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INELASTIC AND CAPTURE REACTIONS LEADING 

TO EXCITED AND MULTI-NEUTRON FINAL STATES 

Leon Kaufman 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

ABSTRACT 
, 

A beam of 140 ±0.5-MeV j'( was produced at the Berkeley l84-inch 

cyclotron and used to study the final-state interactions of three and four 

neutrons, and to look for excited levels of the a particle through the 

reactions: 

4 - 4* 
j'( + He ~ j'( + He 

~ p + 3n 

~ d + 2n 

Only one such level is found, with an excitation energy of 32 MeV and an 

intrinsic width smaller than our l-MeV resolution. We find that our data 

on the four-neutron final state is best fit by considering two neutrons 

. 1 
interacting through a So potential, and the two other ones as spectators. 

We find too that deuteron production is down by a factor of N103 from 

proton production, and that the proton spectrum shows a stronger than 

expected interaction between the three neutrons in the final state. 

Lower limits for the production ofa 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,lH3(n,d)2n,2 and T(d,He3)2n;3 and 

through a different approach by the reaction rr- + D ~ 2n + y,4 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 

known and has almost become a textbook,problem. 3 ,5-7 

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 Laboratory,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 (ISS) = 

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

Mitra and Bhasin comment that the existence of the n3 is independent of 

the n4, 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 + l)th neutron, and 
, '4 

which would tie the nonexistence of n3 with the nonexistence of n , does 
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not necessarily apply to the lightest nuclei1 for it is derived from shell-

model considerations. 

Okamoto and Davies
ll 

assume a (1, 3/2,1/2) state too, but obtain 

an n3 state unbound by about 10 MeV. They use potentials with parameters 

consistent with the known H3 and He3 data. They point out that light 

neutron nuclei should be unbound too from the systematics of nuclei with 

n = 3 and Ii = 2. 

Phillips arrives at an unbound n3 using the Faddeev equations and 

what is known of the two-nucleon interactions. 12 All of these authors 

make the drastic assumption that the interactions in the three-nucleon 

systems are due to a combination of pair interactions. As pointed out by 

Noyes,13 these approaches are not far enough along to show if experimental 

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

exist. 

B. Four-Neutron System 
4 ' 

The n has been searched for by looking for its signat~re in medium-

weight nuclei breakup,14 or light nuclei breakup such as rc + Li7 ~ n4 
+ 

3 15,16 
He . (In this same experiment detection of the reaction 

7 '3 4 15 4,) 
+ Li ~ H + H, with T = 1 or T = 2 for the H , was, also reported. 

Another approach has been to observe the effects of the interactions 

of the four neutrons on the phase space of one observed 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 rc- + He4 ~ rc++ 4n. 17,18 4 
No n was 

found and the CERN group18 that performed this experiment finds a phase 

space for the rc+ that leads to a final-state interaction between two 

neutrons only. The resolution in this experiment was an 'order of magnitude 
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4 
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 

down monotonically as a function of increasing radius. 19 This would 

one to believe that no n
4 

resonance exists either. They use for 

goes 

lead 

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 point out that inclusion of a weak attractive potential in 

the triplet-odd state does not change their conclusion. 
4 4 .. 

The question of the n is tied directly with excited states of He , 

and a review of this field is of consequence. n 

c . . 4 
Excited States of He 

The literature abounds with experimental data and theoretical 

4 20-29 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 4H - 4He* - 4Li exists,15,30 ,31 with E - 24 MeV, and 

T = 1. 

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

d. 

could represent the P3/2-Pl/ 2 spin orbit splitting, but then a 

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

excited states of Li4 and H4 should exist at - 22 MeV. Experi-

mentally they have not been seen. 

There exists a T = 2 state at 30 MeV. 

The 20-MeV level exists and has T = 0 or indefinite isospin. 

Or, the authors consider further the possibility that: 
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2. 32 The 20-) 24-) and 30~MeV levels are "quasi states)" the only "true" 

level being the one at 22 MeV with T = O. A second "true" state with 

- 24 MeV and T= 1 should exist. 

They conclude with the observation that the present knowledge of the 

nuclear structure of He4 is lacking and sometimes contradictory. 

With this in mind we started to plan early in 1966 a "high-energy-

. - 4 
type" experiment with high resolution. We noticed that the:rt: + He 

reaction) at a proper:rt: energy) would allow us to study simultaneously 

three neutron forces through the p + 3n channel) four neutron interactions 

through the :rt:+ + 4n channel) the excited states of He4 with T = 0) 1, and 

- 4* 2 through the:rt: + He channels. Of further interest was the d + 2n 

channel) for it would give an indication of the strength of the p-n inter-

action in the 4-body final state p- + 3n) yielding at the same time a value 

for the deuteron component of the a-particle wave function. 
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II. EXPERIMENTAL METHOD AND APPARATUS 

A. - Introduction 

For ~- mesons (of 'energy less than necessary for production of a 

4 
second ~) on He the following final-state channels are possible: 

1. Elastic Scattering 

- 4 
~ + He 

2. Inelastic Scattering 

- 4* 
~ + He 

~ + n + He3 

~- + n + p + D 

3. Charge Exchange 

0 
+ p + 3n ~ 

0 
+ 2n + D ~ 

0 
+ n + T ~ 

0 + H4 (?)15 ~ 

1 

l~ 2y or Dalitz pair + 

4. Absorption 

p + 3n 

D + 2n 

T + n 

5. Double Charge Exchange (DCX) 

~+ + 4n 

y. 

( 1) 

(2) 

(3) 

( 4) 

(5) 

(6) 

(7) 

( 8) 

(9) 

(10 ) 

(11) 

(12) 

(13) 

( 14) 

(15 ) 
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Notice that for all channels mentioned in the previous section one 

particle in the final state is charged, and this affords an easy measure-

ment ofi ts 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 He
4

with T == 0,1, and 2; (12), where the high-momentu.rn 

end of the proton spectrwn will reflect the final-state 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 

.J.. 

the rr' yields information on the final-state interactions of the four 

neutrons.. The rr'+ -N interaction cross section is much smaller than the n-n 

cross section and does not affect the rr+ spectrum in an appreciable way. 

Figure 1 shows the thresholds for the charged products of the 

above reactions calculated for an incoming rr beam of 242 MeV/c (T == 140 

MeV), the values being given for 20 deg in the lab system. 

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

react,ions (3) through (7) will overlap the region where we expect the rr 

produced in reaction (2) (Q(2) ~ 40 MeV). 

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

Fortunately the rr spectrum from each one of these reactions-will not be 
"} 

peaked, but will follow the characteristic many-particle phase-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 nuclei 

.~. 
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(T
10b

) (MeV) 
20 deg 

139 21 105 

1 1 
86 58 

11 
214 

1 
104 164 

Fig. 1. 

1 1 ! 

100 200 300 400 500 600 700 800 

(~Ob) (MeV/c) 
20 deg 

XBL676-3292 

- 4 Thresholds for selected channels in ~ + He. 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 ~o 

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

6 6 0 
only one positron would be detected for every O. 3 X 10 ~! 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 

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 ~+!S, as will be seen later. 
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B. Experimental Iayo ut 

A 242±.0.50 MeV/c 1t' beam was focused on a liqUid-He
4 

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 1t'+, 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 the forward direction favorsc:small 

angles .. 

b. The target image as seen by the spectrometer becomes smaller at 

small exit angles; therefore it allows for use of a longer target and 

higher yields. 

2. Condi tions Favoring a Iap.ge Angle 

a. The exiting particle would have to go through a longer path in the 

He of the target if emitted at small angles, and any uncertainties in the 

knowledge of the point of interaction would be minimized at large (near 

90 deg) angles. 

b. Rutherford scattering drops as the angle increases. 

Furthermore the Coulomb- and nuclear-scattered waves are expected 

to interfere destructively at this energy (the maximum cross section for 

. - 4 ) 32 300-MeV 1t' on He occurs near 18 deg, 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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C; Beam 

The circulating 735-MeV proton beam of the 184-inch Berkeley 

cyclotron ".'as allowed to strike a~ internal Be target. The resultant n' 

were momentwn-analyzed first by the cyclotron's own fringe field. This 

field can be approximated by a focusing lens, follo'ived by a bending field .. 

and another focusing lens . The matrix elements corresponcling to this 

combination were obtained by computing the orbits of not only the central,-

but also the off-axis, off-angle, and off-momentum rays. These, and the 

position of the internal target were calculated by the use of the program 

CYCLOTRON ORBITS,33 This matrix vas used when designing the optical 

condi tions of the beam. For this purpose "le used the program OPl'IK. 34 

Our aim was to achieve a·very m~nochromatic beam (& ~ 110), and 

for this a large amount of bending '.JaS necessary. The final configuration 

is shovn in Fig. 2, where Ql is a doublet with an 8-in. bore that "collects" 

the beam and focuses its central elements at infinity, Ml is a 29- by 

36-in. magnet with an 8-in. gap whe:ce ;the beam undergoes a 90-deg bend, 

and Q2 is a 'second doublet with a 12-in. bore which, together \vith the 

vertical effects due to M, focuses the beam on the target. 

The currents to attain the desired focusing in Ql "Tere determined 

by maximizing at the He target a l-in. 
2 

section of beam that "TaS 

collimated betY!een Ql and Ml by a lead-brick counter combination. 

The current in Ml had. been determined previously by the suspended-

wire technique so as to yield the desired orbits for the central momentum. 

The currents in ~2 were set then so as to maximize the momentuln-analyzed 

beam ~t the target. 

The beam "TaS monitored by t'{Q sets of counters. Al , A2 , A
3

, A4 

were four 6- by 1.5- by 1/32-in. counters overlapped in pairs (Al and A
2

, 
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A3 and A4) so as to yield 3/4- in . resolution. Bl , B2 , and B3 were 2- by 

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

~rea) with 1/4-in. resolution. 

To minimize scattering over this long beam line, a combination of 

He gas bags and vacuum pipes was used as shown in Fig. 2. Figure 3 shows 

the optical system. An integral range curve of the beam was taken by the 

use of Cu absorbers, and it was found that it consisted of 58 ± 10% rr-'s, 

28% ~ 's, and 14% e-'s (Fig. 4). 

At the particular energy of this beam, straggling will produce a 5% 

(FWHM) spread in energy. This is in agreement with the spread obtained 

from differentiating 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 degto 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
12 

at 4.4 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. 
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D. Target 

We used a 9- by 2- by 2-in. liquid-He flask, the long axis being 

parallel to the beam direction. The 2- by 2-in. sides, as well as the 

2 by 9-in .. side through which the scattered particles left the container, 

were 7.5-mil Mylar. This allowed for low-mass entrance and exit windows. 

The other three walls were aluminum. A liquid-N2 jacket surrounded the 

three aluminum walls. The whole assembly was enclosed in three heat 

shields, each consisting of seven layers of 1/4-mil aluminized Mylar. 

This assembly was suspended from a liquid-He reservoir and enclosed in a 

cylindrical vacuum jacket with two 5-mil Mylar windows, one for the 

incoming beam and the other (larger) for the outgoing and scattered beams. 

A boil-off valve could be closed, and the pressure produced by either the 

evaporated 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 show the spectrometer layout. If the magnetic 

field, an entrance line, and an exit point are known in a particle's 

trajectory, the momentum of that particle is uniquely determined. If a 

second point on the exit path is known, the problem is overdetermined, 

and consistency can be checked for. 

The field was produced by a 16-'0 by 36-in. BeV "c" magnet with an 

8-in. gap. A2-in.-thick (Sl) iron shield with an S-in. gap was provided 

to assure that no bending occurred in the particle's incoming path, and 

two 5/S-in. shields with 22- by lS-in. holes were added on the exit sides 

to reduce the extent of the magnet's stray field (S2 and S3)' 

The coordinates of the incoming track were determined by two S- by 

8-in. spark chambers (Chambers 1 and 2). By each Side of the magnet we 

placed a 22- by lS-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 wires: two high-voltage 

(HV) central planes and 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 9Cf/o 

Ne-1Cf/o He gas mixture flowing through the chamber in common. A small 

amount of ethyl alcohol was added to the gas to act as a spark quencher, 

and a 35-V clearing field was used to reduce the resolution time of the 

chambers. 35 

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 t.otal length or 
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"fiducial" distance. Data on chamber construction, running parameters, 

and performance is given in Appendix A. Suffice it to say here that 

track-location accuracy in these chambers is better than + 0.35 mm. 40 

Counter C was 1/32-in. thick by 4-in. wide by 2 5/8-in. high on the side 

farthest from the pion beam line 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 and low noise. 

The relative positions of chambers and target had been first 

calculated by assuming a uniform magnetic field and determined finally by 

the suspended-wire techni.que. The field was mapped
41 

both in the median 

plane and on planes ~2.5-in. high. The cyclotron field was measured, 

and its effect on momentum measurements was found to be p.egligible. 

Results of the wire orbits were compared with predicted orbits based on 

the field configuration, and agreement of the order of 1% was found. This 

is remarkable, considering that the wire orbits were not intended as a 

fine check on the field, because it was mapped to 0.1% accuracy, the 

integrationroutip.es used were known to yield results better than 0.1%, 

and wire-orbiting methods allow 1% accuracy at best. 

Helium gas bags (Gl , G2 , G
3

, and G4) connected the chambers to 

minimize particle scattering. 

2. Particle Discrimination 

Low-momentum protons and deuterons and all pions went through the 

"E" side of the spectrometer. The heavy particles were eliminated by an 

aluminum slab between Chamber' 5 and the E counters. This acted as a 

filter, completely 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. 
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F. Electronics 

1. Logic Requirements 

For Chambers 1, 2, 3, and 5 to be fired, the logic requirement was 

E4)J; similarly, for Chambers 1, 2, 4, and 6 to fire we required 

[(Al or A2 or A3 or A4) . (Bl or B2 or B
3

) (C)]· [(Fl or F2 ) . (F
3 

or F4)J 

(see Fig. 8). 

This was achieved as follows: JP'ulses from the "picket fence" set 

of A counters were mixed, as were the ones from the "fence" B. Each 

counter was individually synchronized with the C counter by using the 

incoming pion beam, and a triple coincidence (A. B . C) with a l2-nsec width 

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

El and E2 (Fl and F2 ) were mixed and set in coincidence with the mixed 

signal from E3 and E4 (F3 and F4). The coincidence 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 allow 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 AB8F trigger, and vice versa. The 

resolution 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 cyclotron 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 E counters, and from E
l

, E2 , 

Fl , and F2 were stored on SO-nsec delay lines. When an ABCE (ABCF) 

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

these delay lines to set the;.pr9per::.Tlip-flops. The infonnation in the 

flip-flops was .stored on tape, together with the event number, TOF 

information, ABCE or ABCF flag, and data from the chrunbers (see Fig. 9). 

The TOF data was used to calculate the masses of the particles from 

knowledge of the momentum and distance travelled (these two parameters 

were very accurately calculated by the computer). Gi ven that w.e were 

seeking to separate particles whose masses went as M , - 2M, - 3M J no p p p 

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

worked in. 

All signals from the magnetostrictive lines were differentiated, 

zero-crossed, and then timed by 20-Mc scalers (see Fig. 10, A and E). 

The differentiation and zero-crossing allowed the clocks to fire and stop 

on the "center of gravity" of each signal. 42 (Details on the processing 

of the data from the chambers is given in Appendix E.) 

All fast logic was composed of standard modules built by Chronetics, 

and the data-acquisition equipment was built at this Laboratory. 
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Figure 9. Simplified logic for time of flight measurement. 
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G. Running Conditions 

Two spectrometer modes were used for running: (a) ~-, where only 

ABCE coincidences were accepted) and data on rr--He elastic and inelastic 

scattering was taken; and (b) rr+, where both ABCE and ABCF coincidences 

+ were accepted) and both the ~ spectra and protons and deuterons "\Vere 

observed. 

Runs "\Vere effected for each spectrometer mode both "\Vith the 

target f'ull and empty) to obtain the background cross sections from the 

target assembly. 

Other than the data that went onto tape (see Sec. F), "\Ve kept a 

record of the readings of the AB coincidences (beam monitor)) ABC, ABCE 

and (or) ABCF counts for each tape. 

It is "\Vorth noticing that both chambers 3 and 4 were in the region 

of the magnet's stray field. While Cha~ber 4 "\Vas only used "\Vhen the 

polarity was ~+) Chamber 3 was run under both ~+ and rr polarities. Given 

that the polarity of the magnetostrictive signal is dependent upon the 

external field strength 4,3 and direction, the signals from t'l-TO of the 

magnetostrictive lines "\Vere inverted "\Vhen the field "\Vas s"\Vitched. We 

kept then two sets of lines to be used as appropriate. 
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III. DATA ANALYSIS 

A. General Analysis 

1. Determination of Fiducial Distances 

A short program was created to plot histograms of the "tail end" 

of the counts produced by each one of the wands (see Appendix A). The 

purpose of this was to determine the value of the fiducial counts for each 

run. 

A wand left to itself will measure a constant (±0.5 counts) time 

difference between fiducials. This was manifested by the 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 yielded a 

fiducial distance of 2090 ~~ counts in the ~ +1 mode, and 2100 -0 counts in 

..l-

the ~' 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 changes produced by these 

operations. 

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

program. 

2. Finding the Spark'Coordinates 

The main program found "points" along the magnetostrictive lines as 

follows: It kept a running average f of the fiducial distance by 

weighing the new and old data in the following way: f = (5 f ld + f )/6. o new 

If the fiducial was misSing (as was the case in two-spark eventsj see 

Appendix B), it supplied the latest f found. 

We note that a count was accepted as a fiducial for f < f +5 new - old-



-30 :-

counts. A typical set of values for f is shown in Table I. 

Table I. Comparison of fiducial' counts .. 

Input fiducial counts (Ch. 5) 

2490.0 2468.0 1704.0 1710.0 2682.0 . 2580.0 

Averaged flducia1s after 14 569 triggers 

2490.22 2468.38 - 1704.86 1710.33 2681.60 2580.59 

The coordinate x of the spark(s) in a particular wand was then 

computed from x = cd/f, where c is the counts in the line, f is the 

fiducial count as described before, and d is the distance between fiducia1s. 

3. Determination 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, of course) and 6R, the distance from that point to each wire, was 

computed too. An intersection was accepted as a "4-wire fit" if 6R < C max - , 

w~ere 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 6R < C, then the one with the smallest 6R 
max -

was chosen. 

Once a 4-wire fit was accepted, the c'oordinates that produced the 

fit 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. 

4. A Line 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 plane is 

separated by about 1 em from its neighbor, and this must be taken into 

account if the accuracy of the data produced by the magnetostrictive lines 

is to be used 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-s~uares 

. fit to each of the wires in the set that determined the point. Such lines 

were named "best-line," and measurements of 6R on the wire plane are 

shown in Appendix A. 

5. TargetCheck 

Given that only events generated within the li~uid He were of 

interest, we accepted only tracks originating from it. To do this the 

program computed the scattering point as follows: The data from the A 

and B counters determined the vertical plane that contained the incoming 

pion 1 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 ±O.35 cm at the front 

of the target and ±O.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 this, we had previously computed a 
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large set of orbits originating at the target and in the momenta ranges of 

interest, From these orbits two polynomial functions were computed and 

stored in the main program, One yielded a rough estimate (~~5%) of the 

momentlli~ p as a function of IL and a point x. in.chamber 3 (or 4), A 
.l 

second function then estimated what coordinate value 'x~ to expect in 

chamber 5 (or 6) as a function of P, IL, and xl' 

If there was a point x2 in the back chambers that was no more than 

2-in. away from x~, a match was considered to be found. We had to allow 

1 
for this large margin in IX2 - x21 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 
1 ~. 

new momentum p( Xl) was then estimated. It can be shown that in general 

qi+l = p(Xl ) - [p(ixl ) - qi], where the p(x) stand for estimated momenta, 

and the qi for momenta found through iteration. For ,iust one iteration this 

reduces to 

As will be mentioned in the next section, a second integration and 

iteration were performed, and we found that the two values ql and q2 

differed by less than 0,1%; q2 was our selected value for the eventfs 

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 we could distinguish a good event from an accidental by 

checking to see if the exit line (computed) matches the one determined by 

the third and fourth points. 

The second integration mentioned served two purposes. The main one 

was to obtain for the final momentum, the exit track's e! (angle in the 

horizontal plane) and ¢' (angle in the vertical plane). These quantities 

were compared with e and ¢ as measured from the OL. 

We found that 6e = (e' - e) was centered about -0.75 deg and had a 

HWHM of ±0.5 deg. Events falling in the -1.5 deg 26e ~ ° deg band were 

accepted (Fig. 11). 

The difference in the vertical angle D¢ was centered about 0.25 deg 

and had a HWHM of ±0.8 deg;, only the events within the band determined by 

-2 deg ~D¢ 21.5 deg were accepted. 

We feel that some comment is necessary on this displacement of the 

observed distribution of D¢ and 6e (Fig. 12). The origin of this could 

be found in a small error in the placing of one of the entrance chambers. 

For example, a 0.013-in. elevation discrepancy in anyone of the chambers 

could account for the 4-mrad displacement of 6¢. As for the 6e displacement, 

just a 1/32-in. error in the placing of the rig used to map the 

spectrometer's field would account for it. Furthermore, 6¢ does not affect 

our momentum calculation, and such a 6e displacement affects the momentum 

in the second decimal place only. 

If two events in a particular record met these two criteria for 

6e and 6¢ (less than 5 in 15 000 triggers), then .the one with its value 

of De closest to -0.75 deg was accepted. 

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

Once and event's .momentum was obtained, it was weighted by a 

previously calculated factor to compensate for the acceptance of the 

spectrometer (Figs. 13 and 14). Furthermore, in the case of pions (E events), 

another weighting factor was included to account for rr decay in flight. 

This was of the form et/T , where t = d*M/p*c. Here d is the distance 
rr . 

(in meters) calculated for the particle's path, M and p are the mass 

and momentum in MeV and MeV/c respectively, and c is the speed of light 

in m/sec. For elastically scattered pions this factor is typically 1.25. 

For F events, protons and deuterons were separated by the following 

process: Time-of-flight information yielded the time, t, for the particle 

to go from the C to the F counters. Given that the momentum p in MeV/c 

was well known, the mass M in MeV of the particles was found from 

M =(p/~)(l _ ~2)1/2, 

where ~ = d/tc. From a comparison of M with the mass of the proton and 

deuteron, we found which. kind of particles we were dealing with (Fig. 15). 

The computed momenta were corrected then for energy loss in the 

components of the spectrometer, including target walls, by use of functions 

as given in Fig. 16. Then, the amount of liquid He the scattered particle 

had traversed was computed. 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 energy loss 

(of the incoming pion) in the target. 

The angle between 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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Fig. 13. Weighting factor vs. computed momentum. The weighting factor is 
a correction for magnet acceptance at the low-momentum end of 
the spectrometer. 
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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 Last Step 

The last step consisted of a routine that histogrammed the 

properly weighted and corrected c.m. energy for pions) protons) and 

deu~erons;it showed too a top and side view of the target indicating the 

nQmber of events within 1/2-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 was determined uniquely by knowing the 

coordinates of .the input line IL and one exit point) the second exit point 

serving mainly as a check on the event's validity. 

We now calculate the effects that scattering and uncertainties in 

the determination of the particle coordinates have on the value of the 

momentum. 

The effects of scattering are only important on the horizontal 

plane) and we will restrict our analysis to that plane. 

The quantity we are interested in is the fractional change in the 

computed momentum dp/p. This is evidently equivalent to computing the 

fractional change in the radius of curvature dp/p. 

The field in the magnet can be approximated very accurately by a 

uniform field) which will greatly reduce the complexity of our calculations 

without affecting their generality. Due to the geometry of the set up) 

. we must consider two cases: the first one for the F side) where the 

wedge angle is 0 deg) as in Fig. 19; and the second one for the E side) 

where the wedge angle is 90 deg) as in Fig. 20. Defining our quantities 

as in those figures) we find dPlp 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 the output side) due mainly to the uncertainty 

of the location of the track at Chambers 3 or 4. 

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

that· 

ex p 
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XBL 678-4393 

Fig. 19. Simplified spectrometer geome~ry for proton and deuteron 
momentum measurements. 
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Fig. 20. Simplified spectrometer geometry for pion momentum measurements. 
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i{here a = (x2 
+ y2)1/2, and x is fixed. Through straightfo~ard 

differentiation we obtain 

+ 

We draw the reader's attention to the fact that E2 enters here as a fixed 

parameter, because its value is not used in determining the momentum. 

The entrance angles are El 30±4.5 deg, and the exit angles vary 

between 10 and 20 deg, so that 18 deg ~ (E l + E2 ) /2 ::;:. 27 deg. This leads 

to cot[(E l + E2 )/2] :::;. 3, while sin(E2 - 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, 

d· 3 
we have x 44-in. ~ 110 cm. Thus we have pp ~ll.6 X 10- dyl + 11.5 dEli) 

where dy is in cm and d€ is in radians. If dy is of (the order of 10-1 

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 

( 1) 

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

p 

From our previous analysis we know that the term in da(<< dy) can be 

neglected; then it is straightfonmrd to arrive at 

As before, E 1 = 30 ±4. 5 deg, but the exit angle E2 vari es between - 1-1-5 

and 0 deg, so that - 20 deg ~ (E l + E2)~ 34 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 Qecomes largest .at - 20 deg. Thus we write 

(2) 

Equations 1 and 2 then.give the maximum error in the resolution of the 

spectrometer due to scattering, and the problem has now been reduced to 

determining upper bounds for d€l' 

A problem arises when considering scattering in the chambers, for 

they are built of wires, and either a particle hits one or goes through 

the plane without scattering at all. We have assumed that four wire planes 

are !lmany," and we average out these wires, distributing the aluminum 

uniformly. Thus the four-wire planes in each chamber have an average 

2 density of 0.02 g/cm. 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 10-3 g/cm
2

/ 

window) . 

The effect of the He-Ne mix in the chamber is neglected, and the 

-2 / 2 amount of He gas between them is 1.3 x 10 gcm. 

Only Coulomb 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 eliminated by the cutoffs 

described in Sec. III. 8. 

For our calculations we use 

15 
¢rms = P(MeV/c)f3 

where L is the length of material traversed, and x is its radiation length. o 

----------
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We define dEl = lEo -Ell, where EO is the angle as determined by 

the chambers, and El is the angle at which the particle enters the 

magnetic field. For typical momenta we find 

including the effect of uncertainties due to spark location in the chambers. 

Thus, from combining these quantities with Eqs. (1) and (2) we obtain 

dp/p ~ 0.6% for pions, dp/p ~ 0.2% for protons, and dp/p 50.6% for 

deuterons. 

2. Determination of the Scattering Angle in the Target 

Two sources contributed to an uncertainty in the computation of 

this angle: the first was due to scattering in the exit path, which 

-2 produced an uncertainty of about 10 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 regions 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 10 rad. Thus, the total uncertainty 

expected was 6e ~ ±4.5 x 10-
2 

rad ~ ±2.5 deg. 

To determine how such a spread would affect the relativistic transform-

ation to the c.m. system, we calculated the "gradients" dp/de at 20 deg. 

Table II shows our results. 

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

Particle 
... ,'dp/dB p dp dP/P 
(MeV / c ~deg ') (MeV/c) (MeV/c) (% ) 

rc 0.100 241 ±0.25 +0.1 

p 0.465 670 +1.2 +0.08 

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

Due to the finite 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. energy of the scattered particle, because the 

program was not able to compute the correct length of liquid He this 

particle transversed. The errors introduced in the momentum were from 

±0.25% to 1% for deuterons, from ±O.l% to ±0.4% for protons, and from 

±O.l% to ±0.9% 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 

[keeping in mind that dElE = 2 2 (p_ IE ) X {iplp)], and including the uncertainties 

discussed in Secs. II and III, we find 

dE(n) ~ 1.0 MeV, dE(p) ~0.6 MeV, and dE(d) ~ 1.2 MeV. 
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N. RESULTS 

A. 4 - 4* rr. +He and rr + He Channels 

Figure 21 shows the scattered rr energy spectrum in the c.m. system. 

Our resolution is determined by the FWHM (~ 1 MeV) of the elastic 

peak. The interesting feature of this spectrQm is the large cross section 

observed at 32-MeV excitation energy of the a particle. This possible 

level is narrower than our experimental resolution. 

The cross sections given are corrected for (a) ~ and e 

contamination of "the initial beam, (b) sOlid-angle acceptance of the 

helium target, (c) spectrometer acceptance, and (d) rr decay in flight. The 

background has been subtracted. It can be seen in Fig. 2lc. 

B. rr+ +.4n Channel 

The resultant rr+ spectrum is shown in Fig. 22. Superimposed on it 

J 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 pair. We find a slightly better fit to the data 

NJ! -4 by using the second possibility. An upper limit of 1.38 ±?V,O x 10 

~b/sr-MeV is established ,for the formation of a tetra:neutron with a 
f. 

binding energy (B. E.) b~itween -10 and 10 MeV. The experimental resolution 

was 1 MeV, as above. Corrections were done as in A, and background was 

negligible. 

C. P + 3nChannel 

Figures 23 and 24 show the proton energy spectrum in 2- and 5 ... MeV 

bins respectively. Superimposed on these we see the distributions to be 

expected from phase space, and the effect of adding the singlet-even 

interaction between t,\"rotof: the neutrons in the final state. 

Cross sections~·arecorrected for factors (a), (b), and (c) as in A. 



Fig. 21. 

> 
OJ 

90 

75 

-52-

1484 events 

Cross section for rr and He4 * channel 

He4 excitation energy (MeV) 
55 45 35 32 . 20 10 0 

(a) l- x 20 
I 

i I 
1800 

1500 

::2; 60 
I 
I 1200 

> 
~ 90 

'" " ~ 60 

W 
"0 

~ 
"0 

" b 
(\J 

"0 

30 

90 

45 

1 30 1 

900 

600 

15 300 

O~~~~~~~~~~~~~~~~ o 
65 75 85 95 105 liS 125 135 

E,..-{c.m.) (MeV) 

He4 excitation energy (MeV) 

( b) 

90 (c) 

60 

30 

OJ !:J', :J.iIiII~YJ,l.J4..uJJ.I4.WIJJ:I:l+t,J,U 
95 100 105 110 90 95 100 

E,..- (c.m.) (MeV) 

XBL 678-4384 

(a) Full spectrum, inelastic-region spectrum, and background 
events. Bin width for (a) is 1 MeV; for (b) and (c), 0.5 MeV. 



.--... 

.0> 
::lQ) 

N ~ 
I I o .... - (/) 

"""'---'" 
X 

0-
OJ 
"0 

o 
N .--... 

til 
b-o 
~~ 

-0 
~ 

-53-

( Q ) ( b ) 

154 events 

0.60 
A 

0.45 A phose space 

B 2n+n+n 
C 2n+ 2n 

0.30 
Threshold Threshold 

0.15 

0.30 
o L-I....J..-l-'-.l...J.....J..-l-'-~"""""'.......:::"'-I....~ O. I 5 ......... ~ ......... ..J.....L.. .................. ..L.-L-"--'--'--'-' 

20 40 60 80 100 84 88 92 96 100 

E77"+ (c.m.) (MeV) E77"+ (c.m.) (MeV) 

XBL676-3295 

Figure 22. rr+ spectrum. 

(a) 5-MeV bins 

(b) l-HeV bins around threshold for 

n
4 

production. 



· .. 

"
Ii) 

"
.0 

::I.. 

5.40 

4.80 -

4.20 

3.60 

3.00 

2.40 

1.80 -

1.20 

4 4 49 events 

Threshold 

O. 

6

: u...u.!.-L-L-I .J...-I I~I-'-I ~I_ ..L...I l-.J' 1'-'-' ~I ->-1 -1-1 I'-JI~I..LI ..1-1 ,-,I 1->-' -,-I ..11_ 1-.11 1->-1 -1..1 ..1.-1 .l.-.JI ILL 1 -1--1 ..1.-1 l-.JI 1--1.1 --'--'-l-.J--L~"--,~~ -

80 90 100 110 120 130 140 150 160 170 180 ·190 

Ep (c.m.) (MeV) 

XBL676-3297 

Fig. 23 •. Proton speGtrum) with 2-MeV bins. 



-55-

"" 

15.00 

13.50 I 4449 events 

I I 12.00 I I I 10.50 

"- 9.00 I (J) 

" I .D 7.50 - I :l 

6.00 
~ 

I I "0 4.50 I " b I "0 3.00 I Threshold 

1.50 I 0 
80 90 100 110 120 130 140 150 160 170 180 190 

Ep (c.m.) (M eV) 

XBL676-3298 

Fig. 24. Proton spectrum) with 5-MeV bins. 



-56-

The background was negligible. An upper limit of 0.0123 ±0.0025 ~b/sr-MeV 

is established for the cross section for production of a trineutron with 

-3 MeV < B. E. < 3 MeV. The experimental resolution was "'" 0.6 MeV. 

D. d + 2n Channel 

Only four deuterons were seen in the range from 470 MeV!c to 

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

(J 4 
rr- + He ~ p + 3n 

(J 4 
rr- + He ~ d + 2n 

= 1150 ±5o%. 

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

(J = 0.0012±5G% ~b/sr-MeV. These cross sections are corrected as in 

Sec. C. Background was nonexistent here. 
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V. INTERPRETATION AND CONCLUSIONS 

A. ·4* 
~ + He Channel 

Only one excited level of the ex particle was observed. Its energy 

is at 32 ±l-MeV above the ground state, and it probably corresponds to the 

21 
30-MeV level seen by Charpak. There is no discrepancy between our value 

for the excitation energy and his, for the width of the peak in that 

experiment was more than 2 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 on many channels, we did not attempt a 

study of the angular behavior of ~he level, and no J value can be 

assigned from our data. 

Something can be said though about its isospin state, The initial 

- 4 ~ 
~ -He system has T = 1, and given that T~_ = 1, the He can be left in 

either of the states T 0, 1, or 2. The T o state corresponds to a 

4 4* 4 
singlet of course, but for T = 1 we would have a triplet H -He - Li , 

4 4 4* 4 L~ 
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
4 

does not 

exist. This immediately limits the possible T values of the 32-MeV level 

to 0 or 1. 

Something can be said about this second possibility: There is some 

evidence15 that H4 unstable against dissociation exists, even though 

particle-stable 
'4 
H has not been seen. As we mentioned before, Cohen et al, 

6( - ) 4 7( - ) 4 4 observed the reactions Li ~ ,d Hand Li ~ ,T H , finding H with 

o <B. E. < 5 MeV against its breakup into four free nucleons. 

4* There is evidence for the existence of Li as reported by Tombrello 

et al.j30 furthermore Beniston et al. 31 observe that analysis of the ~ 
4 (4 - 3) and p momenta in the decay of the HeA hyperfragment HeA ~ ~ + p + He 
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4 
yields evidence of a Li state with an energy that corresponds to _ 30 MeV 

excitation of the a-particle. 

We believe that the present data indicate the existence of the 

I-spin triplet, and that it corresponds to an excited level of He4 with 

E = 32 MeV (Fig. 25). 

B. d +2n Channel 

The low cross section found for this reaction yields a low 

probability for the d + n+ p and d + d components of the wave function 

of thed particle. 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 upper limit in the cross section for 

formation of a trineutron with - 5 MeV <B. E. < 5 MeV is determined to be 

7.5 ~4.5 X 10-33 cm
2
/sr-MeV. The resolution is better than 1 MeV. 

As seen in Figs. 23 and 24, the proton spectrum shows a pronounced 

peaking at 130 MeV. This corresponds to an energy of 53 MeV for the three 

neutrons in their center of mass. 

We notice that the spectrum of the proton'was not measured below 80 

MeV. The reason for this is that from this point down the reaction 

4 . 0 
~ + He ~p + 3n + ~ contributes, and the spectrum of the proton is not 

uniquely determined by the reaction of interest anymore. This makes the 

normalization nonunique too. As we will see, this does not create a 

problem, because all attempts at fitting the data so far yield spectra for 

the proton that are unquestionably different from that obtained. Further-

more, we can reasonably assume that from the quick drop in cross section 

observed around 90 MeV, most of the area of the curve concentrates in the 

, 

• 
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region measured. 

The comparison of immediate interestiis made with respect to phase 

space and phase space aletered by the 18
0 

interaction between two of the 

neutrons in the final state. (The Pauli principle voids the possibility 

that more neutrons can be in a relative 8 state.) For this interaction we 

use standard effective-.range theory with a 70-keV scattering length. 

The results are shown normalized in two ways. 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 the peaks are at the same height. It is easy to see that the 

spectra shown differ widely from that observed. We call the reader1s 

attention to the 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 

needed to set the three-neutron excitation energy at approximately 45 MeV, 

using widths of 50 to 70 MeV. In all cases the fit to the data is only 

partially successful, for the fall in the probability of finding a low

energy proton is much slower for results derived from the Breit-Wigner than 

is actually observed (Fig. 27). 

Another possibility is that we are dealing with a direct reaction 

mechanism. In this case the high-energy protons would arise from ~ 

absorption by p-p p~irs, producing a proton and a neutron which share the 
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energy of the pion, and two other neutrons that are spectators and carry 

energies of the order of their Fermi'momenta in the ex nucleus. Were this 

to be a purely two-body absorption, we would expect the proton to carry 

about 122 MeV in the c.m. system. 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 nucleons) should be approximately 20 MeV, 

which is narrower than the observed width. A mechanism_may be found that 

would explain this discrepancy. 

A prediction of this model is that n-p abosrption should produce a 

peak of low-energy protons (0 to 20 MeV). If these protons were to be 

o detected and clearly separated from those produced by the ~ + p + 3n, 

11: + p + d + n, and ~ + p + p + n + n channels, the direct-reaction model 

would prove to be a very convincing one. So, together with the latter, the 

other possibilities open are that when theoretical physicists learn to 

handle the many-body problem for particles with spin, we will be able to 

explain the observed effect in terms of a combination of two-body pairwise 

interactions, or the introduction of three-body forces may become necessary 

if the previous possibilities fail. 

With the data available at present we can give no simple answer. 

If a model is to be given it will have to be checked against many pOints, 

i.e., data will have to be taken at many angles and energies and then the 

results compared with the predictions of a particular mOdel. 45 This lays 

emphasis then on further experimentation • 
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The I-MeV resolution achieved in this experiment allowed careful 

search for a tetraneutron. For a binding energy between -10 MeV and 10 

MeV, an upper limit of 1.38 ±0.69 X 10-34 cm
2

jsr-Mev is set for 

tetraneutron formation under the given conditions. 

The ~+ energy spectrum is in agreement with that obtained by Jean 

et al. 18 in that the best fit corresponds to two neutrons interacting 

through a ISO potential, and the interaction of the other not being strong 

enough to affect the spectrum appreciably. Our method of measurement does 

not allow us to determine whether the two neutrons in the ISO state were 

produced by DCX or were spectators. 

No effects from the three-neutron interaction 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 

1 
system, while the kernel for the SO-wave part of the force (which 

predominates in the two- and four-neutron case) is repulsive. 9,lO 

• 
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APPENDICES 

A. Magnetostrictive Readout Chambers 

Construction 

The 8- by 8-in.and 22- by l8-in. chambers were both built by 

laying 0.006-in. aluminum wires (24 wires to the inch) on lucite and epoxy 

frames respectively. Each chamber consisted of four such planes. The two 

inside ones were high-voltage(HV) planes, with their wires at 90 deg to 

each other and 45 deg to the outside (ground) planes. One of these had 

its wires running horizontally and the other vertically. This eliminated 

the ambiguity that arises in locating the position of two sparks when the 

measurements are performed on coordinates at 90 deg to each other. The 

first and last wires of each HV plane were connected to the first and last 

wires of the corresponding ground plane by a resistor chain in series 

with a capacitor (Fig. 28). In this way each time the chambers fired 

currents flowed through the wires so connected. This gave rise to two 

signals on the line. The first signal started two 20-Mc scalers, the second 

turned one of these clocks off, arid the third one turned the other scaler 

off. The time between the start and end fiducial signals provided a 

normalizing number that together ;iththe (accurately) known distance 

between fiducial wires allowed us to determine the coordirate of a spark 

independently of the factors that may affect the speed of sound on the 

line, i.e. temperature, tension, composition, density per unit length, etc. 

The 49- by l7-in. chambers operated on the same principles, except 

that they. were built from a commercially available copper-nylon mesh that 

was cut to size, stretched, and glued onto epoxy frames. Each chamber 

consisted, as 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 were vertical. An additional fiducial wire was 

provided in the center of the ground planes, so that the long magneto

strictive lines running across these planes could be split in two, with 

one each for the right and left sides of the chambers respectively (Fig. 29) . 

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

As mentioned before, each gap (HV-ground plane combination) was 

fired by a separate capacitor. 

2. Chamber Performance 

a. Accuracy. This was checked previous to and after the run. In the 

first case, four chambers were aligned on the floor of a preparation 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 each 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 measurements 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 computedlill, the distance between 

the intersection of this line with the plane to the coordinate as measured 

by the magnetostrictive line. 

From simple ar'guments we can make some predictions about the results 

of our measurements. The separation between wires was slightly over 1 mID. 

From the speed of sound in the line (-5000 m/sec) we know that a 20-Mc 

scaler will yield 4 counts/mm. Given that the magnetostrictive signal 

picks the "center of gravity" of the current produced 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 small angles the spark "follows" the ionized track left by the 

particle. For large angles (50 > 30 deg) the spark starts on the tracl{ but 
#OJ < 

at a certain point leaves it and goes to ground in a direction normal to 

the plane. 

For angles around 45 deg, the sparks just jump straight across the 

gap. This can be seen in Fig. 30. 

Given that the center planes were at negative HV, the spark would 

start at the point where the particle intersected that plane but arrived 

at one of the outer planes at '" gap separation x cos 45 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 6R will 

be slightly over ±0.25 mm in both the HV and ground planes. On the other 

hand, if the track is at, say 45 deg, we expect a 6R peaked about zero 

with an '" +0.25 mm spread for the HV planes, while 6R for the ground planes 

would be peaked about 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 particle's track 

even though the spark does not (see Sec. III. A.4). Figures 31 through 

33 show the results of our measurements • 

b. Efficiency. Previous to running we checked chamber efficiency 

as a function of voltage, and found that optimum running conditions were 

achieved at approximately 10 kV. 

Two efficiencies can be considered here: 

(1) Efficiency per plane: For this case we say that a wire plane is 



-72 .,. 

... 
" III 
, 

//1 " 

I ' ... ,I 
-HV -HV I " I , 

I " -H\I -HV .. 

I ]" " 
1/1 " 1/1 

" , ,~ .. 
(a) (b) 

XBL 678-4387 

Fig. 30. Particle path and sparks formed for path at (a) small 
angles and (b) about. 45 deg. , 

• 



• 

.. 

III -c: 
::J 

700 

600 

500 

400 

o 300 
() 

200 

100 

-2·0 

-73-

lel~ 10 deg 
Chamber 2, 
plane 1 

HWHM:: 0.33 mm---.~----~' 

-1.0 0·0 1·0 
~R(mm) 

XBL 678-4388 

Fig. 31. Deviation of measured coordinate from best line for 
chamber 2, plane 1. 



150 

100 

1/1 ..... 
c: 
::l 
o 

(.) 

50 

-4.0 

-74-

A:8S20deg 
B : 20 deg. $ 8$40 deg 

n 
HWHM=0.74mm,-_-.J 

-3.0 -2·0 

• 

Chamber 3, 
plane 1 

f~----4tl .... _-- HWH M=O. 75mm 

\ 
~ 

\ 

\ 
\ 

"\ 
• \ 

o 1·0 2·0 3·0 4·0 
L\R(mm) 

XBL 678-4389 

Fig, 32, Deviation o~ measured coordinate ~rom best line ~or chamber 
3, plane 1. 

• 



• 25 

20 

15 

10 

5 

-1.0.0 

-75-

Ground 
plane 
(back) 

I 

-5.0 

IN 
planes 

1 

o 
M{mm) 

Ground 
plane 

(front) 

I 

XBL 678-4390 

Fig. 33. Deviation of measured coordinate from best line for 
the four planes in Chamber 5 at e = 42 ±3 deg. 



10CJjo efficient if it contributes a coordinate for every event. 

Once the voltage, clearing field, gas mixture, and triggering delay 

were fixed (as they must be during running),we checked plane efficiency 

as a function of angle for cases where no more than two sparks occurred. 

The results are presented in Table AI. 

Chamber 

Front 

Back 

Table AI. Average plane efficiency. 

leI.;:::: 10 deg leI < 20 deg 20 deg ~ e < 40 deg 

98.910 

(2) Chamber efficiency: The data proq.uced by the chambers will still be 

useful if not all planes have contributed a coordinate. It is of interest 

to know the percentage of four-wire, three-wire, and two-wire fits that 

were present (see Sec. III. A.3), because even though a two-wire fit is 

enough to determine a point, if we want to resolve the location of two 

or more sparks we need at least three coordinates. Then we define as 

10CJjo efficient a chamber where all events are determined by three- or 

four-wire fits. The data were taken, as in (1), for cases where no more 

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

Chamber 

Front 

Back 

Table AII. Average 5hamber efficiency. 

4-wire 

93.2'/0 

87.7% 

3-wire 

6.7% 

11. fifo 

2-wire 

0.1% 

0.7% 

Total 

99.9% 

99.3% 

.. 
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B. Reduction and Recording of Magnetostrictive-Readout Chamber Data 

The signal in the magnetostrictive delay line is picked up by the 

200-turn coil-biasing magnet-iron shield assembly described in Ref.43. 

The signal strength is of the order of 10 mV and is amplified to signals 

.. . 42 
of 1 to 3 V by a preamplifier mounted on the same support that holds the 

magnetostrictive line. Such an assembly (support, magnetostrictive wire, 

pickup coil and preamplifier) is called a wand. 

The signal output of the wand is processed further as was shown in 

Figs. 10ab. As we can see, the zero crossover discussed in Sec. II. F.2 

eliminates time shifts due to different amplitude signals. 

Each event required the timing of the output of 18 wands. If two 

numbers were desired from each wand, a measurement done with all the data 

coming in at once (in parallel) would have required 36 scalers. What we 

did was to load the signals from three wands onto a long magnetostrictive 

delay line, and then each set of three was timed in series. This cut the 

number of scalers needed to just 12 (Fig. 34). The operation of these 

delay lines is discussed in Ref. 42. 

The information from the scalers was read onto a buffer store and 

was sent into a storage scope display. Each wand was displayed horizon-

tally. A short horizontal line was shown for each signal coming from the 

magnetostrictive line and a vertical short line showeQ the position as 

read from the tape. The display was analogue, and checking for the 

crossing of the horizontal and vertical display lines allowed a 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 available also a binary light display that allowed us to look at the 
.. 

information going onto tape. A typical display pattern is shown in 

Fig. 35. 

The first four horizontal lines display Chamber 1, the second and 

third groups of four show Chambers 2 and 3 (or 4) respectively, and the 

last six display Chamber 5 (or 6). 

NOTE: a) Wand Number 1 (from the top) shows a case where only one 

spark and the fiducial were present. 

b) Wand Number 5 shows no sparks. 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 normally (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 a-63, our analog computer. On the left-most rack 

we have (from the top) two magnetostrictive delay bins, a bin with the 

12 scalers, and the display 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 controls. The rack on the right 

displays on top the event number, and near the center we can see the 

binary lights display. To the right can be seen the IBM 729 V tape drive 

unit modified for use with a-63. 

Each tape could be processed in the CDc-66oo computer for i~nediate 

information on total performance of the system. 
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Fig. 35. Typical a-63 oscilloscope display pattern. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
m1SS1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

8. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behal f of the 
Commission" includes any employee or contractor of the Com
mis·sion, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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