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General background

This thesis concerns a field of physics that has been given several
names: elementary particle physics, high energy physics and subnuclear
physics. The aim of this field is to describe the microstructure of mat-
ter at the lower limit of observable dimensions. In the study of this

microstructure use is made of elementary particle beams of very high ener-
gies and the limit is set by the maximum energy available., The pi meson
particles from the CERN Proton Synchrotron used in the experiment descri-
bed in paper I had an energy of 8-109 electron volts correspending to a
T

lower limit of around 2.5-10“:L metres.

15 metres and it is thus possible

The size of a proton is around 10
to study the structure of the proton with a particle beam of the above
mentioned energy. This can be done by letting the beam hit a hydrogen
target and ebserving the particles that emerge from the interaction bet-
ween the beam particles and the one-proton nuclei of the target material.
It has been shewn that more and valuable information en elementary par-
ticle interactions can be obtained if targets with nuclei cemposed of
several protons and neutrons are used as well.

In our case helium was used as target material. To detect the helium
nuclei that recoil after being hit by particles in the incident beam, a
helium-recoil spectrometer was constructed. With this device it is pos-
sible to ascertain if the helium nucleus remains intact after the col-
lision. If so the beam particle interacted 'coherently' with all protons
and neutrons in the nucleus as if the nucleus had been an entity and the
rules for how new elementary particles are produced in such a reaction
are then more restrictive than in the case of a hydrogen target. In this
way specific particle reactions can be isolated and studied without inter-

ference from other reactions.

Summary of thesis

Paper I gives an account of the first experiment with the helium-
recoil spectrometer. This experiment measured the angular dependence of
the coherent elastic scattering of pi mesons from helium nuclei. The mea-
surements could hardly have been performed with any other technique in use
today. The main objects of the experiment was to test the helium-recoil
spectrometer, to verify the Glauber multiple scattering theory for cohe-
rent interactions at a very high energy and to obtain information on the
interaction between pi mesons and nucleons.

Paper II describes the helium-recoil spectrometer. The various compo—

nents of the device and their operation in the experiment are treated in
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detail. The way in which the apparatus can be used in studying processes
of elementary particle production is also described and the precision
with which the masses of the produced particles can be determined is
discussed.

Paper III describes the analysis of the data collected in the experi-
ment. The electronic signals from the various detectors in the experiment
were recorded on magnetic tape and fast computers were used to interpret
these signals and to extract the useful information from the data. It is
stated that the computer programs worked out for this analysis can be
used with few changes in new experiments with the recoil spectrometer.

Paper IV presents some theoretical calculations of the process in
which rho mesons are coherently produced from high energy pi mesons
hitting helium nuclei. The conclusion 1is that valuable information
about the rho and omega mesons could be obtained from measurements of
this reaction and that the helium-recoil spectrometer seems to be well

suited for such measurements.

Acknowledgements

A common ides about scientistsis that their occupation is to sit
in a room solving their preblems, far away from this world and other
people.

Moments of work in iselation are necessary in most occupations but
to me the greatest satisfaction in working with science has been given
in the many and necessary discussions with teachers, colleaguesand col-
laborators. I have found that it is more eften in the exchange of
thoughts with other people that new ideas are born than when working
alone. To me dming research is to a great extent a social activity where
the satisfaction of having achieved a result, as well as any honor from
it, is shared between many people.

Therefore I thank all those who have participated in the work des-—
cribed in this thesis for the enjoyment I have had in working with them
and for the discussions we have had. Any credit fer the results of the
work is shared between all these people. They are found in the lists
of authors and the acknowledgements of the papers in the thesis. If any
of these persons should be given prominence here I wish this to be
Sven Kullander, my good friend, collaborator and teacher for the help

and encouragement he has given me in the work described in this thesis.



EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

A MEASUREMENT OF THE DIFFERENTIAL CROSS-SECTION FOR ELASTIC PION-HELIUM
SCATTERING AT 7.76 GeV/c

T. Ekeldf, B. HBistad and A. Asberg,

The Gustaf Werner Institute, University of Uppsala, Sweden

*) *%)
C. Busi, S. Dahlgren °, A.J. Herz, S, Kullander, G. Lee °,

and D. Websdale,

CERN, Geneva, Switzerland

G. Landaud and J. Yonnet,

University of Caen, Caen, France

ABSTRACT

Results are presented for the region of squared four-
momentum transfers between -0.05 and -0.5 (GeV/c)2. The
directions of the scattered pions and alpha particles were
measured with spark chambers and the momentum of the
alphas was obtained from pulse-height and time-of-flight
measurements. The results are compared with calculations
from the Glauber theory, showing good agreement over the

whole momentum-transfer range including the interference-

dip region.

Geneva, September 1971

To be submitted to Nuclear Physics

*) Now at the Gustaf Werner Institute, University of Uppsala, Sweden.

*¥) Imperial College, London, England.



INTRODUCTION

Over the last few years there has been a growing interest in high-energy
hadron-nucleus (A > 1) scattering at high incident momenta. This is partly
. . 1) . .
due to the successes of the Glauber multiple-scattering theory ) in describing

2)

the diffraction-like structure in the differential cross-section ', The
analysis of measurementsa) of p—4He elastic scattering at 1.7 GeV/c has shown2’4)
that this theory gives better agreement with experimental data for light nuclei
than the conventional optical model. The theory contains parameters referring
directly to the nuclear wave function and the hadron-nucleon scattering
amplitude , making it possible to check or derive these quantities from
experimental datg).This is especially true for the phase of the hadron-nucleon

scattering amplitude at non-zero momentum transfer of which the depth of the

interference dip between single and double scattering is a sensitive measure.

The deuteron differential cross-section has been shown6-9) not to contain
an interference dip -- merely a shoulder -- between the single and double
scattering regions and this has been explained by Harrington10) as being due
to the d-state admixture in the deuteron ground-state wave function. No such
effects are to be expected in the case of scattering of hadrons by 4He which
has a symmetric ground-state -wave function. It is thus more suitable than
deuterium as a target in experiments in which one wishes to obtain information
on hadron-nucleon interactions.

Measurements of the p-AHe elastic differential cross-section in the
interference-dip region have been performed up to 1.7 GeV/c incident momentum3’11)
detecting only the angle and the energy of the scattered proton. The energy
resolution was better than 20 MeV so that it was possible to discriminate
against inelastic reactions since 20 MeV is the threshold for break-up and
excitation of 4He. At incident momenta in the multi-GeV region discrimination
against inelastic events is extremely difficult if one measures only the
scattered hadron. It is therefore desirable to obtain additional constraints
by measuring the momentum.and direction of. the recoiling 4He nucleus, Such a
measurement brings with it some experimental problems as the recoiling 4He

acquires a very low kinetic energy and has a high specific energy loss.

. - 12 . 4 .
An emulsion experiment ) detecting only the He recoil has been performed

using incident negative pions of 1.12 GeV/c. The minimum squared four-momentum

’
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transfer |t| was 0.2 (GeV/c)2 and the emulsions were insensitive to singly
charged particles. This was the first measurement of the diffraction-dip

region in n-4He scattering above 1 GeV/c.

We have determined the elastic u_-AHé differential cross-section at
7.76 GeV/c incident momentum in the |t| range 0.05 to 0.5 (GeV/c)Z,
The angles of the scattered and the recoiling particles were obtained with
spark chambersénd the time of flight and pulse height of the recoil with
scintillation counters. The chosen -“incident momentum lies above the pion-

nucleon resonance region which simplifies the theoretical analysis.

THE EXPERIMENT

In Fig. 1 the layout of the experiment is shown. The beam was produced
on an internal target, at the CERN Proton Synchrotron, momentum analysed
and focused onto the helium target 80 m downstream. The mean beam momentum was
(7.76 £ 0.4D0 ) GeV/c with a momentum bite of 1%. The bursts were 400 ms long
and contained of the order of 105 negative pions as well as 0.8% p, 0.8% K~
and at most 4% e~ and p .

The trajectories of the incident pions were determined with a telescoﬁe

3
of seven multiwire proportional chambers1 ) (MP1 7) divided into two groups

separated by 4.5 metres. Each chamber gave a vertical or horizontal position.

The track of the scattered pion wasdetermined by four wire spark chambers1
( C1 4), each chamber giving both the vertical and the horizontal coordinate
of the track., Two of the chambers were read out by means of the magnetostriction

method, the other two with the delay-line meth0d15).

The angle of the recoiling 4HE: was measured in two cylindrical spark
chambers, operating at low gas pressure1 ), surrounding a gaseous helium
target. The latter consisted of a thin-walled mylar cylinder, 20 mm in diameter,
supported by a steel-wire spiral and suitable for pressures up to 20 atm.
The recoils were stopped in three circumferential plastic scintillators
outside the large spark chamber each covering an azimuthal angle of 42°,

The pulse heightsproduced in the scintillators were recorded and the signals

2)
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. 4 .
were also used to measure the time of flight of the He; the start pulses being

given by the incoming pions in a scintillator just in front of the target.

A detailed account of the instrumentation used for measurements on the

recoiling alpha particles is found in ref. 17.

N . . . . T IERA .
The incident pion was defined by the trigger signature i 81825354A1A2A3A4

The signals 81 to 84 were obtained from scintillators in the beam and the

signals A, to A4 from hole scintillators surrounding it. With this trigger a

1

circular pion channel 15 mm in diameter was centered onto the target.

N L e—
51°61 ¥ 952962 AghRa (55455
came from a thick lead-scintillator sandwich counter with a hole

The outgoing-pion trigger had the signature T_ = (s ).

The signal A6

letting through the beam and particles scattered through angles up to é°. Its
efficiency for gammas (from decaying m°) was greater than 99%. The signals S for
the outgoing pion came from scintillators divided into upper and lower
sections,.The scattered pion had to hit either the two upper sections or the

two lower ones, no other combination being accepted by the trigger. Only one

of the two sections was allowed to be hit -- a double hit indicating at least

two outgoing charged particles.

Signals Sa to Sa ‘from three circumferential scintillators were used

1 3

for time-of-flight and pulse-height measurements of the recoil and two others,A , and A 5
o o

1
were used only in the trigger logic. The trigger signature for the recoil

was

T =(A ,+A _)x(5,+5_+5_)x( ).
ol

o ol ol ol a3 Sa15a2 * Sm25a3 * Sa15a3

The event signature came from the coincidence TixT0 followed by a
signal Ta between 6 and 56 ns later. The delay of 6 ns
eliminated events in which fast particlés were scattered ot to one of the
recoil scintillators. Relative counting rates using various trigger

combinations are given in Table 1, The effect of the delayed time window for

the recoil is clearly seen.

The trigger background was checked by measuring trigger rates with
and without helium gas in the target. The signal-to-background ratio
determined in this way varied between two and ten in the pressure range S

to 20 atm used in the experiment.
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- ERRORS

The standard error in the position determination from the multiwire
proportional chambers used in the incident-pion telescope was 0.7 mm, giving
a standard error for the angle of the incident pion track of less than
0.3 mr., The standard error of the wire spark chambers in the scattered-pion
telescope was 0.6 mm, The corresponding angular error depends on which of the
chambers gave the coordinates to each event. The least favourable case was

that only two adjacent chambers of C C, and C, could be used, giving

2’ 73 4
1 mr as a conservative estimate of the standard error in the determination

of the pion scattering angle.

As to the precision of the measurement on the recoils a detailed
description is given in Ref. 17. The angular resolution was limited by multiple
Coulomb scattering in the target and by the intrinsic error of the cylindrical
spark chambers, The Coulomb scattering is energy-dependent and the standard
error in the determination of the angle of the track of the recoil ranges from 30 to 20 mr
between the low-energy cut-off at a kinetic energy of 6 MeV and the maximum at about 70 MeV
For ltl below 0.1 (GeV/c)2 the standard error is 0,005 (GeV/c)2 and
the precision is given by the time-of-flight measurement. In the
high-!tl region the error is given by the uncertainty in the pion scattering
angle and the spread in the beam momentum., The standard error in this regior is

2
0.01 (GeV/c) and the systematic error for the whole It‘ range is 0,01 (GeV/c)Z.

RESULTS AND DISCUSSION

A XZ fitting program18) was used to fit the measured angles and the
momentum of the recoil to the hypothesis of elastic n—-AHe scattering. The
momentum was obtained from the time-of-flight measurement. The pulse height,
which was not used in the fit, served to check the hypothesis that the
recoils were alpha particles. In addition, the constraint was applied that
all the three measured tracks must pass through a vertex inside the target,
so that the xz fit had six degrees of freedom. In Fig. 2 we show the
distribution of do/dt for events having XZ < 16. The shape of the distribition
did not change when choosing smaller limits than 16 for XZ, which showed that

most of the "nmon-elastic" background had been eliminated. The curves in
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Fig. 2 were calculated using a program developed by Kofoed—Hansen19)bésed on
the ccherent multiple-scattering theory1) for various ratios « of the real
part to the imaginary part of the =N scattering amplitude. The n p and f+p
amplitudes f(t) were assumed to be equal and Gaussian and o to be independent

of momentum transfer.

In the parametrization

ik ebt/z
f(t) = Z‘ﬂ'anH-la) (1)
- 2
the values o N E 26.6 mb 20) and b = 7.15 {(GeV/c) 2 ") were used., The nuclear
T

density p of the helium was described by a superposition of two Gaussians with
a delta function taking the centre-of-mass correlation into account. All other
correlations were neglected

. 4 -2 d*Z 4
o(7) = NT [ (1-ce” ri)] 8§(% s ri) (2)

l=1 l=1

The parameters in this density function were chosen to fit electron-helium

22)

elastic scattering data . Effects due to spin flip and charge exchange were neglected.

The absolute scale on the do/dt axis was adjusted so that the experimental
points extrapolate to the optical point. This was necessary because of uncertain-

ties in the apparatus efficiencies,

The identification of the selected events as n_-dHe elastic-scattéring
events was confirmed by the convergence of the do/dt distribution when
choosing different cuts in XZ. We should like, however, to discuss in some
detail the possible sources of background in the region of the diffraction

minimum,

Background not originating from interactions with helium was investigated
by applying our xz selection criteria to a sample of target-empty events and
to a comparable sample of target-full events. In the selected target-empty
sample there were no events with |t| > 0.25 (GeV/c)Z, whilst an equal incident
flux produced 30 good events in the same region of momentum transfer when
there was 20 atm of helium in the target. The background of this kind can thus
)2

+
be estimated to be (O g)% for ltl > 0.25 (GeV/c

Non-elastic reactions can be divided into two categories: coherent
particle production from helium on the one hand and nuclear excitation and
nucleon knock-out by the pion on the other. The coherent production reactions

and A_.

were eliminated to a great extent in the trigger by the signals from A6' 55 7
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As the polar angle of the recoil is smaller in particle production than in
elastic scattering the recoil-angle distribution will give information on

such a background. Without any constrainté and for |t|'s below 0.15 this
distribution was peaked at the mean angle given by the kinematics for elastic
scattering and was superimposed on a symmetric background which disappeared
after the constraints had been applied17). Thus the differential cross-section
for coherent particle production would have to drop much less rapidly than the
elastic cross-section above |t| = 0.19if it were to lead to an appreciable
number of pseudo-elastic background events not being eliminated by the
constraints. We consider this extremely improbable, especially as theoretical
estimatess) do not indicate such a great difference between the differential

cross-sections of these two reactions.

In a nucleon-knock-out reaction the momentum of the recoiling 3H or 3H3 nucleus
is(in the impulse approximation)equal to the momentum of the ejected nucleon prior to the
collision, Due to the small amount of high-momentum components in the
nuclear wave function one would expect to detect few such events in the dip
region, Using data from a 4He(p,2p)3H experiment23) for the momentum
distribution of 3He or 3H nuclei and applying the three kinematical

constraints the contamination due to knock-out reactions was calculated to

be negligible at all momentum transfers including those of the dip region.

Reactions leading to nuclear excitation constitute the most dangerous
background although 4He, according to all available evidence, always

27)

decays via particle emission . At low Q values (Q = Excitation emergy -

separation energy) the charged decay particles in the reaction

T+ 4He -+ 4He*

—‘—’3H+p

—> d+ d

do not acquire sufficiently high relative velocity to separate appreciably
before they reach the scintillator. There is thus a high probability that

they will hit the same scintillator section and be accepted in the trigger.
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Two such particles will give a larger pulse height than an alpha particle

24)

with the same velocity .

In the decay mode 4He* - 3He + n the relation between pulse height and
velocity for the 3He particle will be very close to the one for an alpha particle,
making it impossible to use the pulse height to distinguish such reactions
from elastic scattering. For any decay particle the angles measured will, of
course, be somewhat different from those expected for elastic scattering,
increasingly so as Q increases. The contribution to the background of excited
states will therefore be depressed by a factor depending on Q and on the

1
resolution of the measurement of the anglesof the recoils 7).

Reliable data or theoretical estimates of the cross-sections as function
of momentum transfer for the excitation of 4He do not appear to exist, but
an approximate calculation based on the work of Maris and Tyrénzs) suggests
that this type of background may be significant in the region near the
minimum, Experimentally, however, we have evidence that the background due to
excited states is likely to be small at all momentum transfers. The
lowest state of 4He, the D+ level at 20.2 MeV 26) which is excited very
strongly with electrons can decay only into p + 3H for kinematical reasons.
The presence of an appreciablé background from this level, would therefore
give rise to events with larger pulse heights than found in elastic reactions. In Fig.3
we show a plot of recoil energies derived from pulse height against recoil
energies computed from the pion scattering angle for events selected with
x2 <16. As is seen there are no events which fit the predicted (3H + p) curve,
their absence indicates that the background from other low-lying levels with the

3
decay 4He* - n + He is small also.

We conclude that our results are in very good agreement with calculations
based on the theory of coherent multiple scattering using some rather crude
approximations (Gaussian pion-nucleon amplitudes, constant phase). The
measured position of the minimum is at -t = 0.3 and from comparison of the
curves in Fig. 2 the ratio of the real part to the imaginary part of the =N
scattering amplitude lies in the region 0.3 to 0.4 if it is independent
of momentum transfer and the background is indeed as small as we believe it

to be,
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FIGURE CAPTIONS

1) Experimental lay-out showing scintillators used for coincidence, S and
anticoi;cidence, A, purposes. The multiwire proportional chambers, MP,
give the incident track, the cylindrical wire spark chambers surrounding
the target give the a track and the ordinary spark chambers, C, give

the outgoing pion track.

2) Differential cross-sections as function of the square of the four-
momentum transfer, The curves were calculated by means of the Glauber

theory 19) and the formulae listed in the text.

3) Alpha enerdy determined from pulse height plotted against alpha
2
energy from pion scattering angle for events with X < 16 according
to the hypothesis of elastic scattering. The two trajectories have been calculated

from the plots of light response vs energy given in ref, 24.
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calculated from the plots of light response vs energy given in ref. 24,
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INTRODUCTION

In this paper we describe a device in which one can measure the
energy and direction of emission of very slow recoiling nuclei from inter-
actions of high-energy particles in a pressurized gas target. The appa-
ratus was designed for work with helium, but it is possible to modify it

to permit operation with hydrogen or deuterium.

There are several justifications for developing such an instrument.
The most general one is that the momentum transfer to the target nucleus
is one of the variables of greatest physical interest in the investigation
of elastic and inelastic collision processes, and that this quantity
becomes more and more difficult to determine from measurements on fast
secondaries as the momenta of these rise into the multi-GeV/c region.
Due to the high rates of energy loss of the recoiling nuclei (which
normally have momenta of the order of hundreds of MeV/c) observing them
directly is also beset by problems, but once these have been solved the
equipment does not have to be scaled up as primary energies increase for
the interesting range of momentum transfers remains the same. Further-
more, these measurements provide additional constraints in the kinematic
fitting procedures and they allow one to apply very important trigger

conditions.

If the identity and the momentum vector of the recoiling nucleus and
of the incident particle are known, the mass of the outgoing fast system
of secondary particles can be calculated. In Section 3.2 it is shown
that with this instrument the dominant contribution to the error in the
outgoing mass comes from the error in the determination of the angle at
which the recoil is emitted. The uncertainties in the magnitude of the
momenta of the incoming and outgoing fast particles are relatively un-
important which is an additional reason why this type of device is

suitable for experiments at very high incident momenta.

In the present case, the apparatus was intended primarily for the
study of coherent production in interactions of high-energy particles
with “He nucleil). Coherent interactions are defined as collision pro-
cesses in which the target remains in its ground state, in contrast to
semicoherent ones in which there is excitation, and incoherent ones in

which the target nucleus breaks up. The study of coherent interactions



is of considerable physical interest because selection rules restrict the
variety of secondary systems, thus facilitating the analysis of their

properties, and because information on resonance-nucleon scattering inside
nuclei can be extracted from the momentum-transfer distribution by appli-

2)

cation of the Glauber multiple-scattering formalism ‘.

From the experimental point of view, 'He is a particularly suitable
nucleus for work on such reactions because its lowest excited state has
a very high excitation energy, about 20 MeV 3), and because all its
excited states decay by particle emission, so that the identification of

a recoil o particle guarantees that the event was coherent.

The basic features of the instrument described in this paper are
shown diagramatically in Fig. 1. A target containing gas at high pressure
(to obtain an adequate event rate) is combined with low-pressure spark
chambers to provide measurements on low-momentum recoils. The target is
operated at pressures up to 20 atm, and the recoiling alpha particles pass
through its thin walls into a surrounding low-pressure region, filled with.
a helium—alcohol mixture at around 0.05 atm pressure, in which two cylindri-
cal spark chambers are operated. They then come to rest in one of seven
plastic scintillators arranged in a cylindrical geometry. The azimuthal
acceptance is 294°. The line of flight of the recoils is thus determined
by means of spark chambers, and information about their energy comes from
their time of flight and the amount of light they produce in the scintil-
lators. In the momentum range of interest it takes the *He recoil between
6 ns and 60 ns to get to the scintillator from the target. Requiring a
pulse from the recoil scintillator within this time interval provides a

valuable trigger criterion.

A general view of the apparatus, opened and with the spark chambers
extracted, is shown in Fig. 2. The instrument is fully described in
Section 2, the performance of its component parts in Section 3, and some
relevant experimental results are described in Section 4. A comparison
between our recoil-detection technique and some others will be found in

Section 5.



DESCRIPTION OF THE INSTRUMENT

2.1 Basic design considerations

The apparatus was designed for the investigation of reactions of

the type
(fast primary particle) + “He ~ X + “He y (1)

in which "X" may be any particle or system of particles allowed by kine-
matics and selection rules. Account had to be taken of the fact that
many of the processes to be investigated have very low cross-sectionms,
that a wide range of momentum transfers is of interest and that the final
experimental set-up had to be such as to allow discrimination against
events in which the *He is broken up. Before going into detail it is

useful to discuss the relations between the magnitudes involved.

The most general case of a collision process between an incoming
fast particle and a nucleus of mass M is shown in Fig. 3, which also
defines the symbols used for the quantities involved. Without making any
approximations other than the excitation energy E; << M? and that the re-
coil moves with non-relativistic velocity (q = 2M*T, T being the kinetic

energy and M =M+ EX), one obtains the following relation

2

* 2
Eo + M _m —mo+Eo+M 2+E0E
— = — . 2
q“ 1 _ZP_OM* q” 2P0 ZPDM* ql PO X ( )

At higher incident momentum p, a useful approximation relating the longi-

tudinal momentum transfer to the excitations is

+ E . (2a)

. . . . . *
If the interaction is coherent, the excitation energy, EX = M" - M of the

target nucleus is zero.

Note that the effect on q of raising the outgoing fast system to a
higher invariant mass (mg > m ) is of the same kind as that of exciting
the target nucleus. However, in the case of “He the lowest excited state

has E = 20 MeV, so that the increase in q (and, hence, the change in
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the angle of emission of the recoiling system) is large, as is discussed
below in Section 3.2. This facilitates considerably the separation of

true coherent coherent processes (for which EX = 0) from semicoherent ones.

In Fig. 4 we show a plot of Eq. (2) for incident protons of 20 GeV/c
Ideally one would wish to cover the whole domain of momentum transfer
shown in such diagrams. However, in the mass range of primary interest
a system in which only recoils emitted at large angles are detected is
suitable. This choice lowers the upper limit to the mass of the second-
ary system X [Eq. (1)], but allows one to accept a wide range of recoil
momenta. It has the important practical advantage that it can be arranged
that neither the beam nor the fast secondary particles traverse the spark

4)

chambers. Using the relation
z: m, sin 8. < q (3)
i i "

_(where the m, and Gi are the masses and angles of emission of the fast
secondaries), we estimated that the angles at which fast secondaries are
emitted will usually be less than about 15° in the range of interest, and
the inner radius of the assembly as well as the size of the exit window

were chosen accordingly (see Fig. 1).

The range of momentum transfers to the target nucleus accepted by
the apparatus should include as much as possible of the forward diffrac-
tion peak and the upper limit should be at least high enough to allow
observation of the first minimum in the hadron-nucleus differential
cross—-section. The requirement that the upper limit to the momentum
transfer should be high is easily met: a range of 4 mm in plastic scin-
tillator corresponds to T = 70 MeV, q = 720 MeV/c and a four-momentum
transfer t = -0.52 (GeV/c)?. Because of the high rate of energy loss of the
recoils, the most difficult problem is how to obtain the smallest possible
lower limit to the momentum transfer. Our aim has been to reduce it by
reducing the wall thickness of the gas target, by operating the window-
less cylindrical spark chambers with a helium-alcohol mixture at the
lowest possible pressure, and by having good light collection from the
scintillators. In this way a lower limit T = 5 MeV corresponding to
q = 190 MeV/c, t = -0.04 (GeV/c)z, could be obtained.
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When the energy of the recoil is low, its energy loss in the target
can be up to 607 of the total energy loss, so that the pressure of the

target gas has to be known and kept constant.

2.2 The gas target

To obtain adequate event rates from a helium gas target at pressures
of the order of several atmospheres it has to be fairly long: we chose
a length of 50 cm. Tests showed that the diameter of the cylinder had to
be 2 cm in order to be larger than that of the effective envelope of the
available beam. In such a target, there will be 1.4 X 10°°® events per

millibarn, atmosphere and incident particle.

The thin walls of the target, in the mg/cm? region, must be supported
to resist the pressure. The construction used is shown in Fig. 5; it is
essentially a spiral of 0.4-mm stainless—steelywire with 2-mm pitch,
with a short length of flanged tubing at each end to which the windows
and gas connections are attached. The tube of thin foil is inserted into

this supporting cage.

The toughest material readily available in the form of thin film is
polyethylene terephthalate, sold commercially under a variety of trade
names*). We chose it after some testing as the most suitable for the
walls of target, although it is somewhat porous, and in spite of the fact
that we did not find any foils of thickness less than 25 um which were
completely free of pin holes. Tubes were fabricated from this material

by a combination of ultrasonic welding and cementing.

Targets with walls 3.5 uym, 8 um and 70 um thick could be used at
absolute pressures of 2 atm, 5 atm and 20 atm, respectively. In general,
leaks appeared after about 15 hours of operation under pressure. The
"thin" targets, 3.5 Um and 8 um, developed holeé, the "thick" ones always
failed at the seam: the latter suggests that further improvements in the
technique of making joints may lead to longer lifetimes in the case of

"thick" targets.

With the dimensions chosen, about 20% of the recoils will be inter-
cepted by the supporting wire spiral. A proportion of these, increasing

with recoil momentum, will emerge again having lost energy and undergone

%) Trade names frequently encountered are Hostaphan, Melinex and Mylar.
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multiple scattering. However, given sufficient information on the momenta
and energies of the fast secondaries, most of the events concerned will
be rejected in a kinematic fit; the few which pass will, on the average,

have been fitted with a low value of the momentum transfer.

2.3 The low-pressure helium spark chambers

The cylindrical wire spark chambers and their read-out system are
described in detail in a separate papers); they are shown on the left
of Fig. 2. In this section we summarize their principal characteristics

and give some data on their performance.

The external dimensions (370 mm diameter X 600 mm long and 700 mm
diameter X 800 mm long) are a compromise between the requirements of
adequate angular resolution, of low stopping power and Coulomb scattering,
and of keeping materials and the sensitive volume out of the beam, its
halo and secondary particles. Apart from a region at the bottom, 45° wide
in azimuth, used for mechanical supports and electrical connections, the
target is completely surrounded by the chambers. They can be operated at
pressures as low as 40 Torr with helium gas containing 147 by volume
C2Hs0H. The four conducting planes are made up of wires 50 um and 70 um
in diameter, giving an over-all transparency of 887. There are no walls
and the effective thickness of gas between the target and the circum-

ferential scintillators is equivalent to 0.7 mg/cm? at that pressure.

Both the longitudinal and the azimuthal coordinates of the sparks in
both chambers are read out by the current-distribution method. This
method has the advantage of simplicity; the fact that only single sparks
can be handled by it does not matter in the case of good events as there

is only one recoil track.

Reliable performance was obtained as long as the tracks were not
inclined more than 25° away from the normal. An important feature of
these chambers is that particles of minimum ionization do not produce
sparks. This eliminates spurious sparks due to fast particles associated

with the beam.

To calibrate the read-out system and test the chambers we used a
set of collimated 2*'Am a-particle sources (5.48 MeV) mounted on a rod

in the position of the gas target. With the aid of these sources the



longitudinal angular distributions obtained with mono-directional o par-
ticles coming from the chamber axis were found to have standard deviations
of 0.51° when the chamber was filled to a pressure of 45 lorr. In expe-
riments there is the additional error due to scattering in the gas and
walls of the target. In Fig. 6 we show the calculated standard deviations
of the longitudinal angles for two types of targets. The total standard
deviations of the azimuthal angles were rather larger, about 1.6° increas-

ing to 2.3° at the lowest recoil energies.

2.4 Scintillators

In Fig. 7 we show one of the circumferential scintillators. Each of
these has a sensitive area 50 cm X 27 cm and covers 42° in azimuth. Light
guides at each end pass through a cover plate of the vacuum chamber and
the photomultipliers are mounted on the outside of this plate (see Fig. 2).
Thus each set of scintillator, light guide, photomultiplier and cover
plate forms a convenient plug-in unit which can be calibrated separately,

away from the main chamber.

To minimize loss of light, constant-cross-section light guides were
used. The cross~sectional areas of the scintillator sheets thus could
not be more than those of the cathodes of the photomultipliers. This led
us to choose 4 mm for the scintillator thickness, matching the cathodes
of 42 mm diameter of the photomultipliers used. As mentioned before,
4 mm thickness is also sufficient to stop all alpha particles with energies

in the region of interest.

The time of flight of the recoil and the height of the pulse it pro-
duces in the scintillator are used both as trigger criteria and as data
in the analysis of the experiment. In the trigger system the dependence
of the timing on the position at which the recoil hits the scintillator
cannot be taken into account so that there is a smearing of what might
otherwise be a rather sharp high—energy threshold. For the final analysis,

however, detailed calibrations were used.

The response of the plastic scintillator material (Pilot B) to a
particles in the energy range 2 to 40 MeV was determined with a-particle
sources and at the cyclotrons of the Institute for Atomic Physics in

Stockholm®). The result is shown in Fig. 8. The output increases linearly
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with energy above 20 MeV and we assume that the dependence remains linear
above 40 MeV. Note that the range of light outputs to be measured is

70 : 1 between 40 MeV and 3 MeV, 140 : 1 between 70 MeV and 3 MeV. As
the response of the photomultipliers was not linear over the entire range

they had to be calibrated.

Apart from the attenuation which the light emitted from a point in
the scintillator undergoes in passing through the light guide and through
two interfaces (Pilot B/Perspex and Perspex/glass), one has to expect
variations in transmission due to imperfections in joints, surface finish
and the materials used. It is necessary, therefore, to establish the at-
tenuation as function of position for each scintillator assembly separa-
tely. This was done by exploring the scintillators with a 5.48-MeV a source
(>"*'Am), and Fig. 9 shows a representative set of curves obtained by dis-

placing the source along the long axis of one of the scintillators.

In the data analysis the kinetic energy of the recoil at the surface
of the scintillator is calculated using these calibrations, the measured
pulse height and the position as determined from the spark chambers. The
energy at the scattering point is then obtained by adding the energy
losses which vary with energy and with path length in the various media.

In Fig. 10 these losses are given for a recoil having the shortest possible
track through the mylar (70 um) and the spark-chamber gas and the longest
possible track through the target gas. As can be seen it is necessary to

know the interaction point in the target with good precision.

The scintillator pulse is also used as a stop signal -- the start
signal comes from a scintillator in front of the target (Fig. 1) -- to
obtain the time of flight of the recoil. In the calculation of the recoil
energy from its time of flight it is necessary to take the successive
energy losses during the flight into account. In Fig. 11 we show the re-
lation between the energy at the scattering point and the time of flight
computed with these losses. For comparison, the relation without energy

losses is also given.



2.5 Magnetic shielding

In most experiments in which the apparatus may be used, it willtbé
close to a large spectrometer magnet, so that the downstream end of the
instrument may be in a strong magnetic field. We have tested cylindrical
shields of soft iron having a wall thickness of 3 cm and found that they
will provide adequate additional protection for a photomultiplier in a:
normal shielded housing at least up to fields of about 2 kG. In order:
not to apply excessive loads to the photomultiplier housings these shields

were attached to an independent support.

2.6 The gas-handling system

The density of the helium gas in the target must be known for the
calculation of cross-sections, and this density also determines the amount
of energy lost by the recoil before it reaches the target wall. In our
case the temperature varied only slowly so that it was sufficient to keep
the pressure in the target constant; this was done manually. Helium gas
at a pressure controlled by an ordinary regulator was passed through a
needle valve into one end of the target and escaped to the atmosphere
through a second needle valve. The pressure in the target was read on a
high-quality manometer. We found that small adjustments of the needle -
valves every half hour or so were sufficient to keep the pressure within

a few per cent. of the nominal value.

The behaviour of the low-pressure spark chambers depends on the
density and composition of the helium-alcohol mixture, so that it must
be possible to adjust these quantities to predetermined values. :In addi-
tion they are needed to calculate the energy losses suffered by the recoils.
The control system is shown, simplified for clarity, in Fig. 12. The
chamber was flushed continuously with helium-alcohol mixture entering via
the regulating valve R4 and extracted by the pump Pl via valve R1l, and
the pressure was maintained constant by means of the contact manometer Ml
operating the valve V1. The concentration of alcohol in the chamber gas
was monitored continuously by means of a non-dispersive infra-red ‘gas
analyser. The output of the controller associated with the analyser
operated the valve V2, thus changing the pressure of the gas mixture in
the alcohol bubbler and hence the relative concentration of alcohol vapour
in it. The regulating valves R2, R3 and R4, in conjunction with the mano-

meter M3, served to adjust the pressures to the desired values.
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PRECISION AND BACKGROUNDS

3.1 Momentum—-transfer resolution

The momentum of the recoil is computed from the measurements of pulse
height and time of flight, account being taken of the reconstructed path
of the particle and of the energy losses it suffers on the way. The pro-
cedure was described in Section 2.4, and as it is rather complex the re-
solution is best obtained from the experimental results. Figure 15 in
Section 4.2 below shows what was achieved in the first full-scale experi-

ment in which the apparatus was used.

3.2 Missing-mass resolution

The contribution made by the recoil spectrometer to the identification
of the event depends essentially on the missing-mass resolution obtained
from measurements on the recoil and information on the incoming beam. 1In
a complete experiment, measurements on the fast secondaries will always
be used to remove background and improve precision by means of kinematic
fitting, but here we discuss the resolution obtainable from the recoil
spectrometer alone, it being understood that the particle detected is a
“He nucleus. The problems concerning identification of the recoil are

taken up in Section 3.3.

The missing-mass resolution can be obtained from Eqs (2). Assuming

Ex = 0 one finds, with definitions as in Fig. 3,

* *
m m

q cos 6 )2 Po cos O = q(1 + Eg/M) 2
(an*)* = [————°—‘] (bpo)” + [ °‘ J ba)”

(4)

*

pog sin 6 )2
+ [_———-—-—0‘] e )2
m o

. * * .
which is valid as long as Am << m . As will now be shown, and as can be
seen from inspection of Fig. 4, the most important term is that in Aea,
so that a good approximation is

. Poq sin Oa

Am = Aea . (4a)
m
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We now describe the effects of errors in Ga, recoil momentum q, and

beam momentum pyg.

The performance of the spark chambers has been discussed in
Section 2.3, and we refer to Fig. 7 for the expected angular resolution.
For numerical examples we take the production of mass 1070 MeV/c? by
8-GeV/c m and that of mass 1688 MeV/c? by 20-GeV/c protons. At a mo-
mentum transfer q = 346 MeV/c and with a total standard error of 15 mr
in ea (error in direction of primary inciuded) we find the corresponding
contributions to the standard error in m to be 39 MeV/c? and 62 MeV/c2,

respectively.

In order to obtain realistic estimates of the errors involved in
determining the recoil momenta from pulse height and time of flight, use
will be made of data obtained in the test experiments described in
Section 4. Figure 15 shows the relative standard errors for runs with
targets with 70-um walls. At a recoil momentum of 346 MeV/c the standard
error is about 5 MeV/c, and in the case of the same numerical examples as
above this gives contributions to the standard error in m* of 1.8 MeV/c?
and 5.0 MeV/c?, respectively, small in comparison with those due to the

uncertainty in the angle of the recoil.

In Eq. (4) the term in Apo takes account of the uncertainty in the
momentum of the incident beam. If we assume that the distribution of
beam momenta has a standard deviation of 1%, we find that the contribution
due to Apy to the standard error in m* is 8.1 MeV/c? for both the nume-

rical examples used before.

%
Thus the total standard errors in m are 40 MeV/c? for the production
of mass 1070 MeV/c? by 8-GeV/c pions, and 63 MeV/c? for production of
1688 MeV/c? by 20-GeV/c protons, in both examples at a momentum transfer

q = 346 MeV/c.

3.3 Backgrounds

Background events can be divided into three classes: unwanted types
of events in which there is a 'He recoil nucleus in the ground state,
events in which the target nucleus is excited or disintegrated and, fi-

nally, spurious events due to interactions of the particles in the beam
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and its halo with the structure of the apparatus rather than with the
target helium. Regardless of the type of experiment, one of the trigger
requirements must always be that a particle is detected in one; and only
one, of the circumferential scintillators during the time interval within
which “He recoils are expected: between about 6 ns and 60 ns after the
passage of the incident particle. Furthermore, there must not be any
prompt coincidences between the arrival of a beam particle and a pulse in
any of the circumferential scintillators. These are basic trigger condi-
tions common to all the experiments for which the apparatus was designed,

and in what follows we assume that they are met.

3.3.1 Background with a true "He recoil

By definition, all such events are due to coherent interactions;
they form part of the background either because the outgoing fast system
is of an unwanted type (but was accepted by the trigger system), or be—'
cause the recoiling o particle passed through one or more of the wireé of
the target support cage or the spark chambers, suffering scattefing and
energy loss. These events can be eliminated by kinematic fitting, using
information on the incoming and outgoing fast particles in combination

with the data provided by the recoil spectrometer.

3.3.2 Events leading to break-up of the target “He

These events can be of two types: those in which there is a knock-
out reaction leaving behind a residual nucleus, and those in which an

*
intermediate excited state, 'He , is formed.

In a nucleon-knock-out reaction, the momenta of the recoiling ’H's
or 'He's will, in the impulse approximation, be equal and opposite to
those of the ejected nucleons prior to the collision: they will have a
Fermi distribution and be oriented isotropically. Very few of them will
have the momentum and direction that would make them mimic a wanted co-
herent event in a kinematic fit. A calculation was carried out for the
specific case of elastic T “‘He scattering and it was found that after
applying the kinematic constraints the background due to this type of
reaction was negligible throughout the range of momentum transfer 'in-

volved7).
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The possible contribution to background from semicoherent reactions
" which give rise to the formation of an excited helium nucleus has to be
discussed in more detail. According to the evidence availablé,‘the
lowest excited state of 'He has an excitation energy of 20.2 MeV and
there are thought to be eight or more levels with excitations up to

28 MeV °), All these states decay by particle emission3), and as the
separation energies are large (19.814 MeV for *H + p, 20.578 MeV for

He + n), the Q values are low.

Consider the semicoherent reaction

* *
(m) + “He > (m ) + “He

(5)

e + n

Equation (2a) shows that the longitudinal component, Qs of the momentum
of the recoiling “He*, will be Eg MeV/c greater than the longitudinal
momentum of the ‘He recoil would have been if the reaction had been co-
herent. However, the momentum and direction of the.aHe‘are different
from those of the parent “He* because of the non-zero Q value. 1In some
cases such an event will be accepted, the °He having a direction close to
what a 'He recoil would have had in a coherent event and producing a pulse
height similar to that in the coherent case. Given that m* and q are
measured by means of a fast-particle spectrometer, with errors Am* and
Aql, and by means of the recoil detector with errors given by Figs. 7 and
15, one can compute the fraction of events of type (5) in which the in-
formation obtained from the recoil agrees within the errors with that
coming from the fast particles. This fraction of the events will be
accepted as coherent in a fit. In Fig. 13 we show the results of such.a
calculation for a specific case: that of the production of mass

1070 MeV/c? by 15-GeV/c pionms, the fast-particle spectrometer measuring
with the precision indicated in the figure and the performance of the re-
coil spectrometer being as discussed above. The x? function contained
three terms: in addition to the differences in m* and ql'the difference in
azimuthal angles of the scattering planes given by the two devices was -

2 corresponded to

included. Events were considered acceptable if their ¥
a probability of 5% or more. Calculations giving acceptances as function

of transverse momentum transfer were carried out for various produced
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masses and also for incident protons and always gave qualitatively the
same result as that shown in Fig. 13. One may therefore conclude that at
most a few per cent. of semicoherent reactions of type (5) will be wrongly

identified in a fit as being coherent.

Discrimination against the reaction

(m) + “He - (m*) + l'He*
, (6)
H+p

is even greater than against reaction (5) when both the triton and the

proton stop in the scintillator, for then the pulse height will be about

twice that expected for the *He recoil from the coherent process. It is

of interest to note that since the probability for the decay “He* +~3H +p
should be similar to that for “He* + %He + n and since the former decay

is easily identified experimentally one also has a check on the occurence
of the latter.

4.3.3 Background not due to collisions
with target "He

Interactions in the target support, windows, and the rest of the
apparatus can produce slow particles that satisfy the trigger require-
ments. The amount of this kind of background can easily be checked
during a run by observing the difference between the trigger rates with
and without target gas. It is extremely unlikely for such events to
survive the geometric and kinematic acceptance criteria in the final
analysis (see also Section 4.2), but it is clearly desirable to keep this
background low by careful beam design and by minimizing the amount of

material in the beam and its halo.

RESULTS FROM TEST EXPERIMENTS

4,1 Elastic p “He scattering at 185 MeV

The first tests of the equipment were carried out at the 185-MeV
synchro-cyclotron of the Gustaf Werner Institute, Uppsala., These tests
were made primarily to investigate the operation of the circumferential
scintillators and the low-pressure spark chambers in the presence of a

beam of instantaneous intensity around 10° particles per second and to



gain experience on backgrounds. The spectrometer was combined with a
scintillator for the scattered protons. An absorber was used to stop in-

elastically scattered protons of energy less than 145 MeV,

In the analysis of these tests it was established that the methods
used to compute the energy from the time of flight and from the pulse

height gave results which agreed within a standard error of 0.4 MeV.

The elastic peak in the recoil angular distribution from the spark
chambers was identified and the angular standard error was found to be
around 1.5° for recoil scattering angles between 78° and 73°, consistent
with expectation (Fig. 6). It was obtained from the distribution of the
differences between the recoil angles as measured directly and the same
angles as calculated from the pulse heights and times of flight. This dis-
tribution is shown in Fig. 14. For the lower curve the constraint has
been applied that the time of flight and pulse height should be consistent
with an alpha particle and that the two azimuthal track coordinates from

the spark chambers should give a line traversing the target.

The trigger rate without target gas was found to be 257 of the rate
with the target gas at 5 atm pressure. The lower cut-off in the square
of the four-momentum transfer was found to be t = -0.04 (GeV/c)? with

8-um target walls and 2.5 atm pressure.

4,2 Elastic scattering at 7.76 GeV/c

Further experience was gained during an experiment carried out at
the CERN Proton Synchrotron in a beam of 7.76=GeV/c negative pions. In
this experiment a measurement of the differential cross-section for
elastic ™~ “He scattering over the -t range 0.05 to 0.5 (GeV/c)2 was made
with clear detection of the first diffraction minimum’). Here we shall
confine ourselves to some remarks relevant to the recoil spectrometer and

its performance.

The coordinates of the incident and scattered particles were measured
with high precision so that a complete geometrical reconstruction could
be made. The vertex reconstruction and the kinematics imposed a total of
six constraints in the ¥? fitting program for elastic scattering. This

eliminated nearly all background events.
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The errors in the recoil momenta determined from the pulse height

and from the time-of-flight measurements were estimated as follows. Every
recoil particle produces a pulse in the upstream as well as in the down-
stream photomultiplier. One can thus obtain distributions of the differen-
ces between upstream and downstream values for both pulse height and time
of flight. The standard error of an upstream-downstream average can then
be estimated from the corresponding distribution of upstream-downstream
differences. In Fig. 15 the relative standard errors are shown for runs

with targets having 70-um walls filled to a pressure of 15 atm.

The angular resolution of the spark chambers was checked by comparing
the measured recoil angle with that calculated from the pion scattering
angle under the hypothesis of elastic scattering (the error in the pion
scattering angle was much less than the corresponding relative error in
the recoil angle, assuming elastic events). This was done for the sample
of Y2?-selected elastic events and the results were in good agreement with

the theoretical calculations of Fig. 7.

The event rate during the data taking was one per PS burst (one PS
burst every two seconds). The trigger rates without target gas were as
low as 107 of the rate with 20 atm and out of the events collected without

target gas only a negligible number survived the final ¥? analysis.

Requiring a recoil signal within a time-of-flight gate between 6 ns
and 60 ns after the passage of the fast particle reduced the trigger rate

by a factor 30 7).

In the analysis of the Y2?-selected data, inspection of the two-
dimensional distribution of pulse height and time of flight showed that the
occurrence of (°H + p) final states was negligible; thus the semicoherent

)

7
background had been excluded successfully ’.

In Fig. 16 the missing-mass distribution is displayed. The upper
curve is an unselected sample of registered events and the lower curve is

a sample with X? < 12.6. The total number of events was reduced from
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44100 to 7500 by this requirement, whilst the peak value corresponding to
elastic events was only reduced from 700 to 500. In the calculation of

the missing mass only information from the recoil spectrometer was used,
i.e. the length and direction of the recoil momentum vector, and the data
represented by the lower curve in Fig. 16 have not been fitted, only selec-
ted. This selection, on the other hand, was done with the aid of the X2
function which contains also complementary information, coming from the
incident and the scattered fast particles. The distribution is centred

around the square of the pion mass and the standard deviation is 0.13 GeV/c2.

For a resonance of mass 1070 MeV/c? the standard error in the missing
mass would be 60 MeV/c? for the same momentum transfer as in elastic scat-
tering if it is assumed that the error in recoil angle is the same. This
figure is about 507 larger than the 39 MeV/c? estimated in Sectioh 3.1.
Bearing in mind the rapid variation of the angular error with momentum
(Fig. 7) in the selected momentum interval (300 - 400 MeV/c) the agreement

is satisfactory.

CONCLUSIONS AND COMPARISONS WITH OTHER TECHNIQUES

The recoil spectrometer we describe satisfies the basic design
requirements: it provides measurements of the momenta and directions of
recoil alpha particles emitted at large angles from coherent interactions
with "He in a gas target. Furthermore, it allows the inclusion in the
trigger criteria of the detection of a recoil having a time of flight
within the expected time interval. This reduces by a large factor the
number of spurious events. The instrument also has a very wide angle of
acceptance so that it is suitable for the investigation of processes with
low cross-sections. The experiment on T “He elastic scattering at
7.76 GeV/c could not have been performed with any other technique in

current use today.

Several other methods of detection and measurement provide informa-
tion on recoils in coherent interactions of high-energy particles with
nuclei other than 'H and 2H. However, none of them, as far as we know,
provides the combination of advantages of the device we have described

above. In particular,
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i) the helium bubble chamber cannot be triggered selectively;

ii) silicon semiconductor detectors can be used as targets in experiments
on coherent interactions with Si nucleie), here the pulse height due
to the event can be used to discriminate against nuclear break-up,
and the energy of the recoil may be measured, but not the angle,

another disadvantage is that the detector has to be in the beam;

iii) semiconductor particle identifiers can be used to detect the recoil
and measure its energyg), but for reasons of cost this method can
only be used when it is sufficient to cover small solid angles; and,

finally,

iv) streamer chambers filled with helium can, in principle, provide good
measurements, but they do not, as yet, allow the recoil to be included

in the triggerlo).

In its present form, the instrument could already be used for experi-
ments on coherent interactions of particles in the 100 GeV to 300 GeV
range, though the missing-mass resolution would not be as good as it is
at lower primary energies. However, further developments, leading to
improved angular resolution and, hence, higher missing-mass resolution,
appear feasible. We feel confident, therefore, that it will be possible
to use this type of device successfully, not only now but also at the

accelerators of the new 200/300 GeV generationm.
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Figure captions

Fig. 1

Diagramatic view of the recoil spectrometer.

Fig. 2 The recoil spectrometer opened and with the cylindrical

oo

spark chambers extracted. Inside the vacuum vessel can be

seen the circumferential scintillators and the gas target.

Fig. 3 : Symbols used in the text to describe the general case of a
collision between a fast particle (mass my) and a heavy

. . *
target nucleus (mass M). The excitation energy Ex =M -M

*
and the kinetic energy T = EM* - M.
Fig. 4 : Equation (2) plotted for incident protons of 20 MeV/c with
*
the outgoing mass m as parameter.
Fig. 5 : The gas target.

Fig. 6 : The standard error in the measurement of the recoil angle
as calculated from Coulomb scattering and the intrinsic
resolution of the spark chambers. The pressures were 5 atm

and 15 atm respectively.

Fig. 7 : One of the circumferential scintillators.

Fig, 8 : Light output from Pilot B scintillator plastic as a function
of the kinetic energy of an absorbed alpha particle.

Fig. 9 ¢+ Light outputs from the scintillator in Fig. 7, caused by o
particles from a 5.48-MeV source, as a function of the po-
sition of the source along the long axis of the scintilla-
tor.

Fig. 10 : Diagram showing how kinetic energy is lost by the “He

recoil in different media on its way from the scattering
point (0) to the scintillator (3) (see sketch). The curves
give the kinetic energy at the scattering point (Ty) as

function of the kinetic energy after traversing the target
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high-pressure helium (i = 1), after traversing also the
target wall (i = 2), and finally when arriving at the
scintillator after having also traversed the spark cham—

ber gas (1 = 3).

Time of flight as function of the kinetic energy T, at the
interaction point (see Fig. 10) with energy losses taken

into account and, for comparison, in vacuum.
The gas—handling system for the spark chambers.

Fraction of semicoherent events accepted as coherent when

information from the recoil spectrometer is combined with
* . .

values of m , q, and azimuthal angle determined by means

of a fast-particle spectrometer. Symbols as in Fig. 3.

Distribution of the differences between recoil angles as
measured by the spark chambers and those computed from the
recoil kinetic energies derived from pulse-height/time-of-
flight measurements. Upper histogram: raw data. Lower
histogram: events remaining after application of the

criteria described in the text.

Standard error of measurement of recoil momentum as derived
from pulse height (PH), from time of flight (TOF) and from
combining both (TOT).

Distribution of the square of the missing mass. Upper
histogram: no selection. Lower histogram: same sample
after elimination of events with X2 > 12.6 (6 degrees of

freedom) .



L 614

wd 0g

ainssaid mo) jp
aJnxiw Joyod|D

-wnilgy Yum
paj)l} 9INSOPUS

s;AqWDYd ¥Jnds _cucuc_;uﬂ \ MOPUIM

9OUDJUS
sa]o13iod AIDpuU0las sp} /'.n

fl?r , I ﬂ\ﬁ

- ”ﬁ\ﬂv 3B} oy a.nssaxd-ybly _</ w \ woaq
o e e e - .
e e e e e —— .

MOPUIM }Ixd

R o S10}D]|1UIdS

\ 5 Buiuigep -wpaq jpuly

_—

SJ0}JD||uIdS
|DllualajWINII



Fig. 2



._..UH.HQ

31v1lS 1VNId

€ *bLd

31VIS 1VILINI



m* (GeV/c?)

©
h - o OO
23 2%
} Wl — «— O N
700 - -
600}
500
400F ACCEPTANCE LIMITS

%
ZOOL"\‘k7/
i

100{ / 65°

/ /

N

lZ 1 1 1 | | | {
0 100 200 300 400 500 600

— = q, (MeV/c)

Fig. 4



fy’fgﬁ &



70-ym walls

8-pm walls

COULOMB SCATTERING

TOTAL ERROR

S-S s

(S33¥930) "Co=

70

60

50

o
~F

Fig, &



¢ By




200

1 1
o o
{9 o 1)
—

(SLINN AYvdLIGdY) LHOIFH 3S7Nd

T (MeV)

Fig. 8



6 'bL4

(WD) 3YIN3D WO¥d4 3ONVISIa

w¢ 0¢ 9l ¢l 8 7 0 - 8- - 8- 0 7¢-
o+ o+ + o o o o o ©
+ . o
o + +
o +
o ©° N -
o * 4
o) A +
v v v v v \Y +
v V
v Vg
v v
v

(@3LvINOIvD) WVIHISNMOQ + WVIHLISHN = v
WV3IHISNMOd = o
WV3YH1lSdN = +

0§

001

(SLINN AYMVYHLINEYY) 1HOIEH 357Nd



20

15

TosMeV

10

absolute cut-

off in T0

T TO,interaction

T3 | point
I / /
? g { recoil track, /
| b
f ‘\ | 45 mm Hg spark— \\ \ 20 atm.
scintillator ' chamber gas (He+ 4 pum mylar target He
15°/°C2H50H) target walls

| | |
5 10 | 15

Fig. 10




—— TIME OF FLIGHT, ns

50
40 |
|
|
:
'. with energy losses
N without energy losses
30 |
\
\
\
\
\
\
\
20
10 +
absolute cut-
offin Tg
0 i 1 1 1 1 1 []
0 10 20 30 40 50

———= Ty, MeV

Fig. 11

60 70



9 H

2L "bLd

!

34N1VH3IdW3L
INVISNOD

HISATYNY Oled
SV9
|
|
“
1 43L3IN
3 MO4
! -
i A
y3189dng @. |||||
TOHOITV 4313IWN0YL1I3dS IW
o > .
o 11003y
—-
1y

id




€L *bL4 |
(3//eN) b -—

00L 009 O00S 007 O0OOE 00Z oOOL O

. 7 00°0
\
\
. 1100
! 1200
AOW G'8Z="3 /
J
AW €°%2=X3 ‘ 1800
MW ¥'12=%3 1%0°0
0
oMo g1 = d
INW 0z = bV 4600
9NN 0 =, WV c+mImA|_
29MSW  0L0l= W 2OH U = OH+1I

22/ 9°6EL = °w

0314300V NOLLIVYHS e—



100

50

N/0.2°

I iy
!

L

—10 -5 0
A ©,degrees

Fig. 14

10




300
= g (MeV/c)

400 500 700

Fig. 15



22/AOW oqo_we
o'l

~A~u\>m9,um._o:cm ssow bBuissiw 9L *6t4

2 9/ASWO9LFW
| 50

22/NoW 071= W

[

_o G0- o'l-
I ﬂ T

00¢

o
(=]
g

(;3/N29)200/N

009



UPPSALA UNIVERSITY, GUSTAF WERNER INSTITUTE

THE DATA ANALYSIS IN A COUNTER EXPERIMENT AT THE
CERN PS, USING A HELIUM RECOIL SPECTROMETER

Tord Ekeldf

Gustaf Werner Institute, Uppsala, Sweden

ABSTRACT

A counter experiment to measure the ﬂ—hHe elastic cross section
using a helium recoil spectrometer has been carried out and a descrip-
tion is given of the main lines in the data analysis, including the raw
data evaluation, the investigation of systematic and statistical errors,

the X2 fitting of the data and the comparison of the results with theory.



1.
1. INTRODUCTION

This paper describes the data analysis in an experiment on elastic
1) 2)

in this analysis are the evaluation of the raw data to give particle

T hHe scattering™’ using a recoil spectrometer '. The two main steps
tracks and momenta, described in chapter two, and the fitting and se-
lection of the evaluated data, described in chapter three. The com-
parison of the obtained differential cross section with the Glauber
theory is commented on in chapter four. Below we will first give a short
recapitulation of the relevent physics in the experiment and the experi-

mental set up.

1.1 The purpose of the experiment

3)

The proposal to use a recoll spectrometer to measure coherent
interactions between hadrons and hHe nuclei was put forward at CERN in
1967. Since then the recoil spectrometer has been constructed and used
to measure the differential cross section of coherent elastic scattering
of negative pions from helium at 8 GeV/c and preparations are now in
progress to use this instrument for coherent production of I = 1/2
baryon states on hHe using 20 GeV/c protons h).

The interest in investigating coherent interactions with nuclei has
several grounds. One of these has been to test the validity of the Glau-

5)

ber multiple scattering theory in describing this kind of interactions.

This question has by now been investigated in several experiments 5)
over a large range of incident momenta and momentum transfers and the
validity has been shown to be very good. The experiment described here

is the first that has been carried out with a helium target at an in-
cident momentum sufficiently high for the basic approximations of the
theory to be well satisfied.

Furthermore, admitting the validity of the Glauber theory, infor-
mation on nuclear structure and on hadron-nucleon scattering amplitudes
can be extracted from the experimental data. The prospect of getting
information on short range correlations in nuclei from measurements on
coherent reactions has been carefully investigated. By now it is rather
clear that this is not possible in practice 6). On the other hand -
knowing that details in the nuclear structure will not pertup che data -
one can get information on the phase of the hadron-nucleon scattering
amplitude at non zero values of the momentum transfer. In the case of
coherent production of resonances information on the resonance-nucleon

7)

scattering amplitudes can be obtained as well .
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By definition a hadron-nucleus reaction is coherent if the target
nucleus is left in its ground state after the collision. It is thus
possible to ascertain the coherency of a reaction if the energy reso-
lution in the measurement of the fast secondaries is better than the
smallest excitation energy of the nucleus. Usually this means that a re-
solution of a few MeV is necessary and for particles of multi-GeV
energies this is hardly attainable. The alternative is to observe di-
rectly the nucleus and from measurements of it select those events in
which the nucleus was not excited or broken up. For this the hHe nu-
cleus is especially suitable since its lowest excitation energy is 20
MeV and since it has no excited levels that do not decay by particle
emission. Another advantage of observing the nucleus is that this
provides extra kinematical constraints and improves the momentum trans-
fer resolution in the measurement.

The experiment described here was thus performed essentially to
test the Glauber theory at high incident momenta, to provide information
on the phase of the pion-nucleon scattering amplitude at non-zero mo-
mentum transfers and to test a new useful experimental device, the

helium recoil spectrometer.

1.2 The experimental set-up

Our set-up is described in detail in section 2 and fig. 1 of
ref. 1. Apart from the trigger system it consists mainly of three parts:
a telescope of multiwire proportional chambers measuring the track of
the incident pion., a helium-recoil spectrometér to measure the direction
and momentum of the recoiling nucleus and a set of spark chambers to
measure the track of the scattered pion.

The recoil spectrometer is described in detail in sec. 2 of ref, 2
and a diagrammatic view of the device is found in fig. 1. It consists
of two cylindrical spark chambers surrounding a high-pressure helium
gas target with very thin walls. The spark chambers are operated in a
helium-alcohol gas mixture at 0.05 atm pressure and there are no walls
between them in order to make possible measurements of very low momentumn
recoils. Outside and around the spark chambers are placed scintillators
in which the recoiling nuclei stop, giving light signals that are used
for pulse-height and time-of-flight analysis.

The data from the multiwire proportional chambers were fed via
electronic pattern units to a SDS 920 computer for buffering and re-
cording on magnetic tape. The computer also performed a few on-line com-

Putations for checking purposes. The data from the set of spark chambers
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chambers were fed via digitizing circuits and electronic scalers to
a buffer unit and from there written on to magnetic tape by a 7330 IBM
tape recorder. The data from the recoil spectrometer was fed via di-
gltizers and scalers to the SDS computer as well as to the IBM tape
recorder and was thus recorded on both tapes.

This division of the data on two tapes has its explanation in that
the two fast particle track measuring systems existed as tested units
together with their data recording devices and these could not easily

be merged.

2. THE EVALUATION OF THE RAW DATA

The raw data on the magnetic tapes were converted to track coordi-
nates and momenta of the detected particles and the results of this
were written out on new tapes, called the data summary tapes. This
evaluation of the raw data is described below with the focus placed
on the helium recoil spectromcter. The multiwire proportional chambers
and the fast secondary spark chambers and their read-out systems have

8,9)

been used in other experiments and the treatment of the raw data

from these devices will not be discussed in great detail.

2.1 Preparative calculations for the evaluation of the raw data from

the helium recoil spectrometer

From the helium recoil spectrometer information is obtained on the
recoil track through the eylindrical spark chambers, on the amount of
i3ight produced in the plastic scintillator and on the time of flight
of the recoil.

With the current-distribution method used for the read-out of the

10)

plane are inversely proportional to the distances from the spark to the

recoil spark chambers the signals from each side of the spark chamber
spark chamber sides. The parameter used to interpret these signals was

the difference between the two signals, divided by their sum to make

the parameter independant of the magnitude of the spark current. This
parameter is roughly linearly dependant on the position of the spark

along the spark cheanmber. It was used as arzument in second dcgree polynomials
that were fitted to the coordinates of the ruays from the collimated alpha
sources used in the celibration of the chambers. 10) . Since

the measured angular range in the experiment was small (86° - 83%) and

close to 900, the correction due to the effects of the clearing field

mentioned in ref. 10 were neglected.
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The evaluation of the recoil kinetic energy from the pulse height
and from the time of flight is dependent on the recoil track geometry.
This is so even if the recoil energy losses by ionization in the diffe-
rent media in the spectrometer are neglected. Since the lower limit in
measurable recoil energies 1s set by the energy losses,these losses are
considerable near the lower cut-off and have to be taken into account.
They are dependent on the kinetic energy of the recoil and on the re-
coil track lengths in different stopping media. It should be noted
that the use of the information on the track geometry couples the
recoil kinetic energy evaluations to the geometrical evaluation. In
this way systematic and stocastic errors in the geometrical reconstruc-
tion will give coupled errors in the evaluated recoil momentun.

For the evaluation of the pulse-height and time-of-flight raw data
the following relations were worked out beforehand and polynomials were

fitted to the results:

1) the relative amplitude of the signal from the photomultiplier as
function of alpha particle energy (see fig. 8 ref. 2),

2) the dependence of the photomultiplier output on the position of
the stopped recoil (see fig. 9 ref. 1),

3) the time of flight as function of the time digitizer output (linear),

4) range as function of kinetic energy and kinetic energy as function
of range for alpha particles in the target helium gas, the mylar
of the target walls and the spark chamber helium-alcohol gas mixture

(see fig. 2),

5) the recoil starting energy as function of time of flight and path

length in the helium-alcohol gas mixture cf the recoil spark chambers.

Of these functions the three first were obtained in calibrations
and the two last were calculated from published data on the stopping
11)

power for protons in different elements and from the dependence of

the effective helium charge on kinetic energy of the helium nucleus 12).
The stopping power for protons in mylar and alcohol was obtained by
linearly adding together the stopping power in hydrogen, carbon and
oxygen according to the relative chemical compositions of mylar (8C +
10H + 50) and alcohol (2C + 6H + 10). In the same way the stopping
power for protons in the helium-alcohcl gas mixture was obtained by
adding the stopping powers of each component according to the mixing

ratio (in atomic weights).
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To obtain the stopping power of a medium for alpha particles from
that for protons the following relation was used
dE dE, _ .2, 2
(), 1D, =2l
where dE/dx is the stopping power and Z is the charge of the particle.
The effective charge of the proton will remain close to unity even
below kinetic energies of 1 MeV whereas the effective charge of the
alpha particle will start to deviate from two at kinetic energies of

12)

the calculations. Finally the range R was obtained by numerical inte-

the order of a few MeV . This deviation was taken into account in

gration

T
R(T) =S dE 1/%{—
o]

These range-energy relations could then be readily used to compute
the energy of the recoil at the scattering point from the energy at the
scintillator derived from the pulse height measurement. For this was
needed the path lengths in and the densities of the stopping nmedia.

The method used to compensate for the energy losses could not be
as direct in the time-of-flight case as in the pulse~height case. The
greater part of the total kinetic energy loss of the recoil occurred in
the high pressure helium of the target and the uylar target walls in a
path length on average one target radius (» 1 cm). Then the recoil
spent most of its time of flight moving from the target to the scintilla-
tor (v 38 em) in the low pressure spark chamber gas, where it successi-
vely lost a rather small but not negligible part of the total energy
loss.

For the transformation of the time of flight to kinetic energy in
the data evaluation the following calculation was carried out before-
hand. For a series of starting energies, E, and flight path lengths, L,
the time of flight, TOF, was calculated, taking the successive energy
losses by ionization in the helium-alcohol gas mixture into account.

In this way points were obtained in a three-dimensional space TOFXExL
and in this space a bivariate polynomial was fitted to the points to

give E as function of TOF and L (relation 5 in the list above).



2.2 The raw data evaluation code PIALPHA

This section describes the code PTIALPHA that contains all the
routines which were used for the evaluation of the raw data in the ex-—
periment. It was used during the runs for direct checks of the perfor-
mance of the experimental equipment, indicating failures in the instru-
mentation and improvements to be done. The system of parameters measured
was overdetermined and many cross checks were possible. The same code
was also used, after extensive checks, for the final conversion of the
raw data to track coordinates and momenta. A schematic flow diagram is shown
in fig. 3.

The main program was used only to steer the flow between the sub-
routines and setting flags for the events indicating whether the dif-
ferent experimental devices had worked properly or not. The first sub-
routine to be called read all the set-up parameters and polynomial
fit coefficients from cards.

Then two subroutines were called reading one event-record from
each of the two data tapes. The main program checked that the two re-
cords referred to the same event by comparing the recoil spark chamber
data (eight feur-digit numbers) of the two records.

The binary information from each wire in the multiwire proportional
chambers was stored as a bit on the tape written by the SDS computer -
each bit corresponding to a coordinate in the chamber plane. These bits
were decoded in the SDS-tape reading routine and interpreted with the
aid of the measured positions of the chambers.

The information from the set of spark chambers, stored on the tape
written by the IBM tape recorder, were given as numbers proportional
to the travel time of the mechanical and electromagnetic pulses used in

9)

the magnetostrictive and delay-line read out systems of the spark
chambers. These numbers were transformed linearly to give position coor-
dinates in the spark chamber planes knowing the positions of the chambers.

From the signals given by the recoil spark chambers the same kind
of parameters that were used to calculate the calibration fit polyno-
mials were computed. These parameters were then used with the poly-
nomials to give two azimuthal and two longitudinal coordinates of the
recoil track.

At this point of the analysis of an event all the geometrical in-
formation supplied had been evaluated. If all of the measuring devices
involved had given enough information, the tracks of the incoming and

outgoing pion and of the recoil could be reconstructed. This was done
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in another subroutine by fitting straight lines to the track Coordi-
nates. If, for reasons of apparatus inefficiency, there was not suffi-
cient information for all three tracks to be reconstructed the event
was flagged.

The three tracks were treated independently of each other - the
vertex constraint was not used in the fitting procedure. Approximate
vertex coordinates were calculated from the incident and recoil tracks.
The subroutine also calculated the recoil path lengths in the different
stopping media in the spectrometer and the coordinates of the track end
point in the recoil scintillator fer later use in the pulse-height and
time~of-flight evaluation.

In the pulse-height subroutine the two photomultiplier signals were
treated independently throughout the evaluation, resulting in two diffe-
rent estimates of the recoil kinetic energy. Firstly the subroutine
computed the kinetic energy of the recoil at the scintillator using
the raw data and the polynomials 1 and 2 mentioned in sec. 2.1l. Then
the range-energy polynomials L were used to get the recoil kinetic ener-
gy at the scattering point in the target. This was done as is illustrated
in figure 2. The energy losses suffered by the recoil and their vari-
ations with kinetic energy are drawn for a special case in fig. 10 of
ref. 1.

The two times of flight given by the two separate photomultipliers
were treated separately in the time-of-flight reutine, giving two esti-
mates of the recoil kinetic energy as in the pulse height case. The time
derived frem the raw data and the calibration fit polynomial 3 (sec. 2.1)
was corrected for the time used by the incident particle to get from
the time-defining scintillator 40 cm upstream from the target to the
reaction vertex and for the light travel time in the recoil scintillator.
This corrected time of flight was then fed together with the calculated
track length into the bivariate fit polynomial 5 (sec. 2.1). The resul-
ting kinetic energy was finally compensated for the energy losses in the
target gas and the surrounding mylar foil using the range-energy poly-
nomials 4. The measured time of flight as function of the resulting
recoil kinetic energy at scattering point is shown for a special gaéé
in fig. 11 of ref. 1. This figure demonstrates the importance.ef taking
the energy losses in the spark chamber gas into account at low recoil

kinetic energies.
At this stage the geometry of the three tracks and the mcmenta of the
incident particle and the recoil were known. Supposing that the event is an

elastic vne the kinetic energy of the recoil is uniquely related by the kine-
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matics to the recoil angle and to the scattering angle of the pion.
Any one of these three quantities determine the two others and the
formulae for this interrelation are derived in Appendix I. To make the
three measured quantities directly comparable with each other these
formulae were used in a kinematics subroutine to calculate from each
measured quantity the other two. There is one more condition imposed
by the kinematics: the reaction should be coplanar and there were thus
three kinematical constraints in the measurement.

After each event had been evaluated by the subroutines the resulting
data were written out on the data summary tape. The full information of
an event was contained in 156 data words, making up one event-record.
When all events on the two tapes in an experimental run had been treated,
the main program printed out a 'run identification and summing up'-page.
In fig. 4 such a page is shown. From this could be found the total num-
ber of successfully evaluated events and the percentage of events that
had failed to be fully evaluated for different reasons (apparatus in-

efficiencies, background etc.).

3. CHECKING AND FITTING OF THE EVALUATED DATA

There were three kinematical and three geometrical constraints in
the measurements and in the second step of the analysis the data on
the data summary tape was analysed in a x2 fitting code. Before
this was done the data were thoroughly checked for systematic errors
and the appropriate statistical errors, to be used in the fitting pro-
cedure, were derived.

To use the x2 fitting method there must not be any systematic errors
in the data and the statistical errors must be correctly estimated. The
checking and adjustment of these quantities can be done with the aid of
so called 'pull quantities' in the xg—analysis but only to a very limited
extent since it is not certain that a systematic or wrongly estimated
statistical error will show up clearly in these pull quantities. On
the other hand it most probably will cause the resulting fit to be
erroneous. Therefore it was important to check the consistency of the
data and to estimate carefully the statistical errors before the x2-
fit was performed. In section 3:1 the checking of systematic errors
will be described, in section 2:2 the methods to derive the statistical

errors are given and in section 3:3 the x2 fitting is treated.



3.1 The checking of systematic errors

A total of 257 000 events were recorded, divided inte 64 files on
the magnetic tapes. Eliminating those files that could be judged to be
of no value from a first inspection (apparatus failures etc.) brought
this figure down to 195 000 events. Of these events 120 000 were re-
corded with 20 atm target gas pressure, 66 000 with 5 atm pressure and
9000 events with no target gas (to check the background).

Of the high target pressure events only T2 000 were flagged by the
PIALPHA code as having sufficient parameters measured to be 'full con-
straint events'. The corresponding figure for low target pressure events
was as low as 20 000 events.

In order to check these data on the data summary tapes, extended
use was made of the histogram routine SUMX 13) available at CERN,
Errors in calibrations and programming faults in the code PIALPHA,
causing systematic errors in the data, were checked for in the follo-

wing ways:

i. The kinematics subroutine in PIALPHA calculated the kinetic energy
of the recoil from the measured recoil angle and frmm the measured pion
scattering angle. In this way there were four estimates ~f the recoil
energy — the mean value from the pulse-height measurement, the mean
value from the time-of-flight measurement and two values from the angles.
With SUMY the differences between the various energy estimates were
displayed in series of histograms. For each histogram in such a series
the mean of the two energies was confined to a certain interval. The
deviation from zero of the mean of these distributions indicated syste-
matic errors and their Widths gave an idea of the statistical errors of
the various measurements. The variations of these errmrs with kinetic
energy could be studied in the series of histograms. Such variations
were also studied in two-dimensional plots of the different energy

estimates.

ii. For the pulse-height measurement there were 18 calibration values
to be checked, one for the upstream and one for the downstream photo-
multipliers of all the nine plane sections af tke circumferential scin-
tillator (each section covered 14° in azimuth). This could be done by
selecting events from the middle part of each of the nine sections using
the information given by the recoil spark chambers. For each section a
study was then made of the distribution of differences between upstream
and downstream values of energy from pulse height. Any deviation fronm

zero of the mean of these distributions cou.d only be explained by
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faulty calibration values. Checking the two pulse-height energies for cach
gection against the energy from time of flights or energy from pion
scattering angle helped to indicate how the calibrations should be
corrected.

The energies from the time-of-flight measurement was checked in much
the same way - only that the nuwaber of calibrations was sir, one for
each photomultiplier. It should be noted that the kinetic energy is
roughly irverselyproportional to the square of the time of flight.

Thus if the time-of-flight calibration is adjusted to fit the other
energy measurements in the high-energy range (where a small systematic
error in time of flight corresponds to a very big systematic error in
kinetic energy) it will have a very good precision at small energies
(where the conditions are the inversed).

The above mentioned histograms of differences between upstrean
downstream values were used also to determine the statistical errors

and we will return to this point in the next section.

iii. As described above the pulse~height and the time-of-flight mea-
surements both contained the condition that the upstream and downstreanm
values shwuld be equal. Likewise the recoil spark chamber measurement
contained a condition of consistancy: the azimuthal coordinates from
the two cylindrical spark chamber should give a line traversing the
target. If the distribution of the distance of the recoil track from
the beam axis was not centered at zero this meant that the azimuthal
calibration of the chambers had to be corrected. Each of the azimuthal
coordinates was also checked against the measured azimuthal coordinate
of the scattered pion, assuming an elastic and thus coplanar event.

The data on dip angle given by the recoil spark chambers did not
contain any constraints other than that the reconstructed track should
traverse the target between the longitudinal target end points. For
kinematical reasons there should be no recoil scattering angles greater
than 90°. This limit could be set even smaller since there was a non
zero lower cut-off in momentum transfer. In the case of the high pres-
sure target this cut-off was 86°. Due to the multiple Coulomb scattering
of the recoil - which had a rather predominant effect near the lower
cut—off - the cut—off limit in angle was smeared out.

With a Monte-Carlc program the distribution of measured recoil
angles was simulated. This program was based on the theory of multiple
Coulomb scattering in Appendix 3 and the hypothesis of a differential

cross section ¢xponentially decreasing with the four-momentum trans-



fer squared. The histogram of measured recoil angles could then be
compared with the simulated distribution. Any difference of the peak
position along the angular scale between these two distributions
would indicate 2 systematic error in the longitudinal coordinates of

the recewil spark chambers.

iv. There were seven multiwire proportional chambers in the incident
beam - three measuring the vertical and four the horizontal coordinates.
Since the reconstructed tracks were rectilinear there were many possi-
bilities for cross-checking the positioning of the chambers. The most
sensitive check though was that because of the trigger condition the
reconstructed tracks should point into the target. The coordinates of
the reaction vertex were estimated from the iﬁtersection point between
the incident track and a plane perpendicular to the beam at a level
given by the recoil track. The distribution of vertices in this plane

should then be confined to the circular target area (diameter 2 cm).

v. There were four spark chambers measuring the scattered pion, three
with both horizontal and vertical coordinates read out and one with

only horizontal coordinate read out. So as for the proportional chambers
there were many possibilities of cross cnecking to verify the positioning
of the chambers. Also the distribution of reaction vertices in planes
perpendicular to the beam was used to check as above. A further con-
dition used was that the reconstructed track should traverse

the target between the longitudinal target end points.

vi. The vertex constraint was also used for checks. The incident and
outgoing fast particle tracks gave wne vertex point each in the plane
perpendicular to the beam., The distribution of the distance between
these two points offered a very sensible check of positioning errors,
especially for the fast secondary spark chambers. Furthermore the longi-
tudinal coordinates of the vertex given by the recoil track and by the
scattered pion track were compared. This constituted a very sensible
check of the reconstruction-ef the scattered pion track.

All these checks were carried out separately for each run and
the calibrations were adjusted. To get better statistics in the high
momentun transfer region, where the cross section is low, the data from

several files were added.
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3.2. Estimations of statistical errors

When the recoil scintillator was calibrated, using o gp&riiclas
of different energies, the resolution in the height determination and
the timing of the pulses was also investigated lh). For several reasons
these measurements could not be used for the final estimation of sta-
tistical errors and instead the distributions of energy differences as
described in section 3.1 were used. Supposing that the statistical vari-
ations of the two separate measurements are equal and independent, the
standard deviation of the energy difference is twice the standard
error of one of the measurements. This error estimate does not contain
the contributions from the energy straggling of the recoil and the un-
certainty in the reconstructed recoil track geometry. These ccatribu-
tions could only be important near the cut—off where the recoil energy
loss is considerable. In Appendix 2 it is shown that the energy stragg-
ling effect can be neglected. This was also assumed for the influence
of the uncertainty in the recoil track geometry. The statistical errors
obtained are displayed in fig. 15 of ref. 2 in which the relative stan-
dard error of the combined pulse-height and time-of-flight measurements
is seen to vary from 1.4% at the lower recoil momentum limit 300 MeV/c
to 5% at the upper limit 700 MeV/c.

The statistical errors in the recoil angles were due to the limited
intrinsic resolution of the spark chambers and to the Coulomb scattering
in the different materials of the spectrometer., The intrinsic resolu-
tion was investigated in the calibration of the spark chambers lO). In
these calibrations using alpha sources there was only the helium—alcohol gas
mixture that caused multiple Coulomb scattering. To obtain the in-
trinsic resolution the effect of multiple Coulomb scattering was sub-
tracted from the measured variation. Under actual experimental condi-
tions there was an extra contribution to the multiple Coulomb scattering
in the target gas and the mylar target wall. In Appendix 3 it is shown
how the effects of multiple Coulomb scatiering were calculated and some
results are shown in fig. 6 of ref. 2. At high momentum transfers the
standard error in the recoil angle was around 0.50 and this error was
growing when going towards smaller momentum transfers. The same calcula-
tions were used in the Monte-Carlo program described in sec. 3.1l. The
form of the angular distributions simulated with this program was in
very good agreement with the experimentally obtained distribution.

As mentioned earlier the multiwire proportional chambers and the

scattered pion spark chambers had been used in earlier experiments and
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in these the standard errors in the position determination had been ob-

8) 9)

served to be 0.7 mm and 0.6 mm respectively. These errors were
investigated also in this experiment in the fits of tracks with more
than two coordinates in the horizontal or vertical plane. A good agree-

ment with the earlier found values was established.

3.3. The test selection and the final x2 fitting of the data

Before the 92 000 full constraint events mentioned in the beginning
of sec. 3.1 were fed into the x2 code, together with their statistical
errors described in sec. 3.2, the evaluated data were analyzed in a more
simple fashion to gain insight and confidence in the evaluated data. The
method employed was to select subclasses of events out of the 92 000 by
requiring that the events in each class should fulfill some simple test
criteria. Many such test criteria were tried and the effects on diffe-
rent distributions were studied using the SUMX code.

The aim with these tests was to cut out background events and the
tests were constructed accordingly. At high energies the cross section
for inelastic m hHe reactions is 3 to 4 times greater than that for

19) and the occurrence of different kinds of back-

the elastic reaction
ground in the collected data was dependent on the trigger used and the
high energy physics involved. A discussion of these problems is carried
out in sec. 4 of ref. 1 and sec. 3.3 of ref. 2 and will not be taken up
here. Below are given the different selection criteria used and their
effects. The figures are valid for a representative part of the high pres-
sure target runs.

Test 1 - The two azimuthal coordinates of the recoil track given
by the two cylindrical spark chambers should not differ from each other
more than the FWHM of the distribution of their difference. This test cut
out 50% of the events.

Test 2 = The difference between the azimuthal angles of the recoil
and the scattered pion should not deviate from 180O more than one FWHM of
the distribution of their difference. This test cut out 60% of the events.

Test 3 - The difference between the recoil angle measured with the
recolil spark chambers and the same angle as computed from the measured
pion scattering angle (under the hypothesis of elastic scattering) should
not be greater than one FWHM of their difference. This test cut out 457%
of the events.

Use was not made of the conditions that could be imposed by com-

paring the two scattering angles with the pulse-height and time-of-flight
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measurements of the recoil momentum. This wad due to the strong vari-
ations with recoil momentum of the statistical errors in the latter
quantities. A simple test condition could thus not be imposed without
introducing a bias in the cross-section distribution.

Requiring all the conditions 1 - 3 to be fullfilled cut out as
much as 80% of the events. Ia the distribution of recoil kinetic ener-
gies of the remaining 20% sample the diffraction minimum and secondary
maximum could be clearly observed. Fig. 5 shows how the diffraction struc-
ture was ‘filtered out’ of the background by successive application
of the tests mentioned above.

This was the method employed to analyze the data in a more quali-
tative way and the diffraction structure was first found using this
kind of selection by simple tests. However, it should be noted that this
method has several weak points. It was not feasible to use certain
constraints to select events since the corresponding test limits varied
with momentum transfer. Also, there certainly were variations in the
statistical errors of the quantities in the tests employed (for example
the Coulomb multiple scattering error is dependent on the recoil kinetic
energy). Furthermore the different statistical errors were not corre-
lated with this method.

15) fitted all the coordinates to the elastic

The employed x2 code
scattering hypothesis and the vertex constraint in a unified manner
taking all correlations into account. In the fit the measured parameters
were weighted according to their statistical errors which were calculated
for each event separately and the resulting x2 sum was thus a much more
representative and bias free test variable than the test variables de-
scribed above.

To investigate the results of the x2 analysis the difference bet-
ween the fitted quantity and the measured quantity, divided by the stan-
dard error of the measured quantity was studied for all parameters
supplied to the x2 code. In the ideal case these pull quantities should
have normal Gaussian distributions with mean value zero. A deviation of
the mean from zero was taken as an indication of a systematic error
somewhere and if the standard deviation of the distribution was not
equal to unity,one or several of the statistical errors had to be ad-
justed. The difficult point in this work was to find out which of the
parameters that should be changed and by how much. This difficulty was
due to the coupling of all parameters in the x2 fit and usually a syste-

matic error or wrongly estimated statistical error had more or less
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pronounced effects on all pull-quantity distributions. Naturally though
there was a tendency for the pull quantity that contained the parameters
to be corrected also to be the most influenced. The situation would
have been very difficult if there had been several parameters with
systematic errors and faulty statistical errors. These errors would
have interfered with each other and all the pull gquantity distributions
would have been distorted in a way which would have been very difficult
to disentangle. This is the reason why the systematic and statistical
errors had to be well investigated before using the x2 code.

One more distribution - the distribution of xzzs - could be used
to check the overall performance of the x2 fit. There were six degrees
of freedom in the fit and the distribution in fig. 6 is the xe—distri—
bution obtained, which checks rather well with what should be expected.

When the x2 analysis was carried out a new data summary tape was
produced, containing all the information of the previous tape plus the
fitted quantities from the x2 analysis together with the x2 value.

With this second tape new cross-checks were possible. The influence on
different kinds of distributions when varying the x2 level of confi-
dence was observed. Among the distributions studied were those previously
used to select events.

The most interesting histogram to investigate was the recoil kinetic
energy histogram, since it was directly proportional to the differential
cross section curve looked for. In fig. 7 is shown how the diffraction
minimum-maximum structure was 'filtered out' of the background by choosing
successively higher levels of confidence of the data. The curves refer
to the same sample of events as in fig. 5 and 6. As is seen in fig. T
the distribution does not change its shape above 1/ confidence level.
This was the finally chosen level of confidence and the resulting dif-
ferential cross section is shown in fig. 8 together with some curves
calculated from theory.

In a separate investigation the data from the recoil spectrometer
were used to calculate the missing mass squared of the fast secondary
system. The formule for this is given in Appendix 4. The missing mass
squared distribution of the xeselected elastic events should obviously
be centered around the pion mass. This condition offered a check of
the analysed and selected data and it is further discussed in sec. 2.1
and 4.2 of ref. 2. The distribution is found in fig. 16 of the same
reference and from this the missing mass resolution of the recoil spec-

trometer can be found.
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Although that the trigger system had been constructed to cut out
as much inelastic background as possible and that the p- and Al*mesons
production cross sections are known to be rather small, some effort
was made to investigate the missing mass squared distribution in the
mass range of these resonances. For this samples of events were selec-—
ted that were non-coplanar and had recoil momenta that did not fit
the measured fast secondary scattering angle under the elastic hypo-
thesis. No evidence of any structure around 1 (GeV/c)2 in the missing
mass squared distribution of these samples could be found though.

. _ . 1
This was most probably due to the severe trigger used .

4, THE COMPARISON WITH THEORY

The differential crosssection curves that are shown in fig. 8 to-
gether with the result of the measurements are calculat<d with a code 17)
based on the Glauber multiple scat%ering theory. The basic approxima-
tions of this theory can be expressed in several ways — one is to say
that the individual phase shifts caused by each nucleon in the nucleus
during the collision should be additive. This is a valid approximation
if the incident momentum is sufficiently high for the incident particle
to see the nuclear nucleons as stationary objects and have a de Broglie
wave length much shorter than the range of the interaction potential.
These conditions are fulfilled for incident momenta of the order of se-
veral GeV/c and more and at these moments the nucleons can be thought
to cast sharp shadows in the nucleus. For lower momenta one cannot neg-
lect the de Broglie wave length of the beam particle and Fresnel dif-
fraction will become important.

It has been shown that by cancellation effects many of the results
of the Glauber theory remain approximately the same even when Fresnel

16)

diffraction appears . This explains why the Glauber theory has been
able to describe phenomena at incident momenta below the limits set

by its basic approximations. In our case though the incident momentum
was T7.76 GeV/c and the basic approximations are well satisfied, so

the original Glauber theory can be used with good confidence.

In the very simplest Glauber description of the elastic coherent
scattering process the nuclear form factor is a Caussian, with a delta
function to take the center—of-mass motion into account, and the in-
cident particle-nucleon scattering amplitude is exponential and ima-
ginary. In this case the analytic expression for the differential cross

18)

section is very simple and there are only three input parameters to
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the formula: the nuclear radius, the incident particle-nucleon total
cross section and the slope of the differential cross section of the
incident particle-nucleon elastic scattering. These are parameters that

19,20) so in this case

are well established from other experiments,
there are no free parameters at all.

There are many refinements possible to this simple description
like including effects of Fermi motion, spin flip, charge exchange and
intermediate states and using a more precise nuclear form factor in-
cluding correlation effects and a complex scattering amplitude with
varying phase. At the incident momentun of our experiment and with the
statistical uncertainty of the data indicated in fig. 8, only two
refinements of the theory would have an effect of importance.

The first is to introduce a real part in the incident particle-
nucleon scattering amplitude — see formula (1) of ref. 1. The real
part was taken to be a constant fraction of the imaginary part, in-
dependent of momentum transfer.

The second refinement is tochoose a form factor parametrization

which can be better fitted to the experimentally measured hHe nucleus
fori.factor than the simple Gaussian. The parametrization chosen is
given by formula (2) in ref. 1 as a superposition of Gaussians.
With such a form factor the analytical expression of the differential
cross section is no longer trivial to derive because it is no longer
possible to apply in a simple way the method of Gartenhaus and Schwarz
to get rid of the centre-of-mass delta function. It is never the less
possible to arrive at a analytical expression. This expression is gi-
ven in ref. 22 and is described as a number of multiple integrals by
the authors in ref., 6.

Since the nuclear wave function had been determined in earlier

20)

experiments here was really only the phase to vary when com-
paring the data points to the theory. As a consequence, since the
Glauber approximations are well satisfied at the given incident mo-
mentum, the prediction about the phase from the comparison of the data

with the theory can be well justified.

21)
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Concluding remarks

This paper has given an account of the methods used in the analysis
of the data from a helium-recoil spectrometer and the experience gained
in the analysis of a Tirst experiment with this apparatus. The codes and
routines used to analyse the recoil spectrometer data were extensively
tested and used in the course of the experiment and many of them can
be used in new experiments with the apperatus. Such experiments will
include large magnetic spectrometers for the fast secondary particles
and new beam measuring systems, demanding new routines for the analysis
of the data from the incident and outgoing fast particles. The routines
concerning the recoil measurements will much remain the same though.
Also some of the experience gained in combining the recoil spectrometer
data with the data from a fast particle measuring system will certainly
be of use, also when this system will be more complex than the one used

in this experiment.

Acknowledgements

Sven Kullander and Staffan Dahlgren have read the drafts of this
paper and given many valuable suggestions for which I am indebted.

Lotten Borgman typed the manuscript.



19 .

Appendix 1

Relativistic kinematics formulae for an elastic two-body collision

Symbols

before : after

=
¥

q, an

kinetic energy T = E - M

In the experiment the fast secondary scattering angle 6“, the
recoil scattering angle ea and the recoil kinetic energy T were mea-
sured. Any two of these parameters are completely determined by the
third in an elastic coherent reaction. The relativistically correct

formulae that interrelate these parameters are:

l. Fast secondary scatteriqggangle from

2

p. ~T.. (B M)
a. recoil kinetic energy: 6" = arcros —2% =
qu(“o‘T) -m
E_+ M 1 p?
b. recoil scattering angle: 9TT = arccot|( . o Q
oM cos Ga 2M(E°+M)

2. Recoil scattering angle from

a. fast secondary scattering angle:

B 2 Y]
v 5 EO+M Py EO+M
coteTr -_|cot 61r -4 ( T 2M(EO+M) -1) ~i |

ea = arccot 5
E +M 3]

[e] [e]
- — -1 )
2M 21(E_+M) -

2(

-

!
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E +M T

b. recoil kinetic energy: ea = arccos (
£
o

3. Recoil kinetic energy from

2M{p _cos® )2
o o

a. recoil scattering angle: T —
- 2 2
(LO+M) —(pocosea)

b. fast secondary scattering angle:

2 / 2 2 | B, ] ‘
T 3 h - i Tt - -— 2 2 . 2
- M+E _sin"®_ (H+E031n 6 ) ~( g )" —eos e, ) p,~ sin®_
E +M
( )< - cos26ﬂ
Po
Derivation of the formulae
The invariant m2 is m2 = “2—p2 = (EO—T)2 "(Pd‘g4)2 _q12
- 2 _ 2,2 .2 2
=) q = Q, +4, = EO + T ELOT P, + 2poq'| m =
=2 + 7% 2K T
= 2D, S (1)
The invariant M° is M° = EM2 - qd = (M+T)2 - q2
=5 ¢° = - + 4% + T° + 200 = 152U = q ° ¥ q,] (2)
T(EO+M)
(1) and (2) = q, = ——p———— (3)
o

We now have the parallell component of the momentum transfer as -
function of recoil kinetic energy. This is sufficient to get the

two scattering angles since:

a,, T(Eoﬂﬂ) 1 EO+M T
cmsea= = . 5 = = 2b
q po 1/T +2MT P 2M+T
P, P,Sq, P ° - T(E +)
cos Qn = = = =2 =) la
P P pof(E-T )" - m
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The inverse relations 3a and 3b are given by.simple (but in the
case of la laborious) quadratic inversions. The relations between

the scattering angles can be derived observing that

cot e’rr p_—q,, ) P

= ) = -° _ 1
cct ea q,, a,
Using (3) we obtain
2
Py
cot 9“ = (-'I‘—(_E?i-l\/l—j' - 1) cotea

Inserting the expression 3a for T as function of ea we obtain lb. By

a simple (but laborious) quadratic inversion of 1lb we obtain 2a.
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Appendix 2

The straggling of the recoil nueclei in the helium recoil spectrometer

In the helium recoil spectrometer the recoil energy loss by ioni-
zation in matter is considerable near the cut off and here is commented
on the influence of energy straggling on the kinetic energy resolu-
tion. In ref. 22 results are given of measurements of energy straggling
at considerable energy losses, using protons and alpha particles.

The experimental results are compared with the predictions of the ori-
ginal Bohr theory - which does not include energy dependence — and
more recent theories including energy dependence. Disagreements with
the Bohr theory predictions are found at energy losses greater than 20%
and the Bohr formula is found to give an underestimate by a factor
growing with energy loss. This factor is around 2.2 for the example of
80 MeV alpha particles losing 90% of their energy.

The Bohr formula 1is

o= hre2PINX  where
op is the standard deviation in a Gaussian energy distribution
z is the charge of the penetrating particle
Z is the number of electrons per atom (molecule)
N is the number of atoms (molecules) per unit volume
X is the particle path length

Inserting values corresponding to the three media which the

recoil traverses one obtailns:

5

one cm in 20 atm helium gas gives oy 17 keV
70 o in solid mylar gives 9, 45 kev

38 cm in the sparkchamber gas gives 0% 5 keV

it

Sun o= 67 keV
This is about 4 times less than the energy resolution of the
recoil spectrometer at the.lower cut off in energy. The conclusion is
that the contribution to the measurement error from the recoil energy
straggling can only be of any importance in a very small range of
kinetic energies just around cut-off (see ref. 16) where anyhow — for
other reasons - reliable data cannot be obtained with the recoil

spectrometer.
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Appendix 3

The multiple Coulomb scattering in the helium recoil spectrometer

In the Fermi model of multiple Coulomb scattering - outlined
in a paper by Rossi and Greisen 23) _ the lateral and angular distri-
butions of charged particles that pass through matter are derived

23) has worked out

from a diffusion differential equation. Eyges
solutions to this equation taking in account the energy lost by the
particles in the matter. In the helium recoil spectrometer the energy
loss is considerable near the lower cut off in momentum transfer and
to calculate the effects of multiple Coulomb scattering the Eyges
formulae were used.

The often used Fermi formulae for the angular and lateral devia-

tions of charged particles passing in matter are

2 2
> g2 EBg 2 g2 By 3.1 2 .2
oe = — . 5 - t 3 Gy = . 5 - t7 = 5-. me . t
2 (pB) 6 (pB)
where ay = standard deviation of angular-distribution
Oy = standard deviation of lateral distribution
o 2 _
Es =mc .Jhw/a = 21 MeV

momentum of the particles

velocity of the particles

ti

charge of particles

[ ST B o
[0}

particle path length in the matter measured in

scattering lengths

The factor 1/3 in the relation between 2 and 92 comes from
the integration of the angular deviations along the particle path
in the matter.

The corresponding generalized Eyges formulae in which energy
losses are taken into account are

t
2 2(t”) at”s 02=-J:-2‘-ES

S ) (p(+7)-8(+7))2 y
(o]

o+

2 (t—t')2 . zg(t’)
(o(t7) » 8(£7))

2_1
oe =3 E

at”

Here p and 8 are seen to be functions of the position coordinate t°
along the track in the matter and in our case also the varilation in z

was accounted for. If p,8 and z are constants the Eyges formulae re-
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duce to Fermi formulae. The factor (t—tﬁ)2 gives a high weight to large
values of t-t” in the integration. This is explained by the fact that
small angular deviations are more important for the lateral deviation
at t°= t the farther from t they occurs. (A factor £°2 instead of
(t-t~ )2 would give the same Fermi formula in the energy-independent
case but the weighting would be wrong!)

In our case the particles were nonrelativistie and the formula used

in the numerical calculation of the multiple Coulomb scattering was

ti+1
, EZ 3oy (t-t")2 . 2.2 (T(t"))
g =_S_L_1_£ 1 dt’
Y 8 i=1 Ll Ti (t&)
t.
1

where i = 1 refers to the target helium

]

i = 2 refers to the target wall mylar

i = 3 refers to the spark chamber gas mixture

Ti(t') = recoil kinetic energy as function of range in medium 1

(see seec. 2.1)

ti+l_ti = path length 1n medium .

zi(T) = alpha particle effective charge as function of energy
in medium i (see sec. 2.1)

i = density of medium i

Li =  scattering length of medium i

The scattering length L for composite media was calculated from

tabulated values for elements using the formula

1 55
" L.
J J
where Lj = scattering length of element j
pj = atomic fraction of element J in the composite medium.

The values used were
= 38 g/cm2 for alcohol, 39.5 g/cm2 for mylar and 85.L g/cm2
for helium. Results from these calculations for a special case are shown

in fig. 6 of ref. 2.
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Appendix U4

The missing mass formula

Symbols:
Before : »After
—~—ay
B Py
o
m =
o

The helium recoil detector measures the recoil kinetic energy T
and the scattering angle €, from which the missing mass m> can be com-
puted if the target nucleus is left unexcited (M* = M, Ex = 0). We
will first derive the formula for m*e in the more general case when the
target nucleus is excited as is discussed in sec. 2.1 in ref. 2. By

setting Ex = 0 we will then get the missing mass formula in the coherent

case.
. . %2 .
The invariant m 1s
2
m? = E2 _ p2 -
2 - 2
= (EO+M - EMx) - (Do - =
= 2 2 0 2 - i —-— 7 - 2 - 2 - =
= Eo + M~ + EMjlt + 2E§i 2EOMM* ZMEMx Py q 2poq"
- 2 2 2 - N \V =
=n "+ M+ (M+EX) + 2B M 2(M+E +T) (E_+M) + 2p_a,,
= 2 > - -
=m "+ EX(EX 2EO) 2T(DO+M) + 2p_qy,

Supposing that Ex<< Ej gives the result

- . 2 - ) 4
m> =mn "+ ZEXE0 2T(Eo+ﬂ) + 2poq“



2 2 2
a9 tq, ) .
Inserting T = = and rearranging gives
ot o™
E_+ o -n® E +M , E
a,, 1 - ; qu‘ = + 3 M* Q + -p—- Ex
Py J 2P, Py ©

which is the formula discussed in ref. 2.

Setting Ex = 0, M = M and q,‘=\f2MT . cOos 92 gives

2 _ 2 o
W= m 2T(HO+M) + 2po\/2MT . cos 62

which is the coherent missing mass formula used for the investi-

gation described in sec. 3.3.
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Figure captions

Fig. 1 Diagrammatic view of the recoil spectrometer.

Fig. 2. Range-energy relations for Y4e in (from the right) 1 atm
nelium gas, mylar and 1 atu spark chamber gas (86% He, 14%

C2H OH) used to calculate the energy losses suffered by the

recgil in the helium recoil spectrometer. The figure illu-
strates a case where a 15 MeV o particle starts in the target,
loses 2.8L4 MeV on its 2 cm long way in the 20 atm helium gas,
enters the 70 um thick target mylar foil in which it loses

5.05 MeV and then - starting with 7.1l ¥MeV - traverses the 38
em in 0.059 atm spark chamber gas losing 0.70 MeV and ends

up at the scintillator with 6.41 eV kinetic energy. This shows
how fig. 10 in ref. 2 was obtained. In the evaluation of raw

data the procedure was the inversed, going from T, to To'

3
Fig. 3. Flow diagram for the raw data evaluation code PIALPHA.

Fig. L. 'Run identification and summing up' printed out by the PIALPHA
code after the evaluations of all events in an experimental
run. In this the 'CAEN TAPE' is the tape written on the IBM
tape recorder, the 'CAEN CHAMBERS' are the spark chambers to

measure the scattered pion and the 'UPPSALA CHAMBERS' sre the re-
coil spark chambers.
Fig. 5. Distributions of four-momentum transfers squared, calculated

from the measured pion scattering angles, for different com-

binations of the simple selection tests described in sec. 3.3.
Fig. 6. The distribution of x2 of the fitted data.

Fig. 7. Distributions of four-momentun transfers squared, given by
corresponding
16.8 (o = 1%) -

the curves change shape for xazs above this limit but not below.

. . . . 2
the x2 fit, for different criteria on ¥~ (o

. . ) . 2
cuonfidencs level ). The chosen value was X

Fig. 8. The differential cross section curves for elastic T hHe
scattering at 7.78 GeV/c as obtained from the Glauber theory
together with the values resulting from the experiment. The
theoretical curves are computed for different values of the
ratio o of the real to imaginary part of the scattering ampli-
tude.
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Flow diagram for raw data evaluation code PIALPHA

"Set-up :
bFit coefs®

Initializations - read and print all set-up

parameters and fit coefficients from cards.

Read one record o from the SDS-tape.
Compute prop.mult.wire chamber coord.

|

If EQF
Bl on SDS

If EQF
tT""on I8N
Yy i

Read one record g from the IBM-tape.
Compute fast sec. spark chamber coord.

S

Set-up
fit coef

2 and B fits Search

procedure

Compute recoil spark chamber coord.

[ ]

Fit track lines to coordinates. Calculate

scattering angles and azimuthal angles for recoil

and fast secondary. Calculate vertex coord and

recoil track lengths in different stopping media.

i

Calculate the recoil kinetic energy from pulse

height, calibrations and range-energy relations

Y

Calculate the recoil kinetic energy from time

of flight, TOF-matrix and range-energy relations.

()
Calculate 8, and 8 from Theasured 8, aNd

meds., méas
Ty from 6 and T, and 8, from 6,
using relativistic kinematics.

!

Write input data and results of- evaluations on

the data summary tape (print 10 first events)

k]

~elil-

8 )
PRun id¢
Sum upy

—

Y

.

Sum all flags. Print out "Run identification

Fig. 3

and summing up".

~ J\O
first ™y

card

156 output
data words

" pper event,

/ C means that count

flags are set
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ABSTRACTY

Theoretical predictions about the coherent p meson produc-
tiou in ﬂhHe interactions at multi-GeV energies are discussed.
The Regge and Glauber thegries are used for calculations of the
production differential cross section at 6 GeV/c incident momen-
tumn. It is concluded that information on the w trajectory, the
w exchange part of the amplitude for p hadroproduction on nu-
cleons and the phase of the pN scattering amplitude can be ob-

tained from measurements of this reaction.
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1.

Introduction

Hydrogen has been used as target in the great majority of elemen-
tary particle production reactions studied up till now. It is an old
remark though that eoherent production reactions on composite nuclei
offer special advantages in that the selection rules for the production
are more restrictive than in the proton target case. The experimental
difficulty in measuring coherent reactions lies in separating the co-
herent events from the incoherent background.

To study total production cross sections it is sufficient to
select the events in the forward diffraction peak (momentum transfers
A < 1/R where R is the nuclear radius) which are nearly all due to
coherent interactions. By making such measurements for a series of
different nuclei, the interaction of the produced resonant state with
the nucleons in the target nucleus can be studied as well.

l). The

Results have recently been reported from such measurements
interaction between meson resonances and nucleons has also been the
object of extensive studies of coherent photoproduction of vector
mesons on composite nuclei over the last few years 2).

To obtain information on the amplitude for coherent production in
hadron-nucleus interactions as function of momentum transfer the co-
herency of the reaction must be directly verified. At multi-GeV ener-
gies the only practical method for this is to observe the recoiling
nucleus. The hHe nucleus is especially suitable as target nucleus in
this case because of its small size and high stability and in ref. 3
is described a device to measure hﬁe recoils in high energy reactionms.
This LLHe recoil spectrometer has up till now been used to measure the

L)

but new experiments with the recoil spectrometer concerning resonance
[ =
5)

differential cross section of m hHe coherent elastic scattering
production are now under preparation . These new experiments con-
cern baryon resonance production and since the helium nucleus has
isospin zero the coherently produced resonances must have isospin one-
half like the incident proton. Selection rules also apply to the ex-—
changed particle apd in meson resonance production on helium the ex-
changed boson must have both spin and parity either even or odd

(JP = O+, 17, 2% ete.) and isospin zero. Below are discussed the appli-

cation of these ideas on coherent p meson hadroproduction on hHe nuclei
and what information that could be obtained from a measurement of

the differential cross section for this reaction.



Isolation of the w exchange p production

The total cross section for production ofp mesons in wp reactions
has been measured with good precision up to high energies and reliable
data also excist for the differential cross section for this reaction.
The theoretical interpretation of the experimental dats is somewhat
complicated by the fact that there are several exchange particles pos~

8ible in the recction. Among the established mesons the m,w,A; and A2 are

allowed exchonges and aucng these the 7 and the w are sup~ '
posed to dominate. + .
In ref. 6 results from measurements on the reactions T p —>p p
are interpreted in a model assuming only m and w exchange. The contribu-
tion from the 7 exchange is predicted from other measurements and the
only parameters that are varied in the fitting to the experimental data
are those of the w exchange amplitude. Good fits to the data are ob-
tained but the conclusions about the w exchange amplitude drawn from the
fit cannot be very precize due to the mixing of exchanges.
Using isospin analysis and Regge pole exchange theory one can show )
that the contxibution to the p production from w excharge can be ob-

tained from 7 p scattering data using the relation

5 , do , - - do , + + a0, - o
K(S‘t‘ - = — — — — - — a—
(5,t) 2{dt (np—=pp)+ L (np—>pp) - (rp >pn)] (1)

7,8) though since the

With this method the error will be rather great
measurement error for each reaction add up.

An alternative method to isolate the w exchange contribution to the
p production is to study coherent ﬁhHe production reactions. The ground
state of 'He has JPI=O+O and only an exchange particle with JPI=1“O can
transform the 7 (0 1) to a2 p (1 1). m, A (171) ana A, (2*1) are thus
forbidden as exchange particles whereas the w (17 0) is allowed.
Also the ¢-meson would be allowed as exchange particle since it has
JPI=1-O like the w-meson, but it is known to decouple from 7N and 7p
and can thus be disregarded. Any p production by 7 on hHe is thus due to
pure w-exchange, provided that the reaction is coherent (i.e. that the

b

He is left in its ground state).



5.

The Regge w exchange amplitude for p hadroproduction on nucleons
+ +

The Regge theory amplitude in the s—chennel reaction T P —> p—p,

assuming only w trajectory exchange with helicity flip at the meson

€)

vertex and no helicity flip at the baryon vertex can be written

(s.6) = s et g
f(sst) = sin et. B(t) sinﬂa(t) P(Ol.(t)'!'l)

. (i_)a(t)“l (2)

where

s:.net = 21/'t'¢(sgt)/Taé T,q W¥ith

?(s t)-st(m +mb+m +m2—s—t) - s(mb—m )G u—ui

- *(ma mb)(m m - (m m mi mﬁ)(m +m 2)

2
e

a

o™ \/t2+ o 2(t¢__+t‘2+_‘2.’ m2

. 2. L L 2 .2 22
Tpa® \/t o 4 =2 (b b 22 )

is the sipne of the angle in the t-channel reaction corresponding to the

s-channel reaction motm, > m +m with total center of mass energy s

d
and fourmomentum transfer squared t,

Bt} 1is the w pole residue function,
n is the w trajectory signature parity,
e is & scaling constant and
a(t) is the exchange w trajectory.
From this amplitude the corresponding differential cross section
is obtained using the relation

do/at(s,t) = {f(s,t)lg/S'ng Sft >

Since the wtrajectory is an odd spin trajectory, its signature
parity is negative. In fig. la and lb are shown results from a calcu-
lation of do/dt at incident momentum © GeV/c using as u trajectory
a(t) = 0.4+40.9t and with the residue function B(t) constant and equal
10.7. The trajectory parameters are estimated from the intercept

value given in ref. 9, the pole and the A, and f poles, assuming the

2
latter to have trajectories degemerated with the wtrajectory.

to
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+
Integrating the relation (1) over t and inserting the measured m p

cross section values found in ref. 8 gives a value T70¥30 ub for the

w exchange mp —>pp reaction. The £ residue parameter was obtained
from the condition that the differential cross section (3), integrated
over t, should have the same value. The resulting £=10.7X2.2 is in
fair accordance with the value B=16.2, obtained in the fit in ref. 6.
- The s value used was 1.4 like in ref. 6.

The Regge parametrization (2) is the same as the one used in inter-—
preting the experimental data in ref. 6 and the results of our calcu-
lations (fig. la) are in good agreement with what is obtained in the fit
to the data in ref. 8 (see fig. 2 in this ref.) using a rather diffe-
rent parametrization. The main features of the differential cross sec-—
tion are the dips (zcros) in the forward direction and at -t=0.k45
(GeV/ce). The forward dip is required by angular momentum conservation
in exchange of spin particles and it is due to the sinegfactor vanishing
for t=0, The dip at -t=0.45 (C-eV/c)2 is explained by the zero of the
w trajectory at this value.

The differential cross section for p hadroproduction on helium

In the impulse approximation the differential cross section for co-
herent hadroproduction on nuclei is related to the corresponding diffe-

rential cross section on nucleons by the formula 10)

(do/dt) = A°.5%(¢)- (do/at)

nucleus nucleon (%)
where A = number of nucleons in the nucleus and
S(t) = nuclear density distribution form factor,

provided that the exchange mechanisms in the two processes are the same.
Since w exchange is the only exchange allowed in coherent hadroproduction
of p on helium, the differential cross section (3), with (2) inserted,
can be used in (4) to give do/dt for this reaction.

In figures 2a and 2b are shown results from a calculation of
this differential cross section at incident momentum 6 GeV/c with A=k
and the form factor S(t)=exp(R2t/h) where R=1.37 F. This form factor
corresponds to a nuclear wave function of a harmonic oscillator, which
is a good approximation for the uHe ground state at low momentum trans-—
fers. The nuclear radius R used is taken from measurements on electron
scattering from helium nuclel ll).

In the figures 2a and 2b are also inserted for comparison the
form factor squared Sg(t) and the differential cross sections for

the w exchange p production on nucleons. As is seen the differential
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cross section on'hHe is enhanced by a factor growing from 1 to 16 when
going from -t=0.11 (GeV/c)2 to the forward direction. By integration
the cross section on hHe is found to be 140 ub which is a factor 2
greater than the given cross section for w exchange p production

on nucleons. On the other hand the depression of the differential cross
section on hHe at higher momentum transfers is dramatic. It should
also be noted that for t values around -0.07 (GeV/c)e, where the ele-
mentary cross section has a flat maximum, the slope of the hHe diffe-

rential cross section is entirely determined by the nuclear form factor.

The w trajectory

Inserting formulae (2) and (3) in (4) gives:

2a(t)-2, ., CM_CM (5)

(do/dt)He = 16-Sz(t)'R2(t)’sin26t(s,t)‘s /s’pin Pt

where the s independent factors in the Regge amplitude (2) have been summed

up in R(t). At high energies pgﬁ is roughly equal to pg%t and proportional

to sl/2 and sin26t is proportional to 52 (see (2)!). The s dependence of

the differential cross section is thus given by a factor sEa(t)-2.
By meking measurements of do/dt(nhHe — the) at different centre of

mass energies s, and s, the w trajectory can be directly determined from

2
o1, [ao/at(s1,8)], 5. 52 6
a(t) 2 1o [do/dt(sg,l)]/ . 2 " ©

To indicate the precision in such a determination the following numerical
example is given:
Using incident laboratory momenta pl=h GeV/c and p2=8 GeV/e the sl/s2
ratio will be 0.53 ( = pl/pz). If the ratio of the differential cross
sections for these two momenta at a certain t is measured to be 2.25

with error i'0.25, then (6) gives the w trajectory value 0.36 with error
t 0.09 for this t(= -0.0k (GuV/ce if a(t)=0.4+0.9 t). (Evaluating (4)

at these two incident momenta and intesrating over t gives cross sec—

tion values for ﬂuﬁe —3 pAHe of 205 ub.at 4 GeV/c and 104 ub ot
8 GeV/c).

The differential cross section from multiple scattering at higher

momentum transfers

For higher momentum transfers where multiple scattering becomes im-
portant the impulse approximation formula (4) is not relevant and use
must be made of the Glauber multiple scattering formalism. In the case
of double scattering the p production can be thought to proceed in two

different ways:



6.

1. Elastic scattering of the m in the first collision and production
of the p in the second.
2. Production of the p in the first collision and scattering of the

p in the second.

As can be seen both the N and the pN elastic scattering amplitudes
as well as the 7wl —> pN production amplitude will enter the calcu-
lations.

For multiple scattering of higher order the basic processes will
be the same as 1in double scattering and the only additional compli-
cation will be the counting of possible combinations. Using a Gaussian
density function for hHe, with a delta function to take the centre of

mass motion into account:

-15 £ 4 4
p =R 2 . 6 n exp(_r.z/Re)-é(l/h £ T:) (72)
i=1 * i=1 *

and amplitudes for the nN and pN scattering and 7N —> pN produc-

tion that are exponential functions in t:

O P

gﬂN(ﬁ) = Zﬁ '(i+cmﬂ) ) exP(aﬂNnéz/g) (10)
oy 2

gpN(s) == (1+apN) exp(apﬁ-é /2) (Te)

£f(8) = gﬁ% » (1+B) . exp (b~62/2) for mN —> pN (74)

the Glauber theory gives the following expression for the production

1))

amplitude in the m He —> p He reaction

. 52 h k
F(t) =l-2E . exp(-‘_-«%éi‘- ..z <l‘>(-1)k+l.

k=l n=1 k
k-n n-1l
. onN(l-langi ] G (1-1iB) cpN(l-lapN) 1 & :
2 2 ) 2., © g el )
2n(R"+2a__) 2n(R“+2b) 2n(R“+2a )
™™ pN
where E = ék-n + 21 + zn—l
R +2a R™+2b R™+2a .
N pN

In this expression the first expouential factor comes from the §
function used in the nuclear wave function. The first summation adds

up multiple scattering terms of different multiplicity k together with
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the phase factor (—l)k+l. Only first order effects are described
with this formula, i.e. only processes with one transformation from
T t0 p are taken into account. The second summation adds up terms of
the same multiplicity k but different order number n of the producing
collision. The three terms in brackets describe in sequence (k-n)
elastic 7N scatterings, one mi —> pN production reaction and (n - 1)
ol elastic scatterings. Tne exponential afterwards gives the expo-—
nential slope of each (k,n) term.

In fig. 3 are shown do/dt curves for the reaction nhHe —_> the
at incident momentum ¢ GeV/e for different values of the pi amplitude

phase o .. The an(G) parameters used are taken from ref. 4 and the

GpN is gi now rather well established from po photoproduction measurc—
ments. According to isospin analysis the amplitude for o°n scattering
is equal to the mean of the p+N and p_N amplitudes and the value
27.5¢1 mb from tihe measurements of the pON elastic cross sec-

2)

tion can be directly used. This cross section could be in-
dependently determined in a measurement of the differential cross sec-
tion in fig. 3 from the position of the interference dip along the

12) but the precision in this determination would not be as

t scale
good as in the p photoproduction measurements.

From (6).it is clear that the phase 2 will not directly influence
the do/dt curve, only tG(l-iB)l 2 will enter the calculation. This
quantity divided by 167 equals the value for do/dt(mN —> pN) for t=0
in our model where the amplitude f(é) is an exponential slope in 62.

As can be seen from fig. 1 this is a rather crude approximation.

In the region of the first diffraction minimum the single and
double scattering terms are of equal importance. If the momentum
transfer in the meson-nucleon collision in a single scattering at
the minimum is 6min’ then the momentum transfer in each of the two
meson-nucleon collisions in a double scattering in the same t region
is on the average Gmin/z' gs a veryzcrude estimate the tangent to
the f£(38) curve inbetween Smin and smin/h is taken to represent the
elementary p production amplitude. In this way is obtained
| a(1~ie) | 2/16m = 0.5 mb(GeV/c) ™2 and b =3-5(GeV/c) 2 (see fig. 2b).

The value Of b used is of rathsr little.

importance since the t dependance is masked by the very steep

slope of the nuclear forz factor. Furthermore the value of
'G(l-iB)‘2/l6ﬂ enters linearly in the expression for do/dt( nhHe—¢ the)

and will thus not influence the shape of the curvc, only its zbsolute mag-
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nitude.In these first-order calculations none of the p production
amplitude parameters will thus influence the curve shape significant-
ly and the only free psarameter is upN* the remalning parameters

being well established in other measurements.

Conclusions

Information on the following guantities at non-zero momentum trans-—
fers can thus be obtained from a measurement of the differential cross

i

section of the reaction nuHe —> p He:

1. the w trajectory in the s channel
2. the w exchange part of the mN —> pN amplitude
3. the phase of the pN scattering amplitude.

For this measurement the helium recoil spectrometer mentioned
in the introduction seems well suited. The w trajectery could be de-
termined at mementum transfer values up to the same values as for
which double scattering becomes dominant,i.e. around —t=0.2(GeV/c)2.
The upper limit for the determination of the w exchange amplitude is
lower since the variation of this amplitude with t is masked by the
nuclear form factor around ~t=0.07(GeV/c)2. The lower limit for the
determinatien of these quantities is set by the recoil spectrometer.
In the experiment in ref. L this lower limit was -t=0.05 (GeV/c)z.
Using a target wall of 3u thickness (mylar) and helium target gas
of only 1 atm. would lower this figure to =-t=0.025 (GeV/c)z. In spite
of the low target gas pressure a reasonable event rate could be ex-
pected due to the high cross section at low momentum transfers and
valuable information on the w trajectory and the w exchange amplitude
would he cotoinable.

The plN amplitude phase value determined from the interference
dip region at t=tmin would be a mean taken over t values around tmin
and tmin/u' Good possibilities for background elemination are needed
for this measurement at & GeV/c incident momentum since the differen-
tial cross section at the interference dip is roughly a factor 10 less
than in the elastic reaction measurement in ref. 1. With a good mea-
surement of the diregtion and+momentum of the secondary charged pion
(from the p decay; p- — ﬂoﬂ—), inclusion of the detection of two
gamma rays (from 7° —> 2y) in the trigger and a sufficient number of

beam particles the measurement seems quite possible though.
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Figure captiwns

Fig. la,b

Fig. 2a,b

Fig. 3

The w exchange part of tae wiplitude for the resction

TN —»pN at 6GeV/c, calculated using formulae (2) and
(3) in the text. The ranges in -t are 0-1 (GeV/c)2 (a)
and 0-0.1 (GeV/c)2 (b). Linear scales.

The differential cross section of for coherent reaction
ﬂhHe —> the at 6 GeV/c, calculated using formulae (2)
and (3) in the text (full line ). For comparison are also
given the differential cross section for the w exchange
part of the reaction 7N —> pN (dashed line) and, in

fig. 2a,the nuclear form factor used (dot-dashed line).
In fig.2b is shown the tangent to the wN —> pN w-exchange
cross section used for the approximate umplitude (7d). The
ranges in -t are 0-0.8 (GeV/c)2 (a) and C-0.16 (GeV/c)2
(b). Logarithmic do/dt scales.

The differential cross section of the coherent reaction
ﬁuHe ~9the at €GeV/c, calculated using formula (8)

in the text for different values of the fraction apN of
the real to the imaginary part of the pN scattering am-

plitude.
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Errata

to

A measurement of the differential cross section for elastic pion-
helium scattering at 7.76 GeV/c',

T. Ekeldf, B. HOistad, A. Asberg; C. Busi, S. Dahlgren, A.J. Herz,
S. Kullander, G. Lee, D. Websdalej G. Landaud and J. Yonnet -

CERN preprint 1971 (references in parenthesis refer to the published
version, Nucl.Phys. B35 (1971), 493).

p.2, §3, line 5 (p.b49%, §6, line 5)
"-—~ pions as well as 0.8% --' should be "~-- pions with a contamina-
tion of 0.8% —~-

p2, §5, line 2 (p. 496, §2, line 2)

e (C1~h)’ each chamber giving both the vertigal and the horizontal
coordinate —-" should be ‘== (Cl—h)’ of which three were giving both
the vertical and the horizontal coordinate and one only the haorizontal

coordinate --*

p-4, §2, line 5 (p.497, §2, line 5)
“—— from 30 to 20 mr —-" should be “"-~ from 30 to 10 mr —-"

p.9, ref.5 (p.502, ref. 5)
“—— B, 165 (1967)." should be ‘-- B3, 155 (1967)."

p.10, ref. 24

“-- and Practive of --" should be "-- and Practice of —-"

p.11, figure caption 1 and also under the figure on the following
page (p.495, caption of Fig. 1)
Add after last senternce: "In the beam, outside and to the left of the

figure were placed to more scintillators, Sl and Sg.“



Errata

to

“A helium-recoil spectrometer”

S. Dahlgren, A.J. herz, S. Kullander, R. Lorenzi;
T. Ekeldf, B. HOistad and A. Asberg -

CERN preprint 1972

p.3, 82, line L

] 2 <« M2 --" should be '"-— E2 << E2 - A
x - X o

p.13, §2, line L
e will be E, MeV/c --" should be “—- will be around Ex MeV/e —="

p.13, §2, line 12
“-- Figs. 7 and ——  should be "~-- Figs. 6 and --"

p.16, §2, last line
"—— Fig. 7.7 should be '-- Fig. 6.°

p.17, §2, line 6
“—— (Fig. T) --" should be "-- (Fig. 6) —="

p.20. figure caption 6, last sentence
“-— The pressures were 5 atm and 15 atm respectively"
should be “-- In the case of 8 um walls the target pressure was

5 atm and in the case of 70 um walls 15 atm."

fig. 9
The word '(CALCULATED)" in the figure should be erased.



Errata
to

“The data analysis in a counter experiment at the CERN PS,
using a helium-recoil spectrometer’

T. Ekeldf

Gustaf Werner Institute internal report 1/72 1972.

p.2, last line
The last word, ‘‘chambers'’, should be deleted.

p.7, §3, last line

- ref. 1.” should be '-- ref. 2.°

p.T7, §4, line 1k

Y—— yef. 1l.--" should be ‘-- ref. 2.--%

p.10, §2, last line

k]

‘=— are the inversed).' should be "-~ are the inverse)."
p.10, §3, first and second lines
"-— between upstream downstream —-" should be

"-— petween upstream and downstream —-"

p.10, §4, line L

"-- consistancy --" should be "-- consistency --"

p.22, §1. line 4
"-— ref. 22 --" should be ‘-- ref. 23 —-=-"

p.22, §h: line 5
-~ (see ref. 16) --" should be "'~~ (see ref. 23) --"

p.23, §1, line 2

-~ Greisen 23) __. should be -~ Greisen 2h) s
p.23, §1, line 4
23) i 2k) it

Y-— Eyges -" should be "-- Eyges -



p.23, §3, first line

( 5

Y- between yh and 62 comes --" should be

“—~ petween o 2 and o 2 comes —-"
y e

p.24, §1, line b

"-— they occurs. —-" should be "-- they occur. --"

p.24, §2, line 12

density of medium i" should be

i
i

[l

i density of medium i

p.25, §2, line L

Hem q2—2poq = —-" should be == q2+2poq = —="
p.25, last line
2 , g2 2 ,
"m* =m 2+2E E --" should be ”mx =m -2EE --%
o X 0 o X 0
p.26, line L
"-- cos O, —-" should be "-- cos & -="
2 o
p.26, line 5
fe= cos 92 --" should be '--- cos ea -1

Figure captions (after p.28), Fig. 2, line 9

-~ losing --" should be ‘-- loosing —-"



Errata

to

"On the p meson production in whHe interactions”
T. Ekelof

Gustaf Werner Institute internal report 2/72 1972.

p.2, §1, line 3
¥

"—— excist --" should be “-- exist --"

p.2, §2, last line

“"—— precize --' should be “-- precise --"

p.2, S4, line 3
fe— with JPI =1 0 can —-" should be

oo gwith JTT = 170,2%0,370... etc can —-"

p.2, §4, line 8

"—— pe disregarded. Any p —--" should be

“—— pve disregarded. Pomeron exchange which also would be per-
mitted according to the JPI quantum numbers is excluded by G

parity conservation. Any p —-"

p.3, last line but one

"-— ref, 9, the pole and --" should be
-~ ref. 9, the w pole and --"

p.3, last line

“-- degenerated --" should be “-- degenerate —="

p.4, §2, line 6

The word in parenthesis is ‘zeros”

p.b, §2, line 7
o (GeV/c®) -=" should be "-- (GeV/c)? —-*

p.5, §3, formula (6)
The denominator in the first logaritm should be

" do/dt (sg,,t)”5 not "do/dt (sz,l)“



p.5, §3, line 10
= this t (= -0.04 (GeV/c® if a(t) —" should be
‘e this t (= -0.0L (GeV/c)® if a(t) --"

p.6, §2, line 13

i

11) i

—— p He reaction : ==" should be 12):

- the reaction

p-T, §2, line 3
"-- The £ (8) parameters --" should be
L. it
The gﬂN(G) parameters
p.T7, §3, first line
"From (6) it --" should be "From (8) it --*

p.8, §4, line 3

v

-- elemination ——% should be “-- elimination —-"

FPigure captions, after p.1l0, Fig. 2a,b, first line

-~ section of for coherent --" should be

"—- gsection for the coherent --''
The same caption, line 2 and 3
formulae (2) and (3) in --'" should be

‘-~ formula (4) together with (2) and (3) in --"

Figure 2a

The full line curve should be dashed and the dashed curve to

the left should be full line (the dashed curve to the right

should remaine dashed?)



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

