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The luminosity of the electron—-positron colliding beam storage
ring Adone has been measured delecting single and double
beam-beam bremsstrahlung simultaneously. The two methods
are in agreement within experimental errors of the order of

1. Introduction

One of the most important parameters of a colliding
beam storage ring is the luminosity L, which is defined
as the interaction rate of a process having unit inte-
grated cross scction. It is quite obvious that it is desir-
able for a machine to attain the maximum possible L
value. A relative L monitor is therefore needed to moni-
tor machine operation. A relative L.monitor is also
required by most experiments, but it should be pointed
out that absolnte L measurements are required by ex-
periments investigating absolute cross sections.

The luminosity of an electron-position storage ring
can be measured by looking at a process of known cros
section and high counting rate. Both requirements are
met by the following small momentum transfer efectro-
magnetic reactions:

a)et+e —ette 4y
single bremsstrahlung (SB),

b) et e — et e v+
double bremsstrahlung (DB),

¢y et +e” —»ette:
small angle Bhabha scattering (SAS).

Our apparatus has been designed to measure reactions
(a) and (b), while reaction™c) was measured, in the
-same interaction straight section, by the apparatus de-
scribed in ref. 1.

Reaction- (a) has a very high counting rate: at
the characteristic. Adone luminosity?) of about
103 em™2h™! (3% 10%® cm™%s7!) the counting rate is
of the order of 10 k}lz, if yrays of encrgy £, 2 0.1 E

£2.5%. A third luminosity measurcment, using small angle
Bhabha scattering, was also found to be in.agreement with the
previous two.

(E ox = machine cnergy) -are detected. The angular
distribution at our running energies is a narrow peak in
the forward direction, so that an experimentul aperture
of a few milliradians is sufficient to accept almost all
outcoming y-rays: the single bremsstrablung measure--
ment is therefore ahnost independent of position and
shape of the interaction region. Furthermore, the cross
section has a very slow logarithmic dependence on ab-
solute machine energy, sc that SB luminosily measuie-
penats are almost independent of machine operating
conditions. The main source of background is, in the
case of Adone, bremsstrahlung on the residual gas
(GB); SB and GB cannot be directly separated, but an
accurate subtraction can be made on a statisticai basis
by filling only two cf the three buckets available in the
machine {see section 4). This procedure of course de-
creases the luminosity by a factor 4. Actually, humi-
nosity can be measured (under certain conditions, as
explaired in section 4) provided at least one electron
bunch current is different from the other one. The most
important source of errors in this kind of measurcment
is the determination of the detected y-ray energy thresh-
old. The high counting rate allows SB to be used for
“on-line” monitoring of machine operating conditions
even when luminosity is véry low. These features led us
to choose the SB monitor as a‘machine control facility.
Double bremsstrahlung can be measuved under nor-
mal machine operating conditions, namely wih three:
bunches in cach beam, since two y-rays are emitted in
opposite directions, and can therefore be detected in
coincidence. The background arising {rom both S)3 and
GB accidentals can be subtracted, on & statistical basis,
by the usual delayed-coincidence technique. The angu-
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lar distribution is peaked in the forward direction, but
is not as narrow as that of SB. The measurement is
quite sensitive to the aperture of the apparatus, but not
to the displacement of the interaction region from the
machine axis, or to its longitudinal shape. The uncer-
tainty in threshold determination, which in this case
aflects both counters, produces an error on luminosity,
which is about twice that of the SB measurement. The
counting rate i$ much lower, of the order of ten counts
per second. At Adone, DB is mostly useful at low
energy under good signal-to-background conditions,
since the signal-to-background ratio decreases rapidly
with increasing energy (due to increase in gas pressure).

Small angle Bhabha scattering has the great advan-
tage of being very well separable from background
events. The only kind of non-separable background is
the simultaneous scattering on the residual gas of an
electron and a positron: this effect can be subtracted on
a statistical basis by means of the delayed-coincidence
technique, and it is, in the case of Adone, of the order

of 1%. The integrated cross section, however, strongly -

depends on the longitudinal beam shape (for head-on
collisions, which is the normal working condition of
Adone), and on the absolute value of the beam cnergy.
A properly designed apparatus can compensate almost
exactly for possible displacements of the interaction
region from the center of the straight section if the
beams cross at an angle (i.e. for small dimensions of the
source of the scattering events), In the case of head-on
coliisions, with longitudinal dimensions of the order of
the region seen by the apparatus®), compensation be-
comes much less effective. The measurement is also
sensitive to counter alignment, because of the strong
angular dependence of the differential cross section.
Radiative corrections to small angle scattering are diffi-
cult to evaluate, and arc a further source of errors. For
the actual SAS monitor geometry, the counters being
outside the vacuum:chamber, the counting rate is of
the order of one count per second, under normal
operating conditions.

For details on cross sections, signal-to-background
ratios, angular distribations, etc., see refs. 4-7.

Our apparatus can measure luminosity at a single
crossing point, by measuring SB and DB simulta-
neously. This paper presents the results of a set of
luminosity measurements’ carried out in March 1972,
during a period of approzimately one week.

SB and DB were found to be in agreement within the
expected experimental errors. Small angle Bhabha
scattering, which is a completely independent measure-
ment, was also found to be in agreement within ihe
experimental errors.
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Z. Experimental setup

Our apparatus consists of three telescopes T1, T2,
T3 of one lead-scintillator sandwich and onc anticoin-
cidence plastic scintillator (see fig. 1).

Telescopes T1 and T3 arc used for SB, while T2 and
again T1 are used for DB; T2 is also necessary. to cor-
rect SB measurements for residual current in the
“empty” bunch, as will be cxplained later. Two win-
dows are provided in the vacuum chamber, one at each
side of straight section 11 {interaction section), while at
straight section 8, where the bunches do not collide,
y-rays go through the chamber. The original 0.1 mm
stainless-steel window had to be replaced (because of
synchrotron-radiation problems at beam energics above -
1.2 GeV) by 3 mm thick stainless steel ones.

An additional small scintillator counter placed inside
bending magnet M 10, whose stainless-steel housing
projects inside the vacuum chamber, has been occa-
sionally used for tagging purposes.

Sand\\/ich:coum_ers are linear up to 1.5 GeV and their

Fig. 1. Experimental layout.
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measured resolution (fwhm) is given by the formula:

E E\ Y
R =4E I‘<~> , =035, 1)
0.4

with E in GeV.

In {ront of SW1 and SW2 there are two lead col-
limators defining a half-aperture angle, as seen from
the center of the straight section, of 6 mrad. Fig. 2
shows a simplified block diagram of the logics. Since

T3 is used only for subtracting background from single.

bremsstrahlung events, as explained in detail in the
following, it does not appear in the diagram.

Counters SW 1 and SW 2 were aligned with respect to
the beam by looking at the outcoming y-ray bearn
profiles at the counters; alignment is accurate to
+0.2 mm both radially and vertically, corresponding
to +0.03 mrad:

The anticoincidence counters in front of SW1 and
SW 2 were used . :

a) o get a clean y-ray spectrum;

b) to eliminate fringing field effects on the correction
for the conversions in the thick window (see section 6);
the fringing acts in part as a clearing field, but clearing
efficiency changes with beam energy when fixed y-ray
encrgy thresholds are used.

3. Encrgy calibration and thresholds

The first problem in connecting SB (or DB) counting
rates to luminosity is that of determining the exact value
of the threshold energy for y-ray detection, Ey. We re-
call that

N = LJ e dolB) 4
Er dE .

where do(E)/dE is the differential SB cross section.
‘The value of E; is of course determined by the discrim-
inator setting (see fig. 2).

E; can be found by calibrating the GB pulse height
spectra: .

a) against the theoretical ones, the machine energy

being well known,

b) against a tagged spectrum of known energy.
After checking that resuits obtained through the two
methods were in good agrecment, we chose to rely,
during normal operation, on method (a), which is more
practical. -

3.1, CALIBRATION METHOD

The thin target energy spectrum of GB-y-rays, in the
extreme relativistic case and for complete. screening,
can be found in ref. 5. Since the spectrum does not

E3
k3
-
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change with encrgy if the reduced variable ¢ = EJE qax
is used, we have plotted in fig. 3 the product of & times
the spectral function n(g) versus . Given the energy
resolution of our counters [see eq. (1)}, the curves of
fig. 3 are obtained by folding R into the theoretical
spectrum, for differcnt values of I'. Tt can be seen that,
since the high-energy part of the GB spectrum is, in the
approximations of ref. 5, a step function, all curves
with I # 0 cross the =i stcp at almost exactly the
same point, irrespective of the value of I’ (at least for
I"< 0.6). Moreover, all spectra have a nearly flat region
at around ¢ = 0.65, so that the following approximate
method for finding channel -Cy, corresponding to
¢=11in our pulse height spectrum, can be envisaged:
assume yp to be the ordinate of the flat region (platcau)
of the spectrum; Cyy is then the abscissa of the point on
the spectrum, which has the ordinate

Ym = .

1.82(140.013)

The introduction of a more sophisticated shape for the
high-energy side of the spectrum®) leads to corrections
that are small with respect to the overall accuracy of
our reconstruction of spectra, and were accordingly
neglected.

We also need to know what channel (Cy) in our pulse.
height spectrum corresponds to zero energy. By know-
ing C, and Cy, and assuming the pulse height analysis
chain is linear, we have an cnergy calibration of the
apparatus, and can therefore proceed to find Ly.

Let us briefly describe how the actual system works:
counter pulses cnter a linear gate, arc superimposed on

PULSE
HEIGHT
LINEAR ANALYSIS
GATE e
THRESHOL D,
— ENABLE
Swi DISCR 10
BF i SB COUNTIHG
CLOCK . i ‘ LOGIC
A1 4 L
A2 TC
R DB COUNTING
RF CLOCK N LOGIC
°J
sw2 __[“L— '
DISCR. .
LINEAR _—
GATE PULSE
EIGHT
“ ANALYSIS

Fig: 2. Simplified diagram of event defining logic.
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Fig. 3. Differential gas-bremsstrahlung spectrum at a maximum energy of 1 GeV, with resolutions I"=0, 25, 35, 40, 50, 55, 60%
at 400 MeV.
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Fig. 4. Method for finding the threshold. Curve 1 is the theoretical spectrum, curve 2 is the experimental ove.

a constant amplitude pedestal, and are then fed to a 200-
channel! pulse height analyzer. An external clock con-
tinuously generates “pedestal-only” pulses, which are
also fed, during the measurément, to the analyzer. The
zero-cnergy channel Gy can thus be identified on each
spectrum. Once the spectrum is completed, it is directly
transferred to & computer, which identifies Cy and Cyy,
calculates the calibration factor .

ot
f . bmax

Cu—Co

a

(the channel width in energy units) and compares the
experimental to the theoretical spectrum, by normal-
izing one to the other at the plateau. Fig. 4 explains:
how the threshold energy is defined: curve 2 is the ex-
perimental ‘spectrum, and curve | the theoretical one:
the two curves are normalized to cach other at one
point on the plateau; C; is defined by the following
condition:

u

J N(cxhdc:f N(C)owp 4C,
Cr

0
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Fig. 6. Experimental sas-bremsstrablung spectrum compared with theoretical spectrum for SW1. Beam energy | GeV.

and Ej; is.then given by
Ey = f(G—Co).

3.2. LINEARITY OF DETECTORS

AND ANALYZING SYSTEM
The sandwich counters were tested in a monoencr-
getic beam of 100-700 MeV electrons. They were found

4
*

to be linear to within the experimental errors in this
range, and energy resolution was found to vary as the
square root of cnergy, as expected, being 35% fwhm at
400 MeV. More accurate tests of the whoie chain, in
the 350-1200 MeV range, were performed at the storage
ring, using the GB beam (sce flg. 5).

Linearity of the electronics has been tested using a
pulser. Diffcrential and integral linearities have been
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Fig. 7. Experimental gas-bremssirahlung specirum compared with theoretical spectrun; for SW2. Beam energy 1 GeV.

found to be within 0.3 channcls, which is compatible
_ with the pulse height analyzer specifieations. TFig, 5
shows the lincarity of SW1 and SW2 versus encrgy.
The dots in fig. 5 are values of Cyy obtained using our
analyzing program. The crosses are values obi ned by
subtracting spectra of the same serics having different
encrgies. This of course leaves a peak of quasi-mono-
chromatic 7’s. We plotted the peak channel posiiion.
A best fit of the points with a straight line gives an
error on the extrapolated zero-emergy position of
(0.124:0.3) and (0.0640.4) channels for SW1 and
SW 2 respectively. '

3.3. CALIBRATION AND THRESIIOLDS
USING GB SPECTRA

Our method for determining the detection threshold
requires the GB spectra of the counters to be analyzed.
A typical spectrum, obtained during an experimental
run at the'energy of 1 GeV is shown in fig. 6, super-
imposed on the theoretical specirum normalized at the
platcau. A slight discrepancy, nevel exceeding 3% at
the lowest end of the spectrum, between theoretical a nd
experimental shape’can be observed. It is important to
note that, upon discovering this cffect, we dismantied
the whole electronics and rebuilt it more carefully: in
particular a different type of lincar gate was adopted.
The change had no elfect on the pulse height distribu-
tion. We are therefore reasonably confident that the
discrepancy cannot be attributed to the electronics.
The effect could of course be due mainly:

NUMBER
CF COUNTS/CHANNEL

e -

o 30 20 30 40 50 CHARNEL

Fig. 8. Pulse-height distribution obtained with a monoenergetic
¢lectron beam. Beam energy 137 MeV,
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a) to a non-lincarity of our counters;

b) to wn-Gaussian distribution of the counter
pulses for a monoenergetic beam;

to a physical effect causing a slight energy de-
grading of the spectrum [small effects of this kind
are present (see section 6), but those we know of
are not sufficient to explain the whole effect].

As described above, counter linearity was found fo be
within the experimental eirors in the range 100-
1200 MeV. ]

In order to check point (b) we have fitted test spectra
obtained with a monoenergetic electron beam to
Gaussian distributions. Figs. 8 and 9 show the distri-
butions obtained at energies of 137 MeV and 250 MV,
respectively. At.a level of 10% of the maximum height
the asymmetry is less than 5%, and is not sufficient to
explain the observed discrepancy.

The-tentative conclusion we reach is that at least
some background of low-energy y’s is produced inside .
the vacuum chamber. We could not, however, prove this ™
point by direct measurement. Should the effect be due

a

]
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Fig. 9. Pulse-height distribution obtained with a monoencrgetic
electron beam. Beam encrgy 250 MeV.
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to a non-linearity of our system alone, it would be just
barcly compatible with our estimated maximum errors.

Reflections of this small discrepancy on our thresh-
old values will be discussed in the paragraph on
experimental errors.

3.4. TAGGING OF PHOTONS AS A CHECK
ON THE ENERGY. CALIBRATION

A small (Ix1x1cem®) plastic scintillator counter
was installed inside bending magnet M 10 (see fig. 1).
The two quadrupoles and part of the magnet act as a
momentum analyzer for electrons accompanying
bremsstrahlung y’s. The y and the accompanying elec-
tron (of knowi energy) can thus be detected in coin-
cidence. If the aceepted momentum byte is small
enough, the associated y’s are quasi-monochromatic.

Our counter was placed at (6-£0.06) magnetic de-
grees inside the magnet, at a distance of (12+1) cm
from the equilibrium orbit. Taking into account the
closed orbit position and angle, the peak of the y-ray
distribution was calculated to be at

’ ¢ = 0.854+0.01.
& n(C)
CALCULATED PEAK
IMEASURED
JTAGGED
DISTRIBUTION
I
. ISN
Co Ctagg Cm c
2 4T e T t

Fig. 10. Bremsstrahlung spectrum compared with tagged spec-
trum (amplified).



352

The error quoted is a mean square standard deviation.
Fig. 10 shows one of the measured peaks. The test was

erformed at a machine energy of 1 GeV. The width of
the peak corresponds to the 850 MeV resolution of the
sandwich counter, since the resolution of the tagging
system (dp/p = 3% fwhm) is much better than that of
the counter (24% fwhm). The calculated position of the
peak agrees, well within the errors, with that estimated
using method (). :

4. Background subfracticn
" for single bremsstrahlung

As discussed in ref. 4 the main source of background
to SB measurements is bremsstrahlung on the residual
gas (GB). The signal-to-background ratio can easily be
as low as 10%, so that subtraction requires special care.
Background calculations are of course unreliable, since
the average of pZ? (the product of the pressure and the
mean square alomic number of the residual gas) over
the path length seen by the apparatus is not well known
and depends critically on machine conditions. Back-
ground measurements with spatially separated beams
are also unreliable since, due to beam displacement, the
desorption from the vacuum chamber walls changes
and may cause large variations of pZ2.

We therefore adopted the following method.

4.1. MISSING-BUNCH METHOD

Let us for convenience assume that telescopes T and
T3 face the positron beam and that (in section 11)
bunch j* collides with bunch j~ (j=1, 2, 3). Let i
(k=1, 2, 3) be the positron and electron bunch cur-
rents. The counting rate-of T1, atinteraction section 11,
is given by

Ny = Gyif +SLG{ i7), k=123, (2a)
and that of T3, at scction 8, by
ﬁk = g i:’ k = 1,2a 37 (Zb)’

where L is the luminosity produced by the collision of
bunches k, while G,, g, and S are cocflicients. G, and g,

contain, besides the dominant GB term, background-

terms due to positrons lost on the vacuum chamber
walls, while S is related to the cross scction of SB.
Obviously the total luminosity-L is given by the sum of
Ly Ly, Ls.

Egs. (2a) and (2b) are a system of six equations: in
order to obtzin the total luminosity L we must imposc
conditions on at least one bunch intensity, and make
assumptions on the ratios of bunch currents in the two
different straight sections.

F
&
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Let us assume that bunch 3 of clectrons is empty;
then it follows immediately from eq. (2a) that

Y “ Y G iy G's .T g
L::L.\‘-F'LzZ-I—-[N1+1\’2——N3( 11_: + __f_%_)j}
S G313 G3 ]3

3)
We now make the following assumptions
g_l. = 9 _G_% = 92 {4)
G; ¢s Gs g3
From egs. (2b), (3) and {4) we obtain
L= T}S—[N‘ 4 N, — (N3 /i3) (i, -+ 115) ] (5

Under the further assumption that L be a function of
the product of the colliding bunch currents only,
namely

L= const Y (iy i), 6)

formula (5) can be generalized to the case where the
third electron bunch current is not exactly zero. Under
this assumption it is suflicient to correct the lumincsity
given by eq. (3), by a factor K defined as

fatas o, fy

= . , )
(B2~ P3) + “3(1 —-f33)
where :
Oy = i;/i;, *3 = i;/if,
B, =iliy,  Py=i3liy. .

Current ratios «; and f; can be accurately measured
with vertically separated beams:

4.2, CHECKS

Since the method described in section 4.1 is based on
several assumptions, accurate checks had to be per-
formed.

Assumption (4) (independence of background ratios
from the straight section where they are observed) was
checked with one beam only, and with two separated
beams under various machine operating. conditions.
The ratios N /N, and 1,/5 (k = 1, 2) were found to be
the same to within the statistical errors (of the order of
few tenths of a percent).

Assumption (6) can only be checked indircctly. The
proofl of the correctness of eq. (6) lies, in our opinion,
in the fact that, whiie K ranges for our measuremen:s
between 1.0 and 1.2 (corresponding to 0-12% of the



LUMINOSITY MEASUREMENT AT ADONE

sntensity ef the third bunch), no dependence of the ratio
Lpeil.. , vn K has been observed: this is a good check
pecause the comrection applies to SB luminosity only
(see fig, 15).

A further check on assumption (4) consists in fitting
the experimental SB spectrum, obtained on a statistical
hasis from a spectrum containing both GB and SB y’s,
to the theoretically expected curve. During several runs,
the spectrum due to the e¥ bunch corresponding to the
missing electron bunch, which is a pure GB spectrum,
hius been collected and subtracted from the total spec-
trum, after being normalized by the ratio of the cur-
rents, measured in the non-interaction section. An SB
spectrum obtained in this way is shown in fig. 11 super-
imposcd on its theoretical shape: the agreement is rather
good: The fact that SB spectra agree with the caleulated
shape better than GB spectra seems to supporl. our
previous conclusion that at least part of the effect is due
ta a background originating inside the vacuum chr-
ber, which weould of course be subtracted from the-~8
spectrum,

5. Double bremsstrahlung measusrement

The main characteristics of the double bremsstrah-
lung process

et t+e” et e +yty

have been summarized in section 1.
During all our runs we have recorded SB and DB
events at the same time, so that a meaningful compar-

€n(g) \

" Fm,

1 1

m“\!ﬁs&
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ison can be made between the two measurements. The
statistical error on DB is much greater than that on SB,
because of the slow counting rate, due to the cross
section being about 107 times lower than that of $B,
and 1o signal-to-background conditions. The error on
the average Juminosity over all runs, however, becomes
quite small, allowing us to check the correctness of the
correction procedures, by comparing the two measure-
ments (see sections 4, 6 and 7). It should be pointed out
that the effect of the error on the threshold determina-
tion has the same sign for both 8B and DB, so that the
agreement between the twe measurements is not a
strong check of threshold determination.

6. Correction for conversions

The y-rays we detect iraverse a 3 mm thick stainless-
steel window placed inside the fringing field of the
bending magnets, and go through the anticoincidence
counter in front of the sandwich. The charged particles
generated by the conversions in the window are par-
tially swept away by the fringing field of the magnets,
thereby allowing a small fraction (8;) of degraded
p-rays to be detected by the sandwich.

The fraction of the primary y-ray beam, which con-
verts in the window plus the anticoincidence counter®,
was measured to be

8,46, = (12.7402) %;

* The measurement also takes into account possible back-
scattering effécts.

T‘{‘-ﬁLN

\I\-;\I o E

]
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Fig. 11. Experimental single-bremsstrahlung spectrum compared with theoretical spectrum for SW1 Beam cuergy | GeV.
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ihe contribution of the anticoincidence counter Al
being

Oy = (254£0.2) %,
and

a5 = (1.0£0.2) %.

The overall correction factor on the single brems-
strahlung rate is then:

o o e = (1.133::0.005).

1 —(5,+8,—5,)

The corresponding factor for DB (A2 being slightly

HANS CHRISTIAN DEHNE et al.

thicker than A1) was found to be

fos = (1.29540.012).

The calculated value for &, is 10.5%, which is in good
agreement with the measured value.

7. Zere-luminosity check and correction

An overall test of the correctness of our background
subtraction procedure is a measurement of SB and DB
luminosity with two vertically separated beams. Beam
ssparation was = 10 mm, corresponding to ~ 15 stan-
dard deviations. These “background” measurements
have been performed at several energics and signal-to-

§
800 900 1000 1900 pEam
a2l ENERGY
. | {MEV)
° %Wl"{{ ﬁ%% b
Fig. 12. Separated beanis " background” luminosity; single bremsstratiung.
%

800 200 1000 100 CeAM
sol (MEV)
ol .

204
: mth IRRRIRLIERI ,
I

Fig. 13

. Separated beams “beckground” 'uminosity; double bremsstrahlung.
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packground ratios, and are shown in figs. 12 and 13 for
sB and DB, respectively. We have plotted the ratio of
fuminosity measured with vertically separated beams to
that measured with crossing beams (Lo/L). The errors
quoted are statistical. '

In the case of DB most measurements show the back-
ground luminosity to be zero, independent of energ
and signal-to-background ratio, within the statistical
errors; which are of the order of 10-20% (see fig. 13).
The average of the ratio Lo/L over all our runs is com-
patible with zero. Therefore no correction for this kind
of background has been applied to DB luminosity.

In the case of SB all measurements of LofL lie within
a range -of 3 1.5%, the average over all runs being
(—0.3540.11)% (sce fig. 12). There seems to be a slight
variation of Ly/L with beam energy, and the fluctua-
tions are of the order of 0.5%. This can in principle be
expected, since residual gas pressure, currents and
machine conditions are widely different at diffrent
cnergies and, as already mentioned, the precisien. of
the measured ratio of bunch currents is of a ‘few
tenths of a percent. We have therefore corrected all
SB luminosity measurements by 0.35% and increased
the systematic error by +0.5%,

8. Errors
Luminosity is given by the general formula

N S+B) '“NB
I ®
c

where N g4 5, i the signal + background counting rate,
Y (5+B) £ g g
Ny the background counting rate, and ¢ the cffective
cross section of the process being observed. This cross
section is given by

. 1 ,
Osp = J J‘n Ei—@.g__._,_(a’ 0—-———~’ Frra) de dQ,

o J’l j<1 j’ J dGDB (81 5825 Oy, 0,, Em]x]’ x
{ =
o er1JeraJ 20J 22 de, dg, d2,d82;

x dg, de, dQ, dQ,,

for SB and DB respectively, where ey and € are mea-
sured values, ¢, being the threshold encrgy and Q the
accepted solid angle.

Our results are affected by three kinds of errors:

(1) statistical errois due to fluctuations in counting
rates;

(2) systematic errors due to uncertainiies in the cor-
rection factors and in the evaluation of the inte-
grated cross sections, which depends on mea-
sured quantities (g1, £2);

3
«

(3) “random™ errors which take into account varia-
tions of parameters relating counting rates to
luminosity (beam position, threshold encrgy,
ete.).

8.1. SINGLE BREMSSTRAHLUNG

As discussed in section 4, Ny, the background count-
ing rate, is given by

NB = NsR,

N, being the counting rate duc to the e¥ bunch which
interacts with the empty e~ bucket, and R being essen-
tially proportional to an appropriate ratio of currents
(see section 4). N,y and Ny are measured by the same
telescope, so that all possible drifts are the same for both.

Aside from statistical errors, the only source of errors
on the SB counting rate (Ng.p— Np) is the term R, The
best check on the magnitude of any systematic error in
the subtraction procedure is the measurcment of lumi-
nosity with vertically separated beams. The results have
been presented in section 7. We have assumed a system-
atic deviation of —0.35%, by which all measurements
have been corrected: the error on this deviation is
+0.5%, and it has been added to the systematic errors
on L.

Our methed for evaluating ep has been deseribed in

section 3. We have

E+ Ci—Cy
Bp = —— =
Ema.x CM""CO
Cy, Cy, C, are affected both by random and by system-
atic errors. The random error on Cy, Cy; and G is of
the order of +0:1 channels at most. (Cy — Cp) being of
the order of 15, and (Cy— C,) of the order of 100, we
find

(AET/ST)md = i1%9

corresponding to an error on L of about +0.7%. As
far as the systematic error on &y is concerned, we have
taken the view of attributing the discrepancy tetween
theorctical and experimental spectra to an actual energy
degradation. If this were strictly true, our values for ey
would be affected by the random error only. Siice,
however, the possibility of non-linearities or of a wrong
estimate of the absolute position of C, cannot be en-
tirely discarded, our values of ey could be affeeted by an
error of approximately —4%. This last figurc is a worst-
case cstimate. The corresponding systematic errer on L
is —2.7% at 800 MeV and —2.3% at 1100 MeV.

The collimators defining our apertures have been
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positionad using the beam itself. Allowing fora -+ 5 mm
random beam displacement, the corresponding error
on Lis +0.2% at 800 McV. Note that sinee our aper-
ture is +6 mrad, Lgg is very insensitive Lo errots in the
solid angle®).

As scen in section 6, our data have been corrected by
the factor

JSsu = 1.1334-0.005

on account of the conversions in the thick window. The
corresponding systematic error of +0.5% has been
added to the other errors.

8.2. DOUBLY BREMSSTRAHLUNG

The discussion just held on SB errors can be repeated
for DB. Systematic errors on the two thresholds are
approximately the same for the two telescopes T1 and
T2, so that errors on Lyy are roughly about twice those
on Lgy. Taking the shapes of the spectra into account
in some more detail (SW 2 shows a slightly better agree-
ment between theoretical and experimental distribu-
tions than SW 1), the systematic error on Ly, can be
estimated fo be —3.4% at 1{00 MeV and —3.6% at
800 MeV. The random error on Lpy related to the
evaluation of C,, Cy and Cy is in this case +1%.

The solid angle, because of the different angular dis-
tribution of DB*), also gives rise to a Jarger random
error. Under the same hypotheses alrcady made for SB
we find a maximum random error of +0.5%. Allowing
for.a 46 cm error in the source-collimator dista~ce,
the corresponding error on Ly is +0.2%.

The correction for the conversions in the thick
window (see scction 6) introauces a systematic error of
+1.2%.

8.3. OVERALL ERROR

The systematic and random errors described in sec-
tions 8.1 and 8.2 are sumimarized in table 1. Summing

TIAN DEHNE et al

up all the systematic errors, and defining

I‘mcasu red

. Llruc -

it is possible to define a
for single

“systematic error band” both
and double bremsstrahlung. We obtain:

(=37 < (4LILYE < 1.0) %,

(=50 < (ALJL)ZS < 1.4) %,

The same can be done for the random errors; which
must be combined quadratically:

(ALY = +0.8%, AL ~

rnd
>.>B

4 1.2%.

The systematic and random error on the ratio
R = Lpg/Lgy 1s, however, smaller than the error on the
individual mcasurements because, in most cases, the
errors have the same efllect on 3B and DB measure-
ments. The residual uncertainty on R is:

(—2.3 < (AR/RY™ < 1.4) %,
(ARJR)™ ~ +1.0%.

As far as radiative corrections are concerned, see sec-
ticn.9,

9. Results

We have measured SB and DB luminosity, in paraliel
with the small angle scattering (SAS) luminosity moni-
tor') during one week approximately (27/3/1972-
1/4/1972) at the encrgies of 800, 900, 1600 md
1100 MeV. The SAS monitor is placed on the straisht
section where SB and DB are measured, so that a divect
comparison between the two methods is possible.

A run typically consists of several points; in bevween
two “separated beams”™ measurements. The latter were
used both te collect GB spectra for threshold calibra-
tion purposes and to measure “zero luminosity” points

TanLE |

Correction factors and errors in single and double bremsstrahlung measurements.

SB DB
Correction Systematic Random Correction Systematic Random
factor crror error. factor error creor
Conversion in the thick window 1.133 +0.5% 1.295 +1.2%
Zero luminosity 1.035 +0.5%
Threshold , —2.7% +£0.7% ~3.6% 3 1.0%
Solid angle +0.2% +0.5%

Source~collimator distance

+0.2%

fab



LUMINOSITY MEASUREMENT AT ADONE

and the correction for tha residual current in the third
electron bunch.

In the course of one week thresholds varied (at con-
stant phototube voltage) by 4-5 MeV at most. Our
accuracy in threshold determination is, however, much
petter than that, since thresholds were measured both
at the beginning and at the end of each run, and their
average taken as the run threshold.

A typical run is shown in fig. 14. Each point, labeled
by a number on the horizontal axis (from I to 13 in this
case), corresponds to a 1000s luminosity measure-
ment. Black dots are the SB points, while crosses and

4 Lx10% el

e

Emax*1000 MEV

*lsb
*Lge
Alsas
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triangles are the DB and SAS points respectively. The
errors quoted are statistical.

It can be seen from fig. 14 that SB luminosity, being
affected by a negligible statistical error, is the best
monitor for relative measurcments. As an example,
after the measurement at point 8, the machine focusing
conditions were changed slightly, in order to obtain a
higher luminosity, and it can be seen from fig. 14 that
only SB has been clearly sensitive to the variation.
Statistical errors on DB are in this case roughly twice
those on scattering: this because the DB signal-to-back-
ground ratio decreases rapidiy with increasing energy;

Jo %L\%\*Ljr% %\4\%\}1\ !
1

3 I 1 .

1 2 3 4 5 6

+ + t t

7 8 9 10

Fig. 14. Typical luminosity measurcment run. Experimental points refer to 1000 s mecasurements.
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Fig. 15. Values of Lpn/Lsu. Crosses arc the average valiues of the points at the same energy.
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at 800 McV statistical errors on I3B and SAS are prac-
tically the same.
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Fig. 16. Lpp/Lsp es a function of signal-to-background ratio;
single and double bremsstrahlung.

HANS CHRISTIAN DEHNE et al.

Fig. 15 shows the value obtained for the ratio Lyy/Lg,
over all our measurements, from 800 to. 1100 MeV.
Points are the average value of this ratio over individuaj
runs (the crosscs at the center of cach group are the
averages over all points at the same energy). The points
appear to be statistically distributed around their aver-
age value of

["DB/I“'SB L= 1 .00 :{: 0.0 ].,

which is well within our possible maximum estimated
EITOTS. )

Fig. 16 shows the same points of fig. 15 as a function
of the signal-to-background ratio of SB and DB respec-
tively. No dependence of the result on these parameters
is clearly apparent. In fig. 17 the same points ave plotted
versus K, the correction for the residual current in the
third “missing” bunch (see scction 4). Again no depen-
dence of Lyp/Ley on K is apparent: we conclude there-
fore that the background subtraction procedure de-
scribed in section 4 is correct.

Fig. 18 shows the ratio of the luminosity mecasured
by the SAS monitor to that measured by means of the
SB reaction during the same runs; quoted errors are
statistical. It has to be recalled that the SAS monitor is
much more sensitive to machine conditions than both
the SB and DB monitors. The scattering apparatus is
in fact quite sensitive”) to longitudinal dimensions and
to longitudinal and transverse position of the inter-
action region and to the closed orbit angie at the cross-
ing point (this mostly because the machine is operating
with head-on collisions). The main machine parameter
involved arc f voltages, phases and frequency. These:
parameters can, (o some extent, vary from one run to

[723

4 Lab
Lsb
110+
. 1.05+ [ }1
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Fig. 17. Lpu/Lsy as a function of the correcticn K for the residual e~ bunch.
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SUTY MEASUREMENT AT ALONE
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the next, entailing «
systematic ¢rrors on SAS Iummomy Thc: )Hd“ ugle
scattering cross section also depends on the absolute
value of the beam encrgy. The distribution of the points

around their average value shows that individua! runs
are affected by different systematic crrors. The “aver-
age” value of the ratic Lgue/lgy (taking into account

only statistical errors) is
I:ISAS/,']JSI; == ] .045 ‘_t 0-005.

It has to be pointed out here, that, not having avail-
able a rctiable estimate of the radiative corrections to
be made on SB and on SAS, the data presented are not
coirected for effects of this kind. The radiative correc-
tions to DB hd\e been caleulated, in the soft photon
a;‘»proxxmaum;'x 9, and turn out, in our case, to be
+2.5% on luminosity. Radiative corrections to SB
should be in the same direction, and a very rough esti-
mate of radiative corrections on scattering seems o
indicate that the corrections are of the same order of
those to DB'') and in the opposite sense.

Considering the systematic error on SB; given in
secticn 8, and the fact that systematic errors on ”\S
are of the same order as the above mentioned “average”
deviation of the ratio Lg.o/[sp from unity, it can be
concluded that the two measurements are compatible

vith each other, within the expected systematic errors.

We thank the members of the group who have de-
signed, built and operated the SAS monitoring system,

18. Values of Lgas/Lsg. Crosses are the average values of the points at the same cnergy.

and in particular ¥. Ceradini for collaborating during
the runs and for providing us with the SAS data, and
G. Nicoleiti for constant technical assistance.

We are very grateful to all our colleagues of the
Adone group for support and discussion, and in par-
ticular to M. Placidi and M. Vescovi for taking active
patt in collecting the data and for running the machine
to our requircments.
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