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THE EXPERIMENT

1. Introduction

The experiment described herein was performed from
May 1969 till September 1969 at the Argonne National
Laboratory. It was a pure counter experiment,. |
measuring the He3 produgtion rate from tlhe reaction
p +d —> He? +(missing mass). The purﬁose of the
experiment was to investigate the He? production cross-
sections for a missing mass (M.M.) region of 0.5...1.3
GeV/c2 and 1.8...3.0 GeV/c2 and to see if any strupture
in the M.M., spectra is detectable, indicating possible
meson resonances, The general layout can be seen
in fig.1 & 2.

Por reasons of high counting rates and good
resolution, the Jacobian Peak method was being used,
as described in sect.3 . Identification of the emitted
He% was done 2y pulse height selection and time-~of-flight
measurenent between the counters TO’T1’ and T2’ Thé
reaction kinematics are completely defined, including
the determination of the M.M, value, by measuring the
angle and momentum of the He? particles at a given beam

energy. Angular and momentum acceptances are defined by



a coliimator inside the magnet and by the geometries
of the trigger system TO,T1,T2. _

The magnet deflected the He? by 28° upwards into
the trigger system, thus decoupling the measurement of
the emission angle from the momentum. Very convenient
were the focussing properties of the magnet in the plane
perpendicular to the bending.plane, allowing to obtain “
the angle of emission at thé target from the response
of a certain element out of a sevehty element scintillat-
ion counter hodoscope placed at the focal plane of the
magnet ( see sect.4 & 6 ).

As indicated in fig.2, the magnet could be rotated
vertically and the target shifted along the beam line
together with a shift of a movable rack, on which the
hodoscope and the counters T1 and T2 had been mounted,
to give a total sweep of the He3 produétion angle from
20 to 40 Zegrees.

Using the setup with a proton beam from the External
Proton Ream Tine ITI at the ZGS, at an incident beam
momentum of 12.33 GeV/c or 5.0 GeV/c , the He3 production
rate has been measured in an angular range from 25°% to
350, and resonant as well as non-resonant differential
cross—-sections for production of missing masses in the

range from C.5...1.3 GeV/c2 at pi=5 GeV/c and from



1¢8¢¢.3.0 GeV/cz at p; = 12.%3% GeV/c have been
calculated., It is the aim of this work to show how

the data had been taken and were evaluated.



2. Some Remarks on the Motivation of the Experiment

Within the last few years, physicists have become
increasingly aware of the necessity to obtain data with
good statistics about the possible existence of boson
resonances with high mass values. The basic and so far

most complete work in this direction for non-strange

mesons has been done by a group at CERN(1) which used

a missing mass spectrometer for the reaction Mip—s p+MM.
One of the many famous results is thé strong evidence for

a split A2 meson, and the discussions about a satisfactory
explanation of this fact are only starting.(Since then, also
strange mesonic resonances have been investigated in reactions
of the type FEL N —> N+ MM,) The non-strange resonances
have been surveyed up to a mass region of~2.5 GeV/cz, but
the results for Mcgz 2.0 GeV are still in doubt: Peculia-
rities in cross-section spectra are reférred to merely as
"bumps" or "structures" under careful avoidance of the fterm
"resonances"(z). Hence, the reaction p + d —» He3 + MM.

at pin0=12.35 GeV/c has been proposed with the following
aims:

2.)to increase statistics in the range below 2.5 GeV/cz, and
b)to gather new data for mass values up to 3.5 GeV/cZ.

The last point is in fact the main motivation:



It is of great importance to study the behaviour of

the Regge trajectories for high mass vélues. So far,

the resonances A2, R, S, T, and U (for convenience only;

I will use the term "resonance" throughout) seem to .
follow a straight 1line if plotted in a diagram "peak
number" versus squared mass; the peak number is identiéél
to the spin if the latter could be established, and then
the line represents a trajectory. If this behaviour con-
tinues, then the separation between the mass values of the
resonances will decrease, and the widths will have to get
narrower(3’4). This effect, if present, should become
noticeable at around %.0 GeV/c2 and would present some
problems in view of the Regge theory: In general, the
imaginary part of any trajectoryod(t) is expected to in-
crease with t, hence the widths are expected to increase;
which is possible only for a deviation of the mass2 - peak
number - curve from the straight line. This opposite effect,
if present, would appear also at roughly 3.0 GeV/cz.

It should be possible to obtain some evidence about
these effects by studying the reaction p + d ——; He? + MMM,
There are several points in favour for this reaction:

i) He3 can be identified in a relatively easy way (sect.4&5).
ii) Isospin is restricted to the values 0 and 1, which

allows to assign a definite isospin I=1 to the R, S, T, and U



mesons in case they show up, because it is known that
they have an isospin I 21 (2).
iii) The dominant vertex for p + & —> He3 + MM is

expected to be of the type

”r —— ——
compared to i’ for *+ N— N + MM,
//(a>\

(o)

In (b), the resonance producing veitex involves the

coupling to an exchanged meson 50, and depenﬁen‘b on the
nature of:y, it is possible.that some resonances MM, are
very much suppressed. If for instance a ?—meson is exchanged,
production of a 4)(1019) is very low, as the 4) has a very

small width.

In (2), howevef, the ﬁucleon - antinucleon vertex is open

to all chanﬁels; consequently: if resonances are being
produced by (a), they should appear in a larger number

in (a) than in (b) for I=0 or 1.

Graphs showing the boson spectrum and the peak number plot

as present at the time that the experiment p + d —> He3 + MM

was performed, are given in fig. dznd 4.



%, The Jacobian Peak Method

The effect employed in the Jacobian Peak method is
a wellknown fact from relativistic ( and non-rela-
tivistic ) kinematics : under certain circumstances,
the angle at which one of the two outgoing particles
in an inelastic two-body-collision is emitted may not
exceed - in the laboratory coordinate system - a certain
maximum angle, which depends only on the particular
mass values and the incident momentum.

Let o, ﬁi, Ei, i be the masses, momenta, energies,
and 4-momentun~vectors involved in the reaction

1+2 — 3 + 4 .,

Furthermore, the subscripts L and C shall designate

variables as given in the laboratory and the C!iS systemn,

respectively:
Pé
™3y Pae %
—e—> == _10at IS WS
MM, B w0y Pe —ﬂj
" Py, : %’
L AB CMS

Applying the Torentz transformation between the two
systems, we get a relation between the angles ( for a

derivation of the following formulase, see app.l )



tg 85, sin ed /§x ( cos 8 + $ )
(1) '

sin &4 /¥ x (-cos 6y + f4 )

tg 8,1,

with B8 = p,p / ( By +m, ) = velocity of the CMS

and F= 1 /V 1 - BZ’ , and

§3(4) = 8% PBs4)c / P3ayc = B/ Va4)c -

Then @3L will assume a maximum with respect to GC if
cos QC = =1 /'?3 , which shows up the almost natural
condition that ?3>1 , l.e. v30_<f3 .

If particle 4 represents the effective mass of a
multi-particle system, then the continuously variable
mass m4 is a unique function of either p311 or QBL
at the Jacobian peak.

The analytical expressions are:

2
s -m,  +m
typ = -5 + m12 + m42 + 2m:2 e ————gz-
- < S +m, -m
3 4
(2) >
2
s + my" - m12 A(s,mzz,m4 )
cos 8 = (=) = E S 4 | PCRSAA, S
CyJP s + m 2 —m 2 Als,n 2 2)
3 T4 A

with t+ = ( p
A(a,b,C) = a

- Dy Y2 and s = ( pqy +Dy ye , and

+b2+02—2ab—2ac-2bc . The maximum angle

NN



of QSL ’ QBL,JP , is obtained by inserting (2) in (1).
These formulae also show that there exists an angle

9 beyond which m; may not appear under any,circumé_

3L
stances: 93L,max. = eBi,JP,(m4=O) , for instance in
the reaction of the experiment, gSL,maX. = 38°13° for
Pine, = 12.33 GeV/c .
For the reaction p + 4 ---> He?% + M.M., the
kinematies in the lab.-frame are displayed in fig.5 for
various values of the effective mass,
Two short remarks on the formulae shall be made:
a) 211 0y ;p 1lie between 90° and 180° ,

: 96,/9p,-(m,=const)
b) from '3m4/3p3L(93=const) =(-)§5-3--——§L—-é ———————

(3) one gets: 3m4/bp3L(Gsfconst=93L’JP) = 0.

The Jacobian Peak method is quite usefully appliedﬁn in
evaluating an effective mass spectrum of a reaction of
the type (I): a + b —==> ¢ + X.

The assumptions entering are:
i)The production of the non-resonant background in (I)
varies only slowly with 930 and pé at - as well as off -
the Jacobian peak angle.
ii)Any resonances produced iﬁ (I) should have small

widths'in order to make full use of the J.P. method.



The advantages are:
i)At the J.P., the effective mass is a function of
QBL,JP only at fixed incident momentum - equ.(2).
ii)The results of the mass spectrum become independent )
of the accuracy with which P=1, is measured - equ.(3).
iii)At the J.P., anL /8y = 0, and therefore counting rates
are strongly enhanced: With a smali angular bite ZSQBL it
is possible to cover several degrees in the CHMS syéfem.
iv)Most resonance producing reactions of type (I) are
peripheral processes which favor forward production
of XaD. Thus 930 is distributed mainly between 90° and 180°,
encreasing the effeét of the J.P.method strongly.
v)All these advantages become especially useful in the

case of counter experiments, as then the crucial condition

of a small bite:&@BL is mostly fulfilled.

- 10 =



4. Instrumental Details

The Beam: |
The time structure of the external proton beam at
the 2GS is yiven in fig.6 . The momentum was 12.33 GeV/c
with a spread of + 4 MeV/c (HWHM) and a stability of the
nominal value of £0.05%, The beam spot at the target
had a diameter in the range of £ 0.5"(FWHM); the spot
size was nearly independent of the position of the
target because the beam came to a focus at some twenty
feet behind the target. The phase space area was S 0.5%
mrad-inches(FWHM) both vertically and horizontally.
Hence we gét an angular spread 46 due to the beam emitt-

ance of ~ 1.0 mrad(FWHM), which shall be called 4§,,

11

Rates were available in the range of 2x10 protons

per spill, Three beam rate monitors were being used: An
absolute one provided by 7ZGS, giving the beam intensity
directly in protons per burst, and two relative ones

which had to be calibrated against the 7GS—-monitor. The
location of these two monitors may be seen in fig.2 . They
used a thin slab of lucite and a thin mylar foil as
scattering targets. For calculations of cross sections,
these two relative monitors had to be used, as the ZGS
monitor could not be gated by our electronics. For

further details on the moanitors, see sect.6 .



For a short period of time, proton momenta of

5 GeV/c were available using a "front porch" ex-
tracted beam (fig.6). In this case, however, the
angular spread was much larger, and a tapered collim-
ator in front of the target was necessary. This made
the determination of absolute cross sections impossible.

Only orders of magnitude'could be obtained.

The Targedb:

A schematic view of the target may be seen in fig.7 .

It consisted of a mylar cylinder of 24" length and 2"
diameter contained in a wvacuum chamber., The whole target
setup could be moved along the beam line by +4 feet in
order to cover the desired angular range.. The liquid-gas-
system was completely closed so that, once a main reservoir
was filled with pure liquid deuterium, the liguid in the
target was - and stayed - practically free of any con-
taminations. The target could be emptied by allowing
vapor pressure to build up ahove the liguid surface;

the term "empty target" is in the following understood

as a target filled with cold deuterium gas. - For thermic
isolation, the target had been wrapped into aluminized
mylar foils which had a total thickness, together with

the target wall itself, of 0.004".

- 12 =



In general, the target could never be seen comﬁle-'

tely by the spectrometer except for low angle settings;
then the end regibns of the'target were seen by the
outer elements of the hodoscope. Ten elements from
either end of thé hodoscope, however, were anyway

always excluded in the data analysis because of too

low counting rates.

Jultiple scattéring due to the whole target sétup

is composed from the following contridbutions:

2) a spreading in deuterium before He3 production,

b) © n " " .after " " yand

c) " " at entering through the wvacuum chamber
window (mylaf), the reflecting foil, and the target wWail,
ané at leaving through the same layers. The corresponding

AO due to all three effects together shall be called AOt .

The Tagnet

The magnet was operated between 8 and 16 XGauss. Being
equipped with end guards, the magnet produced a field
distribution that could safely be called uniform within

vne used volume of the gap; the variations were less

A

han 107 7.

ct
i\.’i

The field strength was monitored continuously by a

D)

dizital voltmeter and the fluctuations were also less



than 102, The correct gauge of the voltmeter was
obtained by checking with a Zall probe.

Essential were the focussing properties of the
magnet. With wire orbit measurements, the central
point of the focal plane and the tilt of the plane
itself have been measured for a typical field strength.

For geometrical proportioms of the magnet and |

the collimator inside, see fig.8 .

The Counters:

The scintillation material was consistently lucite of
various thicknesses which are indicated in fig.9 .

TO was looked at by four phbtotubes, one at each side
of the square. The four signals were simply added as -
because of the small size of the counter - , even the
worst possible timing differences bpetween the pulses
resulted in no appreciable effect upon the shape and
height of the tovtal added signel. T1H was being looked
at by two phototubes, one a%v ezch end, and again the
pulses had been added. Pulse uniformity across the whole
counter was checked and found ©to lie between peak

-

value (in the center of the counter) and 104 below .
T1V was looked at by two tutes, too; but the pulses

were not added, but treated serzrately as T1U and T1L

- 14 -



- these are the upper éhd lower tubes, respectively -,
because the two ends of the counter corresponded to'
different momentum ranges, giving appreciable timing
differences. On the other hand, these timing differences
had not to be éQualized by a variable delay 1ine; it

was possible to insert a fixed delay cable, because

the signal from the T1L discriminatof was made very

large (30 nanosec,).- T2 was subdivided into four
sections, Té1, T22 ’ TZB’ and T24, each having attached
to itself three tubes. The three pulses from each section
had been added, and after pulse height discrimination,
the four sections were Jjoined in an OR-circuitry., Similar
to T1V’ the four pulses had a relative timing that was
dependent on the chosen nominsl P?L' But as the. pulses
had to be narrow (T2 is essential for the time-of-flight
determination), the relative timing between them had to
be adjusted each time that the mean value of P37, was
changed.

The hodoscope consisted of seventy elements of an
average width of 0.276", The widths varied very slightly
from element to elemént, resulting in a variation of
efficiency. The elements were each looked at by one tube,
alternatingly located at the top and at the bottom, which

might produce an "odd-even" effect in the counting rates

- 15 =



across the hodoscope. Both effects had been investi-
gated (see sect. 6).

Behind TZ, finally, a pulse height monitor had_‘
been installed, a lucite counter of about one third
the size of the whole TZ. Its purpose was to produce
a pulse height speetrum of all the events that pro-
duced a master trigger, and to present a continuous
check upon how well the trigger system was tuned for

He3 perticles.,

The Electronics:

Fig. 10 shows the main features of the circuitry.
All counter signals from T,, T,q, and T, were treated by |
differential discriminators in the low-level-timing
ﬁode (IILT), in which output and input signals are
separated by a2 fixed time interval which is almost
independent of the shape and height of the input signal.
After the very high rates of TO and T2 had each been
reduced considerably by a slow coincidence with T1L,

the logic signals from TO, T1U’ T1H’ and T2 were fed
into a2 fast master coincidence circuit. This master
coincidence determined essentially the time resolving
power of the fast electronics and thus the velocity

¢iscrimination of the counter telescope.



The output from the fourfold coincidence produced a
master trigger and was identified with the passage of

a He3 particle with the desired momentum through the
telescope (see sect.5) . It established a gating signal.
for the pulse height mdnitor M as well as for the
discriminators associated with the seventy counters of

the hodoscope. The output signal from these discrimi-
nators consisted of a steady D.C. level, As the gating
master signal was the criterion for identification 6f

He3, there was no need for careful pulse height selection
of the hodoscope signals. The element number of the counter
which had responded with a D.C. level was being convertéd
into a seven bit digital number represented by seven D.C.
levels. The information wvalues that none, or that two or
more elements responded were also represented by seven bit
numbers; these data provided a rough check for proper
timing of the circuitry concerning the hcdoscope discri-
minators. They might also be used te estimate the chance
coincidence rates in the hodoscope specira and the efficiency
of the detectors, Two further bits coded the information
apout which of the four T2,sectians responded. This was

vite was quite large.
Q
£11 this digitalized information was being read ijémall

necessary as the accepted momentum

computer; 1t accumulated and stored these data for final

- 17 -



readout onto paper tape, the latter being proéessed
off-line by an IBM-360 computer for the data analysis.
The whole process from producing a master trigger and

" reading the status of the seventy discriminatdrs up to
resetting the D.C., levels required a dead time of some
ZSO/Lsec. Hence a vetoing signal of this length was
entered into the circuitry. The time delay between
producing a fourfold coincidence and gating off of this
same coincidence could be reduced down to roughly

10 nanosec.,

- 18 =



5. Resolution

Contaminations:

In the reaction p + 4 —> He3 + MM, the He3 particles
emerging from the target and passing‘through the
magnet may be contaminated by the following charged
particles: n?, p, 4, t, and He4.

The ranges of He3 momenta that are covered, are
2.1...2.5 GeV/c for the 5 GeV/c runs, and 2.8...3.7 GeV/c
for the 12.33 GeV/c runs. In fig.11, the velocities (in
terms of time-of-flight) and the relative pulse heights
of the above mentioned particles are plotted against their
momenta, Concerning the problems in selecting He3 out of
all the reaction products, the worst case is given for high
momehtum. Taking 3.7 GeV/c es representative, the results
are read off from fig.11:

Protons and pions are easily rejected by proper pulse height
selection, tritons by time-of-flight selection. Deuterons
have to be rejected carefully by both'methods combined., All
these arguments hold with a momentum bite 4p/p«+7% per T2-
section and a time-of-flight resolution of +5 nanosec (given
by the pulse widths entering the main coincidence circuit).
He4 production is relatively low, as a double process is

needed, e.g, p +d —> p + d and 4 + d —> Hed + X, or a

.

-~ 19 -



very rare process (phase space!) like p + d —> He4 + 1,
and the few He4 produced are then suppressed by time-of-
flight, It should be noted that a2ll particles which are

not He? but arrive at the same angle and are bent through
the same 28°, could never be produced in a single process
inside the target; kinematically they have to be the result
of a multiple process {(c.f.fig.5).

The resultant contamination stems from pions, protons,
end deuterons which produce a dT/dx that is far off the mean
value and on the ILandau tail., A safe estimate for the upper
;imit of this contamination,(which will not be detectable
in the pulse height spectrum of the monitor counter M) is
<1074 (4.

As far as the He3 production itself is concerned, we get
three different contributions:(a)from the liquid, (b)from
the target walls and heatshield, and (c) from nuclear
interactions in the counters. (c¢) may be completely neglected
against (b) = T, for instance has a thickness of 6 x 1077
collision lengths - ; (b) turned out, however, to be a serious
problem of background in (a). An estimate for (b) can be
obtained from (target empty rate)/(target full rate) =
= (rate from (b) )/(rate from (a) + rate from (bH) ). There-

fore, at several times this ratio hed been measured (sect.9)

- 20 =



Resolution:

The wanted observable is the missing mass spectrum of oy
m, is now given uniquely as m, = m4(p1,p3,93) in the

LAB~frame, Hence from the theory of propagation of errors:

(Amy)? = @m,/dp,)%ap,)? + (Im,/3p;)%(aps)? +
£ (3m4/393)%0593)2 + higher order terms.

As elready mentioned, 3m4/3p3 = 0 at the Jacobian peak;
hence the last term and the first term dominate by far over
the middle one, considering that the momentum bite per
T2-section (FWHM) is only +7% (see sect.6) and that the
momentum loss of the He3 inside the target is at the very

most 1%.- A8, is composed of a'A@3h as accepted per hodoscope

3

element, of a 46, and of a 46, (see sect.4). Ap1 is given

by the beam conditions (secf.4) and by dE/dx within the target.
‘1g3h is composed of the counter element size, the

chromatic aberration of the focussing magnet, and the trans-

formation of target related spherical angles into spectro-

meter related cartesian angles, It has been calculated with

an acceptance program {(sect.6); the FWHM of;ﬁGBh is found to

be just about the mean angular displacement from element to

element, Aeahzo.o45°.

z&et can Ye found with the formula for multiple scattering

as given e.g. in (6):

- 21 =



2 2 2 2

(Ae'b) = <Agpro’con) + (AgHe3> + (Agfoil)

with each A6 = gz.—21:2 MeV L in radians
Pres* BHe3 Lrag
For Agproton’ L ~half the target length :A@Dr = 1.8mrad at SGel
and O0.72mr at 12.33"

. target radius 2.55 mrad

Fords Tay : Ao =
He3’ sin 9, Be3 © 5.3(qev) Vsin o

Aefoil may safely be neglected, because the total "foil" '
consisted of 0.003" of target wall and 0.001" of heatshield,
which adds up to 3.5 x 107 radiation lengths of mylar.

AQt is then tabulated in table 1 along with AGb and Aejh
to yield a total combinedAGB. It should be noted that the

A@t may very well be overestimated by using the quoted

formula for values I f Lrad‘

Apy mey be written as (Ap,])zz(dpb)z#(Apt)z.
From sect.4: Ap, /vy = ( (i3.2x10_4)2+(t5x10-4)2 y1/2

= i6x‘10_4
This figure is correct for the 12.3%3 GeV/c runs but is very
probable to be highly underestimated for the 5 GeV/c runs.
The main contribution forAm4, however, comes from A@B, hence

the effect on Am4 by low ./Jp1 should not be very important,

- 22 =,



Ap, is given by(1/2target length)xdE/dx; hence:
Apt=1OMeV, assuming minimum ionizing velocity, and thus
12,5 MeV/c for the 12.33 GeV/c runs
10.5 " v v 5,0 n ",

Ap1

The total Am4 is presented in table 1.

Systematic errors:

The most important systematic errors enter

i) in the knowledge of p, At 12.33 GeV/c, the beam was

inec®
well tuned, but at 5 GeV/c there was no means to check the
stability of the mean momentum.

ii) in measuring the angular production distributions. By
shifting the hodoscope only, it was made sure that no peculiar
things were going on in the hodoscope; by changing the central
angle setting it was made sure that bumps showing up in the
spectra are not due to some reflections within the spectrometer
system. Possible reflections of the incident beam couvld not

be excluded this way; in fact, a change in the experimental
setup downstream behind our target resulted in a slight

change of the total production rates of about 1 5D, As far as
total rates are concerned, this effect was taken care of by

proper normalization of the rates, but the effect on the

details of the obtained spectra is unpredictable,

- 23 -



iii) in measuring Pz The mean value is given by the
knowledge of the megnetic field;'ﬁ was monitored in the
beginning by a Hall probe, but later on measured by reading
the voltage across a shunt resistor. This method is open to
systematic errors., The mass distribution, howevér, is quite
insensitive against an unprecise setting of P3 (seét.2);
only the momentum dependence of the production is affected.
In fact, there are reasons to believe in a slight deviation

of the mean momentum (sect.7).

- 24 -



THE RESULTS

6. Data Analysis

Definitions and Assumptions:

This section is devoted to show how the'data have been

manipulated., First I shall proceed to define the measured

cross~sections; starting point is the definition:

N =
w %

with:

XAz =
i} fl 1} I

f -

7 * éi‘:_ * ' Z X m 4 drs
T 5, 68 G s, B hat)dpy A5

observed number of He3 particles

" " " incident protons

N+ p.
Mw
Avogadro number

molecular weight of deuterium

(constant) density of LD,

probability that a proton that has been

registered by the monitors passes through
a

the point £ of the target.

-

= +1 if a He3 particle, created at £ with a

momentum ps and emerging at an angle.ﬂj(as
defined in fig.12) from the target, does
geometrically fulfill the trigger reéquirements.
0 else

probability that a He3 with €, =+1 will be

-~ 25 -



registered as a count in the n~th hodoscope

element out of seventy.

Clearly, several assumptions will have to be made:
a) Y; gives the combined efficiency of the counter tele-
scope and the hodoscope. As far as efficiency of the
electronics is concerned, it is assumed to be 100%, Experi-
mentally this is Jjustified, because 211 counters operated
safely in the plateau region of the disgram counting rate
versus HT, Daté taken during runs in wvhich this condition
was not unambiguously met had been handled separately. Hence,
it suffices to regard ¥; as & function reflecting possible
fluctuations in the geometrical size of the hodoscope elements.
b) ¥ : The length of the target, 24 inches, corresponds to
0.24 collision lengths of LDZ’ taking a total cross-
section estimate of 80mb = twice the nucleon-nucleon cross-
section at 12 GéV/c. Thus the attenuvation of the beam over
the whole target length is in the range of about 20%. This
should have a non neglegible effect upon the acceptance of the
single elements; letting }¥i= const = ©.9, however, means
introducing an error that is much less tThan the errors which
will be described gelow. And after 211, this simplification
means a large reduction in computation time, It should be
mentioned thet because of scattering, the size of the beanm

spot changes slong the target, and the distribution describing

- 26 -



the spot is contained in ) ;however, the slight conver-
gehce of the beam due fo a downstream focal point and the
spreading due to multiple scattering tend to cancel each
other. In order to further simplify calculations, the
three dimensional target is replaced by a line target in
formula (1). The horizontal size of the beam spot gives only
a second order effect, and the vertical size will be taken
into account as an uncertainty in § . Thus, ¥i drops out as
a2 constant that shall be absorbed into TO': TO=(def) O.98T;.
c) N, : Nb is the number of protons as registered by the
monitors, but not neeessarily the number arriving at the
target. The difference should per def. be contained in 37 .
This difference can have several origins:incorrect monitor
gauge ( because of changes of constellations upstream near

\

UBM, the ratio UBM/Sem2 has a discontinuity at some point,
being quite constant befére and after that time; this renders
UBM rather useless for data snalysis, and only Sem2 has been
used); introduction of a collimator ( this was necessary for
all 5 GeV/c runs,because of a halo around the beam, and for
some of the 12.33% GeV/c runs); introduction anid change of
dead time - c.f.,sect.4 - , which was noticeable as a change
of N/NO. A1l these effects can be reduced essentially by

fitting the total rates N/No as function of angle to a smooth

curve; this method will suppress the effect of uncertainty in
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No on the shape of the missing mass spectrum, but it will
leave a considerable uncertainty in the absolute values of
production crogss—-section,

d)ﬁM;Last not least, we have formally also an integration
over the incident beam momentum., Similarly to b), this

effect shall be neglected in the integration, but taken into

account as a Apinc (introduced in sect. 5).

Phase Space and Efficiency:

Tormula (1) has so far been reduced to:

N/No =T H ?r’a.ﬂ, “Goce * Y2 x dp dR4L

(2)  =(def) T. x <,-5—:53-z> [1{ 6 (r 2, 0) < ot 2w gix dpdde
Ap, a2 ‘
at’= 1127

A1l values for cross —sections will %Ye calculated using
the definition of{ >1n (2). The integral is the phase

space and & is the unlform phease space vopulation defined

by é(r,g)z const , f[ & xal-p dR = 41

op, AR
Formula (2) shall now be used for each single hodoscope
element and each T2-gection. The rate ¥ is then to write
as N(v k), where v designates the element number (¥ =1...70)
524 K is given as the part of T2 that responded (K=1...4).
e get then the wanted cross-sections as averase values

latelled Tv ¥ a72d K ; it these velues will have poor
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statistics. Hence a different additional cross-section :
has been introduced by interpreting formula (2) for variable
Yy only, i.e. by summing over K . These data will have no
longer details concerning the momentum dependance, but they
should show much better statistics.
The phase space integral, or simpler acceptance, shall

he written as
Awi = f[f e, (pR 4y x £(p0 dptRdl

and (2) reduces to

(3) N (v,«) = T, x A x O x <:a_z;‘:->
1 = (-4 ! SZ (VI )
Ko Bs'3% Gty

Because of the normalization of &€, the integral is
independent of the ranges 4p and 4R as long as these include
completely the region where 9@cc $ 0.

The integral can oaly be solved if Bocc is known; or else,
the integral has to ve solved hy populating the phase space
Ap AR 22 uniformly, as demanded by the function &(p,¥), and
then "ray-tracing'". Several approaches are possible for this
tracing through the magnet. I have chosen to follow the first
order matrix method as descrited by several authors (7,8,9)
The formulae that T have used are giveﬁ in app.2. They are
valid as long as 4p and 4R can 'e made small:

Treating the hodoscone as a whnle, the 4p accepted per T2-

section is +77 with a total of +18" over the whole T2 (the



ranges of dpper T2-section overlap). Similarly, Q¢ per
T2-section is i3° and for the whole TzviSO;AO.for the full
hodoscope is i1.5°. Hence, the only problem is the conside-
rably iarge range A4p ; Steffen, however, pointed out(loc.cit;)
that large values of Ap may still be treated with first order
matrix formalism if the magnet constants - radius of cufva-
ture, focal lengths - are made momenfum dependent.

A(¥X) has been calculated for various central angle
settings 93 using a Monte Carlo method and then least-squares
fitting the€st generated fluctuating data to a polygon, the
general features of which are well understood and justified.
Accuracy has been chosen such that the error in the polygon
Ab&ﬂ is less than 1/10 the statistical fluctuations in N(%K)»
It should be mentioned that one may also define an acceptance
in the conventional way hy: oL (Vk) = A(Y, K)/A *ptp) and a total
acceptance of our spectrometer, o , by swunming over ¥ and K.

The values for o that have been obtained are:

8, | 33 31 29 27 25 |’ (degrees)
ol |.7293 L7226 L7174 .T038 .6718' (10" %sterad x mom.%)

Tinally, one has to know the efficiencies §z of the hodo-
scope elements; thic means both the effects mentioned on p.15.
A convenient way to measure ¥z is to investigate the

production of He? from ialsa wood:



Ne, ) - = fv « Y )

AV,
where the "carbon" cross-section represented by f6w0is
assumed to vary smoothly in v and K . Hence, by é least-
squares fit, Xi could be obtained to an accuracy given
essentially by the errors of A(¥,k) .This method relies,‘
however, essentially ﬁpon the shape and position of thé
carbon target as being identical to the ones of the LD2
target. But this was by no means guaranteed. Thus instead
of using the calculated Awa, the raw carbon spectrum
itself has been Teen fitted to a polygon-like shape with
the geometries and the position of the piece of balsa entering
as free parameters.

An investigation of the Xﬂﬁobtained from several balsa
runs shows that no values of ¥ exist for which.aﬁbvis con-
sistently different from 1.0 , i.e, within statistics, uo
eleménts could te found with an efficiency different from
the a?erage for all balsa runs(!). This does mot exclude
the possibility of transient variatious in efficiency due to
temporary outer influences, e.g. humidity of the air affecting
the phototube bases. Rut these effects are impossible to
detect and have %0 Te discarded as systematic errors.

COﬁsequently,ﬁ0k=1 will be assumed throughout.

Tow we have all the ﬁools to calculate (a——-~32,63'n>
, P



The momentum‘dependence is given by assigning to K the

mean mementum pswbof the lK—%h T2~section; 93 is obfained
from the focussing prbperties'of the spectrometer: By
ray-tracing it has been found that the mean 93 accepted per f
hodoscope element changes by 0.0447° = 0.78 mrad from
element to element. To this angle one has to add the central
angle pf the spectrometer setting to obtain 93. Once<(§¥%§z)
has been expressed as a function of p3 and 93, the obtained
values can be combined from different spectrometer settings.

The results of these calculations are given in the following

two paragraphs.
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7. 5'GeV/c Data

Figures 14 and 15 show thé results of the calculations
described in the last section for the 5 GeV/c‘runs: fig.14
for each T2-section and fig.15 as averagé over all T2-
sections. The abscissa bins correspond each to the A®O
covered by three hodoscope elements, which is one half
the FWHII of the total angular resolution (see table 1).
The.error bars that are marked in the diagrams are those
due t6 statistics of the raw spectra only. A typical raw
spectrum as it has actually teen collected by the computer
is given in fig.17 for the sum of the four T2-sections. The
dotted lines in figs.14&15 correspond to the estimated back-
ground. |

A very nice "hump" mey be seen iﬁ fig 15. The total size
of the 'ump'is, after adding the four high counting bins
together, about 0.86 x 10'32 cm2; this represents the wanted
production cross-—-section for this bump. The significance
of the Tump is roughly four standard deviations ( 3D ). The
ceater appesrs at 30.71° + 4.45 mrad (table 1); according

: Lrd 1 A . 2
tion 3, the resonence has a I%] value of 775 + 33 MeV/c“.

ci
(@)
n
D
Q

Arother hump is also anpearing in fig.15, but only part

(o]

£ it £21ls into the covered range. Asswning that we see

2lmost the whole hump in the diagram, then its production

7



cross-section is roughly 0.54 x 10 -32 cm2 its significance

is about two SE, 272 its location is 32.25% 4.5 mrad or

Tor the firsi bump, fig.16 gives the background sub-
tracted produzection.

From fig.%4Z one can read off the momentum dependence
of the profuctiosr; it is found to be rather steep. Remem~
bering that p)= 93(1 + 0,027) for K= 2 and 3, and

pl) = 3(1 ¥ 2.031) for K= 1 and 4 (sect.6), one fiunds at

30.5° for the tacizground:

1¢e> «~ . .
r 193 Co /...
R <
[ —
. 83ps s ! Py
* ¥ Plx)

Qualitatively, txis behaviour can he interpreted in terms
. . diacti . (11 = +
of a multi-picn »roduciion background . For the reso-

nating producticn ome may obtain the following estimates:
28, 0>
ot

-
16 Pt

1o

s o "
. — ? P“J/Pa

Txpected is =z <izixibuition symmetric around D Several
tionz Sox $his dizagreement exist:a) The gauge of
2FF - zlout 107 (ef.p.24). b) Too low

£
statistics ryet. ¢, Lt the Jacobian peai, the buap would



be produced at a CMS-angle of 50o (cf.fig.5); due to true
physics, the CHMS angular distribution might be enhanced at
smaller angles (c¢f.p.10), which would shift the mean momentum

towards lower values.
Tdentification of the observed bumps:

If the structure at 32,25° is real, it is easily identified

as the'7 meson. The resolution of + 40 MeV/c2 or + 2.5° from
table 1 is in full agreement with the observed width.

The bump at 30.71° is located near the w- and ¢ - masses. The
width of the wy is a fraction of the resolution, the width of
the p is about three times as large as AM . Then we can say:
Tor sure the w is observed. The ¢, however, cannot be ex-
cluded; if it appeared, it would be ﬁoo rroad to be detec-
table., To obtain the error of the production pross—sections,
an uﬁcertainty of 10% in the monitor gauge seems appropriate

(cf.p.27). Then:

Ciot,rap (1) X S4 x 107 b 2%

R

-3 .
Seot,zan (P R S



8. 12 GeV/c Data

Fig. 18 shows the results for the 12.3% GeV/c runs as the
analogue to fig.15: It is the average of the cross—section
over the whole T2 with the hin size now chosen as 0,268° =
= 4.7 mrad , which is twice the resolution; Half this bin
size had been tried before without showing up any special
features; hence the result is somevhat disappointing:

Mo resonances could be detected at 12.33 GeV/c in the
chosen range of 'IM; the cross-section is a completely‘émooth
function of the MM,

Then, without loss of any details, the bin size had been
doubled to give fig.18. The error bars are again only due %o
the statistics iﬁ the raw spectra, and a typical error in
the monitor gauge is again of the order of 10%. Furthermore,
nothing is gained by listing the results for the single T2~
sections; merely at a representative angle of 280, the

momentum dependence shall te given:
ALE>

|
-33

U4 C«.}/
0.2k

0.9 1.0 LI py

TMe result is similar to the 5 CeV/c data, only the momentum

depende :ce is eglightly steeper. A possible explanation for

N

e



this fact is that the process is opeﬁ to a higher multi-
plicity of pion-production.

As for the not appearing resonances, the missing of
bumps is very probably due to a very low cross-Section,
because from recent CERN experiments(12’13) there are
several resonances established in the mass region of 2 to
3 GeV/cz, and there is no obvious reason why they should
not be produced in the present reaction except if all of
these resonances would have an isospin that is higher than
1 (ef.p.5). Hence we get the result:

The total cross-section in the LAB-frame for producing
resonances of mass 2.....3 GeV/c2 in the reaction p+d—~~» He3+MM

at p. =ﬁ2.33 GeV/c and with widths that are smaller or

inc
equal to AM {table 1),is of the order of at most 5 x 10—4/~&.



9, Final Remarks

a) As the vast'majority of our data is from non-resonant
production, it is impossible to relate p, to 6, in ¢ >

because 70 model is available for this relation. Conse-

quently the cross-sections could not be transformed into

the CM3 cross-sections nor into the invariant '<?E%Zé

b) Some estimate as to the origin of the He3 production

can be given. He3 is produced mainly in three processes:
1.as bacground from the target walls, 2.as:true He3 pro-
ducfion from the reaction p+d--~-3 HeZ+IIM, and 3.as ﬁackground
from multiple processes with LDZ‘

It is assumed that 1. and 3. =2re roughly independent
from 93. Then 1, is obtained from measuring the empty target

rate (¢f.p.20) with the result of~1.0 triggers per 1012

protons compared to , for instance, 5.6 triggers per 1012
protons from a full target at 29°,

To obtain some estimate about 3., a further simplifying
assumption has to be made, that this background is abvout
twice as much as a rate of He3 (!) in a reaction p + p; this
iz reasonshle, trecause atlhigh e .ergies the total nuclear

crozs-~cections are rouzhly the sum of the single vwucleonic

cross~Tections, That »nrocess 3. iz ot at all neglegible is

LA e



evident from the following: At‘38°, no process from 2, is
allowed; yet the total target full trigger rate is 3.5x10-12.
Direct values for 3. had been obtained by filling the target
with liquid hydrogen. The He?% trigger rate at 30.50 was

measured %o 1.7x10-12. Hence, the p~-p multiple process rate

is AJO.7X1O—12o This gives an estimate for 3. :

The p-d multiple process rate is of the order of 1.5x10-12.
Then just 1. and 2. can already explain -~ within statistics -~
the target full rate at 38°., Their sum of 2.5x10-12 triggers

per proton is indicated as dotted line in fig.18.

c) As already mentioned, the MM spectrum in W+p--% Dp+MM has
recently been extended 'y the CERN group beyound 2.5 GeV/cz.
For further reference, see (12,13). I will merely quote the

results: peaks with a significance of at least 4 SD have

heen orserved at:
2.62 / 2.80 / 2.38 / 3,02 / %, 08 / 3.15 / %.45 / 3.54 GeVE

|
\N
i
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Appendices

(I) see page 7

We havé‘thq_laws of conservation of energy and ﬁomentum:
Pu = Paucosdy + P, cos
0 = Pau sindy, ~ 2, Siudy,

E,+m,= By + E,, (a')
El=pi +md (3=t 4)
We have further the coordinate transformation laws:
P Sim B, = Py, Sim g,
y(pleos & +frEz ) = gy cos by {'4)

From (b) we obtain easily equation (1) on p.8.

From (a) We'get very fast the derivatives of m, as needed in
sect.5. (a) can also be used to show the existence of a
Jacobian peak angle QBI,JP: cos GBL,JP == v3L / B8 ; this is,
however, wot very useful, as V31, is itself a function of GBL'
To obtain formula (2) on p.8, it is co~venient to use the

invariants s,t,and u. For more details, see ref.(10) .

(II) see page 29

Following Steffen (7), one obtains the relations:

e (L, 50 D), -

=)l )
(z’)exte (‘l'fz ')(; ‘:?‘X.L 77( :’)ut:




One recognizes the lené formulae:

The‘z-ﬁotion is given as a drift space of length f'f
sandwichéd;between tﬁrlénses, one at each end of the
magnet., The x-motion involves also two lenses of just
the negative focal strength and a drift space iﬁbetween

which, however, exerts some distortion, and a dispersion

term is added.



Table (I)

5 GeV/c:

0 as, 48,, 49 A6, A6 A8, | Lp -

20 | 1.8 2.52 3.10 .3.0 .785 4.38 [10.5

25 " 2.50 3.10 " " 4,38 |

30 | " 2,60 3.16 " w. 4.4% | v

35 | " 2.80 3.33 v v 4,55 | @

0 | 26, aMy | Ap. My, aM

28 4.42 26.5 [10.5 2.8 26.6

30 4.47% 30.1 " 3.1 30.3

32 4.47 36.7 " 4.0 35.9

=4 | 4.51  79.0 | v 5.6 79.7

12.33 GeV/c:

Os| 88, 2O 4% 56, A6, 46 4p. | 4AMg AMf’l AM
20 .72 1.35 1.54 1.0 .735 2.00 12.5 [11.0 2.5 {{11.3
25 | » 1.41 1.8 n noo2,03 v 14.1 2.2 ||[14.3
30 | " 1,51 1.67 " moo2,10 v 19.2 1.9 |]19.3
75 | " 1.8 1.8% w noo2.23 v 32,9 1.7 [[32.9
Tote: all angles in mrad

21) macses

in MSV/CZ

211 momeata in MeV/c

I
N
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