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MEASUREMENTS OF ELASTIC SCATTERING AND TOTAL CROSS SECTIONS
AT THE FERMILAB PP COLLIDER

Summary

1.

We propose to measure §p total cross sections, the real parts
of forward scattering amplitudes, and forward diffraction
elastic scattering over the energy range Vs = 300 to 2000 GeV.

We will normalize our data to the known coulomb scattering '
cross section. An alternative method of normalization requires
a 4n detector to record all interactions, both elastic and
inelastic, in combination with the small angle detectors. We
will either build a 4w detector using scintillation counters,
or use equivalent signals provided by any other group approved
to build a 4m detector at DO.

Our apparatus can be used to provide absolute calibration of
luminosity monitors for use by other groups.

The equipment covers the |t| range from the_coulomb region to
0.11(Gev/c)2 at /S = 300 and to 4.8 (GeV/c)? at /s = 2000.

The experiment can be carried out with luminosities of ~10 6cm 2
sec” ! or greater. The requested running time is 1300 hours.

Locations other than DO are possible for this experiment, in-
cluding B0. However, D0 (or A0) has accelerator properties
allowing smaller values of |t| to be reached (see Section VII).

In order to measure into the coulomb region, we propose to
place detectors in the accelerator lattice by the D14 and C43
guadrupoles. This will require ~1' of room temperature bheam
pipe at these locations.

The detectors in this experiment are small and the apparatus
fits into the existing main ring tunnel. We do not require
any experimental area to be developed around the intersection
region.



(ii)

MEASUREMENTS OF ELASTIC SCATTERING AND

TOTAL CROSS SECTIONS AT THE FERMILAB PP COLLIDER

I. Introduction
IT. Motivationv
ITII. Experimental Method
IV. Experimental Equipment
V. Resolution
VI. Counting Rates and Estimated Errors
VII. Location of Experiment
VIII. Running Conditions
Appendix A. Some Properties of the Colliding Beams (i)

Appendix B. Some Properties of the Colliding Beams (ii)



-1-

MEASUREMENTS OF ELASTIC SCATTERING AND TOTAL CROSS SECTIONS
AT THE FERMILAB pp COLLIDER

I. Introduction

We propose to measure pp elastic scattering and total inter-
action rates at the Fermilab collider up to Vs of 2000 GeV. The t
(four-momentum-squared) range cévered will be from the coulomb region
(|t]<0.001 Gev?) up to |t|~5(GeV/c)2. Thié will enable us to determine:

(1) oq, the total pp cross section,

(ii) P, the ratio of the real to imaginary part of the forward

nuclear scattering amplitude,
(iii) b, the slope of the forward diffraétion peak,

(iv) the position of the first diffraction minimum in the elastic

scattering,
(v) the shape and height of the second maximum,
(vi) the position‘of the second diffraction minimum (if there
is one), or at least the slope beyond the second maximum,

(vii) The absolute value of the luminbsity in our interaction
region. This permits calibration of luminosity monitors
for all other users at DO.

Data will be taken at several energies between injection
(Vs = 300 GeV) and.full energy (Vs = 2000 GeV). Both the scattered
p and p will be detected in coincidence using scintillation counters

brought close to the circulating beams by means of "Roman Pots" (re-

entrant vessels inserted into the accelerator vacuum system). The

cross sections are normalized by two independent means: (1) comparison

with the known coulomb cross section, and (2) simultaneous measurement
of the total interaction rate and small angle elastic scattering.

The total interaction rate can be determined using a simple 4w

scintillation counter array or by using another group's 47 scin-



tillation detector signals if available to us.

This experiment does not require any experimental area to be

developed at D0: the apparatus required fits into the existing
tunnel.

II. Motivation

1. Total Cross Section

The hadron-hadron total cross section o,_ is one of the fun-

T
damental measurements needed in any study of hadron interactions.
Around 1970, it was believed that all hadron total cross sections

had almost reached their expectéd energy—independent:asymptotix:values(l’z).

A very different picture has emergéd from a series of ex-

periments in the 1970'5(3’4'5). As energy is increased, all cross
sections fall, reach a minimum, and then rise again at high s. This
behavior still does not have a unique explanation. The rising cross
sections need to be measured over a large range of s, in order to estab-
lish the functional form of the cross section variation with s.

The cross sections are expected by some to vary only logarithmically
with s. Measurements now extend to the ISR limit of Vs = 63 GeV for
pp(G) and in preliminary-measurements for pp at Vs = 53 GeV'(7'8);
measurements should soon become available from the SPS collider at
Vs = 540 GeV for ﬁp.

(1,2,4,5,6) on pp and pp total

Figure 1 shows some existing data
cross sections, together with extrapolations(g) to higher energies.
At Fermilab Collider energies, the extrapolations are unreliable, and it

becomes critical to measure O directly at an s-value which is a

factor of 14 higher than the CERN SPS Collider can achieve.



2. The p Value

There is an intimate connection between p and the total
cross section Orpe At high energies, the dispersion relation between p and
O becomes quasi-local, with p becoming proportional to the logarithmic

derivative of Cope

Shown in Fig. 2 is the experimental behavior(g’lo)

of p for
both pp and pp, along with dispersion-theory predictions. Starting
at very low energies, we see that p decreases with increasing energy,
reaches a minimum, goes back through zero, and continues to increase
up to ISR energies. Will p continue to increase, or will it reach a

maximum and eventually decrease toward zero as expected?(ll)'

We intend to determine p through measurement of the coulomb-nuclear

interference term in elastic scattering.

3. The Nuclear Slope Parameter

Although the nuclear amplitude for small |t| (g 0.02
(GeV/c)z) is adequately parameterized by exp(-b |t]|), where
b is a function of s only, it is known that for larger t, b is a

function of both s and t(lz). This is shown in Figs. 3 and 4. We

wish to measure this dependénce. for large energy and for |t[ in therange
0.001 to 1 (GeV/c)z. For sﬁall't, the -extrapolation shown in‘Fig} 3b
suggests that b increases from ~16 (GeV/c)fz.at ISR energies to ~18
(Gev/c).—2 at /s = 2000 GeV. A measurement of this diffractive
shrinkage will shed light on the asymptotic behavior of the scattering

amplitude.

4. Tirst Diffraction Minimum

In 1980 a diffraction dip was first observed at 50 GeV/c

(13)

at the SPS in pp elastic scattering at |t] = 1.4 (GeV/c)z, and
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(14)

subsequently verified at Fermilab at 100 GeV/c as shown in

Fig. 5. Some explanations have been given for this behavior, to-

gether with predictions for dip position and depth as a function of

incident momentum. (‘2r16)

Using a simple black disc model, tdip'OT = constant; assuming
op = 75 mb at /5 = 2000 GeV leads to |t|g; = 0.8 (Gev/c)?. 1In

T
. . . 28 -2 -1
Section VI we show that a luminosity of 10 cm “sec

is
sufficient to explore  details of this first diffraction minimum.

5. Second Maximum and Beyond

In pp.elastic scattering at beam momenta ~100 GeV/c there
is only a shoulder in the t distribution at |£| ~ 1.4 (GeV/c)z;
at ISR energies (~1000 GeV/c) this grows to a dip and a second maximum an
order of magnitude higher than the dip. At even higher ISR energies
(~1600 GeV/c) the dip begins to £ill in again.-Will the dip in Ep(iisappeg;

at our equivalent beam momentum of 2 x 106

GeV/c? Several theorists
have predicted that a second diffraction dip should appear at these
energies near-t ~2.5 (GeV/c)z; If no second dip occurs, will the
slope after the second maximum remain'at the value b = 2 (GeV/c)“2
observed at loWer momenta?

ITI. Experimental Method

dN
We plan to measure the elastic scattering rate dt in the angular

region 0.05 < 8 < 4 mrad using two sets of small angle scintillation
counter hodoscopes. The total interaction rate NT'will be measured
by a 47 detector. We will determine o

fit of the measured quantities %% versus t,. and N

qr P and b from a simultaneous

e
For elastic pp scattering, the cross-section g% can be para-

meterized as:

2
3 = TlE, * fn[

3t . (1a)
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G (t)

where fc = 2a e[ exp (-ia¢(t)) {coulomb amplitude} (1b)
£ = Lit0) exp (-b|t]/2) {nuclear amplitude} (lc)
n (4w) T

with o = fine structure constant
G = proton electromagnetic form factor

Here ¢(t) is the Yennié—West phase factor for the coulomb amplitude.
The optical theorem has been used in (lc), and it has been assumed
that p(t) = p (0) over the limited t range covered (|t[ <0.02 (GeV/c)z).
For measurements made down to sufficiently small values of |t],

there are 3 distinct scattering regions:

(i) pure coulomb, (small [t])
(ii) pure nuclear, ~ (large |t])
(iii) coulomb-nuclear interference. (intermediate Itl)

Measurements in region (ii) allow one to extract b, whereas region
(iii) gives information on p. Region (i) will be used for absolute

normalization. At ¥s = 2000 GeV and assuming o, = 75 mb (See Fig. 1),

T
the maximum coulomb-nuclear interference occurs at [t]| =
0.00095 (Gev/c)®. At /5 = 300 GeV, with oy = 55 mb, the maximum
interference is at |t]| = 0.0013 (Gev/c) 2.

We can write

dN _ do :
at - T ac (2)

where L is the luminosity and %% is the elastic rate corrected for all
lost events, e.g., those in which the scattered p or p is
absorbed in the material before the detectors. The value of

dN
ac extrapo-

lated to t = 0, (%%) , can be expressed, using (lc) as
t=0

2 2
(Qg) - 1, (407 o (3)

167w
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The total counting rate, N in the 47 detector after cor-

TI

rection for lost events is given by
N,=1Lo (4)

From (3) and (4), one obtains the absolute luminosity

2 2
NT (1+p7)
- dnN
lGﬂ(-)

dt £=0

and thus the absolute value.%% from (2).

L = (5)

In the low energy region (Vs < 1400 GeV), where we can measure
deep into the coulomb region, we can compare the measured values of
do/dt with the known coulomb cross-section, giving us a method
of absolute calibration completely independent of that used in

equation {(5). The final determinations of ¢ p, and b will be

T

obtained from a best fit to all the input data.
At higher energies (Vs 2 1400.GeV), we cannot reach sufficiently

into the pure coulomb region for accurate nérmalization, and will

use only the method of equation (5) to obtain the absolute luminosity;

we will still be able to obtain o., p, and b.

T

IV. Experimental Equipment

The method proposed to measure elastic scattering is essentially

the same as that used in the serles of experiments carried out by

(4,9,17)

the CERN-Rome group at the ISR in the early 1970's. The

same method is currently being used to measure ﬁp total cross-—sections

at the ISR(7); a similar technique is used to measure pp total cross-
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sections at the SPS collider‘(UAé).

The method is shown schematically in Fig. 6; the scattering
plane is vertical. Eaéh detector consists of small crossed scin-
tillation counter hodoscopes. Two detectors are used at each posi-
tion as shown, with the results averaged in order to eliminate effects
due to uncertainties in knowledge of the beam height.

As noted earlier, there are two sets of detectors (inner and
outer) covering different ranges of t; their locations are shown
schematically in Fig. 7.

The inner detectors, which are located at the ends of the DO
straight section, are 25 meters from the interaction region.
Although all details are not final, each detector will consist of
~20 ve:tical counters each ~2 mm wide, and ~25 horizontal counters,
each ~2 mm high; a trigger counter covers the entire array
(~40 mm x 50 mm). There are four such hodoscope arrays arranged
in two pairs, as illustrated in Fig. 6. Assuming that the closest
horizontal element can be placed 5 mm from the center of the cir-
culating beams (see Appendix A), the detector covers the.polar
angular region 0.2 to 2.2 mrad.

The outer detectors are designed to cover smaller polar angles.-
We take advantage of the Doubler lattice parameters to find a
location where the effective distance Leff is increased due to the

betatron oscillations of the p and p beams as they circulate around

the accelerator.
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Let the betatron function and phase at DO be BO and wo’ and
the corresponding values at a position i in the lattice be Bi' wi.

The effective distance Leff between D0 and i can be shown to be

L
Lege = (B, Bi)2 sin (y;-v ) (6)

Parameters for the vertical plane are(l8)

Bo = 106.16 m, and wo =
9.546 x 2w radians.
For the circulating protons, if we chose i to be the location

of the D14 quadrupocle (123 m from the collision region), we find

814 = 97.54 m and ¢14 = 0.808 x 27 radians. This gives
MY = (Yy,m0,) = 94.62°, sin Ay = 0.997.

Leff = lQl.S‘meters.
Similarly for antiprotons, a detector at C43 (210 m from the col-
lision region) will have

Ay = 255.6°, sin Ay = 0.969

L = 98.78 m.

eff
These outer detectors will be hodoscope arrays similar to the
inner detectors, each consisting of ~20 vertical counters, each ~2 mm
wide and ~20 horizontal counters, each ;l mm high. The trigger
counters will be ~4O mm wide by 20 mm high. They would also be
mounted in "Roman Pots" which we again assume can be moved in as close

as 5 mm to the centers of the circulating beams. The range of

scattering angles covered would then be 0.05 to 0.25 mr. This
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method of making use of the lattiée parameters reaches a |t| value
16 times smaller than having the small angle detectors at the
ends of the straight section. Table 1 gives the t ranges covered
by the detectors.

Since measurements over some regions of t can be made with
both the inner and outer detectors, we will ha&e a check on the
method of using detectors in the accelerator lattice. As a by-
product, a meaéurement of the acceleratof betatrén parameters should
be obtained. |

If low-B quadrupoles (giving B = 3 m?) are available at DO,
Leff is reduced considerably, and the t region subtended by the outer
detectors becomes comparable to that of the inner detectors under
the high-B8 conditions discussed‘ub to now. Since there are >100 m
of superconducting Doubler magnets between D0 and the detectors,
we will have good magnetic analysis on both outgoing particles to
remove inelastic background from these large |t| measurements.

(7)

As in the ISR experiment, ADC information will be recorded
for all counters, and TDC information wiil bé recorded for the 8
trigger ‘counters. Each hodoscope array will be positioned remotely.
For measuring the total interactiop rate, we will use a 4w
detector composed of scintillation counters surrounding the inter-
action region. As an illustration of such a detéctor, Fig. 8
shows the detector used by‘the Pisa-Stony Brook grdup ét the ISR;(lg)
If another group is approved to carry out an experiment using a 4w

detector at DO, we could use the signals from their scintillation

counters to perform this measurement.
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Relative luminosity monitoring will be provided by a set of
scintillation counters placed near the ends of the DO straight
section. Our experiment will calibrate these monitors for use by
any other experiment there.

V. Resolution

A finite beam size of standard deviation o at the interaction
point causes a point in detector H1 to correspond to a size Oy = 20 at
detector H2, as shown in Fig. 9. The effect of the angular divergence
of the two beams must be added to this in quadrature.

The total standard deviation on array H, (corresponding to

a point on H1l) is

2 2
4 ¢ o= ‘ Y
2 P P 2,2 2
P , 2—§-L(6p+6p)
0] + o=
p p
where Gp, 05 are the widths of the two beams, and ep, 65 are their
r.m.s. divergences. For the outer detectors, using op = 05 = 1.8 mm,
L = 100 m, 6_ = 6= = 0.017 mr (conservative estimates derived in
eff p 8]

Appendix A), we thain Oyp = 3.5 mm. As aiscussed in Appendix B,
another term in the betatron transfer matrix from DO to location i
gives an additional effect bf about the_same magnitude. For the
inner detector at L = 25 m, Opp = 2.6 mm.

From the size of 042 (several mm) we conclude'that adequate
spatial resolution is achieved with hodoscope elements of ~1 mm.

In particular, there is no advantage in attaining resolutions of

~100 microns using silicon detectors or drift chambers for the elastic
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scattering measurements. A detailed analysis of the unfolding of
beam resolutions, cross section variations across the hodoscope,
etc. has been performed analytically for finite size éounters.(zo)
Basically, the distribution of elastic events over the hodoscope
elements contains all the information needed to extract beam parame-
ters and differential cross sections for use in equations la, 1b
and 1lc; the ISR results show that“this technique works with high
precision.

VI. Counting Rates and Estimated Errors

Even at very low luminosity, the low It] hodoscope elements

have high counting rate. We take EC-;[—TC_?:Ae"bltl

and A = 2.87 10”25 cm2 (Ge\;’/c)-‘2 obtained from‘the optical theorem

, with b = 18 (GeV/c) 2

with OT

(Gev/c)z, we obtain about 300,000 counts per hour in our sys-

28 cm_zsec_l. Clearly Oqr P and b can

= 75 mb and p = 0. Then in the region 0.001 < |[t]< 0.1

tem at a luminosity of 10
easily be determined even if the intensity is down by two orders

of magnitude.

In estimating the cross section in the dip region (|t|= O.8(GeV/c)2)

2

we assume the slope changes from b=18 to 15 (GeV/c) ét[tl-_—-O.Z(GeV/c)2

(this is the same amount of change of slope as observed at the ISR).

Then %% ~10730%n? (GeV/c)~2 at the dip. Using a luminosity of
28

10 cm‘zsec—l'and At=0.1 (GeV/c)z, the rate would be 1.6 events/hr.

In the region of the second maximum and beyond, we take the pessi-
mistic assumption that g% does not rise above the dip and that

beyond |t| = 1.3 (GeV/c)2 the slope is b=2 (GeV/c)._2 (as observed at
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the ISR). Then at |t] = 3 (GeV/c)2 with At = 0.5 (GeV/c)2, a lum-
. . -2 -1
inosity of 1028 cm  sec would give 4 events per day.

We conclude that the expected counting rates are adequate at

28 2 -1 26 _~2
c

luminosities of 10“°cm “se . Even for luminosities of 107 cm

sec—l, we have adequéte counting rates for determining O b and p;
the recent CERN ISR pp experiments(7'8) using luminosities
~10260m“2sec—l achieved statistical precisions, in several hours

of running, of ~5% in o, and measured elastic scattering out to |t]
of 0.6 (Gev/c)Z.

The rates and acceptance of our system may permit measurements
to |t| ~5 (Gev/c)?; however the inelastic background will probably
be larger than the signal in the high|t| region. Similar elastic
scattering experiments in which only the angle-angle correlation
is measured start having background problems at |t| ~1.5 (GeV/c)z.
Even though we can determine the inelastic background with good
statistical precision, we can not expect to reach much farther than
€] ~1.5 (Gev/c)? without momentum analysis. If there is to be any
low beta running at DO, then as mentioned previously, the Doubler

accelerator magnets provide a good momentum resolution for the scat-

tered 5 and p.

Basea on IS? experience, the inelastic background at small
|t]! in the inner detectors may readily be obtained from the pattern
of events in the hodoscopes. It is generally small; for example,
in the region |[t]| < 0.04 (Gev/c)?, it should be less than 0.5%. (1)
Background in the outer detectors should be much less because of

the considerable magnetic analysis provided by the Doubler accel-

erator magnets.
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Again from experience at the ISR, systematic uncertainties in

the value of o, should be ~0.5%(4’6'17),

P For p, systematic un-

certainties should be ”0.0l.(g)

VII. ILocation of Experiment

We propose this experiment for the D0 straight section, although
there are other possible locations that are less desirable. The
major requirement is to have a high B at the intersection region in
order to have the beams as parallel as possible.

At both A0 and DO, B = 106 m; the other 4 straight.sections

(B0, CO, EO, F0) all have 8 = 73 m. ‘18]

If we use 5 mm as an estimate
of how close a detector can be placed to the circulating beam, and
then find a location in the lattice where sin AyYy~1 and £~100 m, the

minimum values of |[t| at Vs = 2000 GeV are:

3
3

A0, DO 2.4 10
BO, CO, EO, FO 3.4 10

(GeV/c)2
(GeV/c)2

Thus it is possible to carry out this experiment at B0, but
data will not be obtained as far into the coulomb region as at DO.
In addition, we expect B0 to be occupied by the Collider Detector
Facility; this facility will need low B (~3 m) quadrupoles on for
high luminosity most of the time, which precludes small t measurements.

VIII. Running Conditions

We need to turn off the low B quadrupoles at DO in order to
have the two crossing beams as parallel as possible during the low |t]’
running. As discussed earlier, low B quadrupoles will enable us to

make measurements in the range |t] > 1.5 (Gev/c)?
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The detectors require about 1 foot of beam pipe, at the ends
of the DO straight section, to install the "Roman Pots" containing
the detectors. In addition, we will need about 1 foot of room
temperature beam pipe at the D14 and C43 locations for the other
set of detectors. This latter requirément is not trivial since,
as currently designed, the beam pipes there are at liquid helium
temperatures. However, conversations with many members in the
Accelerator Division have indicated that such a change is possible,
although needing detailed engineering design.

We wish to run this experiment at several energies between
Ys = 300 and 2000 GeV. Measurements overlappiné with the SPS
Collider will be valuable to understand systematic effects; the
lower energy data, which will enable us to reach lower values of |t],
will allow a study further into the coulomb region, which is needed
for equipment calibration.

The running time needed forvthe experiment depends on the
Juminosity and the number of different energies studied; 200 hours
at each energy should allow measurements to |t]| :O.S(Gev/c)2 even

26 cmnzsec—l luminosity. Measurements at 5 energies, with

with 10
300 hours for testing, lead to a total regquest of 1300 hours.
We note that this experiment does not require any experimental

area to be developed at DO; our experiment fits into the existing

tunnel, and only a counting area nearby is needed.



TABLE 1 - Values of the Minimum and Maximum Values of [t]| at

|

(GeV)

300
500
1000
1500

2000

Different Values of Vs.

Inner Detector

9, =0.2
n

mi

Itlmin

0.0009
0.0025
0.01
0.023

0.04

6 =2.1
max -

ltlI’(’k’:’LX

Outer Detector

0 . =0.05
min

ltlmin

0.000056
0.00016
0.00063
0.0014

0.0025

emax=0,25

1] s
.0014
.0039
.016
.035

.063

ny

(GeV/c)2
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FIGURE CAPTIONS

Fig. 1 pp and §p total cross sections versus Ys. An extrapo-
lation of the data to collider energies is also indi-
cated. |

Fig. 2 The ratio P of the real to the imaginary part of the
forward scattering amplitudes for pp and pp elastic
scattering plotted versus lab momentum.

Fig. 3 {(a) The t dependence of the slope parameter b for
T p, T+p and pp elastic scattering at 200 GeV/c.

(b) The energy dependence of the slope parameter b,
computed at an average value of It] = 0.05 (Gev/c)2
for pp elastic scattering.

Fig. 4 The pp and pp slope parameter b, computed at different
average values of |t]| plotted versus lab momentum.

Fig. 5 Compilaﬁion of data on Ep elastic scattering around the
first diffraction minimum and the second maximum, from
refs. 13 and 14.

Fig. 6 Schematic experimental layout, side view. The figure
shows the "Roman Pots" and the detectors.

Fig. 7 Accelerator layout (schematic) near DO, showing locations

of the detector arrays.

Fig. 8 Layout of the 4nw detector used by the Pisa-Stony Brook
group (ref. 19).

Fig. 9 Illustration of the resolution calculation. -



Appendix A. Some Properties of the Colliding Beams (i)

The resolution needed in the detectors is determined by the
properties of the two crossing beams at the intersection point.
The expected emittance & of the beam is given in a number of

references:

(1) e (150 GeV) <0.27m mm.mr (20) (Ref 21)

il

.. g (1000 GeV)= <0.037 mm.mr

(ii) e (150 GeV) = 0.157 mm.mr (95%) (Ref 22)
.o (1000 GeV) = 0.027 mm.mr
(iii) -Beam size = #1.2 mm at 8=70 m at 1000 GeV (Ref 23)
.o (1000) = f’i—g—‘f—”— = 0.02 7 mm.mr .
(iv) £ (1000) proton = 0.026 T mm.mr (Ref 24)

e (1000) antiproton = 0.0l m mm.mr.
We will use>s(1000) = 0.03 7 mm.mr as a conservative estimate
of the emittance of each beam. This gives at D0 (B=106.16 m) a
vertical beam size
o 1y
* (5;) equal to *1.8 mm, and a

vertical beam divergence
;,. .
. (§;>2 equal to #0.017 mr.
+ &

Horizontal sizes are calculated to be somewhat larger because
of the finite energy spread of the beams; this is an important reason
to measure elastic scattering in the vertical plane. The beam size
of +1.8 mm leads us to believe that detectors may be placed as close

as ~5 mm from the beam center.



Appendix B. Some Properties of the Colliding Beams (ii)

The displacement di from the nominal beam orbit at position i
for a particle starting at position o with angle eo and displacenent

d , is given by
O 1

8

5 i
a, =(_B_i> {eos by = ) + o sin (b = ¥ )} d + (B B;) *sin(¥;~V )6
o
where o is another betatron parameter. '{Equation (6) in Section IV
is the last term of this expression}. |

At DO, a, = -1.968. For i = D14, the first term becomes

-1.96 do' A spread in dO of #1.8 mm then leads to a variation in

d. of +3.5 mm.
i
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