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Abstract

As an addendum to the NA63 proposal [1], we propose to medgutee Landau-Pomeranchuk-
Migdal (LPM) effect in lowZ targets, 2) Magnetic suppression of incoherent bremdstrghesult-
ing from exposure to an external field during the emissiomgand 3) the bremsstrahlung emission
from relativistic ¢y = 170), fully stripped Pb nuclei penetrating various amorpha@ugéts.

Concerning the LPM effect, both the 'traditional’ Migdal@pach and the modern treatment by
Baier and Katkov display inaccuracies, i.e. a possible Gfckpplicability in low-Z targets. More-
over, the LPM effect has been shown to have a significant ilmpagiant air showers for energies
in the EeV range - evidently processes in a l@wnaterial.

A measurement of magnetic suppression is demanding in tefrmecessary accuracy (an expected
<15% effect), but would prove the existence of a basic ingsrletween coherent and incoherent
processes, also believed to be significant in beamstralelomgsion.

For bremsstrahlung from Pb': In contrast to earlier expectations, recent investigatizave shown
that the bremsstrahlung emission from heavy, relativigéiticles does not appear with constant
power for all photon energies up to the end-point given byahergy of the incident ion, but in-
stead the spectrum has a peaked shape, due to the finite dlm mficleus. Beyond an energy of
about2~hwy, wherehw, corresponds to the energy transfer above whichZh@otons in the nu-
cleus can be considered quasi-free, the power-spectrigwfatjuite steeply, eventually leaving pair
production as the dominant energy loss mechanism for seritigi high values of the Lorentz-factor.
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Figure 1:Expected radiation spectra, based upon simulations using GEANT, asbéesim [7], but
updated to extend the applicable range to lower photon energies. Tharftdscshown are for 207 GeV
electrons in different solids, as indicated, based on the theory of Mj§flahd the dashed curve is a
regularization’ procedure, as described in the text.

1 LPM effect in low- Z targets

The Landau-Pomeranchuk-Migdal (LPM) effect was investigate@@xgntally in the mid-90s
with 25 GeV electrons at SLAC [2] and later with up to 287 GeV electrons &RICE3, 4]. These
investigations - combined with relevant theoretical developments - havenghaithe theory of multiple
scattering dominated radiation emission is describing experiment very weksaffite highZ targets.

In his review paper on the LPM effect from 1999 [5], Spencer Kleitestamong the explanations
for a small, but significant discrepancy found for carbon with electav@% GeV that it is also possible
that Migdals theory may be inadequate for lighter targets.”. Likewise, inGB&N experiments [4],
where carbon was used as a calibration target, the systematic deviationthérexpected values for
Erpuv could possibly be explained by an insufficient theoretical descriptioansfon.

Furthermore, simulations using GEANT, see figure 1, show that the thédygdal has a dis-
continuous derivative at a photon energy of a few GeV from 207 Qedtrens, indicating exactly such
an insufficient theoretical description. In figure 1 is also shown with tishekdh line an attempt at 'reg-
ularizing’ the Migdal¢(s) function by adding a small term that 'repairs’ the derivative, but still thas
correct asymptotic limit.

As seen from figure 2, there may very well be a theoretical problemHotgm energies in the 1-
100 MeV range from a 1 TeV electron in air - clearly a Iddwarget. Similar results (not shown) indicate
problems in the understanding of radiation emission from 1 TeV to the endeoéryy (w/E. €
(1073, 1]) for 1 PeV electrons in air, relevant for the development of extendezhaiwers.

We emphasize that the aim is not to do a measurement that enables a distinttiearbthe
dashed and full curves in figures 1 and 2, but that these observatitinate a potential problem in the
understanding of the LPM effect in low-targets.

Moreover, the more modern theory by Baier and Katkov which includedoGdu corrections
and other fine details, is developed mainly for highargets, and therefore does not include screening
adequately for lowZ targets. The accuracy of their theory is expected to be a few peraehigtoZ
targets, whereas for lo¥-targets the error may be as much as 10-15%.

In figure 4 is shown the result of a shost (I hour datataking on Al) pilot-experiment performed
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Figure 2: As figure 1 but for 1 TeV electrons in air, water and standard rockr{défas in [5]), as
indicated.
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Figure 3: Expected radiation spectra, based upon simulations using GEANT, asbéesin [7], but
updated to extend the applicable range to lower photon energies. Thesahown are for 178 GeV

electrons in different solids, as indicated and as a function of the photngyein the realistically de-
tectable range.
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Figure 4:Measured and expected (dashed line is the Bethe-Heitler value, full lmesdtPM) radiation
spectrum foR.3% X aluminum with 207 GeV electrons.

during the June beam time of NA63 in 2009. It shows measured valuesefoadmtion emission from
aluminum, compared to expectations based upon simulations using GEANEcahdd in [7].

The agreement between data and simulated values based upon LPM thgemegrially good, but
a firm conclusion requires more statistics, and a more careful reductitdreafynchrotron radiation
background (the critical frequency of which can be lowered by a faet8) which is the explanation
for the lowest point being far below expectations. In the same run, tantatdroarbon were tested, with
good agreement between data and simulated values for the former, butliugive for the latter.

There is thus a motivation to measure radiation emission infotargets to search for deviations
from LPM theory. We therefore request 10 days of beam in the H4 lieanof the CERN SPS in 2010
to perform the measurements in targets wittvalues of 6, 13, 14, 22, 26, 29, 42, 50, 73 and 77, see
figure 3, with a setup similar to that previously used by NA63, see e.g. [8].



2 Magnetic suppression

Magnetic suppression of incoherent bremsstrahlung may appear if ttteoalés exposed to an
external field during the emission event. It is an example of an interplay batagherent and inco-
herent processes. The magnitude of the magnetic suppression sftefitrection of photon energy was
discussed in the late 90’s by the SLAC E-146 group, in a transparentgbutough approximation. In
continuation of this, Klein showed [5] that the so-called magnetic suppreagipears when the deflec-
tion angle of the emitting electron over half a formation length

Ap eBl;
9 = — = 1
Y @)

exceeds the emission angl¢y (taken here with the electron trajectory perpendicular to the magnetic
field) which is the case for photons of relative energy

hw X

‘*_§<1+X2X (2

= =
wherex = ~B/By is the Lorentz-invariant field parameter expressed from the critical figld=
m2c3Jeh = 4.414 - 10° T, and the last approximation is valid when < 1. This is always so for
laboratory experiments since magnetic fields are limited to about 2 T if iron isfastte magnet poles,
and the Lorentz factor is smaller than abodf, i.e.y < 5-10~%. Nevertheless, for sufficiently energetic
particles and soft photons, the effect could be observable.

In the limit of strong suppression, the suppression fagtaccording to Klein [5] can be rewritten

as
hw

= E -

which for 20 MeV photons from 207 GeV electrons in a 2T field= 1.8 - 10~4) amounts toS = 0.65,
a significant suppression. Nevertheless, as this is a very rough magdedain the limit of strong
suppression, the magnitude of the effect is not so reliable.

However, already in a paper from 1988, Baier, Katkov and StrakiiavfO] discuss the influence
of an external field on radiation processes in a medium, and in fact showimmrtroduction the same
rough approximation as employed by the SLAC group. Their paper wasregring’ effort in the sense
that it supplied the basis for many subsequent papers of that groapsslisg the interplay between co-
herent and incoherent effects, notably in crystals. As emphasizea laythors, their theory finds direct
application in the emission of beamstrahlung where there is a strong cohetdritdm the opposing
bunch. Another example of an external field could be a magnetic field sddpdien an electromagnet
across an amorphous foil. The expression of Baier, Katkov and Swakko [9] is more complicated,
but expected to be much more precise than eq. (3):

)2/ 3)

do A47203h X 1
dhw  15m2cw In((1+ (5)1/3)%)
202 B2
- 7 (24 (z) — 322" (z) — 23) + (1 + ﬁ)(x4’r(m) — 3z (z) 4 522X (z) — )] (4)

wherez = (u/x)?? (equal toS in eq. (3)),u = hw/(F — hw), E' = E — hw, 6, = hc/Eas,
as = 0.81apZ~1/3 is the screening radius and

Y(z) = /000 sin(xt + t;)dt (5)

which - for computational purposes - can be expressed as definitedlstefimodified Airy functions of
the first and second kindi(z), Bi(x)

Y(z) = nGi(z) = n%Bi@c) v /0 " (Ai(2)Bi(t) — Ai(t)Bi(x)d] (6)
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Figure 5:The expected magnetic suppression accordingYdor experimentally relevant situations as
indicated.
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Figure 6:A sketch of a possible layout of the H4 zone, where PPE 134 must bedexteypproximately
20 metres downstream.

As shown in [9, eq. (3.29)], eg. (4) reduces to a suppression gippately given by eq. (3) in the strong
field limit (x/u > 1).

A calculation based on the above of the expected magnetic suppressiomeddere as the ratio
of do /dhw(B # 0) anddeo /dhw(B = 0) - for experimentally relevant situations is shown in figure 5.

A BGO detector is capable of detecting MeV photons with high efficiencyiHrre is a compli-
cation arising from the emission of synchrotron radiation. Since the emittinglpaand the radition
must be separated at the location of the detector by at least the sum ofliihaf the detector-; and
the beanry, either a high field is required or a long baseline. The high field option is actitte due to
the emission of synchrotron radiation. The characteristic enegyproportional toy?, where¢, = 3y
must be kept below about 5 keV in order not to influence the detectiontimedower limit, meaning a
maximum field of about 0.1 T. Thus, even with two 6.3 m long MBW dipoles runaing0 A,r, = 9
mm andr; = 37.5 mm, the resulting distance from the center of the deflecting dipole to the detector
must be> 26 m. This is however not excluded in the H4 beam line as shown in figure 6.

In figure 7 is shown the expected count ratesigérelectrons, i.e. approximately per burst in H4.
As seen, the configuration discussed above is largely sufficient fimhsgtron radiation to be insignifi-
cant above 25 MeV. There is, however, a slight complication arising §ymehrotron radiation from the
'main bend’, B7, one of the last of the elements that transport the beamtfr® target to the H4 beam
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Figure 7:The number of photons emitted bg* electrons, per MeV for a) synchrotron radiation from
two MBW magnets run at 0.1 T (70 A), b) synchrotron radiation from two Triagnets run at 0.2 T (86
A), ¢) an iron foil of thickness 0.75 mm without field, d) as c) but with= 1 T and e) as c) but with
B=2T.

line. Even though the solid angle subtended by the detector is very smadirafrem B7, the high field
(=~ 0.95 T) in B7 at 207 GeV results in a high characteristic frequency, and a nuaftsynchrotron
radiation photons that is a factor 5-10 higher than from the amorphouet.t&y setting the main bend
slightly too low in current, i.e. the beam directed slightly upwards, this emissicapes the detector.
The wrong beam direction can then be compensated by Trim 3 and Trim # wéuicrun at much lower
field (0.2 T at about 86 A), leading to synchrotron radiation at much lovegruencies. The resulting
displacement at the BGO is tolerably small, about 4 mm.

In order not to 'mix’ the observation of magnetic suppression with for irtgtghe suppression
due to the longitudinal density effect, the photon energy must filfill> ~hw,,. There is thus a 'window
of opportunity’ with photon energies between 22 and 30 MeV for 207 GeV electrons (presently the
realistic maximum energy at the CERN SPS when an intensityobfelectrons per burst is required)
traversing saturated irol} = 2 T.

As seen from figure 7 and figure 5 the magnetic suppression effect I améo ~ 15%. Thus,
in order to clearly be able to verify the effect, high statistics is required elbh@r, running a BGO in a
high energy photon beam (where occasionally the detector is hit by 200p8&tons), has previously
proved to be quite difficult, in particular when aiming for the detection of ptetorthe tens of MeV
range. Furthermore, since it is essential to reduce synchrotron radgatimuch as possible, beam tuning
is important. We therefore request 6 days of beam for the installation, coramigg and calibration.
This means that, as high statistics is required with0* counts per MeV (corresponding te 20 hrs.
with beam from the SPS) for all settings (Fe at 2 T, Fe at 1 T, Fe at O T mpdyearget), and several
runs with each setting is desirable, 8 days of datataking is requestedultdte emphasized, though,
that a clear advantage arises from being able to switching on and offféwt, éfy applying a magnetic
field to the iron foil and by 'degaussing’ it, while all other mechanisms stapteon, eliminating to a
large extent the systematic errors. Thus, in total we request 14 dagswof im H4 in 2011 to detect the
magnetic suppression of radiation emission from an amorphous foil.



3 Bremsstrahlung emission fromy = 170 Pb82+

A relatively straightforward approach to derive the bremsstrahlung ami$sm a relativistic
heavy ion, is to use the Bethe-Heitler cross section for bremsstrahlung@mfigsn an energetic lepton
and simply replace the electron mass by that of the ion, and likewise for tihgechenis leads directly
to aZ;~ dependence of the energy loss per unit path-length, as e.g. shova].irifivever, in the rest-
frame of the penetrating ion, the impinging virtual photons (in a Waiksr-Williams approach) that
eventually lead to emission in the laboratory system of photons with energiles ofder of that of the
incident ion, will have a wavelength significantly smaller than the size of thkensicSuch photons will
therefore not interact with the nucleus as a whole, but instead 'prohietétsor, interacting individually
with each of the charged constituents. This leads to a significantly reduiectiatial cross section
do /dhw, and likewise a non-constant power-spectiumlo /dfw, as opposed to claims otherwise seen
in the litterature [14, 13].
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Figure 8:The power-spectruriwdo /dhw for bremsstrahlung emission from#b, with the condition
that the nucleus stays intact during the emission process. The dashiatsetiows the ’traditional’
expectation excluding screening [14, 13], and including screening \agh-dot-dot [10], whereas the
full-drawn line shows the values based on the finite size of the impinging ioampased of the contribu-
tion from the nucleus being treated as point-like (dashed), and the nibgigsa collection of quasi-free
protons (dotted) [11].

In figure 8, we show the significant difference expected, comparecttiréiditional’ expectation
[10, 14, 13]. The location of the peak in the spectrum (full line) is giver2dhw,, wherefiw, corre-
sponding to the energy transfer above which Zhprotons in the nucleus can be considered quasi-free
[11]. Thus, the exact location in energy as well as the width and heighedftructure are not expected
to be very accurate in this treatment. Nevertheless, the tendency for ttteuspéo fall off very steeply
compared to other calculations, is an inherent feature of the treatmentfaiitbewuclear size, and it is
seen that already at 20 GeV emission from the 33 TeV ion, the differezteeebn the 'traditional’ and
the new treatments amounts to about an order of magnitude. Moreover,thiatians have recently
been refined (with an expected accuracy of al@%) [12], showing a similar tendency, but with the
resonance at a slightly higher energy and a higher cross section.

However, the cross sections are fairly small, requiring targets of notnadl a thickness to gen-
erate a reasonable count-rate in(4 ions/spill beam. Thus there is a slight complication arising from
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Figure 9:The emission angle of photons fram electrons and PB" ions as a function of photon energy.

the production ob—electrons by the penetrating ion. These electrons will produce bremssigakith

a cross section that for low energy photons is significantly higher thatnéoheavy ion. However, the
Pb82+ — §—electron— ~ process is proportional to the square of the thickness of the target, ashere
the Pb32* — ~ process is directly proportional to the thickness of the target. Thus tsasfj@pproxi-
mately 0.35X, thickness (2 mm for Pb) lead to an acceptable compromise between countfatdia

of signals to false signals. Furthermore, this procedure can be chbghkadasuring with several thick-
nesses for a specific element, and by a comparison of target elements witicaigly different nuclear
charges, but similar areal electron densities.

In figure 9 is shown the emission angle of photons fbaelectrons and PBT ions as a function
of photon energy. It is assumed that the emission angle with respect to thentoomis 1/~ (which
more reasonably should be a distribution with a half-maximum angle/¢f and that the momentum
of the emittingd—electron is directly correlated with the emission angle with respect to the incoming
PB*2* ion, i.e. that multiple scattering can be neglected.

Due to the difference in magnetic rigidityy 29 GeV/c per charge as opposed to 400 GeV/c
per charge, the produced-electrons can easily be deviated without disturbing the heavy ion beam
significantly.

The proposed setup is shown schematically in figure 10. Since the sigatiiiators is roughly
proportional toZ? it is not difficult to discriminate against e.g. cosmics, so two scintillators is gerffic
to define the beam. The targets to be used are inserted by means of a remoa#le] rotation stage,
and after the target, the P4 ions are deflected using a 4 Tm magnetic dipole field into a MUlItiple
Sampling lonization Chamber (MUSIC) where the charge state of the spenaiobe detected. Thus,
reactions where one or several protons have been lost from thefiigan be investigated as well.
If a §—electron is produced by the ion, it is deflected in the opposite direction byndisamtly larger
angle, and the event can be ’flagged’ by recording the signal in a sdimtits8. The emitted photons
are intercepted by a BGO (for energies 0.1-2 GeV) or lead glass (fvgies 2-200 GeV) calorimeter.
Since the P#* ion beam is 400 Ge\¥/per charge, the deflection in a 4 Tm integrated field is only 3
mrad. However, the longitudinal distance from the MBPL to the detector earptio 18 metres in H4,
meaning a transverse separation of 54 mm, sufficient to separate the raffiaticthe spent ion.

Shown in figure 11 are two simulations based on the recent refinementtbethretical treatment
[12]. The simulations include the emission of bremsstrahlung from delta-@hscporoduced by the ion
and a more accurate emission spectrum from the ion itself. The target thsgdaéor both Si and Pb
have been chosen to yield a fragmentation of less than 5% according to eagsurements by the
group [15]. Furthermore, radiation emission from produced pairs éas shown to be negligible as the
produced particles appear with energiesc?> ~ 87 4 4 MeV, far below the region of interest.

From figure 11 it appears that the ‘radiation peak’ should be detectabgeveral targets with a
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Figure 10:A figure showing the proposed setup. Thé®Pbions are incident from the left, through two
scintillators - one counter S1 and one veto with a hole S2 - to the target. Aftéarihet, the PG+
ions are deflected using a 4 Tm magnetic dipole field (B16, MBPL installed initdd)a MUItiple
Sampling lonization Chamber (MUSIC) where the charge state of the spediicbe detected. Produced
d—electrons are deviated into scintillator S3. Finally, the emitted photon is intercbptadBGO (for
energies 0.1-2 GeV) or lead glass (for energies 2-200 GeV) calorimeter

few days of dedicated running. We propose to measure for targets/wtdues of 6, 13, 14, 29, 50,
73 and 82, mounted on a remote-controlled target-wheel. In order torprapd calibrate the setup,
estimated to take 3 days, and do the measurement itself, estimated to take 4 dégls wettherefore
ask for 7 days of running with = 170 P®2* extracted to the SPS H4 beamline, preferably in 2011, but
if safety issues prevent this [16], in 2012.

As a future development it may be envisaged to use an active crystallinendgiget, for which
the restricted energy loss gives a ’handle’ on the impact parameter of tlegimgp ion with respect
to the target nuclei as shown previously by the group [17]. With such aadethe impact parame-
ter dependence of the radiation emission process from heavy relativisicauld be experimentally
determined.



Figure 11:Counting spectra (number of photons per 0.5 GeV1périncident ions) for bremsstrahlung
emission from PB+, with the condition that the nucleus stays intact during the emission prodess. T
statistical uncertainty shown is a realistic estimate for that obtainable within 4 ledutnning time,

with 1 burst per minutel0* ions per burst. The circles are for the emission of bremsstrahlung from
delta-electrons produced by the ion, the squares for the emission froionttiiself and the triangles
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show the sum of these contributions.
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4 Efficient positron production in diamonds

In view of recent developments in the field of efficient positron produdbpmse of crystalline
targets [18, 19, 20, 21, 22], we have on a previous occasion [28}lgldescribed a possible study
using diamond crystals. The relevance of such a study is high, as e.G. &ld LHeCe™-production
schemes are expected to gain significantly (several tens of percentyfing crystalline targets where
the strong field effects - studied in detail experimentally by the NA43 and Nod3aborations - play a
decisive role. Due to the high power of the primary electron beam in singnses, characteristics such
as radiation hardness, melting point and thermal conductivity of the taigykeg elements. Diamond is
unique in this respect, known to be superior to all other crystals, bulyleas the disadvantage of high
cost, in particular for large specimens.

In NA63 we have studied the possibility of experiments directed towards aumegasnt of the po-
tential of diamond in this respect. In this connection, we have establishé&ttanth L. Rinolfi (CERN)
and R. Chehab (LAL, IN2P3-CNRS) as well as one of the leading thie@nes in this area of research,
V. Strakhovenko, who can do the necessary calculations for the optintizdtibe diamond target. How-
ever, our estimates show that such studies are excluded within the pireseeivork of NA63, due to
manpower and financial constraints related to the rather high sophistichtiomrequired experimental
setup. We do therefoneot request beam time devoted to such a study by NA63, but continue to work on
establishing a new collaboration and proposal aimed at this.
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