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ﬂv:"-Hel'L INELASTIC AND CAPTURE REACTIONS LEADING
TO EXCITED ANDVMUITI—NEUTRON FINAL STATES
Leon Kaufman
Iawrence Radiation laboratory
University of California
Berkeley, California
» ABSTRACT
A beam of 140 iQ.S-MéV % was produced at thé Berkeley 18L-inch
vcyclotron and used to study the final-state interactions of three and four
neutrons, and to look for excited levels of the o particle through the
reactions:
o+ Heu -1+ Heh*
-7 + 3n
-4 +v2n
—>n+_+‘hn.
Only one such lével is found, with an excitation energy of 32 MeV and an
intrinsic width émﬁller than our 1-MeV resolution., We find thét our data
on the four-neutron final state is best fit by considering two neutrons

interacting through a lS potential, and the two other ones as spectators,

0
We find too that deuteron production is down by a factor of ~lO3 from
proton production, and that the proton spectrum shows a stronger than

expected intefaction between the three neutrons in the final state,

Lower limits for the production of a tri or tetraneutron are set. -
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I INTRODUCTION

The n-n interaction at low energies has been extensively studied

through reactions such as D(n,p)2n,,l'H3(n,d)2n,2 and T(d,He3)2n;3 and’

through a different approach by the reaction n  + D - 2n + ')',LL where in the .

' final state only the two neutrons are strongly interacting. The theory

for the analysis of the data obtained in these experiments is quite well

3;5"'7

known and has almost become a textbook .problem,
On the'other-hand, data on the three- and four -neutron systems is
scarce and inadequate, and theoretical predictions are contradicting and

inconclusive.

A, Three-Neutron System

The n3 has been searched for through the reaction H3(n,p)3n. In

1965 Ajdacic et al. reported observing a .proton distribution of energy
that led to an n3 bound by about 1 MeV.8 .This experiment'was repeated later

at Oak Ridge National Iaboratory,9 and no evidence for the existence of

the n3 system was observed.

A paper by Mitra and Bhasinlo predicts the existence of the n3.

They argue that only a moderate 3P attractive force is needed between all
neutron pairs to yield a bound n3 system, and they predict an (1sJ) =

(1, 3/2, 1/2) state as the most likely, with a second best (1, 3/2, 3/2).
3

Mitra and Bhasin comment that the existence of the n is-independént of

the nh, for in the latter the lSO repulsive interaction plays the bigger
role, while such a force is negligible in the n3 case.

It is worthwhile noting that the rule of Baz', Goldanskii, and

. Zel'dovich, which states that the binding energy of the (2m + 2)th neutron

is always greater than the binding energy of the (2m + 1)th neutron, and

\ L _
which would tie the nonexistence of n3 with the nonexistence of n , does



L
not necessarily apﬁly to thé Iightest nucleiy for it is derived from shell-
model considerations;

Okamoto and Daviesll assume a (1, 3/2,.1/2) state too, but obtain
an n3 state unbound by‘ébout 10 MeV, They use potentials with parameters

3

consistent with the known H° and He3 data, They point out that light

neutron nuclei should be unbound too from the syétematics of nuclei with
n=3and d = 2,

Phillips arrives at an unbound n3.using the Faddeev equations and
what is known of the two-nucleon interactiohs.12 All of these authors
make the drastic assumption that the inferactions in the three-nucleon
systems are due ﬁo a combinétion of ﬁéir interactions. As pointed out by

‘Noyes,l3 these approaches are not far enough along to show if experimental

data can be interpreted purely in this way or if actual three-body forces

exist.
. B. Four-Neutron System
The nu hasvbeen searched for by loocking for its signature in medium-
weight nuclei Breakup,luior light nuclei breakup such as m  + 117 > n '+
He3.15)16 (In this same experiment detection of the reaction

C T3 L oo -
n +Li' 2H’ +H, withT =210r T =2 for the H , was also reported.)

Another approach has been to observe thé effects of the interactions
of the four neutrons on the phase space of one oﬁserved particle. Such
an experiment can shed light not only on the existence of a bound state,
but also on the actual interactions between the neutrons.

The reaction studied was x + Heu L 17,18

No nu was
found and the CERN group18 that pefformed this experiment finds a phase

space for the n+ that leads to a fiﬁal-state interaction between two

neutrons only, The resolution in this experiment was an order of magnitude
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larger than the expected binding energy of the n , and therefore the
results are not conclusive,
Tang and Bayman predict that two dineutron clusters will not be
. bound, and further, that the relative energy of the dineutron clusters

19 This would

goes down mondtonically és a function of increasing radius,
lead one to believe that no nLL resonance ekists either., They use for
their calculation the n-n singlet-even potential and a triplet-odd
potential assumed to be zero except for a hard core of small radius,
These authors ﬁoint out that inclusion of a weak attractive potential in
the triplet-odd state does not change their conclusion.

The question of the n21L is tied.directly wifh excited states of He , 

' N

and a review of this field 1s of consequence.

C. Excited States of Heu

The literature abounds with experimental data and theoretical

, b 20-29 R
analysis on the He nucleus. An adequate review is afforded by
Argan et-al.29 They summarize what is known about the problem as follows.

One can believe either:

1. a. The triplet “ - “mex - Y1 exists, 223931 itn £ ~ 24 Mev, ana

T = 1.
b. The reported levels at 21 and 22 MeV are the same with T = O, They -

could reéresent the f3/2—Pi/2 ;pin orbitjsplitting; but then a

T = 1 value would be expected as above. For such a T value

excited states of LJ’.LL and Hu should exist at ~ 22 MeV, Experi-

mentally they have not been seen,

¢. There exists a T = 2 state at 30 MeV,

d. The 20-MeV level exists and has T = O or indefinite isospin.

Or, the authors cohsider further'the possibility that:



b
2. The 20-, 2h-, and‘30;MeV‘levels are "quasi sté,tes,"32 the only "true"
level being the one at 22 MeV with T = 0. A second "true" state with
~ 24 MeV and T = 1 should exist. |
Tﬁey conclude with the observation thét the preéent’knbwledge of the
nuclear structure of He4 is lacking and sometimes'cbntradictory.

With this in mind we started to plan éarly in 1966 a "high-energy-
type" experiﬁent with high resolution. We noticed that the n + He
reaction, at a proper T energy, would allow us to study simultaneously
three neutron forces through the p + 3n channel, four neutron interactions
through the 7t 4 ln channel, the excited states of Heu with T =0, 1, and
2 through the n-.+ Heu* channels, Of further intérest was the d + 2n
.channel, for it would give an indication of the strenéth of the p-n inter-
action in the L-body final state p- + 3n, yielding at the same time a value

for the deuteron_componént of the a-particle wave function.



second 1) on He)‘L the following final-state channels are possible:

1.
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TI. EXPERIMENTAL METHOD AND APPARATUS

A, . Introduction

For n .mesons (of‘energy less than necessary for production of a

Elastic Scattering

t + He

Inelastic Scattering

T+ Heu* [
7"+ n o+ Hed |
T+ 2n + 2p

n +D+D

t + T+ D

. +n+p+D

Charge Exchange

7+ P + 3n
5° +.2n + D
7 4n4 T
no + Hu (?)15
1 .
i——e 2y or Dalitz pair + 7.
Absorption‘ |

P + 3n

D+ 2n

T+n

Double Charge Exchange (DCX)

xt 4 bn

(1)

(2)
(3)
(4)
(5)
(6)
(7)

(8)
(9)
(10)

(11)

(12)

(13)
(14)

(15)
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Notiée thét forvaliﬁchannels mentionedfinyfhe previous section one
particle in the final stafe:is charged, énd thié affords an easy measure-~
- ment of dits momentum, The reactions of interest are: (1), for it allows
us to check spectrometer calibration and affords a way to determine the
energy and energy spread of the incoming beam; (2), for it can yield
excited states of HeLL with T =0, 1, and 2; (12), where the high-momentum
end of the proton spectrum'will reflect the finai-staﬁe interactions of
the neutrons with low relative energy; (13), the'deuteron spectrum being."
distorted by the n-n interactions; (15), the phase-space distribution of
the yields information on the final-state interactions of the four
neutrons. The f+—N interaction cross section is much smaller than the n-n
cross section and does not affect the n+ spéctrum in an appreciable way.

Figure 1 shows the thresholds for the charged products of the
above reactions calculated for an incoming nx  beam of 242 MeV/c (T = 140
MeV), the values being given for 20 degvin the lab s&stem.

While reaction (1) will show a clean peak, the background from

reactions (3) through (7) will overlap the region where we expect the ™

produced in reaction (2) (Q(Q) £ 4o Mev).

The thresholds are 20.3, 28.0, 23.6, 19.5, and 21.7 MeV, respectively.

.Fortunately the n~ spectrum from.each one of these reactions-wil} not ve
peaked, but will follow the characteristic many-particle phaée-space
distributions. Therefore, we will have. the possible peaks from (2)
superimposed on a smoothly varying background.

The proton spectrum from (12) will be free of background from its
threshold down to 450 MeV/c, and the deuteron spectrum likewise down to |

575 MeV/c. Time-of-flight (TOF) measurements can easily separate protons'

from deuterons in this energy range, and tritium or helium nuclel

,w
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(T,ob) (MeV) 139 21 105 86 58 214 104 164
20 deg
v v v (2] v v ¢
. - 2 - . *
3y B ) HE(11) p(8)  d(9) t(10) p(12)  t(14) d(13)
7 (5) [__ , :
(6) o>~ :
(7) \HVL :
R ||| \'I | T T N 5 I | TR A I I OO O I T I O T

100 200 300 400 500 600 700 800

(P ) (MeV/c)
190 50 degq

‘XBL676-3292

Fig. 1. Thresholds for selected channels in n + Heh. The number in
parentheses indicates the reaction (as in Section II. A.) from~
which the particle originates, The protons from reactions (4),
(6), and (7) have thresholds just below the proton threshold for

reaction (8).
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produced in the various reactions will ‘either have too low an energy to
go through our setup or will likewise be differentiated by TOF.

The background of positrons produced by pair conversion of the no

was calculated by a Monte Carlo method, We found that for our spectrometer

only one positron.would be detected for every 0.63 x 106 xo’s produced,
and even though the ratio of total cross sections for processes (8) through

(11) to the DCX cross section is not known, it certainly is no larger

o than ~ 5 X 102. This would mean that e’ background is negligible, The

low=-energy proton and deuteron background can easily be separated from

the n''s, as will be seen later,

W

e
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B. Experimental Iayout

A 242 +0.50 MeV/c n~ beam was focused on a liquid-HeLL target, and

the products of the reactions were momentum-analyzed at 20 deg in the

laboratory_(lab) system by a magnetic spectrometer, to be described later.

This particular beam energy was chosen because it allowed simultaneous

analysis of the n+, P, and D spectra at 20 deg using the maximum field

attainable in our magnet (therefore, at maximum attainable resolution).

The target exit angle of 20 deg was chosen as a compromise between the

following:

1. Conditions that Favor a Small Angle

| a. The higher lab cross section in_thevforward direction favorscsmall

angles; |
b. The target imagébas seen by the spectrometer becomes smaller at

small exit angles; therefore it allowé for use of a longer térget_and

higher yields.

2. Conditions Favoring a large Angle .

a. The éxiting particle would have to go through a longer path in the
He of ihe target if emitted at small angles, and any uncertainties in the
knowledge of the point of interaction would be minimized at-large (hear
90 deg) angles..

b. Rutherford scattering drops as the anglé increases,

Furthermore the Coulomb- and nuclear-scattered waves are expected

to interferevdestructively at this energy (the maximum cross section for
300-MeV x~ on Heh occurs near 18 deg),32 with a consequent drop in cross

sections at small angles,. Considerations of these factors led to choosing

20 deg for our exit angle,
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'b; y$éahT I ;

The circulating 735-MeV proton beam of the 164-inch Berkeley
‘cyclotron was aliowed to stfiké'aﬁ iﬁfernal Be target; The resultant n~
’»wefe momentum-analyzed first 5y'tﬁé cyclotfon’s own fringe field. This
Tield can be approximafed by.a focusing leﬁs,'followed by a bending field
and another focusiné lens, The matrix élements correéﬁonding to this
combination were oﬁtaiﬁéd by ébmputing the orbits ofvnot only the cenﬁral,,
but also the off-axis, offgéngie,_and bff—momentum:rays. These, and the
" position of the internal_ﬁaréet were calculated by the use of the program
.CYCLOTRON dRBITS,33 This métrix was uséd when designing the optical
conditions of the bgém,"For this purpose we_used the program OP"_[‘IK.BLL
Our aim was to achievé-a'very monochromatic beam (AP < 1%), and
vfor this a large aﬁouﬁt of bending vas necessary., The final configuration

1"

is shown‘in Fig. 2, whefe Ql is.a doublet with an S—in. bore that "collects
the beam and focﬁses its central elémépt;hat infinity, Ml is a 29- by
36-1in, magnet with an 8fin; gap where xhé beam undergoes a 90-deg bend,

and Q2 ié a‘second.doublet with a.12—in. bore whiCh,,together with the
vertical effects due to M, focuses the beam on the target.

The currents to attain the desired focusing in Ql were determined

by maximizing at the He target a l—in.g'section of beam that was

' collimated betyeen Ql ahd Ml by a_lead—brick cogntér combination.‘

- The current in Ml héd.bgen detefmined previously by the sﬁspended-
wvire technique éo_as to yield the desired orbits for the central'momentumi
' The currents in Qg'weré set then so as to maximiie'the momentum-analyzed”

beam at the target.

The beam was monitored by two sets of counters, Al, Ag, A3, Au‘

were Tour 6- by 1.5- by 1/32-in. counters overlapped in pairs (Al and A2,
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3 17 B2, and B3 were 2- by

0.5- by 1/32-in, and were overlapped so that they covered an 2- by l-in.

A and Ah) so as to yield 3/4—in; resolution., B

area, with 1/k-in. resolution.

To minimiie scattering over this long beém line, e combination of
Hé‘gas bags and vaéuum pipesiwas used as shown in Fig. 2. Figure‘3 shows
the optical system. An integral ranée curve of the beam was taken by the
uée of Cu absorbers, and it was found that it consisted of 58 + 10% n 's,
28% u-'s; and 14% e 's (Fig. 4). |

At the partiéular energy of this beam, straggling will produce a 5%
(FWHM) spread in enérgy. This is in agreement with the spread obtained
from differéntiating the range curve graphically, which yields 5% (Fig. 5).

For a finer determination of this quantity a thin (3/16-in.)
- carbon target was positioned at 45 deg to the beam, and the elastically‘
scattered negative pions were momentum-analyzed by the spectrometer. The
total spread observed was + 0.50 MeV/c HWHM at 237 MeV/c. (No correction
was made for energy loss in the target.) This allowed us also to check
the calibration by detecting at the same time the first excited level of
c*? at bk MeV, as seen in Fig. 6.

Beam rates varied from 30'OOO/sec on Monday mornings after Sunday

night shutdowns to 110 OOO/sec on Wednesday'nights Just before Thursday

morning maintenance shutdowns.

-«

E 4
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D. Targeﬂ

We used a 9-vby 2- by 2-in, liquid-He flask, the long aéis being
parallel to the bean direction. The 2- by 2-in. sides, as well as the
2 by 9-in, . side through which the scattered parti;leS'left the container,
were 7.5-mil Mylar, This allowed for low-mass entrance and‘exit windows.
The other three wails ﬁere aluminum. A liquid-N2 jéckef surrouqded the
three aluminum walls. The whole assémbly was enclosed in three heat
shields, edch consisting of seven layers ofvl/h-mil aluminized Mylar.
This assembly was suspended from a liquid-He reservoir and enclosed iﬁ a,
cylindrical vacuum jacket with two'S-mil Mylar windows, one for the
incoming beam and the other (larger) for the outéoing and scattered beams.
A boil-off valve could be closed, and the pressure produced by eiﬁher the
évaporated He or gas admitted from an external source would force the

liquid back into the reservoir when desired.
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'E. Spectrometer

1. Physical Setup

Figures 2 and 7 éhow ﬁhe éﬁeégrbmetef layouﬁ.t if the magnetic
field, an entrance line,.and an éxit point are known.in.a particle’s
trajectory, the momentum of that particle is uniquely determined.l If &
second point on the exit path is known, thé problem is overdetermined,
and consistency can be checked for, v

The field was produced by a 16- by 36-in. BeV "C" magnet with an
8-in, gap. A-Q-in.—thick (Sl) iron shield with an 8-in. gap was provided
to assure that no bending occurred in the pafticle’s incoming ‘path, and
two 5/8;in. shields with 22- by 18-in. holeé were added on.the exit sides
to reduce the extent of the magneﬁ's stray field (52 and 83).

The coordinates of the incoming'track wvere determined by two 8- by
8-in. spark chambers (Chambers 1 and :2.). By each side of thé magnet we
placed a 22- by 18-in. spark chamber (Chamber 3 or 4) followed by a 49-
by 17-in, chamber (Chamber 5 or 6).

These chambers consisted of four planes of wiresﬁ two high-voltage
(HV) central planesAaﬁd two grounded outside ones. Each HV-ground pair
was fired by a different capacitor. This decoupled each gap so that we
effectively had two spark chambers in each assembly, with only the 90%
Ne-lo% He gas mixture flowing through the chamber in common. A_Small
émount of ethyl alcohol was added to the gas to act as a spark qgencher,

and a 35-V cleariné field was used to reduce the resoiution time of the

35

chambers,
Data were collected by the magnetostrictive-readout method36-39
onto magnetic tape., The output of each plane in the chambers consisted

of a number for the spark position and another for the total length or
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"fiducial” distance. Data on chamber constructibn; running parameters,
and performance is given in Appendix A, Suffice it to say here that
track-location accuracy iﬁ thése chambers is better than + 0.35 mm.uO
Counter C was l/3é:in. thick by L-in. wide by 2 5/8-in. high on the side
farthest from the p;on beam liné and 2 3/8-in; high on the side closest |
to it. The E and F counters were 25 by 18 by 1/4 in. All photomultiplier
tubes used were RCA 6810A, selected for high gain aﬁd low noise.
| Tﬁe relativevpositions of chambers and target had been first

calculated by assuming a uniform magnetic field.and determined finally by
the suspended-wire technique. The field was mapped%l both in thg median
plane and on.plahes i2.5-in. high. The cyclotron‘field was measured,
and its effect on momentumvmeasuréments was found to be negligible.
Results of the ﬁire orbits were compared with predicted orbits based on
the field configuration, and agreement‘df the order of I% was found. This
-is remarkable, considering that the wire orbits were not intended as a
fine check on. the field, becausé iﬁ was mappe@ to O.I% accuracy, the
.integrationvroutipes used were known to yield results better than 0.1%,
and Vire;orbiting‘methods allow 1% accqracy at best,

Helium gas bags (Gl’ G2, G,, apd Gh) connected the chambers'to

3

minimize particle scattering,

2,. Particle Discrimination

Ibw-momentum protons-and deuterons and all plons went through. the
"E" side of the sbectrometer. The heavy particles were eliminated by an
aluminum slab between Chamber 5 and the E counters. This acted as a
filter, combletely stopping the protons or deuterons, and having practically
no effect on the pions. |

The heavy particles in the momentum range of interest went through
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the F side of the setup and were discriminated by TOF measurements, as

described in Sec. III, A.9.



w22 -

., Electronics

1. Logic Requirements
For Chambers 1, 2, 3, and 5 to be fired, the logic reguirement was

5 3 OF Ah> . (Bl or B, or B3) . (Cji . [(El or E2) . (E3 or

Eu)}; similarly, for Chambers 1, 2, 4, and 6 to fire we required

((Al or A, or A

or Ah) . (Bl or B,or B ) . (C)] - [(Fl or Fg)" (F3 or Fh)]

[(Al or A, or A - 3

3
(see Fig. 8).

This was achieved as follows: Pulses from the "picket fence" set
of A counters were mixed, as were the ones from the "fence" B, ZEach

counter was individually synchronized with the C counter by using the

incoming'pion beam, and a triple coincidence (A~ B‘-C) with a 1l2-nsec width

" was achieved., The pulses of the E(F) counters were properly timed and

E, and E, (Fl and Fg) were mixed and set in coincidence with the mixed
signal from E3 and E, (F3 and Fh)' The coincidencg here was narrow
(12 nsec), and the resultant signal was finally set in coincidence with
the (ABC) signals. Window widths.of 25 nsec for the ABCE coincidences
~and of 32 nsec for ABCF coincidences were set to éllow for the different
times of travel of the particles, Before timing was done, the voltage on |
each counter's photomultiplier had been set by "plateauing' its output.
An ABCE signal would inhibit an ABCF trigger, and vice versa. The
resolutidn time for this to occur was about 15 nsec, and only about five
discrepancies would be seen in about 15 000 triggers. A master gate
operated by the cyclofron spill signal caused the electronics to be
- operative only after the leading "spike" of the spill was over, This

reduced accidental triggers, Furthermore, if an ABCE (ABCF) coincidence

occurred, the system was inhibited for the rest of that particular

spill,
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2, Logic Acquisition

The signals from each of the A and B counters, and from El, E2,

2

coincidence occurred, gates would open that would allow the signals on

Fl’ and F, were stored on 80-nsec delay lines. When an ABCE (ABCF)

these delay lines to set the.properiflip-flops. The information in the

£11p-flops was ‘stofed- on tape, together with the event number, TOF

informatib#, ABQE or ABCF flag, and data from the chambers (see Fig. 9).
The TOF data was used fo calculate the massés"of the pérticles from

knowledge of the momentum and distance travelled (these twb paraﬁeters

: were very accurateiy calculated by the cbmpgter). Givén.that we were

b

great accuracy in the resolution was necessary for the energy range we

seeking to separate particles whose masses went as MP’ ~ M, - 3MP, no

_ workéd‘in.
All signals from the magnetostrictive‘linés were differentiated,.
zero-crdssed, and'fhén timed by 20-Mc scalers (see Fig. 10, A and B).
The differentiation and zero-crossing allowed the clocks 4o fire and stop
on the "center of gravity" of each signa]..LL2 (Details on the processing
of the data from the chambers is given in Appendix B.)
- All fast logic was composed bfxétandard‘modgles built by Chronetics;'

and the data-acquisition equipment was built at this Laboratory.
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‘ G. Running Conditioné

Tvo épectrometer modes were used for running: (a) n_,.where only
ABCE coincidences ﬁefe accepted, and data on n -He elastic and inelastic
scattering was taken; and (b) n+, where both ABCE and ABCF coincidences
were accepted, andvboth the K+ spectra and protons and deuterons were
observed. |

Runs weré effectéd‘for each spectrometer mode both with the
target full and empty, to obtain the background cross sections from the
target assembly. |

Other than the data that went onto tape (see Sec.'F); we kept a
record of the readings of the AB coincidences (beam monitor), ABC, ABCE
and (or) ABCF counts for each tape. |

It is worth noticing that both chambers 3 and 4 were in the region
of the magnet's stray field. While Chamber 4 was only_used when the
poiarity was ﬁ+, Chamber 3 was run under both 7 and x” rolarities, Giveﬁv
that the polarity of the magnetostrictive signal is dependent upon the
external field strengthug and direction, the signals from two of the

magnetostrictive lines were inverted when the field was switched, We

kept then two sets of lines to be used as appropriate.
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TII. DATA ANATYSIS

"A., General Analysis

- 1. Determinatioﬁ of Fiducial Distances

A short program was created to plot histograms of the "tail end"
of the éounts produéed by each one of the.wands (see Appendix A)p_ The
purpose of this wés to detérminé the value of the fiducial counts for each
run.

A wand left to itself will measure a constant (iQ.S counts) time
difference between fiducials. This was manifested by fhe behavior'of the
horizontal wand in chamber 3. Due to the way this chamber was located
that particular wand was quite inaccessible, From the very first day we
installed the chamber through.the last run, that delay line yilelded a
fiducial distance of 2090 té counts in the =~ mode, aﬁd 2100 fé counts in

:the 7" mode. |

On the other hand, some wands were periodically pulled to clean
them, or to change the magnetostrictive line, and for this reason the
program was necessary to keep track of the chaﬁges produced by these
opefa£ions.

These data were put onto cards and fed as input into the main

program,

2, Finding the Spark Coordinates

Thé main program found "points" along the magnetostrictive lines as
follows: It kept a runniﬁgbéverage f of the fidﬁcial distance by
weighing the new and old data in the following wey: £ (5 f;ld v £ /6.
If the fiducial was missing (as was the case in two-spark evénts; see
Appendix B), it supplied the latest f found,

We note that a count was accepted as a fiducial for fnew S foldis
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counts. A typical set of.vaiues for f is shown in Table I.

Table I. Comparison of fiducial counts..

Tnput fiducial counts (Ch. 5)

2490.,0 2468.0 1704%.0 . 1710.0 2682.0 2580.0

Averaged fiducials after 1b 569 triggers

2490, 22 2L468.38 - 170L.86 1710.33 2681,60 2580.59

The coordinate x of the spark(s) in a particular ward was then
computed from x = e¢d/f, where c is the counts in the line, f is the
fiducial count as described before, and d is the distance between fiducials,

3. Determiﬁation of a Point

The next step was to superimpose’the four wire planes of each
chamber together, and all combinations of coordinates were computed, By
a'generalized least-squares routine we calculated the "center of gravity"
of the intersection of any four coordinates (no two belonging to the same
plane, ofvcourse) and AR, the distance from that point to each wire, was
computed too. An.intersection was accepted as a "b-wire fit" if ARmax <c,
where C was’a cutoff equal‘to 0.3 in, for the small chambers (where the
particle tracks were almost perpendicular to them) and equal to 1 in. for
the large chambers (where the tracks were at large angles). If more than

one set of four wires had ARmax < C, then'the one with the smallest AR

was chosen,

Once a U-wire fit was accepted, the coordinates that produced the
it were eliminated, and the program looked for another one, If none was

possible, it tried for 3-wire combinations, following the criteria set
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above. If any wires were left over it produced 2-wire fits. This was
necessary when more than two sparks had occurred in the chamber,

L, A Iine is Born

We realize that the process described above does not take full
advantage of all the data the chambers can yield, i.e. each pléne is
separated by about 1 cm from its neighbor, and this muét e taken into
éccount if the accufécy of the data produced by the magnetostrictive lines
is to be QSed fully.

All combinations of points between chambers 1 and 2 (or 3 and 5, or
4 and 6) were fit by lines. These lines were located by‘a least-sqﬁares

~Tit to each of the wirés in the set that determined the point. Such lines
- were named "best-line,” and measurements of AR on the wire plane ére
shown in Aépendix A,

5. Target Check

Given that only events generated within the liquid He were of
binterest, we accepted'pnly ﬁracks originating from it. To-do this the
"program computed the scatﬁering point as follows: The data from the A
énd B counters determined the vertical plane that contaihed the incoming
’pioﬁ's path. - The intersection of this plane with the (accurately known)
best-line produced by Chambers 1 and 2 yielded the desired point,
| There was an uncertainty in its location of +0.35 cm af the front
of the target and +0.50 cm at the back, This was introduced by the finite

- widths of the A and B counters,

6. Matching the Lines
Once one or more input lines (IL) were determined, we checked to
see if they could be matched with some output line (OL) as determined by

chambers 3 and 5 (or 4 and 6). To do thié, we had previously computed a
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large set of orbiﬁs\Origiﬁéting at the.téfget and in the momentd ranges of
interest. From these orbifs two polynoﬁial functions were computed and
stored in the main program. One yielded a rougﬁ estimate (~i5%) of the
" momentum p as a,function of IL and & point xi in,ghamber 3 (or k). A
second function then estiﬁated what céordinafe value~x; to expect in
chamber 5 (or 65 as a func£ion of p, IL, and X . | |

If there was a point X5 in the back chambers that was no more than
2-in, away from x;, a match was considered to bé found. We had té allow
for this large ﬁafgin in .x; - xgv because of the approximate nature of

this estimate. The matching was performed purely in the horizontal plane.

7. Calculation of the Momentum
Once an approximate value of the momentum was available (estimated
as a function of Xl)’ an integration was performed by. using the estimated
momentum p(xl), and a new coordinate lxl_was computed for this orbit. A
new momentum p(lxl) was then estimated. It can be shownm‘L that in general
1 .
a. . =p(x,) - [p("x,) - q.], where the p(x) stand for estimated momenta,
i+l 1 1 1
and the 9 for momenta found through iteration. For just one iteration this
reduces to
a; = p(x,) - [p(1)) = p(x)] = 2 p(x,) - B(*x,)
1 1 1 17+ _ 1 1
As will be mentioned in the next section, & second integration and
iteration were performed, and we found that the two values ql and q2
differed by less than O.I%; q, was our selected value for the event's
momentum.

8. Event-Acceptance Criteria

As we recall, our data overdetermines the problem, for we measured

four points, although only three are needed to compute the momentum
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uniquely. Then wé could distinguish a good event from an accidental by
cheéking to see if the exit line (computed) matchés the one determined by
the third and foﬁrth‘poihts.

The second.integration mentioned sérved two purposes. The main one
was to obtain for the final moméntum, the exit track’s 6! (angle in the
hprizontal plane)vand o (angle in the vertical plane). The§e quantities
were compared with @ and-ﬁ aé measured from the OL.j

We found that A0 = (8' - 6) was centered aboﬁt :0.75 deg and héd a
HWHM of +0.5 deg. Events faliing in the -1.5 deg f;Ae < 0 deg band were
accepted (Fig. 11).

The difference in the vertical angle AZ was centered about 0.25 deg
and had a HWHM of iQ.B deg; only the events within the band determined by
-2 deg <2 f 1.5 deg were accepted.

- '

We feel that some comment is necessary on this displacement of the
vobSefved distribution of’Aﬁ and 29 (Fig. lé). The origin of this could
be found in a small error in the placing of one of the entrance chambers,

For exa@ple, a 0.013-in. elevation discrepancy in any one of the chambers
could account for ﬁhe Lomrad displacement of A, As for the A@bdisplacement,
Just a l/32-in; error in the placing of the rig used to map the
spectrometer’s field would aécount for it, Furthermore, A does not affect
our momentum calculation, and such a A9 displacement affects the momentum
in. the second decimal place only.

If two évents.in a pérticular record met these two criteria for
08 end ANF (leés than S in 15 000 triggers), then the one with its value
of A8 closest to 50.75 deg was accepted.

As we saw in Sec. 7, another purpose served by ﬁhis second .

integration was to check the value of the final momentum, which as we saw
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in the previous‘section‘was.arrived.at by.an iteration. Agreement between
the first and second iterations was better than 0.1%.

9. Corrections to the Data.

Onée and evént’s‘mOmenfum was obtained? it was weighted by a
previously calcuiated féctor to compensate for £he acceptance of the
spectrometer (Figs. 13 and 14). Furthermore, in the case of pions (E events),
another weighting factor was included to.account for n decay in flight.

This was of the form.et/TK, Qhere t = @*M/p*c. Here d is the distance
(in meters) calculated for the pafticle’s path, M and p are the mass
and momentum in MeV and MeV/c‘respectively, and ¢ is thé speed of light
in m/sec, For elastically scattered pions this factor is tyﬁically‘l.ES.

Fbr F eventg,_protons and deuterons ﬁere_separated by the following .
process: Time—of—flight ihformation yielded the time, t, for the particle
to go from the C to_thé_F counters. Given ﬁhat the momentum p in MeV/c
wés well known, the mass M in MeV of the particies was found from

M =(o/8)(1 - 85/,
where B = d/tc. iFrom a comparison of M with the mass of the proton and
deuteron,iwe found which.kindvof particies we were dealing with (Fig. 15).

The computed momenta were corrected thén for energy‘loss in the
components of the spedtrometér, including target wélls, by use of functions
as’given in Fig. 16. Then, the amount of liquid He the scatfered particle

" had traversed was comﬁﬁted. A further correction was applied to compensate
. for energy loss in the He as shown in Fig. 17. Finally a transformation
to the c.m. was performed, taking care of accounting for the énergy loss
(of the incoming-pion) in the target.

The angle ﬁetween the incoming and outgoing particles was measured

between the vertical plane of the former and the exit line .of the latter.
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This was done at the same time that the intersection point_in the target

was found (see Sec. 5).

10. The Iast Step

The last steﬁ consisted of a routine that histogrammed the
properly weighted and corrected c.m. energy for'pioﬁs, protons, and
deuterons; it showed too a top and side view of the tafget indicating the

number of events within l/2-cm. cubes. A punched card was produced for

each event; such a card and the information in it are shown in Fig. 18.

The steps described in items 2 through 10 were all performed in

one program.
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B. Error Estimates

1. Scattering in the Spectrometer

The momentum of a particle wasvdeterminedfuniquely by knowing the
coordinates ofvthé input‘line IL and one exit point, the second exit point
serving mainly as a check oh the event's validity.

We now éalculate the effects that scattering and uncertainties in
the determination of the parficle coordinates have on. the value of the
momentum. |

The effects of scattering'are only important on the horizontal
pléne, and we will restrict our analysis to that plane.

The quantity we are interested in is the fractional change in the
computéd momentum dp/p. vThis is evidénﬁly equivélent tovcomputing the
fractional change in the radius of curvature dp/p.

The field in the magnet caﬁ be approximated very accurately by‘a
‘uniform field, which will gréatly reduce the complexity bf our calculations
without affecting thelr generality. Due to the geometry of the set up,
-we must consider two cases: the first one for fhe ¥ side, where the °
wedge angle ié O deg, as in Fig. 19; ahd the second one for the E side,
where the wedge angle 1s 90 deg, as in Fig. 20. Defining our quanﬁities
: as in those figures, we find dp/p‘as a function of dy and del. We note
‘that dy arises from two contributions--one at the input side, mainly due
to scattering; the other at thevdutput side, due mainly to the uncertainty
of‘the location of the track at Chambers 3 or L.

We first deal with the case of no wedge angle. It is easy to see

" that

}_l
+
m
no
)
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Fig. 19. Simplified spectrometer geometry for proton and deuteron
momentum measurements.,
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20. Simplified spectrometer geometry for pion momentum measurements.
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where = (x2 + yg)l/g, and x is fixed. Through straightforward

differentiation we obtain

We draw the reader's attention to the fact that €5 enters here as a fixed
parameter, because its value is not used in determining the momentum.

The entrance angles are €, = 30ih.5 deg, and the exit angles vary

1
between 10 and 20 deg,;so that 18 deg ;I(;l + 62)/2 £ 27 deg. This leads
to cot[(ei +.€2)/2] £ 3, while sin(€2 - el) is approximately 0.3.

In the rectangular-field approximation, x is about the length of
pole tips + 1/2 gap width at each end. For a 36-in., pole tip and 8-in. gap,
we have x = Lh-in, = 110 cm, Thﬁs we have %2 111.6 X lof3 dyl + 1.5 del[,
where dy is in cm and d¢€ is in radians. If dy’is of the order of 107T
cm, then the first term is certainly less than 10'3, or 0.1%. We will drop
any further‘considerations having to do with it, and we finally write

ap/p £ 1.5 dej. | | (1)

In the second case, where the wedge angle is 90 deg, we obtain

o

) sz—[l + sin(el‘+ 62)11/2

P

From our previous analysis we know that the term in do(« dy) can be
neglected; then 1t is straightforward to arrive at
cos(el + 62)

ap _ — de
D 2Ll + sinIel + €2)J _ 1°

As before, = 30 i4-5 deg, but the exit angle 62 varies between - 45

1
and O deg, so that - 20 deg < (el + 62)§ 3L deg.: Given that the cosine
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term is even, it does not vary much in this range, and the sine term

determines that dp/p becomes largest at - 20 deg. Thus we_writé

ap

(2)

< 0.7 de

‘@L

1
. Equations 1 and 2 then give thevmaximum error in the resolution of the
spectrometer due to scaitering, and the problem has now been reduced to
determining upper bounds for del.

A problem arises when considering scattering iﬁ the chambers, for
they are built-of wireé, and either a particle hitslone or goes through
the plané without séattering at a2ll. We have assumed thatvfour wire planes
are "many," and we average out these wirés, distributing the aluminum
uniformly. Thus the four-wire planes in each chamber have an average
| density of 0.02 g/cme. This is, of course, true for chambers 1 through
-4, but not for 5 or 6. The back chambers have a higher density, but this
did not affect us, as scattering in those chambers is not relevant.

Each input chamber had two 2-mil Mylar windows (5.6 x 1073 g/cmg/
window). |

‘The effect of the He-Ne mi# in the chamber is neglected, and the
amount of He gas between them is 1.3 x 1072 g/cmg.

Only Couiomb scattering is to be considered, for nuclear scattering
is rare, and it generally yields angles large enough that an event due to
a particle.that underwent such scattering would be eiiminated by the cutoffs
described in Sec. III. 8.

For our calculations we use

L ’erms

_ 15 ' 1/2 | _ " rms
ﬁfms ~ P(MeV/c)B (I/xo) coand Y T ng—.’

where I is the length of material traversed, and Xy is its radiation length.




-hg-

, where €. is the angle as determined by

We define del = teo --el 0
the chambers, and el isvthe angle at which the particle enters the

magnetic field. For typical momenta we find
=2 ‘ ' - ' : -
ae (x) £0.9x 107, ae (p) £1.3x 10 3, and de (@) <h.1x 10 3
including the effect of uncertainties due to spark location in the chambers.
Thus, from combining these quantities with Egs. (1) and (2) we obtain
dp/p £ 0.6% for pions, dp/p & 0.2% for protons, and dp/p X 0.6% for

deuterons.

2. Determination of the Scattering Angle in the Target

wa sources contributed to an uncertainty in the computation of
‘this angle: vthe first was due to scattering in the exit path, which
produqed an uncertainty of about~lO-2 rad in the angle between best-line
and the actual direction of scattering. |
| The second source was due to the finite width of the A and B picket
fences. The A and B counters determined regidns 0.75-in. and 0.25-in. wide

respectively, and they were separated by 21.25 in. The uncertainty in

2

the angle determined then was +2.35 X 1077 rad. Thus, the total uncertainty

expected was A9 ~ +4.5 x 1072 rad ~ +2.5 deg.

To determine how such a spread would affect the relativistic transform-
atibn to the c.m. system, we calculated the "gradients” dp/de at 20 deg.
Table IT showsvour results.

Table IT. Pion, proton, and deuteron "gradients" at 20 deg.

. S odp/de D dp dp/o
Particle  (yy/c deg) (Mev/c) (MeV/c) (%)

' 0.100 2h1 . +0.25 +0.1

p 0.465 670 C4l.2 © +0.08

d 0.824 800 +2.1 +0.26
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3. Determination of the Point of Tntersection in the Target

Due to the finife width of the counters, the position of this point
was uncertain by as much as 0.5 cm (see Sec. III. A.5). This produced an
uncertainty in the c.m.venefgy of'the scattered particle, because the
program was not éble to cqmpute the correct iength of ligquid He this
particle tranéversed, The errors introduced in the momentum were from
+0.25% to 14 for deuterons, from +0.1% to +0.4% for protons, and from
iO.I% to iQ.9% for pions. We can say that, in general, this was the
largest single source of error, | ‘ -

4, Energy Resolution

Accounting for the momentum resolution as estimated in Sec, I
[kxeeping in mind that 4E/E = (p?/Eg)x @p/p)], and including the uncertainties

" discussed in Secs. II and III, we find

dE(n) & 1.0 MeV,  dE(p) 0.6 MeV, and 4E(d) < 1.2 MeV,
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IV. RESULTS

- L - L=
A, nn. + He and n -+ He Channels

Figure 21 showe the scattered n energy spectrum in the c.m. system.

Our resolution is determined by the.FWHM (~ iMeV) of the elastic |
reak, The interesting feature of this spectrum is the large cross section
observed at 32-MeV excitation energy of the ¢ particle. This possible
level is narrower than our experimental resolution.

The cross sections given are corrected for (a) u .and e~
eontamination of the initial beam, (b) solid-angle acceptance of the
helium target, (c) spectrometer acceptance, and (&) 1t decay in flight. The
background has been subtracted. It can be seen in Fig; 2lc.

B. 1« + Un Channel

The resultent s’ spectrum 1s shown in Fig. 22, Superimpoeed on it
can be seen.undisturbed phase space, and the effects of adding the 2n
singlet-even interaction between two of the neutrons in one pair, or between
the two neutrons in each prair. We find a slightly better fit to the data
by using the second possibility. An upper limit of 1.38 +50% x lO‘u
pb/sr—MeV iS'estabiished ?or the forﬁation of a tetraneutron with a
binding energy (B. E.) be%ween -10 and iO MeV., The experimental resolution
was 1 MeV, as above, Cogrections were done as in A, and background was

negligible.

C. p+ 3n:Channel

Figures 23 and E%JShOW the proton energy spectrum in 2~ and 5;WeV
‘vbins respecﬁively. Supe?imposed on these we-eee fhe distributions to bve
v-'expected from phase spacé, and the effect of adding the singlet-even
‘interaction between tweﬁgfithe neﬁtrons in the final state,

Cross sections’are corrected for factors (a), (b), and (c) as in A,
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-Figure 22, xt spec‘érum.
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The backgfound was negligiblé. An uppef“limit'of 0.0123 iQ.OOES ﬁb/sr-MeV
is established for the cross se¢tion fof production of a trineutron with
-3 MeV <B. E, <3 MeV. .The expérimental‘resolutionvwaé z.0.6 MeV,

D. 4+ 2n Channel

Only'four deuterons were seen in the range from h70‘MeV/c to

threshold at 801 MeV/c in the lab system. This yiélds the result that

o . l&-'. , _ .
Gﬂ f HelL 2P+ 3n _ 1150_150%.
- + He -4 + 2n

The integrated-cross section for this reaction in the c¢.m. system is

G.=.0-0012i50% Hb/sr-MeV, These cross sections are corrected as in

Sec, C, Backgrouﬁd was nonexisient here,
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V. INTERPRETATION AND CONCLUSIONS

- L%
A, n + He Channel

Only one excited level of the ¢ particle was observed. Its energy
is at 32 +1-MeV above the ground state, and it probably corresponds to the
30-MeV level seen by Charpak.2l There is no discrepancy between our valué,
for the excitation energy and his, for the width of the peak in that
experiment was more fhan\? MeV, thus overlapping our result, The width
" of the level as we determined it is less than 1 MeV., Because this was
intended as a survey experiment oh many channels; we did not attempt a
study of the angular behévior of the level,'and ho J value can be
‘assigned from our data,

Something can be gaid though about its isospin étate. The initial
yc_--HeLL system hds T = 1, and given thét Tﬂ_ = 1, the Heu* can be left in
either of the states T =0, 1, or 2. The T = 0 state corresponds to a

*
singlet of course, but for T = 1 we would have a triplet HLL nHeu - Liu,

, _ T O N
and for T = 2 we should find a quintuplet, n - H - He -Li -p . Our
negative results in the DCX experiment tend to indicate that n does not
exist, This immediately limits the possible T values of the 32-MeV level
. to O or 1,

’Something can be said about this second possibility: There is some
evidence15 that Hu unstable against dissociation exists, even though
particle-stable H has not been seen., As we mentioned before, Cohen et al.

Y PSS T SO R
observed the reactions ILi (n ,d)H and Li'(x ,T)H , finding H with
0 <B. E. <5 MeV against its breakup into four free nucleons.
*
There is. evidence for the existence of Liu as reported by Tombrello

et al.;3o furthermore Beniston et al.3l observe that analysis of the o

and p momenta in the decay of the Hgi hyperfragment (H§i~a T 4+ D+ He3)
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yields evidence of_a Liu state with an enefgy‘that corresponds to . 30 MeV
excitation of the a-particle.
Wevbeligve that‘the present data indicate'the existence of the
I-spin tripiet, and that it corresponds to an excited level of Heh with
E = 32 MeV (Fig. 25).

B. ‘4 + 2n Channel

The low cross section fouﬂd for this reaction yields a low
probability for the d + n + p and 4 + d components of the wave function
of the & particlé; Furthermore, it tends to indicate that the final-state
interaction between the proton and one of the neutrons in the p + 3n channel‘

is small.

.C. p } 3n Channel‘

-In the reaction studied, the uﬁper limit in the croés section for
formation of a.trinéutron with - 5 MeV <IB; E. <5 MeV is determined to be
7.5 +4.5 x 10-33 cme/sr;MeV. The resolution is betﬁervthan 1 MeV.

As 'seen in Figs., 23 and 2&, the proton spectrum shows a pronounced
peaking at 130 MeV.uThis corresponds to ah energy 6f 53 MeV for the three
neutrons' in their center of ﬁass..

We ﬁotice thatvthe spectrum of the proton was not measured below 80
MeV. The reason for thié is that from this point down the reaétion
#- +'He)1L - D + 3n + 7° contributes, and the spectrum of the proton is not
. uniquely‘determined by the reaction of interest anymore. This makes the
nofmalization'nqnuﬁique too. As we will see, this doés not create a
problem; bécause all attempts at fitting the data so far yield spectra for
the proton that.afe unquestionably differént from that oﬁtained. Further-
more, we can reasonably assume that from the Quick arop in cross section

' observed around 90 MeV, most of the area of the curve concentrates in the
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region méasured.

The comparison 5f immediate iﬁtéfeStiis made with respect to phase
space and phase space aletered by the lSO interaction between two of the
neutrons in the final state. (The Pauli principle voids the possibility
that more neutrons can be in a relative S state.) For this interaction we
use'standard efféctiveqrange theory with a T70-keV scattering length.

Tﬁe results‘are shoWn normalized in two Qays. In Figs. 23 and 24

we can compare the spectra with equal areas in the region where measurements

were performed; in Fig. 26 we can see the same spectra normalized in such

a way that thevpeaks are at the same height., It is easy to see that the

spectra shown differ widely from that observed. We call the reader's
attention to thé fact that addition of a final-state interaction between the

proton and one (or more) of the neutrons will shift its spectrum towards

~ the low-energy end, contrary to what is seen.

At this point, and due to the present .lack of knowledge on the
problem of handling the interactions of three particles with spin, we

attempted some purely phenomenological fits to the behavior of the three

neutrons. For this purpose a Breit-Wigner resonance among the three neutrons

- was assumed, It was found that to obtain moderately successful results we .

neéded to set the three-neutron excitation energy at approximately hSIMev,
using widths of 50 to 70 MeV. In all cases the fit to the data is only
pértially successful, for the fall‘in the probability of finding & low-
energy proton is much slower for resulfs derived_ffom the Breit-Wigner than
is'actuaily observed (Fig. 27).

Another possibility is that we are dealing with a direct reaction

-rmechanism.'_In this case the high-energy protons would arise from x

absorption by p-p p@irs,'producing a proton and a'neutron which share the
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energy of'the pion, and'fwo'dtherfneutfons that are spectators and carry
energies of the order of their Fermi momenta in the ¢ ngcleus. Were this
| to be a purely two-bbdy absorption, we would expect'the proton to carry
about 122 MeV in thé c.m, syétem. This is quite close to the observed most
probable proton energy of 130 MeV. The width of this peak (caused by the
internal energy of the target nuéleons) should be approximately 20 MeV,
which is narrower than the observéd width. A mechanism~maybbe found that
would explaih this discrepancy. |

A prediction of this model is that n-p abosrption should produce a
peék of low-eﬁergy protons (0 to 20 MeV).' If these protons were to be
detected and clearly éeparated from those produced by the n° + D + 3n,
L % P+ d + n, and o+ D 4 P+n+n channéls, the direct-reactibn model
would prove to be a very convincing one, So, toéether with the latter, the}
other possibilities open are that when theoretical physicists learn to
handle the many-body problem for particles with spin, wévwill be able to
explain the observed effect in terms of a combination of two-body pairwise
interactions, or the introduction of thfee-body forces may become necessary
if the previous possibilities fail. |

With thé data'available at present we can give no simple answer,
If_a model is to bé given it'will have to be checked against many poinfs,
i.e.; data will have to be taken at many angles and energies and then the
results comparea with the predictions of a particular model.LLS This lays

emphasis then on further experimentation,
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D. x4 4n Channel

The l—Merresoiution achieved‘in this experiment allowed céreful
search for a tetrangutron. For a binding energy between -10 MeV and 10
MeV, an upper limit of 1.38 +0.69 x lO"31L cmg/sr-MeV is set for
tetfaneutron formation under the given conditions,

Thé n+'energy spectrum is in agreement with that bbtained by Jean
ef al.18 in that the best fit correéponds to tﬁo neutrons interacting

“through a'lS potential, and the interaction of the other not being strong

0
enough to affect the spectrum appreciably. Our method of measurement does
not allow us to determine whether the two neutrons in the lSO state were
produced by DCX or were spectators,

Nd effects from the three-neutron interactibn seen in Sec, C manifest
- themselves here. :This_would follow from the arguments presented by Mitra
and Bhasin,lO that p forces play the dominant role in the three-neutron’
system, while ﬁhe kernel for the‘lSO-wave part Qf the force (which

: v 10
predominates in the two- and four-neutron case) is repulsive.9’
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APPENDICES

A, Magnetostrictive Readout Chambers

1. Construction

The 8; by 8-in. and 22- by l8—in. chambers were both built by
laying 0.006-in. alumiﬁum wires (24 wires to the inch) on lucite and epoxy
frameé respectively, Each chamber consisted of four such planes. The two
inside ones were high-voltage(HV) planes, ﬁith their wires at 90 deg to
each other and MS'dég to the outside (ground) planes, One of these had
its wires running horizontally and the other vertically. This eliminated
the ambiguity that‘arisés in locating the position of two sparks ﬁheh the
measurements are performed on'coordinates at 90 deg to each other, The
firét and last wires of each HV plane'were connected to the first and last
wires of the cbrrespondihg ground plane By a resistor chain in series
with a capacitﬁr (Fig. 28). Iﬁ this way each time the chambers fired
currents flowed through the wires éo connected, This gave rise tQ two
"signals on the_line. The fifst signal'stérted two 20-Mc scalers, the second
turned one of these clocks off, and the third one turned the other scaler .
off. The time between the start and end fiducial signals provided a
normalizing numbef_that together QithAthe (accurately) known distance
between fiducial wires allowed us to determiné the'coérdipate of a‘spark
independently of the factors that may affect the speed of sound on the
line, i.e. temperature, tension, éompositibn, density per unit length, ete,

The 49- by 17-in. chambers operated on the same principles, except
that they. were built from a commercially available copper-nylon mesh that
was cut to size, stretchea, and glued.onto epoxy frames. Fach chamber
conéisted, aé before, of the central HV planes and two outside ground

planes, The central ones had their wires running horizontally, and wires
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in the -outside ones ﬁere vertical, Aﬁ addifional fiducial wire was
prbvided in.the center of the'ground planes, so that the long magneto-
‘strictive lines runﬁing across these ﬁlanes could b¢ split in two, with
one each for thé_right and left sides of the chambers respectively (Fig. 29).

This allowed for detection of two»spafks in each half of the chamber.

As mentioned before, each gap (HV-ground plane combiﬁation) was
fired by a separate capacitor.

2, Chamber Performance

a., Accuracy, This was checked preﬁious to and after the run, In the
first case, fdur chambers were aligned'oh the fléor'of a preparatioﬁ area
and a simple coincidence circuit: was provided to fire these chambers when
a high-energy cosmic ray went through them,

An event was kept for analysis if éach chamber had a spark in it,
and the four sparks fell on a line, The data accumulated during the run
was used too, for it was much more complete and afforded meaéurements at’
a wider range of angles,

By the method already described in Sec. III, A we determined the
"best line" between two chambers and then computed AR, the distance between
the intersection of this line with the plane to thé coordinate as measured
by the magnetostrictive line.

Erom simple arguments we can make some predictions about the results
of our measurements, The separation betweeﬁ wires was slightly over 1 mm,
From the speed of sound in the line (~5000 m/sec).we know that a 20-Mc
scaler will yield k4 counts/mm. Given that the magnetostrictive signal
picks the "center of gravity" of the currenf pfoduced by the spark, under
ideal conditions the resolution should be +1/2 count, (+0.25 mm) for small

angles between the track and the normal to the chamber, This is because
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for smali angles thé-spark "follows" the ionized track left by the
particle, For_large angles (@ > 30 dég) the spark starts on the track but
at a certain point leaves it and goes to ground in a direction normal to
the plane, |

H For angles around 45 deg, the sparks Just jumb sﬁraight across the
gap. This can bé.seen in Fig. 30.

Given that the center planes were at negativé HV, the spark would
start at the point where the particle intersected that plane but arrived
at one of the outer planes at ~Ngapfseparation X cos M5 deg ~ 0,7 cm from
where the particle went by, and similarly -0.7 cm in the opposite ground
plane,.

We expect then that, for tracks at small angles, the spread of AR will
be slightiy over +0.25 mm in both the HV and ground'planeé. On the other
hand, if the track is at, say 45 deg, we expect a AR peaked about zero
with an ~ +0.25 mm spread for the HV planes, while AR for the ground planes
would be peaked.abouf plus or minus 0,7 cm with the same spread as before.
If we take a range of angles, then we»expect to find a distribution
broadened by the angle effect, |

Notice too that even for high angles the "best line" found by a
least-squares fit to each coordinate will follow the particlé's track
even though the spark does not (see Sec, III. A.4), Figures 31 through
33 show the results of our measurements,

b. Efficieﬁcy.’ Previous to running we checked chamber efficiency
aé a function of vdltaée, and found that optimum running conditions wefe
achieved at approximately lb kV.

-Two efficiencies can be considered here:

: (l)‘ Efficiency per plane: For this case we say that a wire plane is'-
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Fig. 30. Particle path and sparks formed for path at (a) small
angles and (b) about U5 deg.
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»lOO%~efficiént if'if_coﬁtributes a coordinate for évery event.i
Once the_voltagé, cléaring field, gas mixture, and triggering delay
.Were’fixed'(as_they must be during running), we checked plaﬁe efficiency
as‘a.funétioﬁ of angle for cases where no.more‘than_two sparks occurred,
The reéults are presentéd’in-Table AT, |

_Table AI. Average plane efficiency,

Chamber 6| €10 deg lo] <20 deg 20 deg < 6 < L0 deg
Front . 98.9% A - -
Back _ - 96.7% - oL.8n

(2) Chamber efficiency: The data produced by the chambers will still be

useful if not all planes have contributed a coordinéte. It is of interest
to know the percentage of four-wiré, three-wire, and twonire fits that
were present (see Sec, III, A.3), because ;ven though a two-wire fit is
enough to deterﬁine a péint,uif ve want tb resolve the location of two

or mofe sparks ﬁe need at least three coordinatés. Then we define as
100% efficient a chamber‘where-gii events are determined by three- or
four-wire fits., The data weré taken, as in (1), for cases where no more

than two sparks were present, and are summarized in Table AII,

Table ATIT, Average Chamber efficiency.

Chamber Lwire ~ 3-wire 2-wire Total

Front 93.2% 6.7 0.1% - 99.9%
Back 87.7%h 11,68 . 0T . 99.3%
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B. Reduction and Recording of Magnetostrictive-Readout Chamber Data

The signal in the magnetostrictive delay 1iné is picked up.by the
200-turn coil-biasing ﬁagnet-irbn shield assembly described in Ref.l43,
The signal streﬁgth isvof the order of 10 mV and is amplified'to signals
of 1 to 3V by a pream?lifieruz mounted on the same support that holds the
magnetostfictive"line. Such an aésembly (support, magnétostrictive wire,
pickup coil and preamplifier) is called a wand. |

The signal output of the wand is processed further as was shown in
Figs. lOab, -As we can see, the zero crossover discussed in Sec. II. F.2
eliminates time shifts due to different amplitude signals,

Each event requiréd the timing of the output of 18 wands. If two
numbers were desired from each wénd, & measurement done with all the data
coming in ét once (iq parallel) would have required 36 scalers. What we
did was to load the signals from three Wénds onto a long magnetostrictive
delay line, and then each set Qf three was pimed in series. This cut the
number of scalers needed to just 12 (Fig. 34). The operation of these
| ~delay lines is.discussed in Ref. k2.

The information from the scalers was read onto é bﬁffer store and
was sent into a storage scope display, Each wand was displayed hérizon—
tally,: A short horizontal line was shown for each signal coming from the
magnetostrictive line and a vertical short line showed: the poéition as
read from the tape, The display was analogue, and checking for the
crossing of thé horizontal and vertical display lines allowed & check on
~the performance of the readout, storage and recording systems, It also

allowed us to check at a glance that all wands were working properly., We .
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had=évailable also a'biﬁary light display that allo&ed'us to look at the
infof&éfion going onto tape. A typical display pattern is shown in
Fig. 35. |

The first four horizontal lines display Chamber 1, the second and
third groﬁps of four show Chambers 2 and 3 (or 4) respectively, and the
last six display Chambei 5 (or 6).

NOTE: &) Wand Number 1 (from the tob) shows a case where only.one'
spark and th¢ fiducial were present.

b) Wand Number 5 shows no spafks. Then the first clock was
turned off by the end fiducial and the second clock run up to a high
number before being reset (showing as a lone vertical line far towards the
right edge of the display).

c) Wand No. 9 shows that two sparks occurred, the fiducial
coming in normallyv(horizontal line), However, with only two scalers
available it couldn't be timed and was lost. (The analyzing program
supplied a "fiducial" in this case.)

Figure 36 shows d-63, our analog computer, On the left-most rack
we have (from the top) two magnetostridtive delay bins, a bin with the
12 scalers, and the diéplay‘scope with its‘control bin below, The input
'panel for the wands is shown at the bottom of that rack, The center rack
contains the buffer store and the unit's confrols, The rack on the right
displays on top the event number, and'near the center we éan see the
binary 1ights display, To the right can be seen the IBM 729 V tape drive
unit modified for use with o-63.

Each tape could be processed in the CDC-6600 computer for immediate

information on total performance of the system,
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