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I - INTRODUCTION 

In recent years a great deal of theoretical work has been devoted to the 
description of the interaction of ullrarelativistic electrons or positrons and of high 
energy photons with major directions of crystals1 "*. it was predicted that quantum 
electrodynamic (QED) effects must be taken into account. In particular the 
perfect alignment of photons with a crystal axis was predicted to increase the 
pair production rate above the Bethe-Heitler (BH) value. 

The first theoretical investigations of strong electromagnetic field effects 
were done 30-40 years ago 1". However, due to the high values of the required 
fields, there had been no experimental verification of most of the theoretical 
predictions. It is known now that aligned crystals provide experimental conditions 
where strong field effects can be investigated. 

The aim of this paper is to present and discuss recent studies performed at 
CERN (NA 33 collaboration) on the pair creation rate of high energy photons and 
on the radiation of high energy electrons and positrons in germanium crystals. Our 
previous measurements have already been publ ished 1 1 - 1 3 . We observed that the 
pair production rate for photons aligned with the < 110 > axiBl direction of a Ge 
crystal increases rapidly with energy, in good agreement with the theoretical 
predictions, and the study of the tilt angle dependence shows that the process 
does not depend on whether the created charged particles are channeled or not. 

As for the radiation emitted by ultrarelativistic electrons and positrons (l*>(l 
GeV) incident along axial directions of Ge crystals, it was found to be strongly 
influenced by channeling effects. Channeling effects on radiation had been 
previously observed by other authors 1 ' '* 1 5 in the GeV region, and the radial ion 
was found to be well explained in the frame of classical electrodynamics16. 
However quantum effects showed up in the study of the radiation spectra of 
17.5 GeV positrons incident along the < 100 > axis of a diamond crystal by 
Cue et al. . In our present experiment, performed at much higher energy, the 
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radiation is dominated by QED effects since calculations based on classical 
electrodynamics overestimate the radiation yield by a factor ~ 5. 

II - EXPERIMENTAL 

The experimental set up (fig. 1) was designed to allow the study of the 
radiation emitted by incident electrons and positrons and the study of the pair 
creation by incident photons. 

Fig. 1. Set-up of the CERN-NA 33 experiment. 

The "zero dislocation etch pit" Germanium crystals used had thicknesses 
ranging from 0.185 to 1.4 mm. They had been cut in a T shape in order tn avoid 
the thermal and mechanical constraints on the thin part of the crystal wht it is 
mounted on the target holder and when it is cooled to low temperature i DDK). 
The cross bar of the T is thick and its surface coincides (within 1 mrad) wi i the 
(001) direction. The flatness of this surface, that is in contact with the . g e t 
holder, must allow a good thermal contact between the crystal and the c oled 
target holder and also a good precision on the crystal orientation. The thin part of 
the crystal that is used as the target has a rectangular surface r! 20 x 25 mm' 
that coïncides with the (110) direction. From the orientation dependence of the 
radiation emitted for planar incidence we could deduce that the overall curvature 
of the cooled target is less than 10 u rad. 

The crystal target was mounted on a two-axis goniometer that -?ould rotate 
by steps of 1.7 u rad, with a reproducibility of 3 u rad. The goniometer was 
attached to a translator allowing to move the crystal into and out of the beam 
with a reproducibility better than 1 u in in translation and 5 u rad in parallelism. 
The target holder was linked to a liquid nitrogen reservoir by means' of a copper 
braid and the target was enclosed inside a srmll box with cooled walls. The 
crystal temperature was 100 * 1 K and the goniometer temperature was 28 *_ 2°C. 

Secondary electron and positron beams were delivered to us in the North 
Area of the SPS-Accelerator at CERN. 70 and 150 GeV secondary electron and 
positron beams were produced from the primary proton beam in a double-target 
process. Neutral particles (mostly photons) emerging from a first1' target are 
selected and directed onto a second target where e - e pairs are created. This 
process reduces to a very low level the beam contamination by hadrons and 
muons. At 200 GeV, the beam intensity yielded by this method would :be loo low, 
and then the electron beam was produced in a single target and separated from 
hadrons by synchrotron radiation. In a last step the electron beam is made parallel 
and two collimators select the central part (~ 1%) of this parallel beam. A doublet 
of scintillators (Bi, Ti) centered on the beam axis allowed the rejection of the 
events due to the beam halo. Finally we obtained about Wu electrons or positrons 
on the target per burst. The beam cross-section was 0.8 cm', the Ap/p resolution 
2 x 10~J and the angular resolution 20 - 30 u rad. The spatial properties of the 
tagged photon beam (see below) were quite similar. Such beam qualities made it 
possible to study the orientation dependence of the radiation and 'of the pair 
creation by the method Currently used in low energy channeling. From 
measurements with the veto scintillators placed behind the calorimeter^' we found 
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that the fraction of hadrons and muons was 1% in the electron beam, and that the 
positron beam contained about 23% of protons. The amount of matter encountered 
by the beam when the crystal was removed was measured from the radiation yield 
to be equivalent to a Ge thickness of about 0.5 mm. 

The tagged photon beam was produced from the bremsstrahlung radiation of 
the incident electron beam in a 0.5 mm thick lead foil. The choice of this 
thickness resulted from a compromise between the need for a large photon 
intensity and the necessity of keeping at a low level the probability of the 
emission of two photons of energies larger than ~ 1 GeV. A Monte-Carlo 
simulation was performed to account for this probability in our data. The 
electrons transmitted through the lead radiator were separated from the photons 
and directed onto the tagging spectrometer by means of the magnet Mi- The 
tagging spectrometer was composed of a scintillator Si and of a lead glass 
calorimeter (£1 radiation lengths thick). The energy ranges of the tagged photons 
produced from electron beams of energies of 200, 150 and 70 GeV were 90-155, 
55-130 and 22-55 GeV, respectively. 

The total pair creation rate was measured with the thin scintillator Bj 
located just downstream from the crystal. 

The created electrons and positrons could also be directed, by means of the 
magnet M 2 ) onto the pair bi-spectrometer. It consists of two identical lead glass 
calorimeters (21 radiation lengths), each of them being preceded by a scintillator, 
S2 or Sa. A 42 mm aperture in the bi-spectrometer allowed the simultaneous 
detection of photons in the photon calorimeter located downstream, on the beam 
axis. 

The phpton spectrometer consists of a BGO detector (B radiation lengths) 
placed before a lead glass detector (21 radiation lengths). This association allowed 
the measurement of photon energies from ~ 100 MeV to 200 GeV. The scintillator 
V» was used to reject events in which charged particles enter the photon 
calorimeter. 

The orientation dependence of the radiation emitted by the electron beam 
was used to align the crystal, already preoriented within 2 mrad. The major planar 
directions ware marked by significant enhancements of the radiation yield. The 
crystal orientation for the alignment of the < 110 > axis with the electron beam 
was found the same for the photon beam within 10 u rad. 

HI - RESULTS AND DISCUSSION 

A) Pair production 

On fjg, 2 we show the energy dependence of the total pair production rate 
when high energy photons are incident along the < 110 > direction of a 1.4 mm 
thick Ge crystal cooled to 100 K. The experimental data obtained for the three 
energies of the primary electron beam overlap nicely. The pair production rates 
are expressed in units of the BH value that corresponds to the incoherent pair 
production in the field of individual atoms. Experimental values of the rate of the 
incoherent process were measured with an amorphous target and were found 
independent ef energy, and in close agreement (3%) with the predicted BH value. 
On the contrary the pair production rate for axial alignment is nearly equal to the 
BH value at 30-40 GeV and increases sharply with the photon energy. At 150 GeV 
the rate is eight times larger than the BH value. 

Since the mechanism of pair production by high energy photons in an uniform 
field is well understood, most of the theoretical predictions about the pair 
production far photon incidences around major crystalline directions are based on 
the uniform field approximation5, in this approximation the crystal is described as 
consisting of layers of uniform transverse electric fields. The total rate is 



calculated by adding up the weighted contributions of each layer. The probability 
for pair production per unit length by unpolarized photons in a transverse electric 
field e i s 1 0 
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Fig. 2. Total pair production rate, along the < 110 > axis, versus the 
incidenL photon energy in a 1.4 mm thick Ge crystal cooled to 
100 K. The solid curve represents the theoretical predictions of 
the uniform field approximation. The dot-dashed curve crrresponds 
to the rate in an amorphous target (Bethe-Heitler theory). The 
dashed curve gives the sum of the theoretical coherent and 
incoherent process rates. 

The calculated values of the rate dP/dJ. averaged over the crystal fields for 
our photon energy range are also shown on fig. 2. The crystal fields used were 
obtained from the Doyle-Turner approximation of the Hartree-Fock potentials and 
include the averaging due to the thermal motion of the crystal atoms. We observe 
that the calculations f i t the experimental data very well, specially if the BH value 
is added to the crystal field contribution (However it could be argued that the 
contribution of individual crystal atoms should be somewhat less thah the BH 
value). These absolute measurements, obtained for axial incidence of photons on a 
thin crystal, yield the first observation of pair production in a strong macroscopic 
field above the predicted 1 0 threshold corresponding to x = 0.1. 

On f i g . 3 we show the or ientat ion dependence of the pair 
p: auct ion rate. The angle 9 between the photon beam direction and the < 110 > 
axis was varied in such a way that the beam direction was kept parallel to the 
plane making an angle of 0.1 rad with the (001) plane. The photon energy intervals 
over which the rates have been integrated has been chosen to improve the 
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statistics ah each data point. The enhancement of pair production over the BH 
value is seen to extend to large B values. From the absence of any structure at 
small 6 values it may be deduced that the pair production process is not governed 
by the probability for the created electron to be channeled, contrary to an earlier 
prediction ii The maximum rate occurs at an angle 8 m a x that decreases as y ' 
when the photon energy ymc 2 increases. However the pair production increases 
with energy much faster at 0° than for any off axis incidence. 

Theoretical predictions are also given in f ig. 3, and first the predictions of 
the standard theory of coherent pair production (CPP), that incorporates the 
crystal periodicity and is based on the plane wave Born approximation1 . The 
comparison With the data eonfirms that the Born approximation is appropriate for 
large t i l t angles. Note that integrating the incident photon energy on large 
intervals washes out the fine structures due to interference effects resulting from 
the crystal periodicity in the transverse plane. Such interference effects have 
been observed in past experiments and are well unders tood 1 8 - 1 9 . As predicted 2 0 , 
the Born approximation breaks down at small angles (less than ~ 1 mrad). In order 
to describe pair creation In this angular range, a semi-classical formalism has 
been recently Used 2 1 " 2 2 . The results of the calculations based on the idea that for 
8 4 0 photons experience time-dependent transverse field and on the single string 
approximation ( S S A ) 2 1 ' " are also given in f ig. i. The agreement with the 
experimentël data is excellent for 8 angles smaller tnan ~ 2 mrad, and expected at 
8 = 0 where the SSA calculations coïncide with the uniform field calculations that 
we saw to f i t the on-axis data (f ig. 2). 
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Fig. 3 Angular scan of the total pair production rate around the < 110 > 
direction of a 1.4 mm thick Ge crystal cooled to 100 K. Each data 
point corresponds to an integration of the rale over the indicated 
photon energy range. The solid curves and the dashed curves 
correspond tb the rates calculated in the frame of the single 
string approximation (SSA) and the coherent pair production 
(CPP), respectively. The two upper curves correspond to the 
120-150 GeV range of incident energies, and the two lower curves 
to the 40-60 GeV range. The dot-dashed line corresponds to the 
Bethe-Heiller rate in an amorphous target. 

However SSA underestimates the pair creation rates at large angles. This can be 
explained by the fact that the single string approximation does nol incorporate 
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coherent scattering from successively encountered atomic strings which become 
dominant at large angles. Some discrepancy might be also due to the fact that the 
calculations for large angles are rather cumbersome and less accurate. It is worth 
noting also that the y~l behaviour of 9 is predicted by SSA, which shows that 
the maximum does not result from coherence effects between several neighbouring 
strings. 

B) Radiation 

We have measured the yield of the radiation emitted by 70-200 GeV 
electrons and positrons in Ge crystals cooled to 100k. Our results are presented in 
terms of the relative energy loss by radiation, AE/E , where E is the energy of 
the incident particles. ° ° 

In fig.4 we show the orientation dependence of AE/E for 150 GeV electrons 
and positrons incident around the < 110 > axis of a 0.185'mm thick Ge crystal at 
1D0K. The angular variation is clearly seen to be divided into two distinct parts on 
either sides of the angle 9 ~ 80 u rad. For t i l t angles larger than 8 electrons and 
positrons radiate the same amount of energy, that decreases so cslowly when 9 
increases that it is sti l l twice the random value at 8 = 6 mrad. Since 8 is close to 
the Lindhard crit ical angle (I|I = 66 u rad) we must attribute their different 
behaviours to channeling effects. Whatever the radiation process is it is not too 
surprising that channeled electrons spending most of the time in strong field areas 
radiate more than positrons repelled far from these areas. 
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Fig. 4 Variation of the mean radiated energy, AE/E , wherp 
E =150 GeV, per electron (•) and per positron (o) with the tilt 
angle 8 with respect la the < '110 > direction of a 0.185 mm 
thick Ge crystal cooled to 100 K. The inset is an enlarging of the 
area around < 110 >. Curve 1 gives the prediction of the Born 
approximation based theory of coherent bremsstrahlung, and 
curve 2 the synchrotron-like radiation theory in the strong crystal 
fields. 

In fig. It we give also theoretical predictions. The curve 1 shows those of the 
coherent bremsstrahlung (CB) theory, calculated in the frame of the Born 
approximation. Like for CPP the agreemenL with the experimental data is good at 
large angles only. The curve 2 gives the predictions of the model recently 
proposed by Belkacem et a l . 2 1 . In this model r the synchrotron-like radiation is 
considered to be emitted by particles having straight line trajectories in the axial 
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transverse fields. A single string approximation and a uniform flux distribution of 
the projectiles inside the crystal were assumed. These predictions f i t quite well 
the data foe 8 > 8 . It is not surprising that tney fail for 8 < 8 since the 
channeling effects, which are not included in the model, result at least in non 
uniform flux distributions. 

In f ig. 5 we show again the orientation dependence of AE/E for the same 
projectiles incident on a 1.4 mm thick Ge crystal. The channeling effects are stil l 
clearly seen for positrons bu. hardly visible for electrons. It seems that the 
radiation emitted by the channeled part of the electron beam is overwhelmed by 
the contribution of the unchanneled part. This could be explained either by 
dechanneling or by a saturation ef fect due to the high radiation emission 
probability of channeled electrons. In any case we may then assume that the 
radiation emitted by electrons in this aligned thick crystal is mainly synchro
tron-like and that electrons present a uniform flux distribution inside the crystal. 
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Fig. 5 The same as in f ig. 4 for a 1.4 mm thick crystal. 

In table 1 we give experimental values of the relative energy loss, AE/E for 
electrons of various energies incident in random and axial directions of the 1.4 
mm thick crystal. The random values are independent of energy and in perfect 
agreement with the BH prediction. For axial incidence AE/E increases first with 
energy and then seems to saturate. This is at least partly due to the fact that 
electrons radiate a large amount of their initial energy. The predictions of 
classical electrodynamics (in which AE/E increases linearly with energy) in which 
the above thickness effect has been incorporated are also given in table I. The 
fact that the value at which AE/E saturates is much lower than 1 leads to the 
conclusion that the energy dependence is not linear. 
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Energy (GeV) 70 150 880 

RANDOM 0.057 + 0.002 0.059 + 9.002 0.058 + 0.002 

<110> 
Exp. 0.«25 + 0.02 0.70 + 0.02 0.685 * 8.02 

<110> 

C.E.D. 0.84 0.92 0:94 

Table I Random and on-axis mean ladiated energy, ÛE/E j tor 70, 150, 
200 GeV electrons incident en a 1i4 mm thick u§ crystal. The 
calculated radiated energy along the axis, in the frame of the 
classical electrodynamics, is also giver) for comparison: 

Finally, on fig. 6 we show the variation of AË/E for 150 QeV electrons 
aligned with the < 110 > direction of crystals of various thicknesses. 
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Fig. 6 Variation of the mean radiated energy, ÛE/E , by 150 GeV 
electrons as a function bf the thickhess of Ge trystëlë aligned 
along the < 110 > axis and cooled to 10D K. The curve's give the 
theoretical predictions of calculations based on classical and 
quantum electrodynamics. 

The theoretical predictions based on the classical electrodynamics and the 
quantum electrodynamics are reported for Comparison 2*. The classical 
electrodynamics description, which is known to be Correct at lower energies'6 

overestimates, in our experimental conditions, the rrlean radiated energy by a 
factor of ~ 5. 

IV - CONCLUSION 

This experimental investigation of the radiation and the pair creation in 
crystals at very high energies has shown that 

i) incident electrons and positrons radiate much more energy along 
an axis than along a random direction ( for tilt dhgleé Within the axial channeling 
critical angle the radiation emission is higher for electrons than fdf positrons, 
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i i ) for photons incident near ax ia l d i rect ions the t o t a l pair 
production rate increases rapidly with the incident energy, exceeding the BH value 
at an energy which is about 40 GeV along the < 110 > direction of a Ge crystal 
at 100 K ; but, contrary to the radiation emission, the total pair production does 
not exhibit any angular dependence which could be related to the channeling of 
the created electrons ; however this does not exclude the possibility that some 
channeling effects could show up in the differential pair production rate. Since the 
analysis is still in progress we cannot conclude on that point. 

I t is also clear that using an aligned crystal is up to now the unique way of 
producing macroscopic strong fields in the laboratory. The strength of these fields 
is such that QED effects became already dominant at GeV energies. Such effects 
have been predicted to occur only in some astrophysical systems, as pulsars, where 
strong macroscopic fields are expected to exist. 
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