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Experimental results for the radiative energy loss of 206 and 234 GeV electrons in 5-10 pm thin Ta
targets are presented. An increase in radiation emission probability at low photon energies compared to
a 100 pm thick target is observed. This increase is due to the formation length of the GeV photons
exceeding the thickness of the thin foils, the so-called Ternovskii-Shul'ga-Fomin (TSF) effect. The
formation length of GeV photons from a multi-hundred GeV projectile is through the TSF effect shown

directly to be a factor 10'° longer than their wavelength.
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1. Introduction

In the CERN NA63 experiment, we have investigated the in-
fluence from the formation length on radiation from a stack of
thin foils, a so-called sandwich target. The formation length is due
to the uncertainty in the longitudinal recoil momentum taken by
the nucleus from which a high energy electron scatters during
bremsstrahlung emission. From the uncertainty relations there is
a corresponding distance over which the photon can be consid-
ered ‘formed’, i.e. the formation length. It is approximately equal
to the distance of travel necessary for the electron to ‘lag behind’
the photon by one wavelength, i.e. loosely speaking the photon has
‘separated’ from the emitting particle. As shown below in Eq. (1),
the formation length is approximately equal to ~ 2y%c/w for soft
photons where y is the Lorentz factor of the emitting particle,
c the speed of light and w the angular frequency of the emit-
ted photons. Even for GeV photons the formation length can be of
macroscopic dimension if the energy of the emitting particle, and
so y, is large enough. For particle energies of around 200 GeV, the
formation length for a 10 GeV photon becomes several microns
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long, i.e. in the experimentally accessible regime for the use of
thin targets in high energy beams. The formation length — intro-
duced more than 50 years ago by Ter-Mikaelian [1] — is fundamen-
tal to a number of phenomena in radiation physics, ranging from
strong enhancements in crystals [2] to suppression effects in dense
matter [3]. Furthermore, insights concerning formation lengths are
applied in many other branches of physics, e.g. in the strong in-
teraction [4], plasma-wave acceleration [5] or radiation from the
electrosphere of strange stars [6]. For an in-depth coverage of the
formation length phenomenon in radiation physics, the reader is
referred to [7].

In the bremsstrahlung emission from an energetic positron or
electron traversing a solid material, there are four basic scales of
length: The radiation length, Xy, the foil thickness, At, the forma-
tion length

_ 2y?%c(E — hw)

l
f Ew

(1)
and the ‘multiple scattering length’, I, = aXo/47m, where E =
ymc? and hw are the energy of the emitting electron and photon,
respectively, m is the mass of the electron and « the fine-structure
constant. Of these lengths, the only one that depends on photon
and particle energy is the formation length, whereas the other
lengths depend on the target material or structure. We note, that
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in the non-relativistic limit, Eq. (1) yields a formation length equal
to 2 A, i.e. for the non-relativistic case the photon can be consid-
ered formed after a few reduced wavelengths. In other words, the
investigation of macroscopic formation lengths requires extremely
relativistic beams, y > 1. The extent of the formation zone can
also be viewed as due to the uncertainty of the region where a
photon is emitted, originating from the impossibility to detect the
exact point of origin with an angular detection resolution poorer
than 1/y, the emission cone angle [2].

An alternative approach is to consider the ‘semi-bare electron’,
following [8], i.e. the electric field of the emitting particle dur-
ing the time immediately following a scattering event. Before the
scattering event the electron and the electromagnetic field are co-
moving whereas the time it takes the field to adjust to the new
direction of the electron is finite: In the rest frame of the electron,
the ‘regeneration time’ t’ of the field at position X' is proportional
to the distance from the electron to x'. The time t’ corresponds,
by a Fourier transform, to an angular frequency @’ >~ 1/t’ (see e.g.
[9]), where the primed coordinates here denote the rest system.
Due to the Lorentz transformations to the frame of the laboratory,
t=t'y and w =2y the ‘regeneration time’ becomes t >~ 2y?/w
which is the same as Eq. (1) in the soft photon limit, fiw < E.

1.1. Thin target — Ternovskii-Shul’ga—Fomin effect

The Ternovskii-Shul’'ga-Fomin (TSF) effect of radiation emission
in a thin target [10,11] is due to the formation length extending
out of an amorphous target, and for a fixed energy of the projectile
it therefore gets stronger the lower the photon energy. Ternovskii
[10] was the first to consider the effect which was later treated in
more detail by Shul'ga and Fomin [11-14]. It also has an analogue
in the case of thin crystals [15]. In the TSF effect, the radiation
yield is diminished compared to the Bethe-Heitler cross section,
i.e. excluding the destructive interference arising from multiple
scattering, but increased compared to the Landau-Pomeranchuk-
Migdal (LPM) cross section which includes that effect. The LPM
cross section has proven to be an accurate description of radiation
probabilities in sufficiently thick targets at high energies [3,16-18].
In the LPM effect, the suppression appears if the formation length
exceeds the multiple scattering length. Thus, it is possible to in-
terpret an observation of the LPM effect as a measurement of the
formation length, but in that case it is a measurement in units
of the multiple scattering length. The latter quantity is not very
well defined as it depends on conventions, e.g. it may be equal
to [}, =2l = aXo/2m if defined as the length required for +20
of the multiple scattering distribution to scatter an angle 1/y, see
also [3] concerning conventions in the LPM effect.

For the Ternovskii-Shul’ga-Fomin (TSF) effect, the analysis is
applicable for target thicknesses I, < At <, see e.g. [14]. Com-
bining the formation length and the target thickness parametrized
by ki > 1, At = Ilf/ks, the effect becomes appreciable for photon
energies

E

At
1+2;/KC

(2)

ho < thsp =

where X . =H/mc is the (reduced) Compton wavelength.
The magnitude of the suppression factor can be evaluated from
(see [19])

ky

© = Blnk, — 1) (3)

where At =k, I, and k), > 1 ensures At > I,,. Our calculations of
the TSF suppression factor shown in the figures below follow the
more elaborate theory outlined in [14], whereas Egs. (2) and (3)
are useful for estimates only.

In the TSF case, the radiation emission probability becomes pro-
portional to the logarithm of the target thickness instead of the
usual linear relationship.

Direct measurements of the extent of the formation zone
through the TSF effect have been done at comparatively low en-
ergies at SLAC [18]. In these experiments, among other things the
case I, < At <If was studied. We here present a measurement of
the extent of the formation zone through the TSF effect at pho-
ton energies two orders of magnitude higher, but also for the case
l, < At <. We thus effectively measure the formation length of
emitted GeV photons and hereby show that this can be of the or-
der several microns.

In [19], the experiment was aimed at addressing formation zone
effects for target thicknesses comparable to the multiple scattering
length which in turn was smaller than the formation length, i.e.
when I, >~ At <.

Furthermore, in [19] multiple scattering dominated transition
radiation (MSDTR) was shown to be a likely ingredient for an accu-
rate description of the data, but at very low photon energies only
(< 4 GeV). Moreover, the excess of photons was substantial only
for a target with 53 layers of Au, where the MSDTR is expected to
be significantly higher than in the present case with a maximum
of 20 layers. The contribution of MSDTR to the present experiment
is therefore expected to be negligible apart from a small contribu-
tion below a photon energy of a few GeV.

2. Structured targets

In Blankenbecler’s theory [20,21] of structured targets (see also
[22-24]) interference mechanisms are considered for targets of up
to 10 segments. It is shown that ‘the photon spectrum is clearly
developing a peak where the formation length is approximately
equal to the distance between the centers of the plates’ [20]. Even
though these calculations are performed only for 25 GeV (and in a
single case 50 GeV), we expect that this observation does apply to
the general case. Therefore, Eq. (1) can be inverted setting the for-
mation length If equal to the target spacing Is leading to an onset
of resonance at a photon energy

1 s \"' 2y2nc
hor=( = ~ . 4
@r <E + 2y2hc> Is @)

Such resonances could in principle be observed in the present ex-
periment, but this depends sensitively on an accurate and constant
positioning of each sub-target in the sandwich as discussed below.

3. Experiment

The experiment was performed in the H4 beam line of the
CERN SPS using tertiary beams of electrons with energies of 206
and 234 GeV. In Fig. 1 we give a schematical overview of the ac-
tive elements in the setup of the experiment. The incident electron
beam is defined by a scintillator counter, S1, and the beam pro-
file and angles are measured on an event-by-event basis in 3 drift
chambers (DCs). In front of DC2 the target of about 2.6% Xg is
placed. The emitted photons are finally intercepted in a lead glass
detector (LG), the low energy cut-off of which was set to 2 GeV in
the analysis to avoid influence from the pedestal.

Four target configurations were used (identified below by the
label given in parenthesis): (Ta5Al6) A 20 x 5 pm Ta ‘sandwich’-
target with 6 pm Al ‘spacers’ between each Ta foil, (Ta5Al8) A 20 x
5 pm Ta ‘sandwich’-target with 8 pm Al ‘spacers’, (Ta10Al12.5) A
10 x 10 pm Ta ‘sandwich’-target with 12.5 pm Al ‘spacers’ and a
reference target (Ta100) consisting of a single foil of 100 um Ta. For
Ta, the multiple scattering length is [, = 2.4 um. The background
measured with an empty target has been subtracted from the data.
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Fig. 1. A schematical drawing of the setup used in the experiment. The total length of the setup is about 65 m.
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Fig. 2. (Color online.) Normalized bremsstrahlung power-spectrum, fiwdN/dhw -
Xo/At, for 206 GeV electrons. The vertical scale is normalized to the number of
incoming electrons and to the thickness in units of the radiation length. The filled
circles show the Ta5 data set and the filled squares the Ta100 data set and theoret-
ical values for a 100 pm Ta foil are shown by the lines: Bethe-Heitler (dotted) and
LPM (dashed).

The targets were mounted in a holder with an open area of
30 mm in diameter. Since the radiation length of Al is Xo =89 mm
(22 times larger than Xp =4.1 mm for Ta), corresponding to a total
of 0.4% Xo in the Ta5 ‘sandwich’-target, the influence of the extra
material thus introduced is marginal and the Al spacers can to a
first approximation be treated as gaps. By the choice of number of
sub-targets, each sandwich has approximately the same thickness
in units of radiation lengths as the reference target Ta100, i.e. ra-
tios of radiation probabilities are not expected to be significantly
influenced by multi-photon emission effects.

4. Results

In Fig. 2 we show the radiation power-spectra at low energies
for the Ta5 and Ta100 targets at 206 GeV, compared to theoretical
values obtained by Monte Carlo simulation based on incoherent
bremsstrahlung (Bethe-Heitler) and incoherent bremsstrahlung in-
cluding multiple scattering (LPM). In the simulations, only one
homogeneous radiator volume was assumed and the simulated
spectra are based on the nominal value Eipy = 3143 GeV (LPM)
and Eipy set to 10° GeV (Bethe-Heitler). The LPM effect was in-
corporated in the framework of the GEANT package as described
in [17,25].

The vertical scale has been normalized to the thickness ex-
pressed in units of the radiation length and to the number of
incoming electrons. The thicknesses were evaluated by a least-
squares fit using the Bethe-Heitler cross section for the central
photon energies (22-45 GeV) with the thickness as a free param-
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Fig. 3. (Color online.) (a) Enhancement of the normalized bremsstrahlung power-
spectrum, hwdN/dhw - Xo/At, for the Ta5Al6 target compared to the Ta1l00 ref-
erence target for 206 GeV electrons. The horizontal line shows the baseline of
enhancement equal to 1, the full drawn line shows the expected enhancement from
the calculations performed on the basis of the theory of Blankenbecler [20] for 1
foil, the dashed line for 2 foils and the dotted line for 20 foils. The dash-dotted line
shows the theory of Shul'ga and Fomin [14]. In (b) is shown the same as in (a) but
on a logarithmic scale, focused on the region of low photon energies.

eter. A systematic difference of a factor 111 in the simulations
between this single-photon spectrum and the simulated spectrum
which includes pile-up is corrected for. The values found were in
good agreement with the nominal thickness. There is a tendency
for the data to lie below the simulated values at low photon ener-
gies. This could be due to acceptance or efficiency of the calorime-
ter. However, we emphasize that our main results given below
consist in a comparison of the experimental data obtained from
the sandwich targets to the experimental data for the Ta100 refer-
ence target, i.e. such systematics are eliminated as they affect both
spectra equally.

In Fig. 3 we show the radiation probability for the Ta5 ‘sand-
wich’ target at 206 GeV, compared to the Ta100 ‘reference’ target,
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Fig. 4. (Color online.) As Fig. 3(a), but for the Ta5AI8 target for 206 GeV electrons.
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Fig. 5. (Color online.) As Fig. 3(a), but for the Ta5Al6 target for 234 GeV electrons.

i.e. an enhancement. In Figs. 3-6 the data points are based on
experimental values only, i.e. all enhancements are given by the
experimentally determined radiation probability for the ‘sandwich’
target in question, divided by the same experimental quantity for
the Tal00 ‘reference’ target. Below an energy defined by Eq. (2)
hwrtsg >~ 12 GeV where the TSF effect sets in for a 5 pm target,
there is a clear excess of the radiation probability for the Ta5
‘sandwich’ target, compared to the Tal00 ‘reference’ target, i.e. an
enhancement larger than one. Similar results are obtained for the
Ta5AlI8 target as shown in Fig. 4. In Fig. 5 we show the enhance-
ment for an electron energy of 234 GeV. As for the 206 GeV case
there is a clear increase of enhancement at low photon energies. In
all cases, the enhancement is consistent with 1 for photon energies
from about 10 GeV up to the highest photon energy investigated
(59 GeV).

Blankenbeclers theory of structured targets is based on the
eikonal approximation and developed in collaboration with Drell
[26]. In this theory the phase function of the electron is inte-
grated along its path, leading to an ‘alleviation’ of the LPM effect,
but never exceeding the normalized Bethe-Heitler yield (F always
smaller than 1 [20, Eq. (25)]). Looking at Figs. 3-5 there is very
good agreement between the enhancements observed in the ex-
periment and those expected from Blankenbecler’'s theory for a
single foil, but the agreement with the theory for the full set
of foils is not as good. We suspect this to be due to an insuffi-
ciently accurate stacking of the sub-targets, i.e. the actual spacing
is larger than the e.g. 6 pm of Al inserted. In that case, resonances
arising from several targets are not to be expected at the photon
energies investigated and the sandwich effectively acts as several
independent foils. In other words, if each sub-target of 5 pym Ta

206 GeV, 10x({Ta10AI12.5)
20y T W Experiment T T T T T T T T
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Fig. 6. (Color online.) As Fig. 3(a), but for the Tal0Al12.5 target for 206 GeV elec-
trons.

acts independently in the sandwich due to the actual spacing being
significantly larger than the nominal 6 um, the TSF effect is dom-
inant. This is further supported by the excellent agreement with
the theory of Shul'ga and Fomin. Small imperfections in the spac-
ers do not lead to large effects — a comparison of the Ta5Al8 and
Ta5Al6 calculations for a sandwich of 20 foils, leads to differences
less than 4%. Thus, the situation with At < ¢ fulfilled for photon
energies hiw < hwtsp >~ 12 GeV is shown to lead to an enhance-
ment of up to 60%. As seen in Fig. 6, for the 10 x 10 pm Ta targets
spaced by Al foils of 12.5 pm, there is a tendency for the data
points to be in better agreement with the calculated values for the
full target assembly than for the single foil. On the other hand, the
agreement with the theory of Shul'ga and Fomin and the statistical
uncertainties do not allow a firm conclusion as to the observation
of a structured target resonance.

The increase in radiation probability for the targets at low pho-
ton energies can be attributed to the formation length of the pho-
tons extending out of each foil, i.e. by measuring the thicknesses
of the sub-targets in the ‘sandwich’ targets, we effectively measure
the formation length. Moreover, the theory of Blankenbecler for a
single foil is in good agreement with that of Shul’'ga and Fomin —
both of which are in good agreement with measured values — but
has the additional virtues of being applicable for all photon ener-
gies and several foils. On the other hand, the extraction of useful
values for comparison with experiment is much easier using the
latter theory than the former.

5. Conclusion

In conclusion, we have measured the formation length of GeV
photons by bremsstrahlung of 206 and 234 GeV electrons to be
several microns, in good agreement with the theories of Blanken-
becler and Shul’'ga and Fomin. We have thus experimentally ob-
served the formation length of GeV photons directly — a length
that surprisingly enough is macroscopic, 10'° times longer than
the wavelength of the emitted photons.
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