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We consider radiation caused by the collective electromagnetic field of one beam deflecting particles
of the other. We find the number of photons for a single collision is dN,= NodE,/E, in the energy
range E, < E.=4hcy*/l, where [ is the length of the bunch. At the Superconducting Super Collider, for
example, No=50 and E. =6 keV. Specific features of this radiation can be used for a fast control over
collisions and for measuring beam parameters. A background due to synchrotron radiation in the mag-

netic field of a collider is estimated.

PACS numbers: 41.70.+t, 41.80.Gg

1. Introduction.— If the photon energy is large enough,
one deals with the usual bremsstrahlung process, which is
described in textbooks in detail. In this case the number
of produced photons dN, is proportional to the brems-
strahlung cross section do,,, ., and the number of par-
ticles N; in the colliding beams: dN, < N\Nydo,p - ppy-
As a rule, the bremsstrahlung of protons is not considered
due to its small cross section.

However, if the photon energy E, becomes small
enough the radiation due to the interaction of one proton
with the different particles of an opposing bunch becomes
coherent, and the number of the produced photons be-
comes large. This occurs when a coherence length
4hcy?®/E, becomes of the order of the length of the op-
posing bunch, /, or larger (here y===E,,/mc2 is the Lorentz
factor of a proton). In this region the number of photons
dN, is proportional to N N7 (here the subscripts 1 and 2
refer, respectively, to the bunch whose radiation is being
calculated and to the target bunch). We call such a radi-
ation coherent bremsstrahlung (CBS).

The general formulas for CBS were obtained in Ref.
[1], and the main results for e *e ~ colliders were given in
Ref. [2]. In the present paper we perform calculations
for pp or pp colliders. Here the photon energy E,<E,
and the energy losses due to CBS are negligible (they can
be described by classical formulas). The more interesting
subjects are the number of CBS photons and their energy
and angular distributions.

2. Applicability conditions and main results.— The pa-
rameters used for calculations were taken from Ref. [3].
Some of them are given in rows 1-3 of Table I. We as-
sume that the proton bunches at the interaction point are
round and have a Gaussian distribution of the particles
with mean-square radii o1y =0, =0 and o2« =03, =03;
the length of bunch 2 is / =0,.. The angular spread of
the particles in the beams 6, is rather small, 8, < 1/7.
Therefore, one can neglect the change of the transverse
bunch sizes during collision. For the sake of simplicity,
we consider below only collisions with a crossing angle
equal to 0.

Our calculations are valid only if the proton deflection

angle 6, in the field of the opposing bunch is small com-
pared with 1/y (cf. [1,2]),

er ez
=<1, r,=

[ep) m,c

=1.5%x10 """ cm. )

04y~ 2
This condition is fulfilled for all the colliders given in
Table 1.

The problem under discussion is related to the beam-
strahlung problem treated by many authors for linear
ete ™ colliders (see, e.g., Refs. [4]). For these colliders
the condition 6,> 1/y holds and their beamstrahlung is
close to the usual synchrotron radiation in a uniform
magnetic field. However, proton colliders have a quite
different range of parameter values [see Eq. (1)] and the
formulas for the photon distributions from Refs. [4] are
not valid for them (see also [5]).

We find [see Egs. (6), (7), and (9)] for pp or pp collid-
ers that there are dNV,= NodE,/E, photons of CBS for a
single collision of the beams, or dN, =~ NodE,/E, photons
per second in the energy range E, < E.=4hcy?*/l. The
quantities Ny, No, and E. for different colliders also are
given in Table I.

3. Energy and angular distribution.— The number of
produced photons dN, is expressed via the Born ampli-
tude My of the pp— ppy process and the form factor
F,(q) of the second bunch [F;(q) is the Fourier trans-
form of the ith bunch density; as usual, F;(0)=N;]. If
the first bunch were treated as an unbounded plane wave,
then we would have the well-known expression that dN,
is proportional to |M;(q)F2(q)|> This expression corre-

TABLE L. Calculation parameters for various colliders.

Parameter SSC LHC SppS Tevatron
E, (TeV) 20 8 0.45 1
oy (um) 48 10 70 43
[ (cm) 6 7.5 20 50
E. (eV) 6000 770 0.9 1.8
No 50 2x10* 770 170
No (10°s™1) 2.6 10° 0.2 0.047

788 © 1991 The American Physical Society



VOLUME 68, NUMBER 6

PHYSICAL REVIEW LETTERS

10 FEBRUARY 1992

sponds to the scattering of the protons of the first bunch
on one “composite particle”—the second bunch— with
the internal structure described by the form factor of this
bunch.

In our problem, however, this formula does not work
and it is very important to take into account that the first
bunch has a finite size. To do that we treat the initial
state as finite wave packets. As for an elementary in-
teraction, it is described by the Born approximation.

Since the effect under discussion is dominated by small
momentum transfer (q.~1//, g, ~1/0.) we consider-
ably simplify the expressions for the matrix elements in
the basic formula. In Ref. [1] it was shown that with a
good enough accuracy CBS can be described in an ap-
proximation such that the collective electromagnetic field
of the target bunch may be interpreted as a flux of
equivalent photons distributed with some density on a fre-

photons for a single collision of the bunches is equal to

do 1
dN, =222 j(w)do,,, a=5—=——
T e @ a=5 =15
where do,, is the cross section of Compton scattering of
the equivalent photon with frequency @ on the proton,
and the function J(w) is defined by the form factors of

the bunches,

2)

9.4 N (oo d791d%q]
J@) =4z [ ogn @R @R @ - =S

)

q:=q; =w/c. Here the longitudinal momenta of the
equivalent photons Ag.=hgq,; equal hw/c. The equiv-
alent photon energy ho is related to the energy E, and
the emission angle 0 of the final photon by the well-
known relation (it was taken into account that £, < E,)

quency spectrum. As a result, the number of the CBS | ho=(E/ay) 1+ (y6)?]. 4)
The Compton cross section is
2, dE, de 4p4 202 .
do,,=2r; [1+y%0* —29°0%(E3c0820+ & 5in20)] . (5)

E, (1+y%?)3

Here ¢ is the azimuthal angle of the emitted photon and the Stokes parameters &; of the equivalent photons will be given

below.

Using Egs. (2)-(5) we obtain the energy and angular distribution of CBS photons,

I',,Nz

[1422—22(&5c0520+ & sin2¢) lexpl — (E,/E.) (1 +2) %],

. ®)
(oitoi)” ) g).

2
] In
o

20fo3+0o}

3 dEy dz de
dN,==—N¢g———————
" 27%E, (+2)* 2
— 2 - 2 -8 _4
z=(y0)%, E.=4hcy’/l, No—-gar,,J(O)*?;aN|
Here R is the distance between the bunch axes. For a |
central collision (at R=0) we have
1(0)=1; &1 =¢&3=0. (6a)

In this case, azimuthal asymmetry of CBS photons is ab-
sent.

The main contribution to this number of photons is
given by the region 8 <S1/y. It should be noted that at
E, > E, additional angular narrowing appears due to the
factor expl — (E,/E.)2(1+ y26%)?].

4. Spectrum of CBS photons.— Integrating the distri-
bution (6) over the angles @ and ¢, we obtain the energy
distribution of CBS photons,

dN,=N®(E,/E.)dE,/E,,

Some values of ®(x) are given in Table II. At x > 3 the
following asymptotics is valid (with the accuracy better
than 15%):

32[1_ 5 L3 L
2

d(x) = ®)

it exp(—x?).
X X

4x 2

If a collider has n, bunches and the bunch collision

rate is f, the number of CBS photons emitted per second
is

dN,=N®(E,/E.)dE,/E,; No=Nonyf . 9

The quantities No for different colliders are given in
Table I.

- s ¢) The energy distribution has a very sharp dependence
D(x) = %j; Lzétexp[—xz(l +2)%dz . on the bunch length /; therefore one can determine this
(1+2) length by measuring the photon spectrum. [It can be
TABLE I1. Some values of ®(x).
X 0 0.2 0.4 0.6 0.8 1 1.5 2 2.5
®(x) 1 0.65 0.44 0.29 0.18 0.10 0.019 0.0023 1.7x1074
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seen from Eq. (3) that the photon spectrum is determined
by the squared form factor of the longitudinal density of
bunch 2. It depends strongly on the form of this density.
In particular, had we used a density of the form (1/2/)
xexp(—|z|/1), instead of the Gaussian one, then Eq. (7)
would have been valid but with another form ®(E,/E.).
AtE,>E,., ®(x)=8/35x"]

5. Collisions with nonzero impact parameter of the
bunches.—If the bunch-1 axis is shifted a distance R
from the bunch-2 axis, the luminosity L(R) (as well as a
number of events for usual reactions) decreases very
quickly,

L(R)=L()expl—R?/2(ci+0c)]. (10)

On the contrary, the number of CBS photons decreases
slowly and for small values of R this number even in-
creases slightly. For equal beams (at oy =0,=0.) we
obtain from Eq. (3) the function I(R) given in Eq. (6):

I(R)=I(R/c )+, (R/o.),

| 4/3
Ii(x)= J:)dyy+fl dy (4—3y)

1
4In(%)

an

xf,-(x,y)
2=y

1) =1, frlx,y)=1+x2(1—yp/2).

The corresponding curves are given in Fig. 1. The max-
imum of the function 7(R) equals 1.06 at R=1.50;
after that, this function decreases, but even at R=8c.
the number of photons decreases by a factor of only 9,
whereas the luminosity decreases by 7 orders of magni-
tude. At o, <R</ fields of bunch 2 are |E|=|B|
«1/R and, therefore, dN,(R)x1/R% More exactly,
one can obtain from Eq. (11),

2

for 62 <K R2«!2?. 12)

exp(—x2%y/4),

2

o1

I(R)= R

In(%)

0.8 AN, (R)/dNy(0)

061
04t

o2r L (R)/L ()

Rl/c,

FIG. 1. Ratio of the number of CBS photons dN,(R,)/dE,
for a distance between beam axes of R to that, dV,(0)/dE,, at
R=0 vs R/c,, where o, is the transverse size of the bunch.
The lower curve is the same for the luminosity L.
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Such a slow decrease in the number of CBS photons
can be used for a fast control over the impact parameter
between beams.

6. Azimuthal asymmetry.—If the impact parameter
between beams is nonzero, an azimuthal asymmetry of
CBS photons appears which can also be used for opera-
tive control over beams. For definiteness, let the bunch-1
axis be shifted in the vertical direction a distance R, from
the bunch-2 axis. When R, increases, bunch 1 is shifted
into the region where the electric field of bunch 2 is
directed almost in a vertical line. As a result, the
equivalent photons obtain a linear polarization. The
mean values of the Stokes parameters of the equivalent
photons in this case are expressed via the functions /;(x)
from Eq. (11),

[|(X)—12(X) Rl-

X =—,

SRI= T OFLE T o,

&1 =6=0. (13)
The behavior of this function is given in Fig. 2; moreover,

1‘\)v 2
L_J_/f_f_)___ for R‘,.2<<oi,
12In(3) (14)

1-2(c,/R,)?* for R}> o1

_63(R)' )=

Negative values of £3(R,) are in accordance with the
vertical direction of the mean electric field of bunch 2 in
the place where bunch 1 is located.

Let us define the azimuthal asymmetry of the emitted
photons by the relation

_ dN,(¢=0) —dN,(p=7/2)

~ dN,(¢=0)+dN,(¢=n/2) (1s)

where the azimuthal angle ¢ refers to the horizontal
direction. It follows from distribution (6) that this quan-
tity does not depend on photon energy and equals

2(y0)?
1+

This asymmetry can be essential for angles 6~1/7,

A=—&(R)) (16)

0.6}

04} :

0.2+ }

0 T L TR L L L

Rylc,

FIG. 2. Degree of equivalent photon polarization vs R./c.,
where R, is a vertical shift of the bunch-1 axis.
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where 4~ —&3(R,).

7. Estimate of the synchrotron-radiation back-
ground.— Let us perform a simple estimate of the back-
ground from the synchrotron radiation (SR) of protons in
the external magnetic field of a collider. The bunch 1
traveling through the uniform magnetic field B emits dur-
ing time At a number of photons,

] dE
Y

B A, am
y mc
where dI is the classical intensity of radiation, F(x) is a
well-known function (see [6], Sec. 74), and w. =3eBy?/
2mc is a critical frequency. Because the angular spread
of CBS photons is S1/y, we should consider those SR
photons which are emitted in the same angular interval.
Therefore, for At we can take the time of deflection over
the angle 1/y in a given magnetic field, i.e., At ~mc/eB.
That results in
dE
dN,SR~2—\/jaN|F(Ey/hwc)—ET'. (18)

As a rule, ESB> B @SR, and it leads to a considerable
suppression of SR at E,~F.. We obtain the following
estimate for the signal to background ratio (S/B) in the
region E,=E.> ho,:

dNEBS rpNy |7 e ESBS
T en E— —_—, X= .
dN SR Jx hoSR

The results for different colliders are given in Table III;
for B we use the maximal values of the magnetic field
from Ref. [4]. Even in this case the SR background is
small for the SSC and SppS. An essential decrease of the
SR background will obtain if one uses a smaller magnetic
field in the first (after the interaction point) deflection

~0.05 [ (19)

(e

TABLE I11. Estimated signal to background ratio for several
colliders.

SSC LHC SppS Tevatron
B (T) 6.6 10 2 4.4
ESBS/h SR 21 11 21 38
(S/B)e, =, 100 0.2 100 5x107°

magnets.
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