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Experimental results for the bremsstrahlung energy loss of 149, 207, and 287 GeV electrons in thin Ir, Ta,
and Cu targets are presented. For each target and energy, a comparison between simulated values based on the
Landau-Pomeranchuk-MigddLPM) suppression of incoherent bremsstrahlung is shown. For the electron
energies investigated, the LPM effect enters the quantum regime where the recoil imposed on the electron by
the emitted photon becomes important. Good agreement between simulations based on Migdal's theory and
data from the experiment is found, indicating that the LPM suppression is well understood also in the quantum
regime. Results from a comparison between simulations with the “threshold” efigggyas a free parameter
and the data are shown. This analysis reproduces the expected trend as a function of nominal radiation length,
but yields values that tend to be low compared to Migdal’s theory.
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I. INTRODUCTION effect in amorphous targets. This experimental study spurred
a lot of theoretical interest e.g., to increase the accuracy of
This paper is a sequel to a previous publicatjdh in  calculations[23—29 and to consider so-called “structured
which the increase of the effective radiation length as a resuliargets”[28,30,31, calculations of Delbrek scatterind32],
of the Landau-Pomeranchuk-MigdédLPM) effect [2,3] is  evaluations of photon emission from quark-gluon plasmas
reported. We now present an experimental evaluation of thE33,34] and reformulations of the QED case for subsequent
decisive parameter for the LPM effect, the “threshold” en- use in QCD[35-3§. Several groups have calculated the
ergy E py. Furthermore, we supplement our previous pub-LPM effect by means of different methods. [h9] a com-
lication in giving more details on the experiment, the analy-prehensive review can be found and in order not to be too
sis, as well as in presenting the full data set comprising Ir, Taepetitive, the present paper to a large extent refers to work
and Cu, each for three energies. Thus, a systematic analygigore recent thafl9].

of E, pyw as a function of the nominal radiation lengty and The motivation of the present investigation is to extend
the photon emission as a function of electron endgyan  the energy regime of accelerator-based experimental studies
be performed. of the LPM effect. In particular the aim is to verify the in-

The LPM effect is important in a variety of contexts. It crease of the effective radiation length and examine the va-
has a significant impact on the behavior of air showers in théidity of the theory for bremsstrahlung photon energies com-
neighborhood of the Greisen-Zatsepin-Kuz'min cutoff of parable to the energy of the electron—the quantum regime.
high energy photongt—7], especially on the composition of
the showel{8-10]. Moreover, the LPM effect in QED pro-
cesses has a parallel in the suppression of gluons in QCD Il. THEORY
processefll—17 and even neutrino radiation from cores of
supernova¢l8]. Finally, an electromagnetic shower initiated
by an energetic electron in an electromagnetic calorimeter Surprising to many, even to Land&89], it takes a rela-
may develop over a characteristic length that is increasetively long time and therefore a long distance for an ener-
substantially compared to the nominal radiation length. getic electron to create a photon. The interactions of the elec-

Several previous experiments have presented evidence ftnon over this “formation zone” affect the radiation spectrum
the LPM effect, see e.g[19]. However, only the SLAC ex- decisively and may lead to enhancemés in the case of
periment performed with 8 and 25 GeV electrd2§—272  crystals, see e.g.40]) or reduction of total intensity as well
can be considered a truly successful systematic study of the@s changes in the spectral shape.

A. Formation length
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2. Quantum formation length

c214711

In the quantum version, where e.g., recoil is taken into
account, the formation length is given for emission of radia-
tion as[41]

I_2)/2C ith . E 4
= — with o =l (4)

wheref w is the energy of the photof41]. The quantum
formation length is calculated by use of the minimum longi-
tudinal momentum transfer to the nucleugy=p;—ps

o o , —fiw/c and using the uncertainty relatibp=7/q; wherep;

FIG. 1. Synchrotrc_m r_ad|at|on emission by an energetic electrony ps denote the momentum of the electron before and after
traversing a magnetic field3. The typical emission angle, 1/ 0 1o iation event, respectively. Alternatively, E4).can be
makes photon emission from any point within the arc length feom derived from arguments similar to those leading to E)
tob indistinguishable. Therefore, the distanab represents the simply by taking the recoil into accouf#2]. In the CIaSSiCIJ.II
formation length. or recoil-less limiti w<E, Eq.(4) coincides with Eq(2). In
other cases, e.g., for bremsstrahlung in electron-electron col-
lisions, the recolil is substantially different giving rise to

It is illustrative to consider a couple of approaches to thestrong suppression effects reminiscent of the LPM effect
formation length as it appears in a classical theory. One ag43].
proach is to consider the photon “formed” by the time it

1. Classical formation length

takes for a photon to advance with respect to the electron by B. LPM effect
one reduced wavelength/27 and by the corresponding dis- o o
tance of travel of the electroi, 1. Radiation emission
The length over which a particle statistically scatters an
f PN angle 1# in an amorphous material due to multiple Coulomb
il Ry e (1) scattering is given by
. > . a
which forv=(1-1/y°)c=c yields I,=—X, (5)
Y AT
| :272(3 @) where « is the fine-structure constant axg the radiation
e length. Equatior(5) is a conservativéonly particles outside

20 have scattered an angley)/and approximate value in
wherev is the speed of the electronthe speed of light and comparison with more accurate evaluations of the scattering
y=E/mc the Lorentz factor related to the energy of the @ngles, 9=13.6 MeV/BcpX yAX/Xo[1+0.038 INAX/Xy)].
electron,E, and its rest massn. This is also one way to Since the majprlty of radiation emission takes place within a
consider the formation length in QC23]. cone of_opgnmg angle 4/to the d|re9t|on of the electron,

Another, more experimentally inclined approach, is todestructlve mterfereng:e may result |f the electron scatters
consider the emission of synchrotron radiation in a bendingutside this zone. So if half the formation length exceeds the
magnet with a field as e.g., in a synchrotron light source. lengthl, [56], the emission probability decreases. Equation
The typical emission angle of photons isyt-a result of the ~ (4) combined with Eq(5) leads to the threshold of the LPM
relativistic transformation. Thus, a detector unable to resolvé&ffect at energies,
angles smaller than 4/will yield no information on the

2 2
actual position of radiation emission over the formation Bl = E hafo ~ E 6)
. . . LPM E+E LPM E
length, a to b, see Fig. 1. Since the emission angley,1/ LPM LPM
connects the curvature radiuss pc/eB, and the formation
length,l¢, by l;=r/v for small angles, the result is where
oc ELpm=mMX/4mag=7.684<X, TeViem  (7)
li=—— 3
" eBy ® anda, is the Bohr radius. The value in parentheses denotes

the classical(recoil-les$ limit. As an example for Ir the
and since synchrotron radiation has a “characteristic” fre-value ofE py is 2247 GeV which means th&=287 GeV
quencywc=3y3eB/2p, Eq. (2) is obtained again, although electrons yield threshold values éfw{r,,=32.4 GeV and
with a slightly different constant which depends on thefiw[py=36.7 GeV in the quantum and classical cases, i.e., a
choice of characteristic frequency. guantum correction of 13%.
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TABLE I. Theoretical values ofiwflpy in GeV. evant to the Landau-Pomeranchuk-Migdal effect than-
creases with increasing energy of the pair, whereas the for-
287 207 149 mation length for radiation emission decreases with
ridium 32 17 0.3 increasing energy of the emitted photon for fixed energy of
Tantalum 24 13 6.8 the radiating particle. _On the other hand, the similarity be-
Copper 72 38 20 tyveen the two for*mat|on !;angths when expressed as func-
Carbon 0.44 023 012 tions of y, y,, ©* and »” reflects the symmetry of the

processes. Thus, as the photon energy increases in the neigh-
borhood of and beyoné, 5\, symmetric pairs, for which

The LPM cross section for bremsstrahlung is given bythe formation length is longest, get suppressed first by the

Migdal as[2,3,19 LPM mechanism. Therefore, an electromagnetic shower ini-
tiated by e.g., a photon with an energy far bey@hgy, will
dopum 4ar§§(s) ) ) develop in a manner quite different from ordinary showers
o — 3he WYG(EH2ALH(1-y)]e(s)} because the photon emission tends to favor high photon en-
ergies and the pair production favors energetic electrons or
X Z?In(184z 1) (8)  positrons. For an example of LPM suppression in pair pro-

duction, see e.d.19].
where G(s), ¢(s) and &(s) are functions of s
=E puhi 0/8E(E—fw)&(s), i.e. &(s) is defined recur- C. Other suppression mechanisms
sively, but can be well approximated, see €.49,44. Here
y denotes the fractional photon energy/E, Z the nuclear
charge of the target and,= a?a, the classical electron ra- Since the formation length for radiation emission in-
dius. In the limit G(s)=¢(s)=1 the Bethe-Heitler cross creases with decreasing photon frequency, at a certain point
section is obtained. For a thorough treatment of the subjecthe formation zone extends beyond the thickness of the foil.
see [19]. The Migdal expression, EQq.8), has the In this case, the radiation yield also becomes suppressed.
advantage—from an experimentalist’'s point of view—of be-Studies of this effect were first performed by Ternovib|
ing relatively straightforward to implement in a Monte Carlo and later extended by Shul'ga and Forpdit—50, followed
simulation(see below. As Klein [19] has put it: “. .. [the by Blankenbecler and Drelb1], and by Baier and Katkov
more recertcalculations are very complex and the descrip-[23]. The first confirmation was obtained in the SLAC ex-
tions frequently lack adequate information for independenperiments[20,48. The phenomenon is also of substantial

1. Thin target—Ternovskii-Shul'ga-Fomin effect

computation . .. " interest in QCD[52].

The expected “threshold” energied,w{;),, calculated As to the extent of the effect, the analysis is applicable for
from Eq. (6) for the targets Ir, Ta, Cu and C are given in target thicknesseb,<Ax<l¢, see e.g[50]. Therefore, by
Table I. use of Eq.(4) and settingAx=1;/k; the effect appears for

photon energies

2. Pair-production
E

Since pair-production can be considered the crossing- thSFzT (11
symmetry equivalent of photon emission, this process can be 1+ — X
expected to be suppressed by the LPM mechanism as well. 2y\¢

In the case of pair production, a classical analogue is the .
length it takes to separate a created pair transversely by tw¥here ki>1. The threshold of the effect is located lat

Compton wavelengths,., when the pair is emitted with an =1, i.e. forE/(1+Ax/2y\e).
opening angle 3, The magnitude of the effect is evaluated from the aver-

aged radiation spectrufi0]

. 2y
I?alrzz'yp)\c: Z)p ) 9) <dE> 2a g

dw T y

- 1} (12)

Therefore, the formation length increases with the energy of . : .
the pair(where y,=f w/mc). and since for the Bethe-Heitler cagdE/dw)=4Ax/3X,,

When calculated properly by means of longitudinal mo_the suppression factok, can conveniently be expressed as

mentum transfer, the formation length for pair production K

- Y
becomes K= 6(Ink,— 1) (13

|pair:2LF2)C with o= (10) where Ax=k,l, and k,>1. As an example, forAx
f " & & =4.4%X, and E=287 GeV, k,=0.044< 47/ a=76 yield-
ing a suppressior= 3.8, but for photon energies lower than
whereé.. is defined a&q+ /7w with E.+ being the energy of 7 w1ge=0.9 GeVin Irand 0.2 GeV in Cu, i.e. just below the
the electron or positron. It is an important distinction rel- observed photon energies in this experiment. The Ternovskii-
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FIG. 2. A schematical drawing of the setup used in the CERN LPM experiment. Not to scale.

Shul'ga-Fomin effect may thus through pile-up have a marDC1 and DC2. Each drift chamber has a sensitive region of
ginal influence on the present data even though the thresholtb0x 150 mm. In front ofS3 the target of about 4%, is

for observation is 2 GeVsee below. placed. The magnet and the position sensitive DCs enable
_ _ _ o energy tagging of the photons emitted in the target and the
2. Dielectric suppression—Ter-Mikaelian effect photons are finally intercepted in a lead gléis&) detector.

In a medium with index of refractiom, the velocityc/n ~ Each DC has a resolution ef=100 xm and the distances

replaces the photon velocity By use of this replacement in are such that the resulting angular resolution is about
Eq. (1) and the index of refraction expressed as 10 urad. For the tagging, DC3 is used for maximum accep-
=1- w?/2w?, a modified formation length is obtained tance while DC4 provides the optimum resolution for low
P energy photons.
2
® w, 1

1
27 to o= L + P (14 B. Calibration

1
lfs

Calibration of the LG and the tagging system was per-
wherew,= JATNZE/m is the plasma frequenciZ being  formed by use of electron beams of nominal energies 10.0,

the electron density. The inverse of the dielectric formation25.0, 50.0, 99.8, 149.1, 178.2, 206.7, 234.5, 261.2 and 286.6
length, Idf=2wc/w,23, becomes dominating in Eq14) for ~ GeV (referred to by their rounded values throughowith

photon energies below the value B8 off and on B1=4 Tm). Consistency between the results
from the tagging procedure and the lead glass calorimeter
hwg=yho,. (15 was confirmed as elaborated upon below. The lower energy

threshold for the lead glagéG) spectrum is 2 GeV while
Therefore—in close analogy with the density effect in ion-the relative resolution iso/E=0.16AE [GeV]+0.0029
ization energy loss—formation lengths beydngare effec- 1 1.2x107%E [GeV] as found by directing the electron
tively cut off. Thus, for photon energies in the regime belowpeam into the LG, see Fig. 3. The LG calorimeter was com-
fiwy the photon yield is suppressed by the Ter-Mikaelianposed of 4 blockseach being 25 radiation lengths long and
effect, also known as dielectric suppression or the longitudiggx 90 mn?) arranged such that the beam was incident on
nal density effect, see e.gt1]. However, as plasma frequen- the lower-right block. By scanning the beam across the main
cies are of the order 50 eX/ even electron energies as high | G block it was assured that the beam hit this block centrally
as 287 GeV in iridium lead to a suppression only belowtg within 5 mm. A small leakage to the adjacent 3 blocks was
hwg=86 MeV, i.e. practically irrelevant for this experiment. found and corrected for. Likewise, nonlinearity in the re-

sponse of the LG calorimeter in its entirety was corrected for

IIl. EXPERIMENT

A. Setup 0.06:7

The experiment was performed in the H2 beam line of the %%

CERN SPS in a tertiary beam of electrons with variable en- .04
ergy in the range 10-300 GeV, but with low intensity for
very high and very low energies. The fraction of particles @
heavier than electrons in the beam is very low, estimated to® 002-
about 10° 3. A schematical drawing of the setup is shownin ;]
Fig. 2. The incident electron beam is defined by three scin-

tillator counters, S1, S2 ar®3 and the position and direction ~ %®7 > " e de - 20 20 5
of each electron is found from its impact on drift chambers
(DC9 both before, by DC1 and DC2, and after, by DC3
and/or DC4, a dipole magnet, B8. To minimize background, FIG. 3. The relative resolution of the lead glass calorimeter,
a vacuum tube with pressure10 ® mbar is used between o(E)/E, as a function of electron energy.

m  Data
—— o/E=1.6410"E"*2.93-10°+1.2-10*E

Nominal energy [GeV]
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I . . FIG. 6. Raw(not efficiency-correcteddata for 149 Ge\(filled

F.IG'.4' Callbratlon data for.d”ft chamk_)er.4. The “comb”is ‘?'“e squaresand 207 GeMopen circle electrons in carbon after sub-
to slits in Fhe vet_o(S!ltl) co_mblned with hits in the c_orrespondmg traction of background. The lines represent simulated values for 149
counter(Hit1) as indicated in the upper part of the figure. GeV (dotted and 207 GeV(dashed based on the Bethe-Heitler

limit of Eq. (8).
in the analysis. After this correction, the deviation of the ) o
centroid of the calorimeter readout from the expected valueo Carbon targets for comparison. The background originates
was in all cases less than 3%, typically 1.5% and for energied@inly from the aluminized mylar-windows of DC1 and
below 50 GeV it was less than 1%. DC2 and from the windows of the vacuum tubes.

In order to improve the resolution for low energy photons, 10 calibrate the efficiency of the LG calorimeter as a
the LG signal was fed to a passive splitter to produce twdunction of photon energy, a carbon target—for which the
signals, one of which attenuated by a factor 10. The unat-PM effect is absent in the detected range—was used. The
tenuated signal, the so-called LGh, covered the rangeto  eSult—with background duly subtracted—was compared to
=55 GeV, while the attenuated LG covered the region fron? simulation base_d on the stand_ard Bethe-Heitler expression
=2 GeV to substantially beyond the end poit,For pho- to _extract the efficiency, see Fig. 6. '_I'he standard Bethe-
ton energies less than 20 GeV the LGh signal was used in tHg€itler spectrum was obtained by settiBgpy= 10° Gev.

analysis and consistency between LGh and LG was conNO aftempt to reproduce the observed background by de-
firmed in the region of overlap of the two signals. tailed simulation was performed. The correction arising from

For the tagging to function properly, the drift chambersthe éfficiency was for all photon energies small, typically
must read the position accurately. From earlier experiments ff—> %- The efficiency arises due to a number of geometrical
is known that the DCs employed have a slightly nonlinearfaCtofS! for instance pair p_roductlon m_the.He—bag where the
response due to a tiny acceleration of the drifting electron@P€ning angle of the pair is such that it misses the LG or an
across the cell. Therefore, the DCs were on-line calibrated b§*c€SS of counts due to interaction of the spent electron with
means of scintillator counteréSitl, Hitl, Slit2 and Hitag e He-bag vessel that may be partly intercepted by the LG.
with known distance between slits cut in the scintillator ma- | "€ characteristic frequency of synchrotron radiation for 287
terial, see Fig. 4. The nonlinearities result in a maximumGeV electrons in a 2T fieldabout max. value in Bgis
deviation of 0.25 mm which was taken into account in theft@c=0.1 GeV beyond which the spectrum falls off roughly
analysis. exponentially and the total energy loss amounts to 0.7 GeV.

In order to correct for the background, an empty target runl "€ Small “bump” at very low photon energies in Fig. 6 can
was performed for all three energies. The results of thesf!us not be explained by synchrotron radiation. The simula-
runs, a background of about 0.7%, have been subtracted tions were performed by the use GEANT with an imple-
from the data. In Fig. 5 is shown two of the backgroundMentation of the cross section from E§).

measurements with simulated values of 0.6X%@nd 0.73%
C. Targets

0.0010 - The absolute value of the nominal radiation length of each
of the targets was determined by weighing and measuring the
foils to obtain the areal density and using Tsai’'s tabulated
values for the unit radiation lengfB3]. The resulting values
are  Atc/Xg=4.14+-0.05%, Atg,/Xp=4.40£0.03%,
At/ Xo=4.45+-0.05% andAt, /Xy,=4.36:0.10% for C,
Cu, Ta and Ir, respectively, in good agreement with the val-
- — ues specified by the supplier. The carbon target was specified
; to be 99.5% purédmain contaminants iron oxide, silica and
Totseclsted cnengy (Y] aluminum, while the remaining targets were 99.9% pure.
FIG. 5. Measured background spectra for the 1difled In order to reduce the influence of pile-up of several se-
squaresand 287 Ge\(open circlesruns. For comparison is shown quentially emitted photons a target thickness=ef% X,
the expected signal from a 0.67%, C target at 149 GeVdashed was chosen. This means that the average photon multiplicity
line) and a 0.73%X, C target at 287 Ge\ffull line). above the threshold of 2 GeV in 0.128 mm Ir=sl.1%, i.e.

0.0008 |

0.0006

0.0004 -

dNy/dhie

0.0002 -

0.0000
2

032001-5



HANSEN et al. PHYSICAL REVIEW D 69, 032001 (2004

the probability of two-photon emission is low. The simula- 0.01 5

tions show, however, that even in a target as thin asX%

the contribution from pile-up is affecting the spectrum vis-

ibly, up to 20%. i
Furthermore, as pile-up may mimic the suppression effect 5 1537

caused by the LPM mechanis(eee e.g.[24]), we chose %

targets of almost equivalent thickness in units of radiation Z

lengths. Since the LPM effect is proportionalXg while the

pile-up depends on the thicknaasunits of X,, a comparison 1E4 4

between the targets reveals the LPM effect, irrespective of

pile-up.

—— Leadglass
Tag, DC3

The measurement sequence—which is relevant for an g = T t10|0 g te:fo zg)e 20 %0
evaluation of systematic errors in the comparison between ot radisted anergy [Gav]
targets and energies—was as follows: calibration, then first FIG. 7. Counting spectra,Nidhw, as a function of photon

all targets at 287 GeV, starting with Ir, C, empty target, Tagnergy 4w, linearly binned and plotted on a logarithmic vertical
and then Cu, followed by the same sequence of targets at 2Q¢aje. The dotted line denotes the tagging in DC3, the dashed line
GeV, recalibration and finally 149 GeV again with the samegenotes the tagging in DC4 while the full line represents the data
sequence of targets. No significant change in beam-anglgbtained by the lead glass calorimeter. All three sets are for 287
and/or -position was observed from one target or energy t@eV electrons on 0.128 mm (4.36%X,). Background has been
the next. Any small change was compensated by off-lingubtracted from the data sets but corrections for efficiencies have
selections of events during analysis. not been included. Data points where the relative uncertainty ex-
ceeds 25% have been discarded.
1. Contribution from target electrons

and the Coulomb correction Since the kinematics of scattering off electrons or nuclei
According to Tsai[53] the unsuppressed bremsstrahlungare different, it is possible that the term proportionalZzo
cross section equals remains unsuppressed for energies where the term propor-

tional to Z? is suppressed. Simulations where both terms are

do  4ar?[/4 a4 suppressed and with suppression of only the nuclear term
—— =8| -~ —y+y? [Z%(Lyaq— )+ 2L, show that the difference between these descriptions is small
dhw ho [\3 3 (see below
1 2
* §(l—y)(Z +2) (16) D. Analysis

1. Angular resolution
where (for Z=5) L,,=In(1842~*?) is the radiation loga-
rithm for interaction with the nuclear field<Z?), f is the

!

Coulomb correction antl/,,=In(1194~%3) is the radiation
logarithm for interaction with the target electrons4).

The drift chambers used for the present experiment, once
properly calibrated, provide a spatial resolution of approxi-
mately o=100 um. With distances of 61.42 m between
DC1 and DC2 and 18.91 m between DC2 and DC4 this gives

Equation(16) applies in the limit of complete screening, i.e. an extremely good angular resolution on the entry as well as
for electrons of sufficiently high energy and excluding pho_on the exit side of the target foil. Since two chambers are

ton emission energies close to that of the incident electron. . SO )
2 S needed to determine an angle, the uncertainty in deflection
As we are considering ultrarelativistic electrong =5

X 10°) and the region of main interest is low photon ener.angle by DC1, DC2 and DC4 s AaDC:\./.E
gies, the requirement of complete screening is fulfilled. X100 zm(1/61 m+ 1/19. m)z. 10 prad. This can be verified
The tabulated values of the radiation length used for ouFrom th_e data by. app[ylng tight c_uts on DC1 and DC2 and
target thickness evaluations are inversely proportional to E .bservmg the width in DC4 which should be10 ,urad.
(16) if the term c(y)=(1—y)(Z?+2)/9 is ignored[53]. 18 m=0.18 mm for the empty target run. By extrapolanor_l
This correction term is 2.4% of the terms retained in the case’, 260 of t_he _W'dth Of the cu_ts, the experimental yalue IS
of Ir and 1.7% in the case of C for soft photons<0.2) and blllg mm, yielding confidence in e.g., angular selectises
tends to zero for hard photons. We note that EB).trans- elow.
forms into Eq.(16) in the limit G(s) = ¢(s) =1 whenc(y) is
neglected, by the substituticf?L . Z2(L ag— )+ ZL,ags
corresponding to a redefinition of the radiation length. This In Fig. 7 is shown the results obtained for the iridium
redefinition is possible since the energy behavior of termsarget with 287 GeV electrons by use of the lead glass calo-
proportional toZ and Z? is equal in the complete screening rimeter and the tagging procedure. Clearly, the overall agree-
case. Disregarding the small correctiofy), the contribu- mentis good in the sections of overlapping sensitive regions.
tion from target electrongand the Coulomb correctiofi For drift chamber 3, the direct (B80 A) electron beam
which amounts to 8% for Jris thus taken into account by crossed the sensitive region with the center at a distance of
scaling, through the usage of Tsai's tabulated valuexfor 10 mm from the edge. The distance from DC3 to the center

2. Tagging spectrometer
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of B8 was 1.77 m. Thus, operation with B8 at the standard 0005+
value of integrated field 4.052 Tm provided a sensitivity to
photons in the range fronx0 GeV to =271 GeV for elec- ]
trons of 287 GeV. g 0003 gt
For drift chamber 4, the direct electron beam was kept % " EE
outside the sensitive region with the center at a distance of% 00021 ﬁ

45 mm from the edge. The distance from DC4 to the center ooo1{ | ° G 287GeV

of B8 was 17.23 m providing a sensitivity to photons in the ¢ Ta 149GeV

range from=0 GeV to =180 GeV for electrons of 287 0003 10 100
GeV. For DC3 as well as DC4, these upper thresholds of Total radiated energy [GeV]

sensitivity to photons are in excellent agreement with the _ _
upper cutoffs observed in Fig. 7. The dip in efficiency ob- FIG. 8. Counting spectra,Nidiw, as a function of photon
served for photon energies near 130 GeV for tagging in DC£Nergy o, logarithmically binned and plotted on a logarithmic
is correlated with hits in the DC near the anode-wire wherescale. The filled circles are for 149 GeV electrons in 4.45
the efficiency is low due to a poorer development of the*0-05X, Ta and the open squares for 287 GeV electrons in 4.40
electron avalanche in the chamber. +0.03X%, Cu.

It is easy to show that the relative energy resolution is

given by As expected from Table | and seen in Fig. 8, the measured
spectrum for copper at 287 GeV is very similar to that of

dE, do[E. tantalum at 149 GeV for low photon energies. This is a

E_y: 7(E_7_ ) 17 strong experimental indication that the “threshold” value as

e.g., calculated from Ed6) is decisive for the suppression

where ¢ is the deflection angle anél, is the energy of the
radiated photon. When the magnet B8 is operated at 4.05
Tm (yielding a deflection of 4.2 mrad at 287 Ge#&nd with

a combined angular resolution of two DCs of=d10 urad

as expected for DC2-DC4, we get a relative resolution of
10% at a photon energy of 7 GeV. For DC3 which is a factor
6 closer to DC2, the angular resolution is substantially worsk
such that photon energies below at leagt0 GeV should be
disregarded. As seen in Fig. 7 an excess of counts compart 0.000 . .
to the LG is observed in the DC3 tagging for energies below : 10 100
=100 GeV. This is a consequence of a wrong evaluation o
the photon energy due to the finite resolution and is comper
sated at even lower photon energiest shown where how- 0.004 4
ever, the resolution becomes very poor, resulting in a sub g ¢4
stantial scatter of data points. The comparison between thg
tagging and lead glass procedures therefore yields very se= %921
isfactory results in the regions to be expected amenable t° 0001
analysis. Especially reassuring is the very good agreement

0.005

absolute scale. 00004
0.005
IV. RESULTS AND DISCUSSION ]
0004 i
A. Total spectra ]
0.003

The counting spectralogarithmic binning, 25 bins/
decadé¢ obtained for 149, 207 and 287 GeV electrons im- 0002+
pinging on Ir, Ta and Cu targets, respectively, are shown ir 4, |
Figs. 8—11. The dotted lines denote the values obtained by 1 0
Monte Carlo simulation based on a Bethe-Heitler brems. 000 " T
strahlung spectrum for the nominal thickness in unitXgf i
i.e., including the effect of pile-up, but excluding any sup- Tetalradisled crergy [S6V]
pression effects. The full lines denote the values obtained by g 9. Bremsstrahlung spectrumig/di o, for (a) 287 GeV,
the simulation based on the LPM corrected bremsstrahlungy) 207 Gev and(c) 149 GeV electrons on 0.128 mm (#.36%
spectrum. The simulations are performed using a lower enx ). The total radiated energfw, is presented in logarithmic bins
ergy threshold of 0.1 GeV and 600 channels from 1 GeV tq25 per decadeand plotted on a logarithmic scale. The vertical
the end point energy. Rescaling of the relative bin-size hascale is normalized to the number of incoming electrons. The dotted
been performed to enable comparison, but no scaling of e.giine is the result of a simulation based on a pure Bethe-Heitler
target thickness has been done. spectrum while the full line includes the LPM suppression.
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0.005 - .
000ad o
0.003 -
0.002 -
0.000 . |
i 10 100
0.000 2 1|0 1(|)0 0.000 : 1|0 ' 160
Totalradated eneray (6o Total radiated energy [GeV]
FIG. 10. As Fig. 9, but for tantalum. FIG. 11. As Fig. 9, but for copper.

mechanism, irrespective of the type of matef@bart from  pression which appears at lower photon energies. Further-
this particular combination of nominal radiation length andmore, the agreement is good over the entire spectrum for all
energy. three energies and all targets, although there is a tendency for

In Fig. 9 the results for the three energies in Ir are shownthe data to lie below the simulation for lower electron ener-
A comparison between experimental values, the LPM SUPgies.

pressed spectrum and the unsuppressed Bethe-Heitler type
spectrum clearly shows the strong suppression and its in-
crease with increasing beam energy. The overall agreement ] . .
between the experiment and the LPM spectrum is very sat- Since the LPM effect is a result of multiple scattering
isfactory' a|though at low photon energies the scale of thé\/|th|n the formation zone, it should be pOSSIb|e by restrict-
experimental values seems about 5% too low. The slight disnd the range of scattering angles to influence the threshold
crepancy at the highest photon energies where the cross sed-the LPM effect. As the opening angle of the photon emis-
tion (which is strictly valid only fory— ) has a local maxi- Sion or pair creation is of the order y#md/p
mum, is due to the finite resolution of the lead glass which<13.6 MeV/(Bcp) with a typical distance=X, between
“smears” the peak. The first part of this peak is seen moreemissions, the multiple scattering is dominating for all ener-
clearly in the tagging spectrum, see Fig. 7, which, howevergies. In fact, sinced«Ax/X, a restriction of scattering
is cut off at a photon energy in the neighborhood of 271 Gevangles by e.g.4}’' =k,- & where O<ky=<1 yields a change
In Fig. 10 the results for the three energies in Ta aren the effective LPM threshold t& py,=E pu/K5 . Clearly,
shown. In this case the agreement is not quite as convincindue to the connection between angle, momentum and scat-
as for Ir, indicating a slightly stronger suppression than extering in the horizontal plane such a selection can only be
pected. This also bears out in the experimental value foperformed in the vertical plane where the momentdure to
E pm, See below. the lack of vertical dispersion after B8loes not enter as a
Finally, for Cu shown in Fig. 11, the overall agreement isvariable. As the angular resolution is about Afad, but in
good although the scatter of the experimental values is somene plane only, and the scattering angle is well approximated
what more pronounced. The overall picture shows that théy 9,,=13.6 MeV/(Bcp)VAX/Xy with Ax/Xo=4.4%
LPM suppression is pronounced at low photon energies andgthich gives 14urad for 207 GeV in Ir, the angular resolu-
it is evident that the effect is very strong for the dense, hightion is just at the limit of enabling evidence for a potentially
Z targets chosen, while Cu has a significantly smaller supreduced LPM effect.

B. Reduced multiple scattering
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0.005 TABLE Il. Reducedy?-values for the data for each enertig
- GeV) and each target including only statistical uncertainties, com-
0.004 - o T 5 I%%i pared to the simulation based on the theoretical valueg, gf; -
I ILTT g 0 7g O The number of degrees of freedom was 50, 47 and 44, respectively.
3 hdes O
g B : g 287 207 149
S 002 5 Iridium 10 16 12
N Tantalum 1.3 3.0 3.8
0.001 + = 50 prad Copper 2.1 2.7
o 10 prad =
0.000 r Cae
2 10 100

ing experimental histogram. The energy resolution of the
calorimeter was taken into account in the simulations; as
FIG. 12. Counting spectra,Nid%w, as a function of photon €xpected it only affected the contents of a few bins around
energy,w, logarithmically binned and plotted on a logarithmic the highest and lowest energies; they were excluded from the
scale. The data points are for 207 GeV electrons on 0.128 mm lanalysis which included only bin energies above 2 GeV. An-
(4.36% X,) with background subtracted. The open circles are ob-other reason for excluding the lowest energy bins is their
tained with a cutA 6, <10 urad in vertical deflection angle and the sensitivity to the threshold energy of radiated photons
filled squares forA 6, <50 urad. The upper limit of photon ener- adopted in the simulations. A value of 0.1 GeV was used for
gies athw=100 GeV reflects the acceptance of DC4. the threshold but values up to 1 GeV were investigated to
examine its influence on the spectra which turned out to be
The results of two angular selections performed on thenegligible. A parabola was fitted to the points in W E py
207 GeV iridium data are shown in Fig. 12. No clear changeplane to find the best value & p, together with its standard
of the suppression can be observed. deviation. In most cases a minimum valuedf within one
In the search for EeV-ZeV electromagnetically initiated standard deviation from the expectation value was obtained
extended air showers, the effective area of the detector repmnd in no case did the deviation exceed two standard devia-
resents a subsection of the actual extent of the air shower anns.

therefore a potential change in the effective value of the |n Table Il we present the values of the redugéd For Ir,

Total radiated energy [GeV]

LPM threshold. the agreement is good for all three energies, for Cu it is
substantially worse, while for Ta the agreement is good for
C. Determination of E, py, 287 GeV while being clearly poorer for lower energies.

2 . .

To compare the experimental data with the prediction 'I_'he va_lues found by _thg procedure are givenin T_ab_le
based on the theoretical model outlined above and Mont I, including an evaluation of the systematic uncertainties.
Carlo simulations, the LPM effect had to be included in the>Nce the lower energy threshold coincides whtia 'p, for
GEANT code by modifying the subroutines which calculate CU at 149 GeV, the value & py cannot be extracted in this
the differential and total bremsstrahlung cross section. Equéz3Se: _ _ _
tion (8) above[together with the approximations given in  AS discussed above, the kinematics of scattering off elec-
Egs.(73)—(77) of [19]] was used for the former. For the total trons or nuclei are different, and it is possible that the term
cross section, in order to reduce the influence of thewl/ Proportional toZ 'remamszgnsuppressed for energies where
factor in Eq.(8), it proved very convenient to integrate nu- the term proportional t& is suppressed. A comparison of
merically the difference between E¢(B) and the standard S|mulz_1t|ons where both terms are suppressed and with sup-
Bethe-Heitler expression and to add the integral of the lattePre€ssion of only the nuclear term yields changes that lie
obtained analytically. within about half the RMS statistical uncertainty and does

s ! 5

In order to determine an experimental valueEyk,, we Ot improve they“-value.
followed a minimum chi-square procedure whereby, for ev-
ery target and beam energy, a set of Monte Carlo simulations
for different values of this parameter were performed deter- As seen from the values in the table and from Fig. 13, the
mining analytically, for each of the resulting histograms, theexperimental values tend to lie substantially below the theo-
overall normalization factor which best fitted the correspond+etical one when only the statistical uncertainties are consid-

1. Systematic uncertainties

TABLE lIl. Experimental and theoretical values Bfpy in TeV for each energyin GeV) and each target.
Both statistical and estimated systematic uncertainties are given.

287 207 149 Theory, Eq7)
Iridium 2.2+0.1+0.2 1.9-0.1+0.3 2.1:0.1+0.3 2.247
Tantalum 2.50.2+0.3 2.3:0.1+0.4 2.1:0.1+0.5 3.143
Copper 7.40.5+2 7.550.4+2 11.06
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atic uncertainty, which is also reflected in Ta data point error

o 287 GeV + bars being slightly low in Fig. 13. We emphasize that at-
o 207 GeV T tempts to derive such “artificial” efficiencies will only rem-
A 149 GeV ) edy one targete.g., Ta while for other targetgas In the

— Ea.(7) agreement becomes poorer when the same correction is ap-
plied.

Ignoring the termc(y)=(1-y)(Z?+2)/9 in Eq. (16)
makes a small correction at low photon enerdie§% cor-
rection for carbon and 2.4% for)lwhich, however, would
only make a minute impact on the evaluationEky, .

On the theoretical side, the application of the Migdal ex-
pression, Eq(8), is slightly doubtful when it comes to cor-
rections on the few percent scale. Other, more recent theories
of e.g., Baier and Katko{23-25, include Coulomb correc-

tion of nominal radiation length. Both statisticaide error bark tions directly in the expression for the spectral distribution of

and estimated systematic uncertaintiggrrow error bars are the radiation probabilityf23] as well as a correction term

showr. derived from an expansion of the electron propagator. This

correction term is energy dependent and not insignificant for
ered. The overall scale does not affect this conclusion dra52-50 G_eV (_alectrons_pene_tratmg golas], peakmg neary
=0.1, i.e., in the main region of interest here. It increases the

tically. One explanation could be systematic effects which,

i q
e.g., yield too high values for the carbon spectrum, in par_theoreUcaIIy expected values near and beibwpy and

ticular for low photon energies, see Fig. 6. Since the experi'—[hus mgkelsl the agr\t;z\f:ment rt])et\_/veet?] t?eory and da|1.ta ?Ilghtlfy
mental efficiency is derived from this, a slightly insufficient poorerin ail cases. We emphasize that no renormalization o
account for background counts may result in an efficienc;}he target thicknesses has been performed, in contrast to the

that could affect the spectrum on a 5% sc@aldich would SLﬁ‘C measuremefn;ﬁ. . tallv determined val f
result in a wrong evaluation d& ), by about 12% for I an average ot the experimentally determined vaiues o

: - ; i d to extract the coefficient of proportionality from
The systematic errors include the targets thlcknesseELPM IS use . - .
(=1%), photon energy calibratiop=2%, but energy de- g. (7) the result isE| py=5.3+0.3%= 1.5Xy X TeV/cm with

pendent, to a small extent influenced by the accuracy Wiﬂ§tatistical and estimated systematic errors, respectively.
which the input energy is knowfabout 1%][55])], back-

E oy [TeV]

Radiation length, X, [mm] 0

FIG. 13. Experimental and theoretical valuesf, as a func-

ground subtraction £2%), simulation =1%) and effi- D. Suppression and possible compensation

ciency correction £4%, also energy dependgntesulting As discussed if1], by integration of each of the two
in a total systematic uncertainty of about 5% which dependsntervals split by# wJpy, We get suppression factorsy,, and

on photon energy. 7high (integral of the Bethe-Heitler simulated spectrum di-

. 2 . . ey A i

We emphasize that thg“-analysis is very sensitive 10 yided by the data As seen from Table IV the latter is clearly
small changes in the spectrum, in particular at low energies;onsistent with 1 while the former indicates a strong suppres-
Thus, in view of the systematic uncertainties we do not atsjon. Furthermore, the same procedure applied to the upper
tempt to claim an observation of a failure of the theoreticaly g or 200 of the Spectrumy; o0, Shows no sign of a com-
assessment @, py , as from the analysis we cannot exclude pensating effect. Inclusion of a 5% systematic uncertainty
e.g. an insufficient account of background events on the feWpes not alter this conclusion.
percent level. In any case, the good agreement between mea-The possible compensation effect that could counteract

sured and nominal spectra shown in Figs. 9-11 is visiblgne | PM suppression discussed by B&#] is thus not ob-
over the entire energy range, in particular for Ir. This agreeseyed in the presented data.

ment supports the validity of Migdal's theory, also in the
guantum regime.

From the experimental point of view, the discrepancy for
e.g., Ta at 149 GeV can be remedied by an “artificial” effi- ~ We have presented measurements of the LPM suppression
ciency that increases logarithmically with photon energyin the energy regime where quantum effects such as recoil
from 0.92 to 1.04, i.e.e¢(E)=0.029 InE[GeV])+0.9. This become significant. Comparison with simulated theoretical
correction is slightly large compared to the estimated systemspectra based on the theory of Migdal shows good agreement

V. CONCLUSION

TABLE IV. The suppression factors for Ir; see text for details.

Energy Ttotal Tow high 7720 710
287 GeV 1.02-0.09 1.27#0.10 0.9%:0.08 1.0G:0.06 1.04£0.06
207 GeV 1.0220.13 1.220.09 1.00:0.12 1.06-0.11 1.16:0.12
149 GeV 1.06:0.07 1.26-0.05 1.06-0.07 1.14-0.06 1.210.07
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for the targets Ir, Ta and Cu for electron energies 149, 20Theory. Finally, we show experimentally that the parameter,
and 287 GeV. The theoretical reproduction of experimentaE, p\, is decisive for the onset of suppression.

values yields confidence in extrapolations of the theories to
energies and densities where quantum effects are dominating
as e.g. for calorimetry of secondary leptons at the future
LHC or in ZeV air showers. A comparison between simula- U.l.U. wishes to thank Professor M. L. Ter-Mikaelian for
tions with the “threshold” energyk, py, as a free parameter his keen interest and encouragement during discussions re-
and the data is also shown. This analysis reproduces the ebated to the presented experiment. U.I.U. acknowledges sup-
pected trend as a function of nominal radiation length, buport from the ICE center, funded by the Danish Natural Sci-
yields values that are slightly low compared to Migdal’'s ence Research Council.
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