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Tn investigating the e’e —= B+E-J process the radiation
probability ies observed to be substantially less than that cal-
culated in the standard QED., The effect is due to the fact that
the characteristic impact parameters in the process are much
greater than the transverse sizes of colliding beams. In the
present paper the appliecability of the theoretical calculation
to the experimental condition is analysed., The Compton scatter-
ing 3’-8]]331?1‘11]]1 of the synchrotron radiationby acolliding beam

iz measured.



1. INTRODUCTION

The process of single bremsstrahlung (SB), e¥e” —m— e*e_J’,
is of great importance in the experiments with colliding beams.
Tts cross section is considerably larger than that of all other
processes, that is why the SB is very convenient for the lumi-
nosity measurements. For many processes the SB appears to be
a background. At high luminosities the SB determines the life-
time of particles in a storage ring. The SB was the first pro-
cesses to be detected with colliding beams /1/., The 5B cross

gection was measured with an accuracy of 30% at the VEP-1 stor-

age ring /2/.Excluding the works in which the large-angle photon
production has been studied, there are no other publications de-
voted to the experimental examination of the single bremsstrah-
lung. The SB cross section is calculated in Refs./3,4/.

In 1953 Landau snd Pomeranchuk noticed that the bremsstrah-
lung of relativistic electrons has an interesting feature /5,6/:

radiation with frequency ) is fqﬁmed at a great length (the
coherent length): f E (_’E_ » |
M
= mew (1)

where J/;:g{mis the electron mass,E the energy. If an electron
undergoes any external influence at this length, then the radia-
tion fails, For the bremsstrahlung:in matter the multiple scat-
tering appears to be such an influence /5,6/. This phenomenon
wes observed in /7/. In principle, the external magnetic field
can also affect the bremsstrahlung. The bremsstrahlung on the
nucleus in a magnetic field was considered in Ref./8/, where
this effect was shown to be small for the practically used
fields, In the experiments with colliding e’e™ beams, as shown
by Nikishov /9/, Baier and Katkov /10/, the influence of a mag-
netic field should be much stronger than in the radiation on

the nucleus. 3



Qur experiment has been stimulated by the scant experimental
data on the SB and by the papers /9,10/. The experiment has
shown that the SB cross section is much less than that obtained
by the standard Quantum Electrodynamics calculations /3,4/. Ve
have suggested that the effect is due to the large impact para-
meters cut-off, since the characteristic impact parameters in
the process are coneiderably larger as compared to the trans-
verse sizes of colliding beams, It turned out that the ques-
tion on the applicability of the SB cross section calculations
to the experimental conditions have not been discussed, and more-
over the calculations available have been often inapplicable
ﬁnder the real conditicns..

In this paper the conditions for applicability of the 5B
caleulations are analysed, and the experimental results of the
photon spectrum investigation in a wide range of photon energies
are presented. The first results were obtained iﬁ May, 1980 and
reported at the autumn session of the Nuclear Physics Division
of the USSR Academy of Sciences. These have stimulated the
theoretical regearch (see Refs./11-13/). In June,1981 we car-
ried out the second cycle of the experiments with a view %o a

more detail investigation of the discovered effect.
2, CONDITIONS FOR APPLICABILITY OF THE SB STANDARD CALCULATIONS

The SB process diagram is shown in PFig.1. The radiation is
mainly concentrated in the narrow cones with an angle of ~
along the direction of the primary particle motion. The SB cross
section is given by the formula /3,4/

St firlf-tt].

where 'y"=_JZE' # £ .g ) _.._,JW /L/ ,,[ is the fine
& EF=¢p Fmin 4 Y2 (F -

structure constant, g —the cla gical electron radius., The va-
lue of the cross section integrated over the photon energy ( the
threshold & = 0.5 MeV) is 5¢10722 cm® at £ = 1800 MeV. Ra-
diative corrections to formula (2) constitute less than 1%
/4A/. '

The main contribution to the photon emission with the en-

ergy (J comes from the virtual photons with energy ﬁ,},.:m.(f .
~&

Substituting this value into eq.(1), one can see that the virtual

photons are formed at a very large length /10/:
 §
/Hééﬁ:_é-’_} (3)
X, W’

When £ = 1800 MeV and & = 0.5 MeV, = 1 kn!

One can point out three macroscopic effects which impose
the restrictions on the conditions for applicability of formula
(2) in the experiments:

1) Length of the storage ring straight section.

This effect was discussed in Ref./14/ and, in more detail,
in Ref./11/. Por the validity of formula (2), it is necessary
that the straight section length .l‘ be larger than the form-
ing length of a virtual photon (3):

o o P (4)

Usually, in the storage rings L = 1410 m.

2) The transverse beam size.

The virtual photons are emitted at an angle of '-;f. So,
in the SB, the impaect parameters, _/Drv s, are of impor=-
tance. For the validity of formula (2) it is necessary that the

beam sizes ﬁr be larger than the characteristic impact para-



meters:
2 a }
6;70,_4{//__!@1/ (5)
77 -
Under our experimental conditions j’= 5 cm, whereas the r.m.s.

beam size equals 3'10'3 cm.

The finiteness of the beam transverse size results in a
decrease of the virtual photon forming length to the value

&
f Oz &
b (6)
¢
In our experiment 5- 0.5 mm.
3) Magnetic field intensity.
The influence of a magnetic field on the SB process was
considered in Refs./10,13-15/. The magnetic field reduces the

length of formation of a virtual photon down to the value
g,“' Zy’ o % , Where (7)
i /3
acdy™ e (E 1) Homddi-107¢s

At £ = 1800 MeV and &= 0.5 MeV, !};t 20 cm,
To use formula (2), it is required that

fﬁ }"fgr , (8)

.
H</" £-w - SRS ¢

At £= 1800 MeV and &= 0.5 MeV, /A = 0,05 Gs,
If the collisions occur inside the magnetic field, then
the Compton scattering of the synchrotron radiation (SR) by a
colliding beam should be taken into account /13+15, 18/. .
Tus, at £ = 1800 MeV, & = 0.5 MeV one can use formula

(2) if the beam transverse size is larger than 5 cm, the straight

section length is larger than 1 km, and the magnetic field in
this region i1s lower than 0.05 Gs, Under the conditions of our
experiment formula (2) is valid only for the hard component of
the spectrum at &3> 1000 Me?.. Among the three effects mentioned
above, most essential is that associated with the finite trans-
verse sizes of the beams, It is predominant for all the other
operating storage rings as well.

After the first cyecle of our exp-eriment a formula, which
takes into account the beam transverse sizes, has been derived
/12,13/. For the Gaussian distribution of the beam density, the

crogs section takes the form

- o

R L LT o s T
where = 0.577 is the Euler constant; 6:;, 6; are vertical
and radial beam sizes, respectively; Ac is the Compton wave-
length of an electron. The formula holds when %M ; &«1.

The theorists have analysed the other possible ﬁ:rzscnpic
effoota An the afe” i e+e'/ process /11,13/. In the paper
11/ it has been concluded that the suppression of the emission
probability observed in our experiment is due to a stronger
effect than the lafga impact parameters cut-off. This effect
1s argued to be associated with the particle scattering by' a
colliding beam with the emission of a virtual photon. No quali-
tative explanation of the phenomenon is made in this paper, and
a strict quantum-electrodynamical calculation is abeent, too.
As will be seen below, the results of this paper contradict the

experimental data.
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3, EXPERIMENTAL SETfUP. NORMALIZATION

The experiment wes carried out with the storage ring VEPP-4

/16/ 1n the interaction region intended for the magnetic detec-

tor MD=1 /17/.During the first series uf experiments three mag-

nets with a small vertical aperture (5 cm) were installed in
place of the magnet of the MD-1 detector. The presence of these
magnets made it possible to have any field within the range +6
xGs in the interaction region. The second series of measuremenis
was carried out with the magnet of the MD-1 detector. The vacuum
chamber around the interaction region had a 10 cm aperture in
the 1981 experiment instead of a 2 cm one in the 1980 experiment.

A geometrical scheme of the experiment in 1981 is shown in

Pig.2. The angle of rotation of a particle trajectory is 16°.,

The distance from the interaction region to the counters is

4.8 m., The design of the interaction region greatly differs
from the conventional one. An interaction region is usually ar-
ranged inside a long straight section, that leads to a high
background caused by the residual gas bremsstrahlung. The de-
sign of our interaction region provides a low background level,
gince the radiation from a small part of the orbit gets to the.
detector. At the same time, the presence of the perpendicular
magnetic field in the interaction region gives rise to the ap-
pearance of the background caused by the Compton scattering of
the SR by a colliding beam.

Normalization was performed by the double bremsstrahlung (DB)
process e+e'-—r-e+é'ljf .As is known /19-23/, this process is
formed at the distances of the order of the electron Compton
wavelength, Ae = 3.5-13_11 cm. Thus, the macroscopic factors

should have no influence on the DB process.

4, EQUIPMENT

The effect of decreasing the 5B eross sactinn,which results
from the large impact parameter cut—off,.increases_with lowering
the photon energy. Besides that, when decreasing the photoﬁ en- .
ergy the.béckgrnund of the Compton scattering of the SR by a |
culliﬂing.haam_diminishes, In view of this, it is profitable to
extend the range of photon energies to be measured to the reEinﬁ
of low energies, In the experiment the photon spectrum within
the interval 0.4-1840 MeV was measured. The phntana with an en-
ergy lower than 0.3 MeV are absorbed, t© . considerable éxteﬁt,
by a synchrotron radiation receiver (2 mm Cuj.

Tn_datect the photons, a NaI(Tl) crystal .cf 47x12x12 cm3
in size was used f24f.(cﬂunter 1 in_Fig.E).lThe light was col-
lected by two photomultipliers: thE_FEU;11G for the ﬁ.du?? MeV
region and the FEU-84 for.the 21-1840 MeV reginn._The.nohlinear;
ity of the amplitude_chéraqteristiqs d1d not exceed 1%, thﬁt was
checked with the help of photodiodeé. The absolute calibratidn |

GaiST, Znsﬁ, by the cosmic ra-

was performed with the isotopes ;
diation and at the edge of the SB spectrum. The calibration ac-
curacy was not worse than 10%. -

The examination of tha'sfahility.of photomultiplier gainé
have shown that the instabilities can be of the order of 20%
beceuse of the changes in counting rates. Thérafure, the fol-
lowing stabilization system was created. With the help of a
photodicde, the current through the photamultipliér was sat.hy
a factor of ten greater than that at a maximum operating count-
iﬁg rate. The photodiode was operating in the regiﬁe of
synchronization with the beam phase in the storage ring. The

setabllity ccntrpl was carried out continuously, during the whole



experiment, with the help of isotopes, photodiodes and at the
edge of the SB spectrum. The instability did not exceed 2%.

Por a decrease of the background from the externmal radia-
tion, own crystal radiation, and from the radintion induced in
the crystal by the beam, NaI(Tl) was covered by the lead, and
the synchrunizaticn with the phase of particle revolution in
the sturagé ring was applied. The strobe pulse lasted 100 nsec.
The revolution time of the beam in the storage ring was 1.22

esec, The resolution time of counter 1 was 30 nsec (F¥HM),
To obtain such a resolution, the threshold of a discriminator of
fast coincidences was set at the level 1/10 from the minimum
measurable amplitude, The dead time of the counter-1 electro-
nics_waa TEJﬁsec, allowing to avoid the afterpulse detection.

To detect the DB, counter 1 was connected in coincidence
with counter 2, which was quite identical to the former. The
counter 2 threshold was equal to 11 MeV and was chosen in such
a way to avoid the second responses of the discriminator during
1¥kaec after the main pulse, The dead time of counter 2 was equal
to 1Jpsec and, since the revolution time of the beam was 1.22

S4BeC, counter 2 had no discounts. This circumstance is very
egssential, since the discounts in counter 1 have no influence on
the ratio of SB to DB, With the radiative corrections taken into
account, the calculated value of the DB detection cross section

is equal to 6.7°10°28 em®, The background from accidental co-
incidences for DB was measured simultaneously with the effect
measurements. For this purpose, the coincidence counting rate

of counters 1 and 2 was measured with a delay of one of the
counters' pulse by the revolution time of particles in the stor-

age ring,.

The photomultiplier amplitudes were measured with an analog-

10

to-digit converter (2000 channels) in the CAMAK standard. For
a flexible control of a shape af_thﬂ spectrum, the discrinima-
tors were used, which divided thé gpectrum into four parts with
approximately equal counting rates., The information from dis-
criminators was transferred to the pulse scalersz. These scalers
also received the information about the counting rate of SB in
counter 2 and about that of DB, To check the background varia-
tions, counter 3 (designed on the basis of NaI(Tl)) with the
sizes 30x12x4 cm> f24f_was used.

The control of the beam position at the interaction point
was performed through SB detection by proportional chambers,
During the experiment, the instability of a beam position &id
not exceed 1 mm, that could give the systematic error not larger

than 0.5% to the DB counting rate. The whole equipment has been
checked in the DB experiment.

5« EXPERIMENT

In 1981 several series of measurements were performed,
in which the vertical and azimuthal sizes of the beam and the
electron current were changed, as well as one measurement with
the beams displaced in the vertical direction by J6z. The main

beam characteristics in the 1981 measurements are pregented in

Table 1.

The magnetic field in the 1981 experiment was not changed and
equaled 5 kGs., In 1980 three measurement series were performed
at 3 values of the magnetic field at the interaction point:

0, +3, =3 kGs. The beam sizes were approximetely the same as
in series 4 (Table 1).

T



Table 1

6},5;,&; are the vertical, radial and azimuthal sizes of the
beams, respectively; 4.2 18 the vertical displacement of the
beams.

Series 5;;_,-&»:: @,Mm @.smhf_:r,ﬁﬁ tl,ﬂﬁ ﬁZ‘,ﬂﬂ

13 0.45 2  200-300  200-300 0
13 0.45 2 200-300  200-300 40
56 0.33 2  350-450  350-450 0
24 0.45 2 350-450 . 350-45C 0
24 A 50-70 350-450 0

L% B O O

The measurement procedure was the following. The background
was measured during'ED gec; for this purpose the-baamﬂ were dis-
placed by ﬂfﬁ} , after that the beams were bringed together and
the effect was measured during 300 sec. Then, the background was
measured again. The effect or background measurement was called
a shot. Every "background-effect-background" measurement was
called a8 run. During data processing the averaged background

was subtracted. The operation conditions of the storage ring

were chosen 8o that the background be minimal and do not be chang-

ed if the beams afﬂ displaced or bringed together.

6. BACKGROUND

As has already been noted, there are two types of back-
ground in our experiment.

1.The background from the hrémsstrahlung on the residual
gas, |

This background does not cﬁﬁnga under the vertical dis-
placement of the beams and, hence, can be measured and subtract-
ed, As the calculstions and measurements haﬁe shown, the back-
ground from the bremsstrahlung on the residual gas directly from
the intersnctlon region is negligible. The main background

12

has the following origin. Electrons, that lost the energy be-
cause of the bremsstrahlung on the residual gas in the ring
and the straight section of the VEPP-4, hit the wall of the
vacuum chamber in the interaction area. They initiate in i+t
an electromagnetic shower, It 1s the photons from this shower
that give the main hﬁckgrnund counting rate.This picture is
confirmed by the linear dependence of the background from the
vacuum in the straight section of the VEPP-4 and also by the
{

wide, ~10 ; angular distribution of the background.

Before the beginning of the experiment we tested the in-
dependence of the background on the magnitude of beam separation
up to 206:1. The magnitude of a background was controlled during
the whole experiment by counter 3, Besides that, the correct-
ness of this method of background subtraction was checked by
indirect methods. In each run the stability of the shape of the
spectrum was checked using signals from discriminatore. The
shape was the same in all runs with an accuracy better than 1%
notwithstanding that the background-to-effect ratio was
10 + 30%.
counting rate in channel 1 to that in channel 2., This ratio was

In each run we determined the ratio of the SB

reproduced in different runs with an accuracy better than 1%,
independently of background conditions. The measured level of
background is shown in Fig.3.

5, Background due to Compton scattering of synchrotron

radiation by & colliding beam |

The phenomenon of dcmpton ﬂnatfering of the SR by a col- .
liding beam was not earlier studied experimentally. '

In the paper /13/ it was noted that in the bremgstrahlung
process in a magnetic ffeld”ﬁhereﬁia no sharp_hnuﬁdary batweeﬁ

real intermediate photons and virtual photons. An exact caleula-

13



tion is very complicated and has not been done up to now., We

have made such g computation, regarding all the photons to be

real. Some estimates, according to Ref./13/, show that such g

calculation gives an inerease of the background by 5-10% in the
@ 51072 - -

area = 210 © and by 2-3 times in the area 10 4{‘?&(10"3. This

error in the background calculation gives not more than a 2-13%

error in a measurement of the SB in all area of the spectrum

The correctness of the background calculations was checked

in the experiment. To do this, we measured the gpectrum with the

beams separated by 56:-_.. in the vertical direction (6= "=~13fmll.
From this spectrum we subtracted the spectrum measured with the

beams brought together., The results of these measurements are

shown in Fig.4. A shaded areas is a calculation. The width of this

area corresponds to the mean-square errors. An error is due,
mainly, to our inexact knowledge of beam siges and a value of

the beam separation., One can see that the experiment coincides

with the calculation with an accuracy of about 15%.

Our measurements in 1980 without the magnetic field and

those in 1981 with the magnetic field gave the same results for

the 5B spectrum after the subtraction of the gcattering of the
3R by a colliding beam.

7. RESULTS

The experimental results were correlated with respect to

the detection efficiency of the NaTI(Tl) erystal. This efficiency

was computed using the MC method. The results of the ecalculation

are shown in Pig.5. The inefficiency was mainly due to the pho-

ton absorption in the radiation receiver (2 mm of Cu) hnd in

the box wall (10 mm of Al) of the NaI(T1) counter,

Pig.6 presents the results of the spectrum measurements -

14

carried out in 1980 and 1981. In both cases the calculatad_back-
ground from the scattering of the SH by a colliding beam was
subtracted. Curve 1 is the standard QED calculation, Curve 2 is
the calculation with taking into account the large impact para-
meter cut-off; the width of the shaded aresa carresppndﬂ to two
mean-gquare errors, The factors determining the error are, in

general, systematical ones. These are presented in Table 2.

; Table 2.

1« Absolute calibration of thresholds 0,43 MeV - 2%
11.0 MeV -~ 3.5%
2, Stability of thresholds 043 MeV - 0,5%
11.0 MeV - 1%
3. Statistical error of DB events - 1.5%
4, Calculation of the crystal detection _
efficiency - 2.5%
5¢ Subtraction of the background - 2.0%
6. Stability of beam orbits - 0.5%
T. Nonlinearity of electronice in the range of
low amplitudes - 1.5%
8. Nonlinearity of amplitude characteristics of
a photomultiplier - 1.0%

Total 6« 0%

The results of the 1980 and 1981 experiments coincide within
the experimental error and with the theoretical calculations.
Overestimation of the calculated values over the experimental
ones lies within two standard errors.

Fig.T demonstrates the dependence of the ratio M{/flﬁ{ on
the vertical beam sizes, where /Vﬁv is the number of SB events
in the range 0.5+3.0 MeV, Aé! the number of DB events. The curve
is the calculation, taking into account the large impact parame-
ter cut-off /12,13/. This curve was calculated by the maximum

15



likelyhood method, the free parameter 1ls a normalizing factor,

As is seen, the’ experiment well coincides with the calculation:
pﬁfﬂ- 0.45. The light circles show the results of the caleula-
tion according to the paper /11/, in which it has been suggest-
ed that the particle scattering by a colliding beam with the
virtual photon emission plays a dominant role. This calculation

is in contradiction with the experimental data: ﬂﬂ"/= 310
+

-

Since in the process e’ e —-—e*e"{ the large impact para-
meters are essentiasl, a noticeable probability of SB has to be
even the beams are gseparated on the distances larger than their
sizes. The corresponding calculations for the Gaussian distribu-
tion of the particle energy in the beams were performed in Ref.
/12/. The measured dependence of the ré_tiu ﬂé'/f'l‘éf on the beam
@eparation in the vertical direction is presented in Fig.8
(6;‘13@/«1::). One can see that the calculation well coincides

with the experiment: ﬂfsz 0.5

‘8. CONCLUSION -

Cur experiment shows that the experimentally discovered
ﬁﬁpﬁbesaian of the radiation probability is due to the large
impact parameter cut-=off. The analysia of the standard QED cal-
culations, shows that the region of thelr applicability is limit-
ad, since for the SB the macroscopic effects are essential. The
strongest of these effects, practically for all e’e  machines,
is the effect of the large impact parameter cut-off,

It should emphasize that in the case in which the charac-
teristic impact parasmeters.of the process are comparable or
greater than the beam size, the coneept of an effective crose

section is inapplicable, in its usual sense. But, in prineiple.

16

one can introduce here the concept of a cross section, as it
was done in Refs./12,13/ for derivation of formula (10).

In conclusion, it is necessary to note that the effects
associated with the cut-off of the large impact parameters,
increase with energy. At £>5 GeV, under certain kinematical
conditions, they can manifest themselves in the process e*e ™
+ = _+

e'e e'e , and at £>200 GeV in the process e'e” —=e'e” + had-

rons as well,

The suthors express their deep gratitude to the staff of
VEPP-4 for the possibility of performing the axparimenf and also
to V,N.Baier, A,V.Burov, Ya.,S.Derbenev, A.I.Vainshtein, V.M.Kate

kov, A,N.Skrinsky, V.M.Strakhovenko for useful discussions.
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Fig.3. Dependence of the background of the energy of
detectied photoms: 1,2 - calculated background
from the Compton scattering of the SR by
a ¢olliding beam for the 56}.11: and ‘IEJam beam
sizes, respectively, 3 - measured background
from the bremsstrahlung on the residual gas.
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Fig.4. The spectrum of photons from the Compton
scattering of the SR by a colliding beam:
de 'ie the number of photons in the range
Al Aé( is the number of DB events, the
shaded area is the calculation.
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Fig.5. Detection efficiency of the WaI(Tl) crystal.
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Pig.6. A spectrum of SE photons:

® - experiment in 1980, 5;=E3_1—3¢ﬂm

A - experiment in 1981, (5,55=‘24i'3 PPt

1 = standard QED calculation 2

-calculation, taking into account the ef
1 i

large impact paramster cut-off /12,
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Pig.7. The dependence of the ratinﬂﬁfﬁﬁrnn the vertical
beam sizes: ﬁ%k is the number of the SB photons
in the range 0.5¢3.0 MeV, Aé;'ia the number of DB
photong, the curve ia a calculation, taking into
account the effect of large impact parameter cut-

off /12,13/; (=~denotes the calculation according
to Ref./11/.
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