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ABSTRACT -

A formalism for the description of the electrodynamic proces-
ses with nuclear targets in the one photon exchange approximation is pre-
sented, The cross-section formulae for light nuclei, correct through or-
der l/M2 (M - nucleon mass), are derived, The inelastic sum rule contains
no weighing factors and can be compared with the experimental sums con-
structed with varying as well as at constant momentum transfer, High ener
gy electron scattering and electron pair photoproduction are discussed as
examples,

1, - We consider in general an electrodynamic process connected

by one photon exchange to a nuclear vertex-see Fig, 1, The circle includes
an arbitrary diagram which together with the right part of Fig, 1 represents
a process with probability amplitude(l):
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The operator O}L includes quantities describing particles in the electromagne
tic part, f is an integer number, and Ap. (dat) is the four dimensional Fou
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2,

rier transform of the nuclear electromagnetic field,

The result of carrying out a relevant average and sum over ini-
tial and final states for the electrodynamic part and the nuclear part of the
process as well, is:
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where |i), | £> are nuclear states,

We define a tensor:
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where VT is a four dimensional normalization volume, The W, ,, tensor can
be expressed through the three dimensional fourier transform of the elec-
tromagnetic nuclear current, as follows:
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where Q(x.), J(x«) are the charge and current operators of the nucleus at
the point xy (t, X). We neglect the nuclear recoil and thus W, = E¢ - E; is
the nuclear excitation energy.

It can be shown(z), using Lorentz and gauge invariance, that
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where all the quantities are to be taken in the laboratory frame,

With the aid of (2) + (5) we get the following formula for the cross-
~-section:
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(pP)M - projectile four momentum,
(pf)M - four momenta of outgoing particles,

P, p' = P+ q, - initial and final four momentum of the
H nuclear target, respectively,

q (W, §) - four momentum of the. virtual photon,
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where pp is the projectile momentum in the laboratory frame, The product
symbol refers to all particles in tke final state with four momenta (pf)

= (&4 pf), which are produced in the electromagnetic part of the process
We have put V = 1 and assumed that wave functions of particles in the elec
trodynamic part are normalized to twice their energies while the nuclear
states are normalized to unity,
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2. - We neglect exchange currents and assume the charge and cur-
rent operator of the nucleus to be the sum of the operators for the indivi-
dual nucleons, Consistently, we use the single-particle model for the descrip
tion of the nuclear states, We use the nonrelativistic form of the nuclear
charge and current operators(3) ihcluding terms to the order 1/M (M-nu-
cleon mass):
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and r. p;, = . are the position, momentum and spin operators for the
j-th nucleon, respectively, The nucleon form factor is assumed to be
f(qu) =1 - (a/2)(q%2/M2), Ref. 4 gives the value of a = 4, 82,

Let us write:

2
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where Q is the elastic momentum transfer, We keep consistently only terms
through order 1 /Mz For nuclei with the same number of protons and neu-
trons in both spin states, we get:
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where we chose q along the x-axis, The only final nuclear states which con
tribute in (9) are one particle-one hole states > = \o(pv(h> , where

T8 ) l p>/l>‘ >1 T, p> and I<y> = | ah>/6"ah)|“cah> are single parti
cle states, reSpectlvely above and below the Fermi level of the nucleus,

(M /Moo) indicates the value of M /M o+ Which is in general a function

of W at W = 0, We choose the shellpmodel potential to be the oscillator po-
tentlal well; the excitation energies of the nucleus are thus W, =n& o~

= n(t2/M), For nuclei with filled s-shell and Z-2 protons and neutrons in
p-shell we get:
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where 1t = (qz/ZOL' ) and all the final states one sums over have the same ex-
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citation energy n W,

3. - With the aid of (6), (9) and (10) one can calculate the cross-sec
tion corresponding to an excitation energy nw  and in particular, the elastic
cross-section,

The inelastic sum rule which one obtains summing (6) over the
whole nuclear spectrum, can be performed experimentally in various way,
In general the momentum transfer q varies with the energy loss W, as fol
lows:
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Keeping consistently terms through order l/M2 only, we get from (6), (9),
(10) and (11) the inelastic sum rule:
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where;



4, - We end with a few examples,

a) High energy electron scattering at constant beam energy &€ and
scattering angle 6 ,
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The inelastic sum rule is performed experimentally by varying the final elec
tron energy,

b) High energy electron scattering at constant momentum transfer
q and scattering angle & .,
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The inelastic sum rule is performed experimentally by varying both the fi-
nal and primary electron energies,

c) High energy electron pair photoproduction, As usually one u-
ses the heteroenergetic bremsstrahlung photon beam, the inelastic sume ru
le is performed automatically,

In the case of the heteroenergetic projectile beam with a spectrum
S(€p) the formulae used so far have to be changed slightly, The only change
needed is to divide the L., H, S, of (6), and hence the integrand function in (12),
by-d?_p, and to modify the definition of M((W) multiplying it by S( ép).

We consider the symmetric pair case when the electron and posi-
tron are produced at the same angle & with regard to the photon momen-
tum, all the momenta are in the same plane, and both electrons have the sa
me energy &, To a very good approximation, over a small range in k the
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bremsstrahlung photon spectrum is(3) S(k) = £( €, kpyax)/k, where kp, oy is
the end point energy of the spectrum,

The formulas (we consider the Bethe-Heitler diagrams only) for
this case are:

4 ﬂl*— = -2 ct 2 2
F=f=2; (M )oLAB -2 ctan” 9/
Q0
2
M(0) = N -—M f(£,kmax); M, = - 2(‘1+4sin29-);
16 4 6 1 2
£ sin 9/2
(15) S 2 0 4
M2=5+1631n -2-+40 sin 0/2;
= i 29_ . = . =
\Q 4 ¢ sin 5 5@ =2 Q=L

Calculations for carbon (ref, 4 gives the oscillator potential para
meter & = 121 MeV), at & = 9°36' and &£ = 1973 MeV give for the ratio of
the inelastic sum rule to the elastic pair production the result: 14, 7%. Thk
result disagrees with the estimate quoted in (5) which suggests that the i-
nelastic contribution is negligible,

It is pleasure to thank Prof, C. Bernardini and Prof, W, Czyz
for kind interest and helpful discussions, The CNEN grant is also acknow
legded,

REFERENCES -

(1) - We use a metric such that ay = (a,, a) and aybe = agby - 8 -]409 The
magnitude of the three vector is a = [ a a7/. We also use un1ts c=t-=

, =1, e2 = 1/137,

(2) - S.D, Drell and J,D, Walecka, Ann, Phys,., 28, 18 (1964),
J.D, Bjorken and J,S. Walecka, Ann, Phys, 38, 35 (1966).

(3) - K.W, McVoy and L., Van Hove, Phys, Rev, _1__@ 1034 (1962),

(4) - R, Hofstadter, Ann, Rev, Nuclear Sci, 7, 231.(1957),

(5) - R, B, Blummenthal, D,C, Ehn, W, (L, Faissler, P, M, Yoseph, L,Y,
Lanzerotti, F, M, Pipkin and D,G. Stairs, Phys, Rev, 144, 1199
(19686),




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




