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An Accurate Measurement of the Landau-Pomeranchuk-Migdal Effect
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In the 1950s, Landau, Potneranchuk, and Migdal (LPM) predicted that the cross section for
bremsstrahlung from highly relativistic particles in dense media would be suppressed due to interference
between amplitudes of nearby interactions. We have measured the production rates of 5 to 500 MeV
photons from 8 and 25 GeV electrons traversing thin gold and carbon targets. We observe, to within
5% accuracy, suppression at the level predicted by Migdal. For extremely thin targets, we observe
"edge effects" where the LPM suppression is reduced near the edges of the targets. We also point out
the imprecise foundation of the LPM theory.

PACS numbers: 41.60.—m, 12.20.Fv

In the 1950s Landau, Pomeranchuk, and Migdal
(LPM) [1,2] predicted that the cross section for
brernsstrahlung from highly relativistic particles in
dense media is suppressed due to interference between
amplitudes of nearby interactions. The suppression has
its roots in the uncertainty principle. The kinematics of
bremsstrahlung requires that the longitudinal momentum
transfer between the nucleus and the electron must
be small; the uncertainty principle then requires that
the interaction must occur over a large longitudinal
distance scale (formation zone). If the electron Coulomb
scatters while traversing this zone, the bremsstrahlung
amplitude from before and after the scattering can inter-
fere, reducing the amplitude for bremsstrahlung photon
emission.

We present here the first quantitative measurement of
bremsstrahlung suppression due to the LPM effect. In
the past there have been several qualitative tests of the
LPM effect using cosmic rays and one qualitative test at
an accelerator [3]. The effect is relevant in many areas,
but particularly in high energy cosmic ray air showers [4].
Our experiment, SLAC E-146 [5,6], carried out at the
Stanford Linear Accelerator Center (SLAC), studied the
bremsstrahlung production of 5 to 500 MeV photons by 8
and 25 GeV electrons. We found that the suppression of
bremsstrahlung predicted by the LPM theory is correct to
within 5%.

Unfortunately, no concise derivations of the LPM
effect exist. Qualitative discussions have been given
by Galitsky and Gurevich [7] and by Perl [8]. Here
we give a brief qualitative discussion and the ba-
sic equations. The differential cross section for the
bremsstrahlung production of a photon of energy k

by an ultrarelativistic electron of energy E and mass
I, where k «E (complete screening) [9] is given
by

dk 3k
(y' + 2[I + (I —y)'])
X (Z'F„+ ZF,„„)
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Here y = k/E, n is the fine structure constant, r, is
the classical radius of the electron, and Z is the nuclear
charge. F, ~

= In(184/Z'I ) and F,„,~

= In(1194/Z2I3)
are the elastic and inelastic atomic from factors [9].
Equation (1) has the well-known Bethe-Heitler form
(d o.n H /dk)Y «) —1/k.

In this kinematic regime k « E the average angle
between the incident electron and the produced photon
is small, Ok = mc /E, and the average angle between
the scattered electron and the incident electron is smaller
still. Neglecting these angles, the longitudinal momentum
transfer to the atom is q~~

= k/27 2c, where y = E/mcz
[8]. The uncertainty principle then requires that the
spatial position of the bremsstrahlung process has a
longitudinal uncertainty of L~~

= It/q~~ = 2IIcy /k. In
alternate language, the electron and photon slowly split
apart over the distance L~~. In a sufficiently dense medium
the electron mean free pa'h is much less than L~~, so
an electron will interact while traversing L I~, in the
LPM effect the relevant interaction is multiple scattering.
Roughly, bremsstrahlung is suppressed [7] when the mean
square multiple scattering angle over the distance L~~

2 Es l L()0 (2)E) Xp

is greater than or equal to Ok. Here E, =
mc (47r/n)' = 2l Mev and Xp is the radiation
length. Therefore der/dk is suppressed when
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ELpM = mc Xpcl/8~bc = (3 8 X 10' eV)Xowhere
(cm).

Table I shows that as Z increases ELpM decreases and

kLpM, the electron energy dependent upper limit for the
LPM effect, increases. Using semiclassical arguments [1],
it can be shown that, for y « 1, do LpM/dk —I/~k in
contrast to dcrBH/dk, which is proportional to 1/k. A
more accurate analysis becomes very involved; Migdal
based his calculations on scattering theory.

In his formulation [2], Migdal defines a dimensionless
variable
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where 1 ( s(s) ( 2. When y « 1, s —(LLpM/Lii)'/ .
When s )) 1, der/dk is unaffected; when s « 1, there is
strong suppression. Migdal found that

4nr~LpM es( )
~

p
( ) [dk 3k

x $(s)iz ln(, i ),
where G(s) and @(s) may be approximated by sums
[4]. In the no suppression limit s ~ ~, G(s) ~ 1,
and @(s) 1. Comparing do.LpM/dk [Eq. (6)] with
do. tiH/dk [Eq. (1)] in this limit, do.LpM/dk yields the
Z F,j term but not the ZF;«i or the Z + Z terms. Our
calculations include the ZF;„,i term by normalizing both
our do LpM/dk and dcrriH/dk to the radiation length as
defined by Tsai [9]. The Z2 + Z term is omitted from
both our cross sections and the definition of the radiation
length [9]; this is roughly a 2% correction.

Figure 1 shows the suppression of the LPM cross
section as k decreases. Right above the region where the
suppression disappears, do.LpM/dk rises slightly above
do.aH/dk; this occurs because $(s)P(s) rises slightly
above 1.

The experimental layout is shown in Fig. 2. Electron
beams with energies of 8 or 25 GeV entered the SLAC
end station A and interacted in targets of thicknesses
0.1%—6% Xo. The electrons were then magnetically bent
downward by 39 mrad (at the full beam energy) into a
wire chamber spectrometer and then into lead glass blocks
which accurately count the electrons. Photons produced
in the target were detected 50 m downstream in a BGO
calorimeter array. To minimize backgrounds, the electron
path upstream of the calorimeter and the photon Aight path
were kept in vacuum. The beam ran at 120 pulses/sec,

TABLE I. Z, Xp, LLpM, and kppM, the latter for 25 GeV
electrons.

with an intensity adjusted to average 1 electron(pulse,
except for the 0.1% gold target, where higher rates were
sometimes used. The beam was generated parasitically
during SLC collider operation [10]. To avoid possible
trigger bias, data were recorded at every pulse. This
Letter discusses data taken with gold and carbon targets,
as detailed in Table II.

The BGO calorimeter comprises 45 crystals (a 7 by 7
array, with the corners missing). Each crystal is 2 cm
square by 20 cm (18Xo) deep. The calorimeter was read
out by photomultiplier tubes (PMTs), which detected
about one photoelectron per 30 keV of energy deposition.
The PMT signals were digitized by LeCroy 2282, 12
bit ADCs, with the phototube gain adjusted so that one
count was about 100 keV. The FWHM calorimeter
resolution was 6% for 400 MeV electrons, rising to 8%
FWHM for 40 MeV electrons. Three methods were used
for calorimeter calibration: electron beams with energies
of 400 and 500 MeV; cosmic ray muons; and event
reconstruction, requiring that the photon energy in the
BGO and the electron energy measured in the wire
chamber sum to the beam energy. The BGO temperature
was monitored during data taking, and the BGO data were
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FIG. 1. Comparison of kdo. ppM/dk and kdcraH /dk for
25 GeV electrons incident on a uranium target. The cross
sections are not corrected for the edge effect.
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I IG. 2. Schematic picture of the experiment.
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TABLE II. Target thickness t in mm, g/cm, and Xo.

Target

t (mm)
t (g/cm )

r (Xo)

6% C

11.732
2.5717
0.0602

0.1% Au

0.0039
0.0074
0.0011

0.7% Au

0.0231
0.0445
0.0068

6% Au

0.1991
0.384
0.0591

corrected to compensate for temperature variations, using
the measured temperature response. Further details of the
calibration are provided in Refs. [5] and [6].

Our analysis selected bremsstrahlung events containing
a photon in the calorimeter plus a single electron in
the lead glass blocks. The photon energies were then
histogrammed. Figure 3 shows a sampling of our data,
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FIG. 3. Measurements with statistical errors only of
dN/d(logk) compared with Monte Carlo calculated theo-
retical curves. The cross sections are given in terms of
dN/[d(logk)/Xq], where N is the number of events per photon
energy bin per incident electron. The photon energy scale is
logarithmic with 25 bins per decade, so each bin has a width
Ak —0.0964k. The dashed histogram is the Bethe-Heitler
Monte Carlo prediction, and the solid line gives the LPM
Monte Carlo prediction. (a) 25 GeV electrons incident on 6%
Xo gold; (b) 25 GeV electrons incident on 6% Xo carbon; (c)
8 GeV electrons incident on 6% Xc gold; (d) 25 GeV electrons
incident on 0.7% Xo gold; (e) data and Monte Carlo curves
from 25 GeV electrons incident on 0.7% Xo gold subtracted
from 25 GeV electrons incident on 6% Xo gold, leaving the
"middle" 5.3% Xo of gold; (f) 25 GeV electrons incident on
0.1Vo Xo gold.

together with Monte Carlo predictions, for both the
Bethe-Heitler and LPM dN/d(logk) T. he plots show
dN/d(logk), with 25 bins per decade of energy, so that
the bin width /t F = 0 09F... Logarithmic bins are used so
that the Bethe-Heitler 1/k cross section appears roughly
Oat.

Figures 3(a) and 3(b) show the number of observed
photons per 25 GeV electron traversing the 6% Xo gold
and carbon targets. The gold target shows a large
suppression compared to the Bethe-Heitler prediction
(dashed lines). Carbon, which is much less dense, shows
little suppression. Figure 3(c) shows the corresponding
plots for 8 GeV electrons incident on the gold target;
here the LPM effect is much reduced. In all three cases,
excellent agreement is seen with the Monte Carlo LPM
curves (solid lines) above k = 30 MeV; below 30 MeV
the data are higher than the LPM Monte Carlo.

One shortcoming in Migdal's formulas is that they ap-

ply only for infinitely thick targets. In a target of fi-
nite thickness, electrons may interact near an edge. Then
the formation zone may extend out of the target so the
electrons undergo less moltiple scattering, and therefore
less suppression. Unfortunately, we have found no sat-
isfactory theoretical treatment of this phenomenon. This
can explain the discrepancy between the LPM prediction
and data below about 30 MeV in Fig. 3(a). This effect
is proportionately much larger in thinner targets, as seen
in Fig. 3(d) for 25 GeV electrons incident on a 0.7% Xq
gold target. To remove edge effects from our data, we
subtract the 0.7% Xo gold target data from the 6% Xo
gold data to get the middle 5.3%, without edge effects.
The result is shown in Fig. 3(e). Repeating this proce-
dure with Monte Carlo results accounts for multiple pho-
ton emission; the agreement is excellent over the entire
range 5 ( k ( 500 MeV. This procedure introduces a
small ((2%) systematic error due to additional multipho-
ton emission associated with the edge effect.

For extremely thin targets, thinner than the formation
zone length, LPM suppression should completely disap-
pear because there is too little total multiple scattering
to cause suppression. This effect is verified by the data
shown in Fig. 3(f) from 25 GeV electrons passing through
a 0.1% Xo target.

The errors shown on the plots are statistical only. The
point-to-point systematic errors vary slowly with k and
correspond to a 4.5% uncertainty across the measured
range of k. The major sources are photon cluster finding
(2%), calorimeter energy calibration (1.5%), calorimeter
nonlinearity (3%), backgrounds (1%), uncertainty in the
target density (2%), and multiphoton pileup due to the
edge effect (1%).

The major backgrounds —synchrotron radiation from
the spectrometer and beam line magnets, and transition
radiation in the target are expected to be small above
5 MeV. The synchrotron radiation and other beam related
backgrounds have been measured in empty target holder
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runs and found to be small, below 0.1% per electron.
When significant (as for the 0.1% gold target), they have
been subtracted from the corresponding target-in data.

The major difference between the Monte Carlo curves
and the theoretical cross sections (Fig. 1) is that the
Monte Carlo includes the effect of multiphoton emission,
where a single electron passing through the target interacts
twice, emitting two different photons. This depresses
the low energy end of the spectrum and increases the
high energy end, tilting the otherwise fairly Hat Bethe-
Heitler spectrum. The Monte Carlo includes possible
photon absorption in the target and smearing to simulate
calorimeter resolution. At low energies, we include an
additional suppression due to the longitudinal density
effect [11],following the prescription in Ref. [2].

The Monte Carlo curves are normalized so that the
LPM curves match the data in the region 450 ( k (
500 MeV. Except for the 0.1% Xo gold, the data are
consistent with a common normalization factor of 0.94 +

0.01 ~ 0.032. The 3.2% systematic error comes from un-
certainties in the target thickness (2%), energy calibra-
tion (1%), electron flux (0.5%), Monte Carlo (excluding
bremsstrahlung physics input) (1%), and normalization
technique (2%).

It is difficult to explain a 6% normalization difference
in terms of experimental biases alone. The difference is
likely due to the approximate nature of these formulas.
Radiative corrections could be significant at this level be-
cause F/Ic is so large. Because the longitudinal density
effect suppresses low energy photons, the exact correc-
tions are unknown. There are also shifts from neglecting
the Z(Z + 1)/3 term in the Tsai formula, and because the
electron distribution in solids differs from the free atom
wave functions used in screening calculations.

In summary, we have found that the Migdal theory of
the LPM effect accurately describes data taken on carbon
and gold targets, once multiphoton pileup and edge effects
are taken into account. The suppression varies with both
target Xo and electron energy as predicted by Migdal. For
thin targets, edge effects reduce the suppression. For all
of our data, the absolute bremsstrahlung rate is slightly
below that predicted by current theory. More theoretical

work is called for to accurately treat these edge effects,
and the small but significant normalization difference
between data and theory needs to be better understood.
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