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ABSTRACT

In a small-angle elastic scattering experiment (NA8) in the H8 beam of the
CERN Super Proton Synchrotron, the absolute momentum of the incident beam particles
has been determined from data on hadron-*He elastic scattering. Measurements were
performed at beam momenta ranging from 100 GeV/c to 300 GeV/c, and the average
absolute momentum was determined with a precision of 0.15%Z. This method can be

applied also at higher energies.
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INTRODUCTION

The aim of the elastic-scattering experiment NA8 at the CERN Super Protom
Synchrotron is to measure the differential cross-sections do/dt for 7mp small-angle
scattering with a precision of 1%Z. Imn such measurements it is essential to have a
precise absolute calibration of the t-scale, as an error of 17 in this scale would

produce an error of the order of 1% in do/dt.

In the experiment, both the scattering angle § of the forward particle and

the kinetic energy T, of the recoil particle are measured. This provides two in-

R

dependent ways of determining the four-momentum transfer squared t:

el = (0%, (1)
lt] = M T, - (2)
Here, MR is the recoil mass and p is the momentum of the beam particle.

A special ionization chamber serves both as a gas target (H; or He) and as a
recoil detector in the experiment. In this chamber the amount of ionization pro—
duced by the recoil is a measure of the recoil energy Tpe A radioactive source
emitting o particles of kinetic emnergy Ea is used to calibrate the TR scale. Using
He as gas filling, the recoiling particles will also be « particles, and for events
with T; = E,» the o source signals represent an absolute calibration reference
which does not rely on any assumptions about the relation between ionization charge

and recoil energy, or about the linearity of the pulse-height registration elec—

tronics. This reference for T_ at T*

R R - Ea will in turn provide an absolute refer-

. * ’
ence for a certain value t  of the four-momentum transfer squared:

| = mME . O ®

At any fixed value of the beam momentum there will be a certain angle 8% cor-
. * . . . . . .
responding to t . Knowing this angle, Eq. (1} gives the scaling law which provides
an absolute determination of the whole t-scale under the assumption that the 8-

scale is strictly linear:

e = t%(8/0%)° . (4)



. * . .
In practice, the value of 9  was determined from the correlation between 0
and TR in the measured data as the mean scattering angle corresponding to T;.

Using Eq. (4), the following relation for the absolute t-scale is obtained:
't] = ME (8/87%)" . (5)

Combining Eq. (3} with Egq. (1), we obtain the mean beam momentum as

* ZMaEa
P TR (6)

which thus provides an absolute determination of p, if the absolute value of 8%
is known. The accuracy in this p* determination will therefore essentially only

rely on the accuracy of the geometrical determination of the 6-scale.

For the elastic-scattering experiment, the absolute determination of p* is
not necessary as it is enough to know the absolute calibration of the t-scale,
according to Eq. (5). However, as in addition the absolute calibration of the
O-scale was known with high precision, an independent determination of p* was ob-

tained as a by-product in the experiment.

. . % . ) .
Below we present results of determinations of p in a series of different
beam momentum settings. These results are compared with the nominal values of
the beam momentum po determined from magnetic field measurements of the bending

magnets in the beam lipe.

EXPERIMENTAL LAYOUT

The layout of the elastic-scattering experiment is shown in Fig. 1. The ex-
periment was installed in the HS beam line at the SPS. Here we describe the fea-
tures of the set—up that are of relevance to the determination of the absolute

beam momentum.

1,2
2.1 The recoil detector IKAR ° )

The recoil detector is an icnization chamber which, for the purpose of the
beam—momentum calibration experiment, was filled with a mixture of He (8 atm) and
Hy (2 atm). Neither of the gases had an impurity content exceeding 107%, Two of

the six separate ionization chamber cells in IKAR are shown in Fig. 2. Each cell

R R T T T T TR TR T e
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contains an anode plate and a cathode plate, 12 cm apart, mounted perpendicularly
to the beam direction. An earthed wiré grid is placed 2 om away from the anode.
When an incident beam particle makes an elastic collision with a target “He nucleus,
this nucleus recoils out in a direction almost parallel to the electrode plates,
ionizing the gas along its path. The electron track thus created in the gas will
start to drift in the high electric field towards the anode plate. The unshielded
cathode will feel a signal immediately after the collision as the electroms start

to separate from the ions, whereas the anode signal will appear only when the elec-
trons drift through the grid. The electron drift time from cathode to anode is

22 usec. The anode plate is divided into three electrodes (A, B, and C) that are

mounted concentrically around the beam axzis.

The recoil kinetic energy T, was derived from the pulse height of the anode

R
A signal. Recoil particles of "He in the energy interval 1 MeV £ TR < 6 MeV

were detected. The range of such particles did not reach cutside the anode A zone,
and anodes B and C were used only to reject long-range background particles. The
length of the reccil track projection X, on the beam axis was obtained from the
rise~time of the anode A pulse, as this time is a measure of the inclination of
the alectron track. Furthermore, the delay of the anode pulse with respect to

the passage of the beam particle is a measure of the distance ZR of the recoil

track from the cathode (Fig. 2).

The beam enters and leaves the pressure vessel through steel windows that are
270 um thick and 80 mm in diameter. In the region where the beam traverses the
chamber electrodes, these electrodes are made of thin aluminium foils of a total

thickness of 360 um.

Alpha sources (**"U) that had been deposited on each cathode were used for
the TR—scale calibration. 1In two cells, o sources had been deposited also on the
grids with the purpose to control the amount of the electrons lost during their

drift in the cathode-grid space. Such losses are the result of adhesion of the

electrons to electro-negative impurities such as Op contained in the gas mixture.
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In the present case the losses due to electron adhesion were about 0.5% per 10 cm
drift.

Our studies showed that the ionization produced by the “He recoils in the

He-H, mixture is a linear function of their energy:

Tp = (VR~VO) ﬁ;jélvg'[l - G(ZR)} s (7)
where
Ea = (Eéo) - Aabs) is the a-particle energy corrected for the energy absorp~
tion in the matter of the o source, Eéo) = 4,777 MeV;
Vu is the mean amplitude of pulses produced by the o particles from the

cathode source;
v is the amplitude of the pulse produced by an “He recoil;
Vo = VCL.ED/EOL’ Eo = 40 keV:

G(ZR) 15 a correction which takes into account both the loss of electrons

through adhesion and the limited transparency of the grid.

As the adhesion of the electrons could be measured and controlled, S(ZR) is a

known function of ZR' In the present case, the correction was

S(ZR) X O.OSZ'ZR(cm) for ZR <5 ¢em . (8)

Only recoils produced close to the cathede (1 < Z_ < 2 cm) were used for the cali-

R
bration, and the G(ZR) correction therefore did not exceed 0.1%.

The absorption in the o sources was determined experimentally by analysing
the angular dependence of the mean wvalue of the a-pulse amplitude Vu(¢), where ¢
is the angle between the g track and the direction perpendicular to the electrodes.
In practice, o particles emitted at & = 70° were used for the TR-scale calibration.
The absorption correction at this angle averaged over all the chamber cells was

found to be

A = 10 keV = 5 keV .
abs
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Trom these considerations the total error im the absolute measurements of the re-

coil energles around TE = E_ may be estimated to be Op = 0.17%.
R

Each beam particle produces ionization in the sensitive volume of IKAR, which
might cause some small shift in the measured recoil enmergies. However, this effect
was eliminated by sending an electronically generated compensation pulse, synchro-
nized with each beam particle, to the amplifiers. The fluctuations of the ioniza-
tion produced by the beam particles determined the energy resolution of IKAR at
high beam intensities. At a beam intensity of 10® particles per 1 s spill the

resolution was 130 keV (FWHM).

2.2 The forward spectrometer

This spectrometer served to determine the scattering angle O and the momentum
Pout of the forward scattered particles. 8Six blocks (PC1-PC6) of multiwire propor-—
tional chambers (MWPCs) were used to measure the horizontal (x;-xs) and vertical

(y1-vs) coordinates of the forward particle. The values of € and P ¥ere ob-

tained using the following relations:

82 = 82 + 02 - 202 | (9
X y eproJ
g = Xy — X3 _ X2 ~ X1
X Ly L1
1o
8 = Ju — Y5 Y2 T ¥1
¥ Ly L,
-1 _ Xg — X5 Xy — X3
Pout const [ " i, ] . {11}
Here, C is the angular resolution of the forward spectrometer; L, Lz, L
8 .

proj
are the distances between the PCl~PC2, PC3~PC4, and PC5-PC6 blocks, respectively.

For the bending magnets Bend 5-Bend 8, no absolute magnetic field calibration had
been made and the measurements of Pout were thus relative. This measurement was

used to reduce the background of inelastic scattering.

Blocks PCl, PC2, and PC3 contained four MWPCs each (two chambers in the X-

plane and two chambers in the Y-plane) and block PC4 contained six such chambers.
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The wire spacing in all MWPCs was 1 mm. All these chambers were tilted around
the central wire by an angle ¥ = 10° with respect to the beam direction. This
increased the probability for a two-wire hit to about 50%, which had the effect
of improving the spatial resolutiom (FWHM) of the chambers by a factor of twoa).
Furthermore, adjacent chambers with parallel wires were shifted by 0.25 om with

respect to each other. It should be noted that with inclined MWPCs the coordinates

(xi, yi) entering in Eqs. (10) and (1ll) are determined as

cos wi , (12)

where xi is the ;oordinate given by the MWPC read-out system. Block PC5 contained
six X chambers and two Y chamber;, while block PC6 contained only two X chambers.
The useful areas of the chambers were 32 x 32 mm® in PCl and PC2, 48 x 48 mm® in
PC3, 160 x 160 mm® in PC4, 192 % 192 mm® in PC5, and 287 x 287 mm? in PC6. The
alignment of all the MWPCs was performed using beam particles, and the resulting
precision was better than 50 um. The angular acceptance of the forward spectro-

meter was close to 1007 for the t-range under investigation.

In order to minimize hadronic interactions of the beam particles with the
air and to reduce the multiple Coulomb scattering, vacuum tubes were used between
the MWPC blocks. For the same purposes, a He bag was used inside the magnets
Bend 5~Bend 8. The momentum resolution of the forward spectrometer was OPOUC/POUt =

= 0.2-0.3%Z. The resolution in the projected forward scattering angle measurements

varied from o = 32 yrad at p = 100 GeV/c to ©

\ = 18 urad at p = 300 GeV/c.
Sproj

Bproj
The error in the absolute value of the scattering angle was dominated by the
uncertainties in the wire spacings of the MWPCs in block 4. Special microscopic

2 chambers and in one 200 X

measurements of the wire spacing in two 100 x 100 mm
% 200 mm® chamber showed that the systematic deviation of the mean wire spacing

from the nominal value did not exceed *0.17%7. The distances L; and L., which were
about 20 m each, were measured with a precision of *1 mm. The relative effect of

this error is negligible in comparison with the previous omne. Also, the inclina-

tion angle { =~ 10° was known with a precision of *2 mrad, and the corresponding
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contribution to Ge/S was only on the level of 3 x 107". From this it follows that

the error in the absolute measurement of the scattering angle was 08/8 = +0.1%.

MEASUREMENTS AND RESULTS

The secondary beam used in the experiment was derived from a 400 GeV primary
proton beam. The high-resolution beam spectrometer, provided in the incident
beam as a general facility, gave information on the momentum of each beam particle
within the momentum bite defined by the momentum slit (Fig. 1). During the experi-
ment the width of this slit was varied inm order to maintain the intensity in the
secondary beam line at a constant level, and as a result the momentum bite varied
between Ap = +0.2% and Ap = *1%. The collimator was opened symmetrically in order
to keep the mean value of the momentum close to the nominal value., The mean values
of the momentum as measured with the beam spectrometer proved to be equal to the

nominal value pg within £0.057.

The beam was focused onto IKAR, and the dimensions of the beam spot at focus
were about 10 x 10 mm?. The intemsity of the beam was 8 x 10° particles over an

effective spill length of 800 ms, and the burst cycle time was 10.8 s.

The trigger was formed on three sequential levels. The first-level trigger
$1A+S1B+(S2?A U S2B)+Al+AZ+A3 defined an incident particle traversing IKAR inside
the beam channel. It also eliminated part of the inelastic scatterings. A trigger
was not accepted if another beam particle arrived within 80 ns of the first. The
first—-level trigger strobed PCl-PC4 and gave a start signal to a Special Digital
Processor Unit (SDPU) k). The SDPU received information from PCl, PC2, and PC4,
and calculated within 250 ns whether or not the scattering angle was bigger than
a preset threshold value. If this was the case, a second-level trigger was pro-

duced. With a threshold value corresponding to t = 3 x 107 GeV® the reduction

in the trigger rate due to the SDPU was around a factor of 250.

The second~level trigger strobed the MWPCs in blocks PC53, PC6, BS1-BS&4, and

opened the gates of the IKAR shapers. If a cathode signal arrived within 4 us
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and an anode signal arrived within 25 us, the data acquisition system was trig-
gered. The reduction in the trigger rate due to this third-level trigger require-
ment was about a factor of 25, and as a result about 100 events were sent on tape
every burst. These events contained about 30 elastic scatterings having a recoil

energy of 1 MeV £ T < & MeV and longitudinal track positions of 1 em € 2 € 9 cm.

R R
In the data analysis, the events were first selected using the following

criteria:
i} the forward particle track should be reconstructible in each PC block;
ii) the forward particle should be neither a muon nor an electron;

iii) the momentum of the scattered particle should be within #57 of the momentum

of the incident beam;
iv) there should be no detectable pulses on the electrodes B and C of IKAR:

v) the longitudinal recoil track position should be within 1 em < Z_ <9 cm.

R
Most of the events selected with such requirements are elastic scatterings,

as can be seen from Figs. 3 and 4, where correlation matrices of T. versus XR and

R

of TR versus the difference A = [(pQS)Z/ZMR—TR] are presented for 7 -“He scattering
at po = 250 GeV/c. The final selection was performed cutting the tails in these

two-dimensional distributions. This was done using the y2?-distribution method.

Figure 5 shows the distributions of PP, e for selected events. The essen-~
tial part of the comparatively small tails of the distribution is due to brems-
strahlung of the scattering particles. From Figs. 3 to 5 we conclude that the

selection of the elastic events is satisfactory.

For the determination of the absolute value of the incident particle momentum,

only events with a recoil energy close to Ea = 4,77 MeV were used (4.26 MeV < TR <

£ 5.26 MeV). A further requirement was that the recoil track should be positiomed

near the cathode (1 cm £ Z, < 2 c¢m). For events selected in this way, the distri-

R
bution of the difference A = [(poe)z/sz—TR] is shown in Fig. 6. From this figure

it follows that the momentum transfer squared determined from the scattering angle,

R R MO e e e
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assumping p = py = 250.0 GeV/c, proved to be slightly lower than that determined

. & . . .
from the recoil emergy. The corrected value p of the incident momentum 1s:

* _ b
p—po[l 2E]°
[s

P_=po . B L (4o.15 + 0.05)7 .

At 250 GeV/e

was obtained. The results for the other beam momenta are given in Table 1. The

errors given in this table are statistical only.

The systematic error due to the uncertainty in 8 is #0.1Z, and that due to
the limited precision in TR is £0.05%7. These errors can be assumed to be the
same in the different measurements and therefore represent a possible common shift

in all measured momenta.

In conclusion the described method provided a determination of the absolute
momentum of the hadron beam with a precision of #0.15%Z. There is no foreseeable

limitation in the application of the method when going to higher energies.

The assistance given by the SPS Experimental Area Group at CERN is gratefully
acknowledged. In particular, we would like to thank the persons who helped us .
with the beam tuning, with the use of the beam spectrometer, and with the geome-

trical alipmment of the experiment.
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Table 1
*
Polarity Po Eﬂ?irBi p*
(GeV/c) (%) (GeV/c)
- 100 +0(,30 + 0.05]100.30 £ 0.05
+ 100 +0.20 £ 0.051100.20 £ 0.05
- 150 +0.35 + 0.12| 150.52 £ 0.18
+ 150 +0.35 = 0.05)150.52 + 0.08
- 200 +0.35 + 0.06 | 200.79 + 0.12
- 250 +0.15 + 0.05 ] 250.38 + 0.13
+ 250 +0.15 = 0.07 | 250.38 * 0.18
- 280 +0.23 + 0.10 | 280.64 £ 0,28
- 300 -0.04 £ 0.06 ) 299.88 + 0.18
+ 300 -0.08 + (.06 ] 299.76 + 0.18
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Figure captions

Fig. 1
Fig. 2
Fig. 3
Fig. 4
Fig. 5
Fig. 6

.

Layout of the experiment: Bl-B§ are bending magnets; CEDL, CED2

are differential Cerenkov counters; TH1, TH2 are threshold Cerenkov
counters; BS1-BS4é are multiwire proportional chambers of the beam
spectrometer; PCl-PC6 are blocks of multiwire proportional chambers;
S51-82, Al-A3 are scintillator counters; and IKAR is the recoil detec-—
tor. 1In the beam layout all quadrupoles and correction dipoles and

all collimators except the momentum—defining slit have been omitted.

The recoil detector IKAR. The upper picture shows schematically the
construction of two cells of IKAR, and the diagrams below show the
pulses produced on the electrodes by a recoil particle in the gas;
d is the cathode-grid distance and W is the drift velocity of the

electrons in the gas.

Plot showing the correlation between the recoil energy TR and the
length XR of the recoil track projection on the beam axis for a sample

of elastic events that have passed a preliminary selection.

Plot showing the correlation between the recoil energy TR and the
difference A = (p08)2/2MR“TR between recoil energy for elastic events
as measured by the forward spectrometer and as measured by recoil

detector, for a sample of events that have passed a preliminary selec-

tion.

Plot showing the momentum distribution of elastically scattered pions

after the final selection of the elastic events.

Distribution showing the difference A = (P09)2/2MR-TR for elastic
events that satisfy the requirements: 4.26 MeV < TR £ 5.26 MeV, and
1l em< ZR < 2 em. The curve represents a fit of a Gaussian to the
data. The resulting values of the mean value A and of leN are indi-

cated in the figure.
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