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SMALL-ANGLE PHOTON SCATTERING ON COMPLEX NUCLEI 
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Photons of 3 GeV and 5 GcV were scattered on 7 different elements, ranging from 
Be to Au, and detected with a pair spectrometer. The angular distributions show diffrac- 
tive patterns consistent with known nuclear sizes. Forward cross sections are 20-30% 
lower than expected from an A 2 dependence. This shadowing effect is qualitatively ex- 
plained by photon interactions via intermediate hadronic states. 

Diffraction scattering of photons on nuclear targets gives information on two in- 
teresting problems: First, the width of the diffraction peak tells whether photons 
'see' the same nuclear sizes as other projectiles. Secondly, the forward intensity is 
related to the absorption of photons in nuclear matter. Due to the small photon- 
nucleon cross section one would expect absorption to be negligible, and therefore a 
total cross section rising like the mass number A, and a forward cross section propor. 
tional to A 2. 

In contrast to the latter expectation, several measurements of the total cross sec- 
tion on nuclei have demonstrated a slower rise [ I - 3 ] .  This deficiency has been cal- 
led shadowing and can be explained by assuming that the photons passing the nu- 
cleus are converted part of the time into hadronic states with a short mean free path. 
If this picture is correct, the effect should also be seen in the total scattering cross 
section for virtual photons of small q2. Several measurements [4] were, however, 
consistent with no shadowing. In view of this unclear situation we have performed 
an experiment in which real photons of 3 and 5 GeV were scattered elastically on 
various nuclei. We have determined the cross sections in the kinematic regions 0.001 
~< I tl~< 0.020 (GeV/c) 2 and 0.002 ~< I tl~< 0.060 (GeV/c) 2 respectively, and extra- 
polated to t = 0. Since the foreward scattering cross section is roughly proportional 
to A 2, the sensitivity for shadowing effects should be twice as large as in total cross 
section measurements. 

The data were taken at the DESY Electron-Synchrotron with the aid of an ex- 
perimental setup used before in a Compton experiment on protons and deuterons 
which is described in the preceding paper [5]. The liquid target was replaced by 
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foils of Be, C, A1, Ti, Cu, Ag or Au, of typically 0.04 RL thickness. The pair spec- 
trometer which analysed the scattered photons had an energy resolution of 1.3% 
and 1.8% FWHM at 5 and 3 GeV. 

The analysis of  the data is very similar to that for the proton and deuteron data 
[5].  The rate of accidental pairs was smaller than 3%. An empty target rate of  3 to 
15%, depending on the scattering angle was subtracted. Corrections for multiple 
track events (1.3%) were applied. Contributions from 'inelastic' reactions, like 7r ° 
photoproduction, were separated by means of the different shape in the photon 
spectrum they produce. While the elastically scattered photons reproduce the step 
spectrum of the primary beam, the spectrum of inelastic processes vanishes smooth- 
ly towards the maximum energy. Fig. 1 demonstrates the different shapes and shows 
the result of a computer fit by which both were separated. 

The inelastic reactions considered are the same as in the case of  protons and deu- 
terons, namely 3'A ~ zr°A and 7A -* r/A with ?:o ~ 73', r? ~ 7"7 [6,7], 7A ~ coA with 
co ~ 3'?r ° [8] and 7A ~ 7A + rmr (m/> 1) [9],  as well as resonance production at 
single nucleons 7N ~ 7N* with N*(1470), N*(1520) and N*(1688) [9].  

The contributions from all these reactions were computed from the corresponding 
proton cross sections, assuming total incoherence over the nucleus, and added up to 
one representative background spectrum. This background as well as the calculated 
Compton spectrum were corrected for acceptance by Monte Carlo calculations. The 
measured spectrum was then decomposed into the two contributions by a linear fit, 
separate in each t-bin. 

The resulting t-dependence of the elastic cross sections is shown in figs. 2a and 2b 
for the two energies and several targets used. The data at 5 GeV show a diffraction 
pattern with indications of  a first minimum for nuclei heavier than Cu (A = 64). 
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Fig. 1. Reconstructed energy spectrum o f  photons scattered on Ag at 5 GeV wi th 0.002 <~ It1 
<~ 0.04 (GeV/c) 2 . The contr ibut ions o f  inelastic and Compton  reactions are separated by  a f i t  
described in the text. 
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Fig. 2. Differential Compton cross sections on heavy nuclei at 5 GeV and 3 GeV photon energy. 

The curves were obtained from an optical mode l  calculat ion in the fol lowing way: 

The main cont r ibut ion  is the coherent  cross section do/dt leoh(t), calculated by in- 
cluding direct  pho ton  scattering as well as the cont r ibut ions  o f  in te rmedia te  p, c~, 

and 4 mesons [15] .  The agreement  at high t is improved by adding an incoherent  
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Fig. 3. Nuclear radii (halt" density radii of the Woods-Saxon distribution) as measured in Comp- 
ton scattering. Also shown is an interpolation curve through electron scattering data. 
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cross section (X/A)(do/d t ) leoh(O)  - do /d t  Icoh(t))which vanishes at t = 0. The em- 
pirical constant  was chosen as X = 1. The sum of  both  contr ibut ions  was f i t ted to 

the low-t  points  (solid in fig. 2), with an overall scale and the nuclear radius (Woods- 

Saxon)  as free parameters.  
The nuclear radii obtained in this way are shown in fig. 3. The dot ted  line shows 

for comparison the formula  [10] 

r A = I. 123 A 1/3 _ 0.8 A -  1/3 f m ,  

based on tabulated values [11 ] .  The agreement  demonst ra tes  that  high-energy pho- 

tons see essentially the same nuclear sizes as high energy electrons.  

The forward cross sections obtained from the fits are listed in table 1 with their  

statistical errors. The systematic errors were est imated by varying (i) the incoherent  

cont r ibut ion ,  f rom X = 0 to 1, (ii) the converter  posi t ion by 0.25 ram, corresponding 

to a shift of  the foreward angles of  0.06 mrad,  (iii) the measured pho ton  energy by 

one standard deviat ion,  corresponding to 4 MeV, and (iv) the shape o f  the inelastic 

background.  These errors have been added quadrat ical ly in the table. Normal iza t ion  

errors quo ted  result mainly  from the incer ta inty in target thickness, which is typical- 

ly 0.5% but  rises up to 1.9% for Au, and in the absolute quan tamete r  cal ibrat ion 

(± 1.2%). 
A comparison with equivalent  exper imental  data is obtained by calculating the 

total  cross section from our data via the optical theorem.  The phases, c~, where 

Re fel(0) 

Im Jel(0) ' 

of  the elastic pho ton  nucleus scattering ampli tudes were calculated in an optical 

"Fable 1 
Differential forward cross sections for elastic photon nucleus scattering 

A do/dt 
lab/(GeV/c) 2 

5 GeV 9 53.1 
12 92.6 
27 405.0 
49 1220.0 
64 2032.0 

109 6121.0 
197 20630.0 

3 GeV 9 62.9 
12 111.9 
27 523.0 
64 2664.0 

109 8426.0 

Stat. error Syst. error Norm. 
error 

5.0 5~ 3.01 ~)~ 1.63 % 
4.9 2.94 1.60 
4.4 5.58 1.61 
3.8 5.62 1.60 
4.8 3.21 1.65 
3.8 3.13 1.99 
8.5 3.29 2.51 

4.3 ~;~ 2.20 9~ 1.60 % 
6.1 2.68 1.60 
3.5 2.72 1.72 

19.0 2.80 1.65 
3.6 4.19 2.04 
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Table 2 
Phases ce = Re fe l (0) /Im fel(0)  o f  the elastic photon nucleus scattering amplitude as given by 
VDM calculation [14] and estimated errors ace 

Re fel (0)  Re fel(0)  
= - -  

5 GeV (~ =Im fel(0) AO~ 3 GeV c~ Im fel(0) Ace 

Be - 0 . 3 3  0.04 Be - 0 . 4 5  0.04 
C - 0 . 3 4  0.04 C 0.47 0.04 
A1 0.39 0.05 AI - 0 . 5 1  0.05 
Ti - 0 . 4 4  0.05 Ti - 0 . 5 5  0.05 
Cu - 0 . 4 6  0.06 Cu - 0 . 5 7  0.05 
Ag - 0 . 5 1  0.07 Ag -0 .61  0.05 
Au - 0 . 5 7  0.07 Au 0.63 0.06 

model  [14] .  The values and their estimated errors depending on the uncertainties in 
the model  parameters are listed in table 2. Figs. 4a and 4b show the result of  this 
calculation. The error bars include statistical and estimated phase errors. The agree- 
ment with total cross section measurements is good. For comparison the dashed line 
represents the total cross section expected if it varied proportionally to A (no shad- 
owing). 

The shadowing effect can be expressed by the ratio R 2 of the measured forward 
cross section to the one expected for scattering on A nucleons, or by the 'effective' 

• , , ' 1 

5 GeV 

x 
l /  

z l / /  
11 

/ 

/ 
i - 

/ 

I / 

/ /  • 

i 
/ 

i: 
• Thus Experiment 56eV 
vDESY 5 l, GeV 1 R 

/ ,  oDESY 51 GeV~ el(1) 
/ % ~  ~U[SB 52GeV Rd(2] 

' A1 1 

z," I 

n , , I L  i , , , , , , J  , 

IO o 30 o 1oo o 

' t o t  ' ' [ O'¥A Imbl 

3 OeV 

1 / 

/ / '  

i , i i 

1o 0 

/ 

/ 
i 

11 • 
/ 

/ 

/i II 

/ 
/ /  

/ 
/ 

/ /  

/ /  eThisExperiment 3 GeV 
/ oNIHA 17-Z, GeV Rel(3) 

300 ..... L 100 0 

Fig. 4. Total photon nucleus cross sections as calculated from Compton  data, compared wi~h 
measured total cross sections. The dashed tine is the prediction it" no shadowing occurred, i.e. 
o t ° t (A)  = A(j t° t (N) ,  where o t° t (N)  is 136 and 127 ~tb at 3 GeV and 5 GeV respectively. 
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mass  n u m b e r  Aeff/A" 

do do 
R 2 = (Aeff/A) 2 =--~ (O)A/(A 2 "~-(O)N) . 

The cross section of  the 'average' nucleon is obtained from that on the proton and 
neutron, assuming full coherence, by 

d° (o)N = ( Z  /d°  ]lla A - Z ( do n) 1/2) 2 
d-~ ~- [ -~  (O)p) + (0) 

A 

As we have measured the proton Compton cross section with the same experimental 
set up at 5 GeV, but not at 3 GeV beam energy, the one nucleon cross sections for 
both energies were computed from total cross section measurements via the optical 
theorem and dispersion relations [13]. The values used are do/dt (0)p = 1.09 find 
0.91 ~tb/(GeV/c) 2 at 3 and 5 GeV, and do/dt (0)n = 0.84 and 0.79 l~b/(GeV/c) 2 res- 
pectively. The values o f R  2 obtained with this normalization are shown in figs. 5a 
and 5b both with statistical errors. If we use at 5 GeV our measured value do/dt (0)p 
= 0.82 l~b/(GeV/c) 2 , R 2 would be increased by 10%, leading to a shadowing of 
about 25% for heavy nuclei. 

For comparison results of VDM calculations are shown [14,15 ]. The full curve 
is obtained using the parameters listed in table 3. The theoretical prediction is in 
qualitative agreement with the data. It is however sensitive to the exact values of 
the model parameters. A somewhat better quantitative agreement can be obtained 
for instance by changing oor 4 to 25 mb (dashed curve) or by taking ~pN = --0.2 (not 
shown). Inclusion of heavier vector mesons has negligible influence at our energies 
[16]. Another way of  improving the agreement consists in including in the ampli- 
tude a 20% contribution of  short-range interactions, which is not subject to shadow- 
ing [2,151. 

In conclusion, we have observed angular distributions which are dominated by a 
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l:ig. 5. Shadowing in Compton scattering at 3 GeV and 5 GeV represented by the ratio R 2 = 
d o / d t ( O ) A / ( Z ~ p  + N ~ )  2 . 
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Table 3 
Parameters used for the VDM calculation (The total cross sections were calculated as in ref. 
[161) 

y2/4rr OVN(~tb) aVN 

3 GeV 5 GeV 3 GeV 5 GeV 

p 0.64 31.0 29.2 -0.38 
w 4.6 27.5 25.9 -0.25 
• 2.9 10.8 10.1 -0.25 

-0.30 
0.25 

-0.25 

forward dif f ract ion peak. They are well described by the sum of  a coheren t  part,  

calculated in an optical model ,  and a small incoherent  contr ibut ion .  Nuclear  radii 

de te rmined  from the width  o f  the coherent  peak agree with those from electron 

scattering. Our forward cross sections are consistent  with measured total  cross sec- 

tions. They show 2 0 - 3 0 %  shadowing.  The shadowing effect  is in quali tat ive agree- 

men t  wi th  VDM calculations,  in par t icular  in view of  the predicted A dependence .  
The energy dependence ,  however ,  appears to be weaker.  

We are indebted to Dr. R. Spital (Cornell  Universi ty)  for giving and explaining to 

us his pho ton  scattering program on which our optical model  calculat ions were based. 

We wish to thank H. Marxen and his crew for their  help in const ruct ing the spectro- 

me te r  and setting up the exper iment .  The assistance o f  the members  o f  the Hallen- 

dienst,  o f  the Synchro t ron  group and of  the Rechenzen t rum is gratefully acknow- 

ledged. 
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