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Nanometer-beam-size measurement during collisions at linear colliders
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We describe a method to measure a nanometer beam size during collisions at future e+e linear
colliders by using e+e pairs. A huge number of pairs are deBected in a strong Coulomb potential
made by an oncoming beam. Since the potential is a function of the beam size (o, cr„),the pairs
are expected to carry this information, especially in their angular distributions. We investigated
this process in detail by simulation, using a computer program ABEL under realistic experimental
conditions as well as by analytic studies. Besides the beam size, a vertical displacement between two
beams and rotations in the transverse beam profile can be precisely measured. Because of the high
statistics of pairs, the results from these measurements can be used for feedback during real-time
operation of linear colliders.

PACS number(s): 41.75.Fr, 41.85.Ew, 29.27.Fh

I. INTRODUCTION

In future e+e linear colliders, it is essential to have
very flat beams at the interaction point (IP) in order
to obtain high luminosity. The typical beam size is 3
nm(o„) x 260 nm(o ) at the IP for the Japan Linear
Collider (JLC-I) [I]. A measurement of the beam size
is extremely important &om the viewpoint of beam diag-
nostics, especially when maintaining the stable operation
of linear colliders [2]. Although several ideas have been
presented for this purpose, none of them can be used at
the IP. Recently, Shintake proposed a nanometer-beam-
size monitor utilizing backward Compton scattering of
interfering laser light, which can be used to measure the
beam size down to 5 nm [3]. We cannot measure with
certainty a size of 3 nm or smaller, even with this method.
So far, there has been no idea of how to clearly measure
such a small beam size, much less to measure it during a
collision.

In this paper, we describe an idea for measuring the
beam size at the IP. As is well known, many low-energy
e+e pairs are expected to be created during beam
crossing due to three incoherent processes: the Breit-
Wheeler (BW: pp —+ e+e ) process, the Bethe-Heitler
(BH: e+p ~ e+e+e ) process and the Landau-Lifshitz
(LL: e+e ~ e+e e+e ) process, where p is a beam-
strahlung photon. These phenomena have been inves-
tigated as troublesome background for experiments at
future linear colliders [4]. The particles of concern have
the same charge as that of the oncoming beam, and are
hereafter called "same-charge" particles. Most of them
are deQected at larger angles than their inherent scat-
tering angles by a strong electromagnetic force due to
the oncoming beam, while the "opposite-charge" parti-
cles must oscillate inside the oncoming beam because of
a focusing force between them; they are deHected with
small angles. Figure 1 shows a schematic view of these
phenomena. They can be well described by a scatter-
ing process of e (e+) in a two-dimensional Coulomb po-
tential that is Lorentz boosted to the rest frame of the

beam 1 beam 2

FIG. 1. Schematic view of e+ e pair creations and deBec-
tions during a collision, where two Bat beams are depicted as
overlapping sheets at the IP and two e+ pairs are created in
forward and backward angles, only as an example.

oncoming beam [5]. Since this potential is produced by
the intense electric charge of the oncoming beam, it is
a function of the transverse size (cr,o„)and intensity
of the beam. Therefore, the defIected particles should
carry this information, especially in their angular distri-
bution, which we intend to measure. It should be noted
that we can measure the sizes of the two beams inde-
pendently, since the particles must be deflected asym-
metrically in the forward and backward angular regions
if the two beams have diferent beam parameters, i.e. ,
there are two independent Coulomb potentials of the two
beams separated by a large Lorentz boost along the beam
axis. Moreover, we can measure the relative displacement
and transverse rotation of two beams. In addition, this
measurement will provide a real-time, fast feedback to
collider-machine operation at the same time that exper-
iments are being conducted.

In subsequent sections, we describe an analytic expres-
sion for the angular distribution of elliptic beams, where
the charge density is uniform inside an elliptic cylinder,
since only this case can be calculated analytically, and,
further, it explains most of the features for Gaussian
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beams under the beam-beam e8'ects at the IP. We then
present the results of a simulation using the ABEL com-
puter program [6,4], which takes account of all known
beam-beam effects, for the case of JLC-I as an example
of future linear colliders.

II. ANALYTIC CALCULATION FOB. ELLIPTIC
BEAMS

The equation of motion of a same-charge particle dur-
ing a beam-beam collision is expressed by [5]

d2x 4Nr 1 B4
dt2 pe 21 Bx

(similarly for y), where N is the beam intensity, 2L
the bunch length, r the classical electron radius, p the
Lorentz factor of the beam energy, and e the energy frac-
tion of the particle. For a uniform charge distribution
inside an elliptic cylinder of 2I long with radii a and b

in the horizontal (x) and vertical (y) directions, respec-
tively, the Coulomb potential is exactly given by

'+(—*.'+ s)
g~'+q+ v'&'+q *'IQ~'+q+w'! Q&'+q

ln +a+b g '+q+gb2+q
(2)

x = xp cosh(d
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'

where q(x, y) is the positive solution to the equation
x j(a + q) + y /(b + q) = l. Assuming that a par-
ticle is created uniformly at a position (xp, yp) with zero
scattering angle (xp ——yp ——0), its trajectory inside the
ellipsoid is

+(&) = O(l (p 0p) 0((p &p)

vr B(g, r)
d7+

S1Ilh 7 cosh (~Q)

R cos P + sin (P) (~Btanh ~ coth r)
(8)

cos2 P + sin (P)(~Btanh ~ cothw)2

g = gp cosh M& t) =B(d

where

7 = Ct)yt)
xp

p a
cos P sinhr

A
)

y ~Bsin $ slIlh

F. . 7- 't'
A = (cosPsinhq) + A

~

sinPsinh
&) (6)

under the condition

where R = a/6 is the aspect ratio of the transverse beam
profile, which is equivalent to o /o„for a Gaussian beam.

We first consider the azimuthal angular distribution of
same-charge particles while ignoring the Coulomb field
outside of the cylinder. The azimuthal angle (P) is de-
fined by

g 1q, s'inhr l
P = arctan —. = arctan

x ( Q p slxlh~)

where 8 is a step function. For R ()) 1) and P 0 (or
z ), where we are interested in measuring the aspect ratio
for future linear colliders, I" (P) can be well approximated
as

+ ~2 I' 1
Ii($) — dv

~

—+ $'v cathe) .
vr p sinh7. (B

X

dt2
x x2 a2 (10)

and

As can be clearly seen in the above equations (8) and (9),
the distribution in the angular region near the horizontal
plane is depleted for a large aspect ratio as 1/B. On the
contrary, the distribution in the vertical direction (P
a /2) has apparently no dependence on B. Therefore, we
hereafter concentrate on calculations near the horizontal
plane in this section. We then estimate the eKect of the
Coulomb force outside of the elliptic cylinder, where the
equation of motion is approximated for y 0 and b « a,
as follows:

x2 2

(p cosh — +gpcosh q. = 1 i.e. , —+ —= 1 . (7)
g 2 2 a

9 Q2 —a2+b~ +Qx

The distribution function [E(P)], which is normalized to
unity, is expressed by

Since the vertical force in Eq. (11) is very small in this
region, except for x a, we neglect it for the moment.
Integrating the x component of Eq. (10) once, for large
x = X )) a we obtain
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x ~~ aC+x
where C = ln —

2 and x1 = ur apl —Q, which is the
x velocity at the position (x, y) = (a, 0). The resultant
distribution function at P = 0 is given for large B )) 1
by

+ 1 rdr ~ ~~C
~B sinhr 4

We further estimated the effect of the vertical force ne-
glected in the above calculation by numerically integrat-
ing Eqs. (10) and (ll). The major effect was found to be
an overall change in the magnitude by a constant factor of

1/4. 5. Therefore, the B dependence of E(0) becomes
1/v B instead of 1/B [Eq. (9)] mainly due to a horizontal
force outside of the elliptic cylinder. Thus, for the case
of a flat beam (a /o„&)1), the same-charge particles
are strongly defiected in the vertical direction; their az-
imuthal angular distribution gives us direct information
about B. It should also be noticed that the particles tend
to be defiected more in a direction where their creation
points are displaced by 4 and 4„,since the forces are
proportional to (x + A )/a and (y + 4„)/o„,respec-
tively, provided by differentiating Eq. (2). This gives
us the sensitivity to measure the alignment between two
beams, which is discussed in the next section.

The maximum defiection angle for low-energy particles
can be expressed by [5]

(4v 3D
)

- 1/2
gmax gmax e g (B ~

+3gD ln a z

(14)

III. SIMULATION BY aeEL

A. Beam-beam effect

where a = a/2, a„=6/2, a, = 2I/v 3, and go
2I1Ir, /[p(a+a. „)]= D. a/a, . Using . these relations,
Gaussian beams (a, a„,a, ) can. be well described in
terms of variables (a, 6, L) of an. elliptic cylinder. Assum-
ing that the beam intensity and the bunch length are
known, the horizontal beam size can be obtained from
a measurement of the maximum deflection angle, espe-
cially for a large aspect ratio, as can be clearly seen in
Eq. (14).

of a future linear collider we consider JLC-I [1],whose pa-
rameters relevant to the simulation are given as follows:
the beam energy (E~) is 250 GeV and the intensity (N)
is 101 /bunch; Gaussian beams with cr /a„=260/3. 04
nm, a, = 80 pm, the horizontal crossing angle P„„=8
mrad, and the luminosity L = 9.7x 10 cm 2 sec ' with
72 bunches/pulse at the frequency of 150 Hz.

We first define the coordinate system used in ABEL.
There are three kinds of coordinate systems shown in
Fig. 2. Two of them, (x1, y&, z1) and (x2, p2, z2), move
together with beam 1 (positrons) and beam 2 (elec-
trons), respectively. The former is a left-handed system,
while the latter is a right-handed system. The third one,
(x, y, z), is the rest frame at the IP. All three coordinates
are collinear in the z direction. In the presence of cross-
ing, the origins of the moving systems are shifted from the
centers of the beams, except in the zq and z2 directions,
as shown in Fig. 2. The crossing angles of two beams
are +4 mrad, each in the directions of xq and x2, that is
8 mrad (P„„)between them. Since we expect a large
asymmetry in the azimuthal angular distribution of the
defiected particles, especially in the vertical-horizontal
asymmetry for fiat beams, as explained in the preceding
section, we define four azimuthal angular regions in Fig. 2

(I1,L2, H1, and H2) corresponding to left, right, down,
and up, respectively, as seen from the upstream of beam
2.

The e+e pairs are generated from three processes
(BH, BW, and LL), where the energies of the particles
are more than 5 MeV; they are tracked with all of the
effects during a beam-beam crossing by ABEL [4]. After
the crossing, the azimuthal angular distribution is plot-
ted for particles whose energies (E,) and deHection angles
(g, ) are more than 100 MeV and 20 mrad, respectively,
in Fig. 3(a), which is compared to the case of a head-on
collision, i.e., the zero horizontal crossing angles shown
in Fig. 3(b). Hereafter, we always show the azimuthal
angles measured downstream from beam 1, that is, those
of the particles defiected by beam 2, since the distribu-
tions are symmetrical at both sides of the IP for the same
parameters of the two beams. As can be clearly seen in
Fig. 3, electrons of the pairs, which have the same charge
as those of beam 2, are strongly defiected in the verti-
cal direction, while the positrons show only a moderate
suppression in the horizontal plane, as indicated by the
shaded area in this figure. We can also see the efFect of
the 8-mrad crossing with a tendency of defiecting more to
the right. This shows a general feature, that is, when par-

In order to investigate our method quantitatively by
taking into account all beam-beam effects, which include
beam disruption, the horizontal crossing angle, the ver-
tical displacement between two beams, transverse rota-
tions for fiat beams, and the energy and angular distri-
butions of created pairs, etc. , we must rely on Monte
Carlo simulations by using a computer program ABEL,
although the principal dynamics can be well described
analytically by an approximation of the elliptic cylinder,
as demonstrated in the preceding section. A detailed ex-
planation of ABRI, can be found in [6,4]. As an example

X&

z

H2 (uP)

IP

L2 (right)

X X2

Z 2z 'j4cross

5'2

beam 1
LJ (left)

Hr (down) beam 2

FIG. 2. Coordinate system used in ABEI, , where z&, zz, and
z are collinear. The trajectories of the beam centers are indi-
cated by the lang-thick arrows.
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100—

nal JLC-I parameters is compared with three cases (a„
= 2ao, 3a'„,and 10a„),where the other parameters are
the same as the nominal ones and only those electrons of
E, ) 100 MeV and 0 ) 0.02 are plotted in order to see
the depletion more clearly as a function of 0.„.

B. Tracking in a solenoidal magnetic Geld

10—

1-,
-3 -1 0 1

Azimuthal angle (radian)
3

FIG. 3. (a) Azimuthal angular distribution of deflected
electrons and positrons (E,+ ) 100 MeV, 8,+ ) 0.02) for
JLC-I. The shaded area corresponds to those positrons that
are oppositely charged particles as that of the oncoming beam.
(b) The same as (a) except for a zero horizontal crossing angle,
i.e., for a head-on collision. The vertical scale is the number
of particles per single-bunch crossing.

ticles have a finite initial angle they are deflected more in
this direction. The crossing angle generates a horizontal
displacement (A ) uruformly over the particles at a very
early stage of their deflections. The certain displacement
of 4 is the origin of this feature, as mentioned in the
preceding section.

Since the created particles have inherent scattering an-
gles (0, ) of typically m, /E„where m, is the electron
mass, an efFect due to these angles is also expected. It
has been found to produce a deeper depletion in the hor-
izontal direction than speculated in the preceding sec-
tion, where the inherent angle was neglected. F(0) [also
E(+a)j is now nearly proportional to I/R rather than
to I/~B in Eq. (13), as can be seen in Fig. 4. In this
Ggure, the azimuthal angular distribution for the nomi-

In order to estimate the actual sensitivity, we must
take into account the helical trajectory in the solenoidal
magnet of the detector. We assume a uniform Geld of 2 T
parallel to the z axis. We detect the particle positions 1
m downstream from the IP, i.e. , z = +1 m. Figures 5(a)
and (b) show the radial and azimuthal angular distri-
butions of the particles, respectively. There is a clear
maximum radial boundary as a function of the energy
in Fig. 5(a), as expected from Eq. (14). Outside of the
boundary only a relatively small number of the particles
can be seen, which have inherent angles larger than the
beam-beam deflection angle. We can also see another
dense region at r & 1 cm corresponding to the opposite-
charge particles (e+), as described in the preceding sec-
tion. The most interesting particles are distributed at
the maximum radial distance of around r=7 cm. Since
they have almost the same magnitude as the energy, as
clearly shown in Fig. 5(a), their original azimuthal dis-
tribution should be preserved even after they flowed in
the magnetic field. Actually, this expectation is realized
as in Fig. 5(b), where we can clearly see two sides of the
depleted region, especially for 6 ( r ( 7 cm. The two
sides are sitting on a line rotated counter clockwise by

70, which corresponds to the horizontal direction.

C. results

Measurement of o'

The maximum radius (r „)seen in'Fig. 5(a) corre-
sponds to the maximum deflection angle, since most of

0.01— 2.0

1.5

I
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I

'
I

'
I

' +
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0
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FIG. 4. Azimuthal angular distributions of deQected elec-
trons (E', ) 100 MeV, 0, ) 0.02), whose charges are the same
as that of beam 2 for JLC-I with nominal parameters (solid
circles) together with three cases [a„=2a„(solid line), 3a„
(dotted one), and 10a„(dashed one)] in which the other beam
parameters are the same as those of the nominal beam. The
distributions were normalized by the total number of electrons
in them.

FIG. 5. Distributions of scattered particles at z = +1 m,
where particles with r ) 0.5 cm are plotted. The particles are
tracked in helical trajectories in a magnetic field of R = 2

T. (a) is for a scatter plot on the plane of the energy (R) and
the radial distance (r), and (b) is for a plot on the plane of x
and y, where two concentric circles of 6- and 7-cm radii are
also shown just for an eye guide.
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FIG. 6. Radial distribution of scattered particles at z = +1
m. The solid circles are those of the nominal beam condi-
tion; the dotted, dashed, and solid lines are those of ay:20'&
oy=10o„,and o =2o', respectively, where the other beam
parameters are the same as those of the nominal beam. The
distributions are normalized by the total number of particles
of E )100 MeV.

the particles obtain transverse momenta mainly due to
defIection. Therefore, &om a measurement of r „we
can obtain information concerning cr [see Eq. (14)]. A
simulation has confirmed that r „depends mainly on
cr~, at least for o„(100.„,as shown in Fig. 6, where
r „canbe defined as the shoulder; r „=7.1 and 6.1 cm
for the nominal and the case of twice wider o. , respec-
tively. Small tails due to scattering with large inherent
angles are also observed beyond the shoulders. The ratio
r „(2cro)/r „(a.o) is found to be 0.86, which should be
compared with 0.88 estimated by Eq. (14). In order to
estimate cr &om the observed r „wehave to know the
beam intensity (N); it can be accurately measured by
using monitors in the accelerators. We, therefore, expect
a very good on-line measurement of o

2. Measurement of Ir„

Figure 7 shows the azimuthal angular distributions
measured for 6 ( r ( 7 cm at z = +1 m for vari-
ous values of o.„,where four angular regions are defined
for further numerical studies, i.e. , LI (left)—:—2.135—
—1.633, L2 (right):—1.005—1.507, HI (down)—:—0.502—
0.126, and H2 (up)= 2.261—2.889. By comparing this
figure with Fig. 4, we can clearly see that the linear de-
pendence on B of the yields in the depletion region is
preserved through the motion in the solenoid. The eKect
of the horizontal crossing can still be seen in Fig. 7; that
is, there is more depletion on the left side (LI) than on
the right (L2). The numbers of particles are expected to
be 2.4, 3.5, 120, and 120 per single-bunch crossing in Lq,
L2, Hq, and H2, respectively, under the nominal beam
condition. The statistics will actually be much better be-
cause the beam pulse contains 72 bunches. Thus, there
will be no problem in the statistical sensitivity for this
measurement, although the yields decrease inversely pro-
portional to cr„. The ratio of (LI + I2)/(HI + H2) is
plotted as a function of B in Fig. 8. Actually, this ratio
depends only on R, as expected by Eq. (13). Since o is
measured from r „,we can obtain o„(=o /R) by this
azimuthal angular distribution. The statistical accuracy
will be less than 0.1o„witha few pulse-train crossings if
no significant background exists.

8. Measurement of vertical displacements (LL„)

When two beams collide with a finite vertical displace-
ment (b,&) comparable to o„,we expect a vertical, i.e. ,
up-down, asymmetry in the azimuthal angular distribu-
tion. In the simulation, beam 1 and beam 2 are initially

I
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I

H2
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—I
I

r
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I

I
I

I

0.1—

0.001—

~ I

'~

I

w3

Azimuthal angle (radian)

I

3

I

20

~ ~

'~

s ~

I I I

80 100
FIG. 7. Azimuthal angular distributions measured for

6 ( r ( 7 cm at z = +1 m for R = 85.5 (solid circles),
42.8 (solid line), 28.5 (dotted line), and 8.55 (dashed line)
corresponding to oy = ay~ 20y& 3(7y) and 100yy respectively.
The distributions are normalized by the total number of par-
ticles. The angular regions of LI (left), I 2 (right), HI (down),
and Rz (up) are also shown.

FIG. 8. Number of particles in Lz and Lz normalized by
that in Hq and H2 as a function of R. The same data are
used as in the preceding 6gure. The errors are statistical,
corresponding to 160 bunch crossings, ex:cept for the lowest
R, which corresponds to 800 bunch crossings.
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FIG. 9. Azimuthal angular distributions measured for
6 ( r ( 7 cm at z = +1 m for vertical displacements of
A„=+0.5cr„(solid line), +1.0o „(dotted line) compared with
the nominal one (solid circles). The distributions are normal-
ized by the total number of particles.

FIG. 10. Azimuthal angular distributions measured for
6 ( r ( 7 cm at z = +1 m for various transverse rotations
compared with the nominal one (solid circles). The signs of
the rotations in the xy plane are opposite for two beams, i.e.,
P „=+0.005 (solid line), +0.01 (dotted line), +0.02 (dashed
line) radian. The distributions are normalized by the total
number of particles.

shifted by +~A„~ and —~A„~,respectively. We examined
the two cases of L„=+0.50„and +1.0o„and plotted
the angular distribution in Fig. 9. (The luminosity losses
are 6% and 30'Fg for A„=+0.5cro and +1.0o.o, respec-
tively. ) Apparently, during a collision the particles are
deflected more in the upper side of the electromagnetic
field of beam 2, since they are created in the overlapping
region between two beams. Therefore, they are deHected
more in +y and less in —y than in the nominal case,
as can be clearly seen in Fig. 9. The ratios HI/H2 are
found. to be 0.76 and 0.62 for L& ——+0.50„and +la„,
respectively.

with our expectation, as shown in Fig. 10. The ratios of
HI /H2 were obtained to be 0.99, 0.92, and 0.78 for P „=
+0.005, +0.01, and +0.02, respectively.

Second, for the same rotation case, beam 1 traverses
beam 2 from its top (bottom) surface to its bottom (top)
surface if the sign of the rotation is positive (negative).
We may expect an enhancement at the down (up) side
due to the crossing angle &om the same arguments as in
the case of the opposite rotation. The simulation shows
slight enhancements in the distribution for 6 ( r ( 7 cm,
as can be seen in Fig. 11(a), while the distribution for

Measurement of transverse rotation (P „) 4—
x10

Since the beams are very Bat because R=85.5 for JLC-
1, a small transverse rotation (P „)of the beam causes
a significant loss of luminosity. This e6'ect is enhanced
by the presence of the crossing angle. Actually, the lumi-
nosities were estimated using A.BEL to be 0.93, 0.80, and
0.55 times the nominal one for P „=+0.005, 0.01, and
0.02 radian, respectively, where + and —are for beam 1
and beam 2, respectively. Even for rotation in the same
direction, i.e., no relative rotation between two beams,
similar luminosity losses were obtained. On the other
hand, in a head-on collision the luminosity loss is only
20% at mast, even far P „=+0.02.

First, , for the opposite rotation, the right half of beam
1 with +~/ „~traverses above beam 2 with —

~P „~dur-
ing a collision, while the left half traverses below beam 2.
Therefore, the azimuthal distribution fram the right (left)
half of beam 1 has more (less) particles at H2 than at HI .
If two beams collide head on, no such up-down asymme-
try is expected in the total distribution, since the right-
and left-hand sides cancel each other. However, und. er the
presence of a horizontal crossing angle (see Fig. 2), parti-
cles on the right-hand side are deflected more than those
on the left. We, therefore, expect an up-down asymme-
try of HI/H2 & 1. The results af the simulation agree

2—
~ I'"s 4)I

1
~ I

0 —I

3
X10

0 —I

Azimuthal angle (radian)

FIG. 11. Azimuthal angular distributions measured for (a)
6 & r & 7 cm and (b) 5 & r & 6 cm at z = +1 m for vari-
ous rotations compared with the nominal one (solid circles).
The magnitudes of the rotations are P „=+0.005 (solid line),
+0.01 (dotted line), +0.02 (dashed line) for both beams. The
distributions are normalized by the total number of particles.
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H,'/H~
5&@(6cm

0.97+0.01
1.01+0.02
0.96+0.03
0.93+0.02
0.69+0.02
0.56+0.02
0.93+0.01
0.85+0.01
0.71+0.01
1.02+0.01
l.17+0.02
1.37+0.02

Hg /H26(r &7cm
1.00+0.01
1.00+0.02
1.02+0.02
1.05+0.02
0.76+0.01
0.62+0.01
0.99+0.01
0.92+0.01
0.78+0.01
0.92+0.01
1.00+0.01
1.08+0.01

Statistics
No. of bunches

160
160
160
800
80
80

240
240
320
240
240
320

Nominal (B =85.5)
o.„=2o„'(R =42.8)
o.„=3o.„'(B =28.5)
o'„=10o„(R=8.55)

Ay ——+0.5o.
„a„=+1.0o-„'

Q „=+0.005
Q „=+0.01
Q „=+0.02
g4„=+0.005
Q „=+0.01
Q „=+0.02

0.025+0.001
0.040+0.002
0.061+0.003
0.17+0.01

0.034+0.001
0.031+0.002
0.024+0.001
0.020+0.001
0.015+0.001
0.024+0.001
0.031+0.001
0.027+0.001

TABLE I. Summary of the results obtained by ABRI for JLC-I at Eb =250 CeV. The errors
are only statistical, corresponding to the number of bunch crossings listed in the second column.
The conditions in the erst column shower only changed beam parameters, assuming that the others
are the same as the nominal one. These conditions are for both beams, unless specified. The upper
and lovrer signs in the first column correspond to beam 1 and beam 2, respectively. In the last
column, Hi ———0.377—0.251 and H2 ——2.010—2.638 according to a movement of the second peak in
the azimuthal angular distributions for 5 ( r & 6 cm.

Condition (I g + I2)/Hg + H2)

smaller radii, 5 ( r ( 6 cm, has clear up-down asymme-
tries for P „)0.01, as shown in Fig. 11(b). The reason
for this radial dependence can be explained based simply
upon geometrical considerations as follows. During a col-
lision the vertical displacement between the two beams is
approximately a linear function af zj and zq (Fig. 2) as
well as P „.The particles measured for 6 ( r ( 7 cm are
really created in the central region of the collision, i.e.,
within about 1/3o, in zq(q), where the vertical distance
is very close to zero. The particles measured at smaller
radii should be created over a wider region along zq with
a significant amount of vertical displacement. Thus, the
sensitivity against P & in up-dawn asymmetries increases
as r becomes smaller. However, there is a certain limi-
tation because of the poor monochromaticity of particle
energies at smaller r, as can be seen in Fig. 5(a).

Finally, we summarize all of the results in Table I.
Here, although we show the cases of particular signs of
displacements and rotations, the results for the opposite
signs are simply obtained by exchanging Hi and H2. And
although both the vertical displacements and the trans-
verse rotations produce up-down asymrnetries in IIq/H2,
the separation between them is evident, as can be seen
in Figs. 9, 10, and 11.

IV. FEASIHILITY OF MEASUB.EMENTS

At present the most promising detector is a pixel type
such as charge coupled device (CCD) vertex detectors [7]
in order to measure dense positions of particles. We do
not need to measure their energies since momenta of our
interesting particles are analyzed by the 2-T solenoidal
magnetic Geld as described in the preceding section. The
densest regions are Hi and H2, whose density is esti-
mated to be 120 (particles) x72 (bunches) per 4.1 cm2
(0.32 MHz/cm2) if the detectar can be read aut only

between rf pulses at 150 Hz for the JLC-I [9]. The occu-
pancy rate is below 1% in the CCD detector with 25x25-
pm pixel size. Assuming that the energy of electrons
(positrons) traversing the detector is 200 MeV, the total
dose is estimated to be 110 krad for a year (100 days)'s
experiment. This estimated. dose is very close to the
present lifetime of CCD detectors. For experiments in
several years, we should need more radiation-hard CCD
detectors resisting up to 1 Mrad. Since there are good
prospects, Mrad-hard CCD detectors should be available
in the near future [7,8]. In order to get any useful in-
formation inside a bunch train of 201.6 nsec (2.8 nsx72
bunches), it is very important to have a fast-gating CCD.
Since there are few possibilities to realize such a CCD in
the future, it is very diKcult to extract information for
each bunch during collisions. However, there is a solu-
tion to get information inside the bunch train when one of
two linear accelerators (LINAC's) can be operated with
a single bunch that is called a test beam. This test beam
can probe inside the bunch train in the other LINAC by
colliding with the specific bunch in it at the IP. We can
easily choose any bunch to be probed in the train by ad-
justing a timing of the test beam. For this test beam
operation, any information concerning a bunch property
can be obtained.

As clearly seen in Table I, where measurement errors
are statistical ones corresponding to numbers of bunch
collisions listed in the second column, beam sizes (o,o„)
and vertical displacements can be measured sufBciently
even for a single bunch. For the measurements of trans-
verse rotations a few bunch trains must be necessary for
the statistical accuracy.

V. CONCI USIONS

We have shown by detailed simulations using ABEL
that e+e pairs, especially their azimuthal angular distri-
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butions, carry very important information for the mea-
surement of nanometer beam sizes. At first sight, the
results are surprising, since it has been expected to be
impossible to preserve such information under a large
disruption of beams at the IP. The reason for the preser-
vation is the large deHection angles of low-energy pairs.
Especially the same-charge particles in the pairs are
strongly deBected due to the repulsive force of the on-
coming beam. Escaping from the beam immediately af-
ter their creation, they continue to feel an electromag-
netic field just during a collision where the beam is not
disrupted very much.

The simulations have taken place under realistic ex-
perimental conditions for the JLC-I (Eb, =250 GeV),
such as a horizontal beam crossing (P„„=8mrad) and
a solenoidal magnet of 2 T. Employing particles deHected
with maximum angles, we have explicitly demonstrated
the possibility of precise measurements of the horizontal
beam size (o ), the aspect ratio (R), the vertical displace-

ment (A&), and the transverse rotation (P „).Actually,
from measurements of 0 and R, a vertical beam size of
nanometers can be obtained. Since the statistical accu-
racies of the measurements are suKcient at least with a
single pulse-train crossing, i.e., at 150 Hz, this method
will be very useful for a real-time feedback operation to
realize stable collisions between nanometer beams at lin-
ear colliders. Although the simulations have been exe-
cuted for the JLC-I as a typical future linear collider, the
method can be applied directly for other linear colliders.
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