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"ABSTRACT
A beam of 140 £0.5-MeV 1 was produced at the Berkeley 184-
inch cyclotron and used to study the final-state interactio‘ns-'ojfffhre.e aﬁd
-Vfour neutrons, and to look for excited levels of .l:he a particle through
the reactions |
T+ 4He - + 4:*He,
-+ p + 3n,
-+ d + 2n,
| - ot +4n.
Only one such level is found, with an excitation energy of 32 MeV and
an intrinsic width smaller than our 1-MeV resolution. We find that our
data on the four-neutron final state is best fitted by consiaering two neu-
troné interacting through a 180 potential, and the two other neutrons as
spectators. We find, too, that 'deuterpn pfoduétion is down by a factor
of = .103 from proton production, and tha‘;vt the proton ;pectrum indicates
a stronger than expected interaction between the three neutrons in the
final state. |
Lower limits for the production of a tri- or tetraneutron are

set.
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The n-n interaction at low energies has been extensively studied
through reactions such as D(n, p)Zn,"l 3H(n, d)2n, 2 and T(d, 3He)Zn, 3
and through a different approach by the reaction w D ~ 21’1&#,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 well enough

3,5-7 that it is not discussed here.

known
On the other hand, data on the three- and four-neutron systems

are scarce and inadequate, and theoretical predictions are contradicting

and inconclusive.

A. Three-Neutron System

The 3n has been searched for through the reaction 3)H(n, p)3n. In
1965 Ajdacic et al. reported observing a proton distribution of energy

8

that led to an 3n bound by about 1 Me'V. This experiment was repeated
later at Oak Ridge National Laboratory,? and no evidence for the exis-
tence of the 3ﬁ system was observed.

A paper by Mitra and Bhasin10 predicts the existence of the '3n.
They argue that only a moderate 3P attractive forcé is needed between
all neutron pairs to yield a bound 31’1 system, and they predict an
(LSJ) = (4, 3/2, 1/2) state as the most likely, with (1, 3/2, 3/2) a second
best. Mitra and Bhasin comment that the existence of the 3n is indepen-
dent of the *n , for in the latter the 156 ‘repulsive iﬁteraétion plays the
bigger role, while such a force is negligible in the 3n case.

It is worthwhile noting that the rule of Baz', Goldanskii, a:nd
Zel'dovich, which states that the binding enefgy of the (2m + 2)th neu-

tron is always gréatér than the binding energy of the (2m + 1)th neutron,
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éhd 'whieh Would tie 't’}nle nonenisfence of3n' wifh the nonexiStence of 4nj,
doee not necbeSSarily' apply to the lightest nuclei, for it is derived from
shell-model eonsiderd-tions.' | |
f‘Okamoot'o and Da&i‘és“ assume a (1, 3/2 1/2) state too, but ob-
.tain an 3n state unbound by about 10 MeV They use potentlals W1th
‘parameters -con51stent W1th the known 3-H and 3He' data. They p01nt out
.that light neutron nuclei should also be unbound- accord1ng to the system- ’
“atics of nuclei w;tb n = 3-and ‘n =20
'v_'P‘hi'l_lipS';- ‘ns.i'ng-.the :.Fad’dee"‘v eqn_ations 'and.v\n;bat"is'-' known of the
two-nucl-eon in’teract:ionls, 12 ’a’r‘r'i‘ves e,t<é,n.nnbound 3n All the authors
referred to make the drast1c assumbtmn that the 1nteract10ns in the
' i_:hree-vnucleon systems a‘re due to a combinaﬁon_of pvai‘r‘interactions. As
Ioointed ou_t by vNoyesj, 13 the se _appro‘ac__h'els are not far_‘e_no_ngb‘ along .v(_;o -
show if eXp'e'rimentel data can be ini:_erpreted “pure‘ly in (;hivs. Qay or. ‘i’f“ac—

tual three-body forces exist..

'B. Four-Neutron System

The #1; has been searched for b3; looking for its signature in’
breakup of_'rnedium—we'igh_t nuclet, 14-o'r"brea-kup of light nuclei such ;és ‘
" Li > % 3pe 15016

3.4 45

(In this same experiment detection of the reac-
tion 7~ 'Li-— “H *H,

w1th | T = '1'01; T = 2; fof '.!:he 4H, nfa_e algo -:'re-,"
'ported ) o ‘
Another.approach has been to observe the- effects of the interac-
tions of the four neutronsbn--the phase‘ space of one ob‘served pa_rtl"ele.
Sucb an_exPer'imenf can shed livgbt not_'only on the existence of a bound

State,‘_ but also on the actual interactions between the neutrons.
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17,18 No 4n was

The reaction studied was 7 4He—> 'rr+4n.
found, and the CERN group'18 that performed this experiment finds a

phase space for the nt that can be explained by a final-state interac-

tion between two neutrons only. The resolution in this experiment was

an order of magnitude larger than the expected binding energy of the 4n,
and therefore the results are not conclusive.
Tang and Bayman predict that two dineutron clusters will not be

o

bound, and further, that the relative energy of the dineutron clusters
goes down monotonically as a function of increasing radiu.s_.19 This
would lead one té believe that no 4n resonance exists either. ’I‘hey.use
_ for their calculation the n-n singlet-even potential and a triplet-odd
poi;ential 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. |

The question of the'4n is tied directly with excited states of 4THe,

and a review of this field is of consequence.

C. Excited States of 4Hé

'The litérature abounds with experimental data and theoretical

analysis on the 4I—Ie nucleus. 20729

9

An adequate review is afforded by

Argan et al. 2 They summarize what is known about the problem as

£ :

follows. Omne can believe either:’

15,3031 Jith B~ 24 Mev,

1.  (a) the triplet 4H¥4He>'n< - 4Li exists,
and T=1;
(b) the reported levels at 21 and 22 MeV afe the same, with T=0

(they could vrepresent vthe P?’/2 - P1/2 spin orbi(? splitting, but .then a
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T - i_vélue ‘wc‘nvild be .exp_e;:clA:ed as above. For such a T value excited -
states of 4Li _a‘ndvéH shouildAexist at= 22 MeV. vEvaerimenvtally they
have not been sgen); | | | 1

(c)‘ there ?éxi'éts a T = 2 state at 30 Me'V;

(.d) ti‘le 20-MeV level exists and has T = 0 or i_ndefinité isospin; or
2 The 20-~, 24‘-,”and 36-MeV levels are ''"quasi si:a.tes_,"32 thev only Merue'
>1'eve1 _b.eing thé one at 22 MeV with T=0; tﬁere: sho{lld exist a bs.econd
"vtrué” ‘state with = 24_ MevV and T= 1.7 | | |
They conclude with -the"ol‘)serva‘it'vion' that present knowledge of the nuclear
st;uémre of 4He is: scanty '_and'sometimes Coni;radi-cto.ry. |

A mére recent review of the pfoblem is afforded by Meyerimoff

and Tornbrello;"33»-. ~in; théir review of the vprovblem they ‘conclude that a
s‘e'.rie-s‘*of levels exists in’ 4H‘é at;'éxcitatibﬁ’ energies beltWeerlr 20.2 and
28.5 MeV, éveh though they mention thaf there are indivca-tions.'of tﬁé

' existencve Of a level Yaround 3(_) MeV."

II. EXPERIMENTAL METHOD AND APPARATUS

A, Introduction

We decided that the intéraction of negative pions_wi'th 4tH_e nu;:lei,
if studied at higﬁ résoluti-o.ﬁ, could yield valuable Iinformati'on about the
. problems presented above. | |
 Of the many reactions produced by the m af energies lower than
t;hos.é rllece's's.af‘y'for th'e.pr'o>d1iction éf a second m, we dec;ide(lfl‘ to study the
channels |
| S+ 4*He, : : " (1)
p +3n, . o (2)
- d 7+..2n,' o o (3)
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~

and the double charge-exchange reaction
1T+ + 4n. . (4)

In all these channels one particle in the final state is éharged, and
this affords an easy measurement of its momentum. The reactions men-
tioned are of intere‘st4because:

(1) it can yield excited states of 4He with T =0, 1, andLZ;

(2) the high—mofnentum end of the prbton spectrum will reflect the
final-state interactions of the neutrons with low relative energy;

(3‘) ‘the deuteron spectrum is; distorted by n-n interactions;

(4_) B the phase-space distribution of the TT+ yields information on the final-
state interactions of the four neutrons. The 'rr+—N‘interaction cross sectionis
much émaller than the n-n cross section aﬁd does notaffectthe . spectrurﬁ
in an appreciable way. |

We expect that the peaks produced by thé channel ‘(1) will be readily
identifiable ffom the smooth background produced by inelastic scattering of
the 7~ in which the final state contains more. than two particles (i.e., 4:He
breakup). These breakup reactions, together with charge exchange; will
produce low-energy protons and deuterons, the thresholds for these reactions
be_ing lower than the ones from (2) and (3) by about a pion's r.est mass.

- Since we are not interested in the low- energy end of the proton. or
.deuteron spectra, these backgrounds can be discriminated against by kine-
matic considerations. | |

The TTO'S produced in..c'harge exchange reactions yield e+'s through
Dalitz decay. We studied this source of background by a Monte Carlo
method and decided that the positron acceptance of our sp.ectrom'etér was

negligible in the region of interest, and no at —ve+ discrimination was
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. necessary.

‘ B. Experimental Layout

A 242 :l:()\LSIO—QMeV/c T beam was focu'sed.on a liquid- 4He target,
-and the products of the reactions Wére momentim-analyzed at 'ZOk"deg in
the laboratory system (lab') by’.a magnetic spectrometer, to be described
: late‘.r. | b'

.This par-tioular. be‘amf energy. v;ras chosen beeause it allowed simul-
- taneous ‘analysis of the fr+', 'p, and D spectra‘at 2.0 deg when the maximum
field -.attainable in our rnagnet was'us‘ed (therefore, at maximum attainable
.'reso'lution). ~The target‘exit angle of 26 deg was cho's'en‘ for eﬁpverlmental"
.oo_nve'n:i_en-c'e.

‘C. '__]:%_e’_a_‘_r_rl )

Th.e piOn bearn'was 'p‘r-oduc'e.(l when the circulating' 7l3‘5—MeV>proton
beam of the 184- 1nch Berkeley cyclotron was allowed to str1ke an 1nternal
' Be target It was flrst bent through 90 deg in the cyclotron 5 own f1eld
’ and then another 90 deg in an external magnet This large bend prov1ded
“high momentum separation at the target, which cons1sted of a 9X 2X2-in.

‘ liquid-He flask, the long axis being parallel to the beam dir'ecti_on.

The beam was monitored by two sets of counters (see 'Fig.'viv). 'Ai, '
: AZ’ A3, and A4 were four 6X1. 5><'1/32 -in. counters overlapped in pa1rs o
(A'1 and AZ,-‘A3 and A4) s0 as to yield 3/4-in; horizontal reéolution.‘ B1,
B,, and B3 were 2X0. 5*1/32-in and were overlapped so that they covered
a 2X41-in. - area, with 1/4 -in. honzontal resolut1on | i

Scatterlng was m1n1m1zed along the beam line by a ‘combination of

He gas bags and vacuum pipes. An integral range curve of the hearn'_
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was taken by the use of Cu absorbers, and it was found that it consisted
of 58+10% = 's, 28% p-'s,_ and 14% e 's.

For a fine determination of the beam spectrum a thin (3/46-in.)
carbon target was positioned at 45 deg to the beam, and the elastically
scattered negative pions were momentum-analyzed by the spectrofneter.

- The total spread observea 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 ex-

‘cited level of C‘12 at 4.4 MeV, as seen in Fig. 2.

D. Spectrometer

F_iguré 1 shows the s?ectrometer 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 éecond point
on the exit i)ath ié knowh, the vproblém is overdetermined, and :consis-
tency can be checked‘for. .

The field was produced by a 16X36-in. BeV "C'" magnet with an
8-in. gap. A 2-in.-thick (S:l) iron shield with an 8-in. gap was provided
to assure that nd bending occurred in the particle's incoming path, and
two 5/8-in. shields ;\)vifh 22X 18-in. holes were added oﬂ the exit sides to
redﬁce the eitent of the magnet's stray field (S2 and S3).'

The coordinates of the incoming track were determined by two
8 X8-in. magnetostrictive reédout spark chambers (Chambers 1 and 2).
By each side of the magnet we placed a 22X18-in. spark chamber.

(Chamber 3 or 4) followed by a 49X 47-in. chamber (Chamber 5 or 6).

Counter C was 1/32 in. thick by 4 in. wide by 2-5/8 in. high on the side
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farthest from the pion_beam line and 2-3/8 in. high on the side closest
to,it.. The E and!v F counite'r's were 25X'l8><0.25 in-.v
Helium gas hags (Gi GZ’ G3, and G4) connected the chambers
to minimize particle scattering.
vLow-mom_e‘ntum pr.oto'n"'s and deuterons and all pions went through
the Toll side_'of the 'spe"c‘vt'vrom_et'er. The heavy‘parvticl‘es did not reach‘
the E counters“bec:ause an alurninum'.slab placed between Chamber 5
and these counters acted as;a filter, completely stopping the .p‘rotons.or
déuterons, but ha{/ing practvi:cally no effec’t on the pi‘ons." o
The heairy p‘ar'ticle's in the momenturn ‘range of interest Went
: through the F side of the setup, and the time of flight between the C
counter and either F:1 or FZ was recorded onto tape
.Th.e t1me‘-‘of-fl1ght data were used to calculate the ma.-ss.es of
the.' particles from knowledge of. the momentum and distance travve‘l‘ed
‘(these two . parameters were very accurately calculated by the computer).
Given. that we were seelung to separate part1cles whose masses \t/ent as
M, =2 Mp, _~ 3 Mp, no,great accuracy in t1me resolu’t1on was neces-
sary for the energy range we worked in. Other data stored consisted

of a flag for each of the A, B, E,_ or F counters that produced the trig-

ger.
» For chambersv 1, 2, 3, and 5 to be fired, the logic requirement

was

[(A1 or A, or Aj or A4) . ‘(B1 or BZ or .'B?’)-(C)]-[(E1 or EZ)'(ES or E4)];

similarly, for Chambers 4, 2, 4, and 6 to fire we required

.‘[(A or A, or A or Ay)-(B, or B, or B,)-(C)][(F, or F,)-(F, or FI.

3 2 3

We ran with the 'spectrometer in one of two modes
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iy =, whére only ABCE coincidences were accepted, and the data
on 7 - He elastic and inelasvtic scattering were taken; and

(i1) TT+, where both ABCE and ABCF coincidences were accepted, and
both the 7' spectra and protons and deuterons were observed.

Runs were effected for each spectrometer mode both with the tar-
get full and empty, to obtain the background cross sections from the tar-
get assembly.

The spark chambers consisted of four pianes 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 Wé effectively had two spark chambers in each assembly, with
only the 90% Ne—10% He gas mixture flowing through the chamber in
common. A small amouﬁt .of ethyl alcohol was added to thé gas to act as
a spark quencher, and a 35-V clearing field was used to reduce thé sen-
sitive time of the chambers.

Data were collected by the fnagnetostrictive-readout 1’nethod35"38
onto magnetic tape. A novel feature was the use of delay lines td reduce
the number of scalers needed. These storage devices are discussed in
Ref. 39. Signals from the magnetostrictive lines were differentiated,
zero-crovssed, and then timed by 20-MHz scalers (Fig. 3). The output of
each plane in the chambers consisted of a number. for the spark position
and anothe‘r for the total.length or ''fiducial'’ distance.

Details on the cénstruction and performance of these chambers
can be found in the thesis by one of the authors (Leon Kaufman). 40 We

summarize our findings here as follows.
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a. Accurac'_y' . 'Traék‘ldcé.’tion accuracy \x;as tested prior ﬁo the exper-
iment by use of coérﬁic 'rays, andllat_evr by use vofvexperimental data; We
find that, using ZO—MHZ sc;ale;t‘ﬂ:s,l and é wire separation of 1.04 mm), ‘wé ‘can
locé.te Ehe 'po_si’vtion .of‘tlhew'sil‘)a.l"k;:tc; within 0.33 mm. A tyi)ical .distrib.utidn
of i:hé difféi‘én;e b'e‘tt\x‘/'e.én‘?l::he .tféck 1bca;ti<')ii. bya plané’ :in».the_vchambex;‘ and
éhe".acfuél track is seen 'in“‘:Fi‘ig. 4 o

b Effici"er‘lc.xv. ~:Bev.fo'tre runmngvve ‘.c_hecked chamber efficie_ncy.a’.s a func-
tion of voltage, vand. founa thét‘ optimum. running condi'tioné were. aciﬁeved
at approxima_-f;ely 10 kV. B ° |

Two efficiencies can be considered here: .

(i)' Ef-fici.ehcy perlplar;e: :For thi’s_ 'ca,s'é we éay that a wire plane is
'100% e.ffic-:ie'n;t if it co-ﬁtriﬁutés a coordinate for every event. Once the
'v.voltage»,. c‘1éa"ri'ng fieid; "gag mixture, and Efiggeri’ng dei;—;y were fixed
(as  _t'he'y.r".rriﬁst“be dﬁring r-u'.nriih'g), we checked Isla_ne' vef_fic’ikenc':y' as a func-
tion of énglé-"foif cases ih Which no"‘ﬁl'or"e_ than two sPari(s occuf'vr'éd.’ The

results are présentéd in Table I.

Table I. Average plane efficiency. .

Chamber [0]<10deg 101 <20deg 20 deg<O< 40 deg
Ffo_nt 98..9% - _——— -'-'-:A-v-‘
~ Back ST 96.7%  94.8%

.

(ii) Chamber efficiency: vThe-data produced by the chambers will still
be useful even though not every plane has contributed a coordinate. Itis
of interest to know the percentage of _four-wire, ) threé-wire, and tWo-Mre

B fits that were present, because even though a two-wire fit is enough to
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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 100% ef-
ficient a chamber where all events are determined by three- or four-
wire fits. The data were taken, as in (i), for cases in which no more

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

Table II. Average chamber efficiency.

" Chamber Four-wire Three-wire Two~wire - Total
Front 93.2% 6.7% 0.1% 99.9%

Back 87.7% 11.6% 0.7% 99.3%

III. DATA ANALYSIS

A. General Analysis

We descri_b.e now th.e programusedfor analysis of thedata. The num-
ber of counts between the ﬁrst and last wires in a chamber plane (vfi'ducial
éounts) were continuously updated. As it turned out, fhis number did not
vary by mére than one éount. ~ The counts produced by sparks were then
normalized by the fiducial distance, and a generalized 1east-sqﬁare routine
was used to determined the x,y coordinates of the.sparks in the chambers.
This coordinate Wés given as a projection on the center plane of the cham-
ber, so thaf the information on the z coordinate of each one of the planes
was hot used.

The next step consisted of determining all the possible tracks be=
tween chambers 1 and 2 and between 3 and 5 (or 4 and 6). The former

were checked to see that they came from the target and did not hit the
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" _ magnet pole piece, and the-n were matched with ‘the lines in ‘the back
chambers. The target check was: done by taking the 1ntersect1on of the
l1nes as given by the front chambers with the plane on wh1ch the traJec-
tory of the 1ncom1ng pion lay, thls plane being determ1ned by the A and
B counters. ' Thus we could determ1ne the locat1on of. the or1g1n of the
event :with’ivn"0.4 cm. ’I‘he match1ng of the entranceand e>t1t l1ne_s»of the
sp'ectronrieter was performed bfy a polynornlal fit,. thie po-lynomial having
been construcrted‘\‘o}n _the.bas'is of_alajrevviou.s knowlec‘lge of th'e.or.bits throngh
- the magnet. e | | | |
Once the correct comb1nat10n of po1nts was known, the program '
’constructed new llnes between them " This was done by a generahzed
; 1east-square fit to the coordlnate as g1ven by each plane, thus tak1ng‘1nto -
aecount the =z 'pos1t10ns of tha_t plane.‘ Such a l1ne ‘was called ""best-line. "
The best-;line coord’inates werebused together.nnithﬁ an integl;ation .
and_iiter'.ationv rlolutin'e to tletefmine the pa:-rtilcle's mornentnrn.l A sec»ond »
i'ntegxgation and ltefation .yielded:_ %faluee' F.for the ;rnornen'tu_nr_i that ne%rer_
x}aried by more than 0.1"/(; from the valnes ohtained in the pfeviou_s step.
S_ince just three points and the magnetic 'f.i‘eld are needed ’to:deter-‘
mine the rnotnentum uniquely, the foul;th point mevasur-ed can be 'corn'pared'
with the one préd-icte(l by the integration routine.
For this purpose the (lif'ferenices lAG in the horivzontal.and Ad) in
. 'th_évvertical.‘plane's) between the mea.s'ur’ed‘and predicted angles in the
bacl< charhbers were detetmined, and only_evente within bands ,1;5 deg
and 3..5 deg wide, respecti\iely, were acoepted. Figure 5vSh0WS‘A6 and
its acoep.tance ban<l. Once the vrnomentuvaas' .known, . th.e program de-

termined whether the. particle was a pion, proton;_ or deuteron fr.orn'
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time-of-flight information and flags stored on tape, and corrected the
rﬁomentum' for energy loss .in spectrometer and target. The energy
loss of the incoming pion and scattering angle were computed too, and
a transformation to.thé centerQOf—mass system was performed.

' Finally events wefe Weightéd to correct for spectrometer accep-

tance and = decay in flight, and histogrammed in 0.5-MeV and 1-MeV

bins.

B. Error Estimates

The main sources of error in the determination of the momentum
are considered below.

1. Determination of the point of intersection in the target

This is an important pai‘ameter, since ‘l:he program uses it to
compute the correct length of 1iquid He the incdming and oﬁtgoing par-
: ticleé traversed, :;md thén, using that distance, corrects for energy
.loss in the targe.t. |

The uncertainty ‘in energy produced by‘ the finite widﬁh éf the A
and B counters (see Secs. II.C and ITII. A) amounts to O.i%; 0.1%, and
0.25% for pioné, protons;‘ and deuterons in the high-energy ends of

their respective spectral distributions.

2. Determination of the scattering angie in the target

The uncertainty in tlﬁs case is produced by scattering in the
liquid He and by finite width of the A and B counters. The total un-
certainty expected is AG= £2.5 deg, which produces momenta uncer-

tainties approximately equal to the ones above.
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- 3. Scattefihg in the spectrometer

This favc'toi'-'-laﬁd, f‘c:)’a lesse.r deg‘reé’, ciiamber c;oo‘rdi:ﬁat_e res-
o“lutio.n--prod:uced'aﬁ i’méeftainty in’t;h.e mea_sured.a'rigie of e‘ntraﬁc‘e‘into
the magnet. | . |

We estimated this qi,.iantiﬁyj'b'y’-approximatiﬁg _the' a‘ctué_l field by a
unifc rm rec_tan'gular,one.“v_; |

We find that in_mo._é't éases, including.the: effects o_f uncertainties
in spa.ljfkv location in the chambers, ‘.t:he values are dp/p < 0'1.6% for pions,
dp/p <02% f,ozlv-v_pro‘_.tq'r.lsl,_ and _'dp/_pi<0.6o/o‘:.fqr c'.leu:terqns._,v '

4. Energy resolution '

. We e'stimate.d' then that in the high-ener_gy' end of the respective

spectra we would have dE(m) < 1.0 MeV, dE(p) < 0.6 MeV and dE(d)<1.2
MeV. | |
" IV. RESULTS

A, T+ 4He and 7 + -4>‘<He Channels

Fivgﬁ-re'.'é.sh.(;w's’;the scattered 1'r— energy .speétr.ur_n in the c,m;
v‘ systérn'. | _. A - |

vOur fesol_ution 1s determined by the FWHI\/I (= 1 MeV) of the :'elastivc
- peak. The interes-t_ing'feﬂaturev-(v)fﬂthis spectrum is the lafge cross 'syec-_
“tion obs’érved ;f 32 MeV exéitafion 'en-erg'y‘of the o péai"lv'tic.lve. Tﬁis pos-
_sible level is narrower than our éxperimentél resolution. |

vThe cross sections given are corrected for (a) 'u__ and e~ contam-
ination of the initial beafn; (b) solid-angle acceptanéé of-the helium tar-
v'get, () .'spect.rom_eter éccepté_ﬁ-cé, and (d) 7 decay in flight... vThe,back—

ground has been subtracted, and can be seen in Fig. 6.
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B. p + 3n Channel

Figures 7 and 8 show the proton energy spectrum in 2- and 5-MeV
bins respectively.  Superimposed on these we sée the distributions to
‘be expected from phase space, and the effect of adding the singlet-even
interaction between two of the neutrons in the final state.

Crosé sec.tions a‘re corrected for factors (a), (b), _and (~c) as in A.
The 1b.ackground was negligible. An upperA limit of 0.074£.045 pb/sr is
established for the cross section for production of a trineutron with
-3 MeV< B. E. < 3 MeV (where B. E. is the binding energy). The

experimental resolution was = 0.6 MeV.

C. d+ 2n Channel

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

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

Un-v+"He4 - p + 3n
O™+ He® — d +2n

1150 £ 50% .

The integrated cross section for this reaction in the c. m. system is
0= 0.0042% 50% ub/sr-MeV. These cross sections are corrected as in

Sec. B. Background was nonexistent here.

D. 1r+ + 4n Channel

The resultant xt spectrum is shown in Flg 9. Superimposed on
it can be seen._the Sp.ectrum predicted by phase space, and the effects
of adding fhe singlet-even interaction between two of the neutrons
in one paif, or between the two neutrons in each pair. We find a slightly
better fit tovthe data by using the second possi‘bi’lity. . An upper limit of |

2.8&:’1.4X10_3 Hb/sr is established‘ for the formation of a tetraneutroh
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“with a B. E. between ~-10 and 10 MeV. The experimental resolution
was 1 MeV, as above. Corr.ectiions'_were made as in A, and background

was negligible.
V. INTERPRETATION AND CONCLUSIONS

A, T+ 4'ﬁHe Chanhnel

The study of this rea'c'tien .sbhowvs‘ :one iuelastic peak ilo'ceted at
.'32 +1 MeV relatlve to the elast1c scatterlng peak as shown in Flg 6.
This level can have a T sp1n of 0, 1, or 2. In a)prleVlous expertment
Charpak et al. 24 discovered a 30-MeV level .formed in the brreac.tionv :
TT++ 6Li - Zp +_4*He. This level is quite wide ahd overlaps ours, and
alth'ouéhft.he authers' Icon's“ide;i"je‘d it as a rila;rliifestation, of 'pe.riphe’ral re-
ac-t:ion‘s, -Tan'é41 ina subsequent paper argues for the existence of a. T= . 0
level at %30 MeV Measday and Palm1er142 pre_sﬂe_nt arguments for the
existence ef a T = 1 contribution to the level at that energy. |

There is evidene‘e‘iS»th'at 4H unetable algaitnst dissociation e}dsts,
ei}enthou'gh part.icle—'stable 4:'H has.notvbe'en seen. As v&e'mentio_he_d be-
fore, Cohen et al. 'ebserved the reactions 6Li (v, d)4H and 7Li(TT-, T)4H,
finding 4H with 0< B.E. < 5 MeV against its breekup into four free nu-
cleons. B

There is ewdence for the ex1stence of’ ax 1i as reported by Tombrello.
et al 30,33 furthermere, Bemston et al. 31 observe that analys1s of. the
7~ and p' momenta in the deeay of the HeA hyperfragment(4HeA—> Tl'—p3He)
yields e.vidence of a 4Li state with an energy that corresponds to = 30-MeV

excitation of the o particle. Even though Beniston's data are questioned at

this time, “the existence of this level seems to be well determined. 33 Our
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negative results in the 1r++ 4n channel tend to indicate that 41’1 does not
exist, therefore we believe that the present data indicate the existence
of the I-spin triplet, and that it corresponds to an excited level of 4He

with E = 32 MeV (Fig. 10).

B. vp + 3n Channel

In the reaction studied, the upper limit in the cross section for

formation of a trineutron with -3 MeV< B.E. < 3 MeV is determined to
‘be 0.074£0.045X ub/sr. The resolution is better than 1 MeV.

As seen in Fig. 7 and 8, the proton sp-ectrum shows a pronounced
peaking at 430 MeV. This corresponds to an energy of 53 MeV for the.
three neutrons in their center of mass. The proton 5pectrum‘was not
measured below 80 MeV. The reason for this is that from approximately
this point down the 4:He - p 3n 0 channel a‘n‘d 4I—Ie breakup reactions
contribute, and the spectrum of the proton is no 1ohg'er uniqﬁely deter-
mined by the reaction of interest. This makes the normalization non-
unique too. On the vother hand, 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 region measured.

The comparison of immediate interest is made v;}ith respect to phase
space and phase space altéred by the 1SO interaction between two of the
neutrons in the final state. (The Pauli principie voids the possibility that
more neutron.s can be in a relétive S state.) For this interaction vwe use
standard effective-range theory with a 70-keV scattering length.

The results are shwon normalized in two ways. In Figs. 7 and 8

we compare the spectra with equal areas in the region where measurements
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| were performed'; in Fi[g:.“;:ii"- we see the same spectr'_a no.rmalized in such
a way that the peaks .are at the same height. Itis easy to see that the
spectra shown differ w1dely ‘from that obse.r'.ved.' We call the reader's
attention to the \dfvac:tl' that additio‘n 'vof_‘a final- statev‘interaction. betweenthe
proton and one ,(L_or‘:more')v of the neutrons yvill shift the protonspec’t»rum
towards the low-en‘ergy‘end' contrar‘y to fwhat is seen
| As a purely phenomenolog1ca1 f1t we used a Breit- ngner like res-

onance among the three neutrons, assumlng the decay of the p-3n system v
to go through an ,8 =1 channel ThlS makes the w1dth proportlonal to the
: .th1rd power of the relatlve momentum The results prov1de a satisfactory
_ fit't'o the data, and can be »seen 1n Flg, 12, curve C.

':A‘possibility'bto:con.si'der‘ 1s that we are deanlijng w1th a .direct— '_
’re’action me.chanism. In this case, the high energy protons would ar1se
from m" . absorptlon by p p palrs, produc1ng a proton and a neutron which
’ share the energy of the plon, and tiwo other neutrons that are spectators
and carry energles of the order of the1r Ferml momenta in the a nucleus.
’Were this’ to be a purely t\yo body abSOI‘ptl.Ol’l, we would expect the proton
to carry about 122 MeV i in the c.m. system; this is lower than the ob-
served most 'probab,le proton ene.rgy of 130.Me,v.-' The width of this peak
(caused by the internal e'nergy-of the target nucleons) should be '-approx—‘
.imately 20 MeV, narrower than the observed _wid_th.‘ Since.this mech-
anism .does not seem to match the data, vye should consider the possibility '
that the observed effects are due to a three'—body interaction. |

:With_the data.available at present we can gibve"no simple answer.
Further expe'rinients proyiding considerably more data will be needed in

order to clarify these points.
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C. d+ 2n Channel

The low cross section found for this reaction yields a low probability
for the dnp and dd components of the wave function of the o 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.

D. -n'+ + 4n Channel

The 1-MeV resolution achieved in this experiment allowed careful
search for a tetraneutron. For a binding energy between -10 MeV and

34 cmz/sr—MeV is set for tetra-

10 MeV, an upper limit of 1.38£0.69X10"
neutron formation under the given conditions.v

The. at energ:y spectrum is in agreement with that obtained by Gilly
et al. 18 in that the best fit corresponds to two neutrons inlteracting through'
a 150 potential, the interaction of the other not being strong enough to af-
fect the spectrum appreciably. Our method of measurement does not al-
low us to determine whether the two neutrons in the 180 state were pro-
duced by dquble charge exchange or were spectators.

No effects from the three-neutron interaction seen in Sec. C. man-
ifest themselves here. This would follow from the arguments, presented

by Mitra and Bhasin, 10 that P forces play the dominant role in the three-

-wave part of the force (which

9,10

neutron system, while the kernel for the 1S0

predominates in the two- and four-neutron case) is repulsive.
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FIGURE CAPTIONS

1. Spectrometer layout.
. 2. 7 +°C elastic-scattering spectrum.
. 3. Simplified logic for magnetostrictive signal processing.

. 4. Deviation of measured coordinate from best line for

chamber 2, plane 1.

5. Distribution of Af. The displacement of the center of the
distribution is due to a 1/32-in. displacement of the rig used to
map fhe field. |
6. (a) Full spectrum, (b) inelastic-region spectrum, and

(c) background events. Bin width for (a)is 1 MeV; for (b) and

(c), 0.5MeV.

. 7. Proton spectrum, with 2-MeV bins, p + 3n channel.

8. Proton spectrum, with 5-MeV bins, p + 3n channel.

9. 1T+ spectrund, 1r+ + 4n channel. ' (a) 5-MeV bins, (b) 1-MeV
bins around threshold for n4 production.

10. Some observed levels and thresholds for the A =4 system.

11. A comparison of the observed with,the computed spectra, |
p + 3n channel. -

12. | Profon spectra.

A. Phasé space.

VB. Phase space distorted by n-n interaction.

C. Breit- Wigner fit for a 3-n system unbound by 15 MeV, and

a width T = 65x10°8 x> (k in MeV).
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