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Non-perturbativecalculations,solvingthetimedependentDiracequationexactly, were
first performedby GiessenandOakRidgegroups[10,11]. It is claimedin Ref.[7] thatsuch
non-perturbativecalculationsdo in factreproducetheir datasincethey yield crosssections
which are approximately70% the perturbative ones[9]. However, thereare little data
availablefor a decisiveconclusionaboutanappropriatetheory.

2.3. Free and bound–free electron–positron pair production

Between1933and1937,Furry, Carlson,Landau,Lifshitz, Bhabha,Racah,Nishina,Tomo-
nagaandseveralothersperformedcalculationsof e+e− productionin relativistic collisions
of fastparticles(cosmicrays)[12]. Thepurposewasto testthenewly bornDiractheoryfor
thepositron.Startingwith theDirac equationfor theelectronandits antiparticlethey ob-
tainedthat,to leadingorderin γ, σ = (28/27π)Z2

PZ2
T r2

e ln3 (γ/4). Unfortunately, in view of
theexperimentaldifficulties,theseresultscouldneverbeenfully tested.A renewedinterest
in this processappearedwith the constructionof relativistic heavy ion accelerators.For
heavy ions with very largecharge(e.g.leador uranium)the pair productionprobabilities
andcrosssectionsarevery large. They cannotbetreatedto first orderin perturbationthe-
ory [4], andaredifficult to calculate.This resultedin a greatamountof theoreticalstudies
[13]. Theformulationof theproblemwith useof numericalalgorithmshasvariedwildly
amongseveralgroups.Semi-analyticalapproacheshave alsobeenused.Thecomparison
amongall theseresultsis ratherdeceiving, sincevery differentresultsareobtainedfor the
productioncrosssections,sometimesdiffering by ordersof magnitude.The perturbative
calculationsaresimpleto write down, but involve rathercomplicatedintegrals,specially
for low energy electrons,due to the distortion and relativistic effects on the continuum
electronicwavefunction[6]. Screeningis alsoa sourceof problems.Thenon-perturbative
calculationsaresimplerto formulate,but areuselesswithout a numericalalgorithmwhich
containsimplicit approximations.

Recently, gooddevelopmentsin moretractableformulationsof theproblemappeared
in theliterature.OnereplacestheLorentzcompressedelectromagneticfieldsby deltafunc-
tions, works with light conevariables,andobtainsalmostclosedform expressions[14].
However, someof theseworkshave beenstronglycriticized [15] becausethey do not ac-
count properly for Coulombdistortion of the lepton wavefunctions. This problemwas
addressedagainin Ref. [16] with theconclusionthata full accountof distortionof thelep-
tonic wavefunctionshasnot beenachievedsofar. In otherwords,no theoryhasever been
possibleto tackle the multiple photonexchangebetweenthe electron(or positron)with
both the target andthe projectile. A simplethoughtrevealswhy the Coulombdistortion
is so important.In theframeof referenceof oneof thenuclei,theenergy spectrumof the
emittedelectron(or positron)is peakedat ε ∼ 2me [4]. This peakis dueto the Coulomb
attraction(repulsion)which eliminateslow energy componentsof the leptonicwavefunc-
tions,combinedwith thedecreasein energy of thenumberof equivalentphotonsgenerated
by theothernucleus.Changingframeof reference,changesthis picture. Thus,a correct
calculationshouldyield two peaksin theenergy distribution of theelectron(or positron):
oneatε∼ 2me andanotheraroundε∼ 2γ2

cme. Thereasonit doesnotappearin perturbative
calculationsis thatthedistortionon theleptonicwavefunctionsarecalculatedwith respect
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to only oneof thenuclei.Accountingfor thedistortionwith respectto bothnuclei,suggests
that thetotal crosssectionshouldbeabouttwice thevalueobtainedby Landauandothers
[12]. Thisseemsto bea challengefor presenttheoreticalcalculations.

An importantphenomenonoccurswhentheelectronis capturedin anatomicorbit of
the projectile,or of the target. In a collider this leadsto beamlosseseachtime a charge
modifiednucleuspassesby amagnetdownstream[5]. A strikingapplicationof thisprocess
wastherecentproductionof antihydrogenatomsusingrelativistic antiprotonbeams[17].
Herethepositronis producedandcapturedin anorbit of theantiproton.Earlycalculations
for this processusedperturbationtheory[8,18,4]. Evidently, thebestway to performthe
calculationis usingthe frameof referenceof the nucleuswherethe electronis captured.
Many othercalculationshave beenperformed[13]. Someof themusednon-perturbative
approaches,e.g.coupled-channelscalculations.Initially somediscrepancy with perturba-
tivecalculationswerefound,but laterit wasshown thatnon-perturbativecalculationsagree
with theperturbativeonesat the1%level (see,e.g.first referenceof [14]). In fact,it would
be a surpriseif a different resultwas found. The first term of the perturbationseriesis
alreadysmallenoughto neglecttheinclusionof higherorderterms[4].

Theexpressionσ = 3.3πZ8α6r2
e [exp(2πZα)−1]−1[

ln
(
0.681γ2

c

)−5/3
]

for pair pro-

ductionwith electroncapturein PCRHI wasobtainedin Ref. [4]. The term [. . .]−1 is the
maineffectof thedistortionof thepositronwavefunction.It arisesthroughthenormaliza-
tion of thecontinuumwavefunctionswhich accountsfor thereductionof themagnitudeof
thepositronwavefunctionnearthenucleuswheretheelectronis localized(bound).Thus,
thegreatertheZ, thelessthesewavefunctionsoverlap.Theaboveequationalsopredictsa
dependenceof thecrosssectionin theform σ = A lnγc +B, whereA andB arecoefficients
dependingon thesystem.This dependencewasusedin theanalysisof the experimentin
ref. [7]. In recentcalculations,attentionwasgivento thecorrecttreatmentof thedistortion
effectsin thepositronwavefunction[20]. In Fig.3 weshow therecentexperimentaldataof
Ref. [7] comparedto theaboveequationandrecentcalculations(secondreferenceof [20]).
Thesecalculationsalsopredictalnγc dependencebut givelargercrosssectionsthanin Ref.
[4]. Thecomparisonwith theexperimentaldatais not fair sinceatomicscreeningwasnot
takeninto account.Whenscreeningis presentthecrosssectionswill alwaysbesmallerby
at leasta factor2–4[4]. Theconclusionhereis thatpair productionwith electroncapture
is aprocesswhich is well treatedin first orderperturbationtheory. Themainconcernis the
correcttreatmentof distortioneffects(multiphotonscattering)[20].

2.4. Relativistic Coulomb excitation and fragmentation

Relativistic Coulombexcitation is becominga popular tool for the investigationof the
intrinsic nucleardynamicsandstructureof thecolliding nuclei [21]. This is speciallyim-
portantin reactionsinvolving radioactivenuclearbeams[22]. Coulombexcitationanddis-
sociationof suchnucleiarecommonexperimentsin thisfield [1,23]. Theadvantageis that
theCoulombinteractionis very well known. Therealsituationis morecomplicatedsince
thecontributionof thenuclear-inducedprocessescannotbeentirelyseparatedin theexper-
imentaldata. The treatmentof the dissociationproblemby nuclearforcesis very model
dependent,basedon eikonal or multiple Glauberscatteringapproaches[22,24]. Among



6 C.A. Bertulani

the uncertaintiesarethe in-mediumnucleon–nucleoncrosssectionsat high-energies,the
truncationof the multiple scatteringprocessandthe separationof stripping from elastic
dissociationof the nuclei [25]. Nonetheless,speciallyfor the very weakly-boundnuclei,
relativistic Coulombexcitationhasleadto veryexciting new results[22,24].
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TheCoulombbreakupof 11Li hasleadto interestingresultswhichgaveriseto aseries
of speculationsaboutthe reactionmechanism,thedynamicsandthe structureof this nu-
cleus.Onespeculatesif thereactionproceedsundera singleor multiple photon-exchange
betweentheprojectileandthetarget. In thefirst case,perturbationtheorygivesa straight
relationbetweenthe dataandthe matrix elementfor electromagneticdissociation.Such
matrixelementsaretheclearestprobesonecangetaboutthenuclearstructureof thesenu-
clei. In thesecondcase,oftencalledby post-accelerationeffects[24], onehasto perform
anon-perturbativetreatmentof thereactionwhatcomplicatestheextractionof theelectro-
magnetic(mainly E1) matrix elements.By solvingsuchproblemsoneexpectsto learnif
theCoulomb-inducedbreakupproceedsvia a resonanceor by thedirectdissociationinto
continuumstates[24]. Thereis a strongongoingeffort to usethe relativistic Coulomb
excitation techniquealsofor studyingtheexcitationof boundexcitedstatesin exotic nu-
clei, to obtaininformationon gamma-decaywidths,angularmomentum,parity andother
propertiesof hithertounknown states[23].

Anotherapplicationof Coulombdissociationof radioactive nuclei is in astrophysics.
Radiative capturereactionsareknown to play a major role in astrophysicalsites,e.g.in a
pre-supernova[26]. Someof thesereactions,like for example,7Be(p,γ)8B, canbestudied
via theinversephoto-dissociationreaction8B(γ, p)7Be. OneoftenusestheastrophysicalS-
factor, definedby S(E) = Eσ(E)exp[−2πη(E)], whereη (E) = Z1Z2e2/h̄

√
2µ12E, where

E is the relative kinetic energy of the two nuclei. The matrix elementsinvolved in the
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dissociationprocessesarethesameasthoseinvolvedin theabsorptionby realphotons[4].
Oneof theexperimentsusingthis techniquewasperformedattheGSI/Darmstadt[27]. The
S-factorobtainedin this experimentis shown in Fig. 4 assolid circles. Suchexperiments
arevery importantspeciallyin thosecaseswherethe radiative capturecrosssectionis so
small that thedirect fusionexperimentsarevery difficult, or evenimpossibleto carryout.
Thecontributionof thenuclear-inducedbreakupandof post-accelerationeffectsalsolimit
theuseof theCoulombdissociationtechniquefor this purpose.But, in view of themuch
moredifficult experimentson directcapture,it is averyusefulalternativemethod.

Another importantapplicationof relativistic Coulombexcitation is the study of the
DGDR (Double Giant Dipole Resonance).A GDR occursin nuclei at energiesof 10–
20 MeV. Assumingthat theseare harmonicvibrationsof protonsagainstneutrons,one
expectsthat DGDRs, i.e. two giant dipole vibrationssuperimposedin onenucleus,will
haveexactly twice theenergy of theGDR[4,21]. Smalldeviationsareexpectedfrom non-
harmonicpropertiesof thenuclearresponse.A seriesof experimentsat theGSI/Darmstadt
have obtainedenergy spectra,crosssectionsandangulardistribution of fragmentsfollow-
ing thedecayof theDGDR.Initially they observedcrosssectionstwiceaslargeasexpected
from theoreticalcalculations.Theseresultsleadto aseriesof studiesondeviationsfrom the
harmonicpictureof thegiantresonances.More recently, new experimentsandnew analy-
sishaveshown thattheexperimentalcrosssectionsareonly about30%,or less,biggerthan
thetheoreticalones.This is shown in Fig. 5, wherethecrosssectionsfor theexcitationof
1-phonon(GDR),

σ1∼ 2πS ln

[
2γA1/3

T

(
A1/3

P +A1/3
T

)−1
]

,

while for the2-phononstateit is

σ∼ S2
(

A1/3
P +A1/3

T

)−2
,

whereS = 5.45×10−4Z2
PZT NT A−2/3

T mb. Thedashedlinesof Fig. 5 aretheresultof more
elaboratecalculations[21]. The GSI experimentsare very promisingfor the studiesof
thenuclearresponsein very collective states.Oneshouldnoticethat aftermany yearsof
studyof the GDRsandothercollective modes,the width of thesestatesarestill poorly
explainedtheoretically, even with the bestmicroscopicapproachesknown so far. The
extensionof theseapproachesto the studyof the width of the DGDRswill be helpful to
improve suchmodels. Hopefully, after addressingmorefundamentalquestionson QCD
andQED of strongelectromagneticfields,someexperimentson relativistic colliderswill
alsobeproposedfor thestudyof nuclearstructureissues,speciallytheissueof theDGDR.

The DGDR contributesonly to about10% of the total fragmentationcrosssection
inducedby Coulombexcitationwith relativistic heavy ions. Themaincontribution arises
from the excitation of a singleGDR, which decaysmostly by neutronemission.This is
alsoapotentialsourceof beamlossin relativistic heavy ion colliders[1], andanimportant
fragmentationmodeof relativistic nucleiin cosmicrays.
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2.5. Meson and hadron production

The productionof heavy lepton pairs (µ+µ−, or τ+τ−), or of mesonpairs (e.g. π+π−)
canbe calculatedusing the secondof Eqs (1). One just needsthe crosssectionsfor γγ
productionof thesepairs. Sincethey dependon the inverseof the squareof the particle
mass[5], the pair-productioncrosssectionsaremuchsmallerin this case.The sameap-
plies to singlemesonproductionby γγ fusion. Theγγcrosssectionis givenby σγγ→M =
8π2(2J + 1)ΓM→γγ δ(W 2−M2)/M, whereJ, M andΓM→γγ are the spin, massand two-
photondecaywidth of the meson,W is the c.m. energy of the colliding photons[5]. A
correctionfor the equivalentphotonnumbersis necessary, sincethe two-photonenergy
folding in Eq. (1) hasto accountfor thespacegeometryof thetwo-photoncollision [28].

A carefulstudyof the productionof mesonpairsandsinglemesonsin PCRHI was
performedrecentlyin Ref.[29]. In Table1 weshow themagnitudeof thecrosssectionsfor
singlemesonproductionat RHIC andat LHC [29]. Also shown arethecrosssectionsdue
to difractive processes(pomeron–pomeronexchange).We seethat they areseveralorders
of magnitudesmallerthanthosefrom γγ fusion. Thecrosssectionsfor the productionof
ηc, η′c andηb arevery small dueto their highermasses.Similar studieshave beendone
for mesonproductionin γ-nucleusinteractions.Particleslike ∆, ρ, ω, φ, J/Ψ, etc.canbe
producedin this way [30].

The possibility to producea Higgs bosonvia γγ fusion wassuggestedin Ref. [31].
The crosssectionsfor LHC are of order of 1 nanobarn,about the sameas for gluon–
gluonfusion.But, thetwo-photonprocessescanalsoproducebb̄ pairswhichcreatea large
backgroundfor detectingtheHiggsboson.A goodreview of thesetopicswaspresentedin
Ref. [30].

Table 1. Particle productionin PCRHI at RHIC andat LHC. Massesarein MeV, decay
widthsin keV andcrosssectionsin mb. Thecrosssectionsarefor γγandpomeron–pomeron
(P P ) exchangeprocesses,respectively.

Meson M ΓX→γγ RHICγγ LHCγγ RHICP P LHCP P

π0 135 8×10−3 7.1 40 0.05 0.367
η 547 0.463 1.5 17 0.038 0.355
η′ 958 4.3 1.1 22 0.04 0.405
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