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. DOUBLE- CHARGE-EXCHANGE ‘AND INELASTIC SCATTERING IN nx + SHe

John Sperinde,* Don Fredrickson and Victor Perez-Mendez

Lawrence Berkeley Laboratory
University of California
Berkeley, California ’ N

ABSTRACT

The resctions = + SHe — 1 + 3n and © + 3t -
7~ + 3He* vwere studied to investigate the T=3/2 three
nucleon system. The differential cross sections were
measured at scattering angles from 20 to 4O degrees.
The secondary pion was momentum analyzed in a magneto-
strictive~readout wire-chamber spectrometer. The -

double-charge-exchange reaction yielded a secondary
pion energy distribution, the features of which can be
due to either a T=3/2 three-nucleon resonance or a
resonance of the nucléons in the 3He nucleus. The
inelastic seattering reaction yielded a secondary pion
energy distribution peaked near threshold, consistent
_with resonances in both the T=3/2 and T=1/2 three-
‘nucleon systems. '

i. 'vINTRODUCTTON | |
The double charge—exchange (DCX) of 7 on nuclei is a

convenient way of producing neutron rich flnal states. It is particu-

larly useful in the study of the three neutron system since using a

3

target of He produces the final state of a_p031t1ve pion and three

' - : ' : : +
neutrons. The incident particle, =w , &s well as the final particle, =,

. . . : }
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are both easily detected and tﬁeif‘vector momenta can be measured with
precision. Since there are only three nucleons in both the initial and

final state, the difficulty of separatihg the three nucleon>problem from

-

the four nucleon problem does not arise as it might if the fourth
particle were also a nucleon. ' C : o .". K

The DCX reaction is generally assumed to occur as a cascade of

. : : e gs el . 1-5
successive charge exchanges on individual nucleons in the nucleus.

»This modei correctly accounted for'the cross section variations as a
functioh of the total enefgy and the energy distribution of secondary 
mesons. However, as pointed out.By Becker and Séhmit,6 the calculated
angularudistributions are’peakéd in the forward direction; whereas.the
measured angular distributions are almost isotropic, Tﬁey interpfet
this diécrepaﬁcy'as ihdicative of the douﬁle-charge-exchgﬁge taking
place preferentiallybon a pair of nucleons,.rather than as a cascade
process on individual nucleons.

A general feature of the double-charge-exchange reactions which
have been Stﬁdied is the small deviation of the.energy of the seqondafy
pion frqm the energy distribution predicted by?théjstatistical

. )+15’7’8

model. Thus‘signifiéant deviétions'frdm,ﬁhe predictions of the
statistical model may be interpreted as the result of final state
interactions. | _ o o o - .
| The three neutron system is of particular interest,because it is

the simplest of the th;ee nucleon systems. There are no coulomb forces,

the papticles are identical, aﬁd the isospin stdte is pure T=3/2. Iﬂis

system has been theoretically studied by a number of &mthors.9_12
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Mitra_and Bhasin conciuded.that the'3P‘nucleon-nucleon interaction
dominates 1n the three neutron system; Using separable potentlals
compatlble w1th the two-nucleon data they- estlmated that it is posslble
“for the three neutron system to be bound. Theyvgave as the most likely ‘
- quantum numbers (Is_J) = (1, 3/2_1/2), with ( 1 _3/2 3/2) somewhat less
klikely. Notetthat Spin:iSOSpin'independence'of.nuclear forces implies
vthat a T=3/2, S=i/2’trineutron bound state_would‘he reflected in the
Tbl/2 S=3/2 three‘nucleon system-.13 AnLS=l/2 trineutron would be in
'contradlction to the T“1/2 scatterlng data. Okamoto and Davies, using
verlatlonal technlques and the potentlal of Pease and Fesbach 1k also -
concluded (1 3/2 1/2) is the most llkely state but concluded that three
15

neutrons are unbound by approximately 10 MeV. Benohr, assuming the

‘two-nucleon potentials of Afnan and Tanglé or Eikemeler and Hackenbroich,lT
concluded'that there is a resOnence about 1 MeV above threshold. He gave
_the quantum numbers (Ls)=(1 1/2) for the resonance. This state corre-

'sponds to'e Prwave-neutron moving in the tail of the virtual deuteron.

Searches for bound states of three neutrons have been carried out
- 8 18-20 - .

- by several groups of experimenters. o With the possible exception
of the experiment by AdJacic, et al., no evidence of a bound state of

three=neutrons has been seen.' Similar searches have heen made for the

. corresponding bound state of three protons wlth the same negative

21, 22 ’ :
results. At the present time the non-existence of a bound state

Ofythree neutronS’seemﬂnﬂell=established.-hSubSequent work on the P=3/2

three nucleon system has been concentrated on the search for resonances

o o : = o : _ 8,23-26
in the continuum spectra of several different reactions. ’ 3
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In all the reactions studied, diétributions'which differ from phase
space ha&e been obtained. These aeﬁiations have been interpreted in
various ways by the different groups of experimentérs.. Tombrello and
Slobodrian conclude that the tritonvspectrum obtained from the reaction
SHe(3He, t)3p at 50 MeV is aistqrted by the Coulomb interaction of the
ltriton ahd the three protons._ Kaufman, et al;,‘éuggest that the proton
sfeétfum obtained from the reaction uHe(n’,p)3n at lhO«MéV may indicate
a three-neutron resonance;‘ Ohlsén, et al.,‘report that their data ffom
" the reaction 3H(t,3He)3n at 22 MeV suggest the existence of a virtual
state in the three neutron system in the range 1.0 to l.SVMeV above the

three-neutron'maqg.' Bacher, et al., explain the ‘departure of their

energy spectrum from phase space in the reaction 3He(p,n)3p at 25 MeV as

a‘lso final-state interaction between two pfotdns; Williams, et al.,
studied the same reaction at 50 MeV and inﬁerpreted theif.resulté.és

as indicating a three proton resonance at 161 MéV’eXcitation energy.
relative to.the ground statefof 3He; It is apparent from the diversity
of the above interprétati@ﬁs that a model is needéd‘which can simulﬁan-
‘eously explain the results of the abové-experiméntg as well as additional
experimental evidence against which such models can also bevcheckéd. of
particular interest are experiments which do not ﬁave theipossible
limitations of the above, éuch as the coulomb interactions in the
Tombrello experimént, the m capture reaction on a proton-proton pair
which could produce results similar to those obtained in tﬁe.experiment
of Kaufmsn, et al., and the complications introduced by a fourth nucleon
in several of the above reactions. Such an experiment is the study of

the DCX reaction % on 3fe.
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' IT.  EXPERIMENTAL METHOD AND APPARATUS

"A. General Method

This experiment was designed to observe reactions of the -

- + : C
type n + 3He-f>nf + X, with the invariant mass distribution of X the-

main quantity,df intérest, The invariant mass of X can be determined

3

by measuring'the vector momentum of the scattered pion for a fixed

énérgy pion beam incident on a target of He;_ Réactions leading to
chargédvparticlés in the fiﬁal sta£e‘inélude the following (assuming no
‘pion produdtion): o
| | T e - 1 + 3He : -; elastic scaﬁtering

"+ Spe*

7 +p+d : -~ inelastic scattering

n +2p+n

JL

A
+

(pnn)

L—»')"}’
Lq— + - D

e e . ==~ charge exchange

% + (pon)

l + -

7e €

nt + 3n - ==double-charge-exchange

The elastic and inelastic scattering_ié of.interest both to corroborate
the results‘of the DCX reaction and‘to check the spectrometer solid
angie éqceptance using, for instance, the known pion-carbon differential
scattering cross section.

A diagram of the.experimental setup is shown in figure 1. A beam -

of © of energy 140 MeV (momentum 242 MeV/¢) was incident on a target



-6-

of 3He. The energy of the beam was selected to be near the A(1236) pion-
nucleon resonance so £hat the DCX'cross.section would be relatively
large and below the pion-produetion energy-threshold in order to minimize
the background reactions. The direction Of-the‘iheoming n was deter-
mined with two scintillation counter hodoecopee (A and B). The momenium
and direction of the outgoing ni were ﬁeasufed with a spectrometer
consisting of wire spark chambers, two on each side of an analyziﬁg
magnet. The central axis of the spectrometer was at an‘angle of 30
degrees'with respect to the ceﬁtral beem iine aﬁd allowed the detection
of events ovef a rahge of ecattering_angles frem 15 to AS degrees. The
DCX cross section was expected to be peaked in the forward direction.
The final'positiening'of the spectrometer was a compromise between the
small angle desired from cross secfion consideratibns and a large enough
angie so that the upstream spark chambers in the spectrometer would not
be swamped with beam particles. 'The maximum solid angle acceptaﬁce of
the sPecﬁrometer was approximately 22.5 msr at 170 MeV/c and decreased
on the low momentum side to 9 msr at 100 MeV/c and on the high momentum
side to 17' msr At 250 MeV/c (see figure 9). A 0.5 inch thick sheet of
aluminum following the last spark chamber stopﬁed the hea&y charged
particles,in tﬁe.momentum range of interest and prevented them. from
triggering the system. |

The triggering logic consisted of a éignai from each of.the beam
hodoscopes (A and B) and an additional beam counter BP, and signals
from a counter C in front of the first spark chamber and a set of

counters D behind the fourth spark chamber and aluminum absorber. The

-

v



change in the sign of the recorded pion from + to - was acdomplished'by-
reversing the direction of the magnetic field‘ih the spectrometer

anglyzihg magnet and-adjusting currents in the beam foéusing-magnets.

B. Beam | |
| .The 735 MéV_internal proton beam of the LBL lSM-inéh
byclqtrqﬁ produces-pioné on sfriking a beryllium'targetf 'The_internal
target.was.positioned 80 that neéétivé’pidns of 140 MeV produced in the
forward.direction were bént.outvof tﬁelcyclotron-by the frinée field.
Thg extfacted particies were further‘momentum'analyZed,by a bending
magnet.in the eXternalvpion beam. (Sge figure l){_ Pion fluxes of

2 X lOSvir’/vsec with a.n‘e.nergAy of 140 %+ 3 MeV a_nd"O.6 X 10° « /sec with .
an energy of 140 * 1.3 MeV were obtained with abﬁropriate éurrents in':
the qﬁadrapole magnets of the exterﬁal beéﬁ;_ The beam composition as

determined by an integral rangé curve was found to be 60 £ 10% pions and
the remainder electrons and muons. A helium bag was used in the external

beam to reduce the scattering of the beam particles.

C, ~ Target

| The target consisted of a closed'3He flask and gas reservoir
_system; dnd a condensér system using liquid helium as the.coolant. A
‘metering-valve regulated the flow of liquid héiium_into the condenser
in whiéh a partiai_vacuum was maintained; The vacuﬁﬁ lowered the
temperatufe df the'helium below the boiling,poiht of 3He, cooling.and
liquifying the 3He, which was collected in the flask. The density of

"~ the liqﬁid 3He was determined by using calibrated carbon resistors to .
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measure the 3He.temperature in_thg flask. Thé_bperating température was
generally 1.7° K, corresponding to a liquid 3He,dénsity of 0.08 gm/cm3.

A cross sectional view of th¢ target aséembly in'the region
surrounding the flask is showh in figure 2._ The_flaékfwas a cylinder
four incﬁéslhigh and‘four inches in_diameter wifh a sféinless sfeel top
.and bdttom and with sides of.70075 inch mylar. Situated around the
flask were two heat shields, onéAat liquid nitrogen.temperature and oﬁe
at liquid'helium temperature, each consistihg @f'.OOOS inch aluminﬁm
and .00025 inch alumiﬁized mylar. The entire‘ﬁarget'assembly'was nain-
tainedvin vacuum to prevent heat transfer to the;target. The beam
entered and the scattered particles left the targef via a .0175 inch
mylar window. ‘ _ o ‘,-; : . ,

D.: Magnetic Spectrometer

The magnetic spectrometer consistea.of'a "C" magnet and féur

wire sﬁark chambers. The area of the pole tips.was 25 x 36 inches. _This
produced an average.bénd of 90‘degreés over the range of pion momenta
’from 60.to 260 MeV/c. 'The vertiéal seﬁaration bétween pole tips was'
8 inches. A 2-inch thick iron slab with a gaﬁ_of 8. inches was placed
on both the entrance,andlexit sides of the'maénet_to reduce the extent
of the fringing field so that thevonly significant bending of the part-
icle "trajectories occurred in the region betwgén éhambers 2 and 3 (see
figure 3).

Two wiré spark chambers were situated on either side of the analy-

zing magnet. The redundancy provided by the fourth chamber allowed the

rejection of pion decays in flight, scattering from magnet pole tips,



and spufious tracks pfodﬁced b& £wo different particles. The chambe;s
had the following’activé éreas:_ chaﬁbér (1) 8_X 8'in., (2) 18 x 22iin.,
(3) and (L4) 15 x SSIin.- All chambers had four wire planes. In chambers |
(1) and (2) theréfwas.a-horizontal plane,. a vértiéal plane and twé planes
at-th‘with respect to the ver?ical..‘Chambefs (3j‘and (4) had two
vertiéal plenes and tﬁo;pianes"at'3o’ with'respect'to the vertical. In
these:twd'chambefsvthe‘hbrizontal coordinate determined the particle
momeﬁtum;- Since the vertical position was not important for the mémentum
determination sOme‘accuracy'in the vertical'diréction waé sacrificed for
simplicity of’construcfion;*_For'detailsnconcerﬁing cbnstructidn and

| épératioﬁ'ofvthe chambers, see ref. 27.

" Behind ‘the fourth spark chamber was & .5 in. thick sheet of
aluminum. ?rotons and pibns having a range of';S'in. of éluminum have
aimomeﬁtum of 330‘MeV/é and 85 MeV/c,Tespectivély. Since the momentum
range“Of'intefest was frOm 60 to 260 MeV/c no prétons or higher mass

particles could have contributed to.the;data.'

E. | Counters and Electronics

Scintillation countérs ﬁeré used in,the pion beam to monitor
the beam and fo determine the incident pion‘direétiOnrand in the spectro-
_meter to détéct scattered particles passihg thrdugh‘the spectrometer.
.The positions of the scintillatioh counters are shown in figure 3.
There were three seﬁsvof;countersv(A; B, and BP) in the beam. The four
individual A counferé'each had a sensiti&e area of_l.S X 6.0.in. They
were overlappedvin_pairé té define six .75lx 6.dlin; regiéns.' The
threénB éounters were ovérlapped‘in pairs to define fivé .25 X 2.0 in.

regions.
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The active areas of the'individual.B counters ﬁére: .Bl and B3 -

) % 2,0 in. and B2 - .72 X 2.0 in. The same 1.25 X 2.0 in. region was

élso covered by the counter BP. All the beam counters weré made of

1/32 in. piasfic scintillator to minimize'scaftering. The A and B

counters determined the direction of the incoming particle to * 1.5 .

degrees in the horizontal direction. Particles passing through the

épectrometef were detected by the C counter and~£he.D counters. The

dimensions of the C counter are 3.0 X 7.0 in. and it wéé made of 1/32 in.

thick pléstié scintillator to minimize sca@tering.’ The‘six D ééuntefs‘ :

were made of .25 in. thick plastinscintillator.vaWO’of them were

12 x 18 in. and the other four were 24 x 18 in.; They wefe arranged in

two rows of three each to form a sensitive region 18 X 60 in. All

scintillators were coupled by Lucite light pipes to ﬁhotomultipliér'tubes

of type RCA 8575 for A, B, BP and C and type RCA 6810A for the D counters.
The signals from the four A counters were mixed as were those from

.the fhfeé B counters. The beam was monitored by the triple coihcidence'

A - B . BP. The accidental beam rate was measured by forming the triple

coincidenée with BP out of time by 208 nsec ﬁhich;corresponds to four

cyclotron rf cycleé, The signals from the three D counters_in‘each row

were mixed and then a double coincidence, (D + D, + D3? ;'(Du + Dg + Dg ),

was forméd‘to provide the D signal. The requirement for an event trigger o

was a Signal from D, C, and the beam monitor, (A + B » BP - C - D).

This coincdidence signal set a gate which disabied_the logic for 150 msec,

‘triggered the high voltage pulse to the spark Chambers,’and strobed a

set of flip-flops to accept the signals from the individual A and B
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counters. Data for each'eveﬁt_were storéd on mégnetic tape.
The-stretched-beam‘spill of the cyclotrqn_coﬁsists of é spike of

particles 64 times per second followed by an épproximately unifofm‘flux'

for about 10 méec.b The épike was gated off since the flﬁx in‘this‘part

of the_béam spill was too high for our eleétrbhics‘to register properly.

F,  Running Conditions
.The spectrometerlcould be set to detect n 5 which was used for

T+ 3He elastlc and inelastic scatterlng, or ﬁ+, which was used for the :
double-charge—sxchange reaction. Changlngvfromvone mode to the other
7.wa$ accomplished by switching the current polarity in the:analyzing
maghet; In addition, the focusing.magnet curréﬁﬁs were adjusted té
produce an incident beam with the best energy reéélution,fqr the |
elastic and inelastic scattering measurements WHerelthe energy reso-
- lution. was necessary to distinguish ela;tic séaﬁtering;from near thres-
hold inelastic scattering. Since the double;chargeeexchange reaction
has a small cross section, some energy resolution was éacrificed in
favbr df highér beam rate. Data were taken with tﬁe flask both full
and empty. qu the target empty runs, the flask was evacuatea and thus
no corrections to:the data were necessary for.gas remaining in the
Plask.

Data were also taken with targets of carbon and He for calibration

purposes.

IIT., DATA ANALYSIS
A. Generél.

The data analysis consists of takiﬁg_the ekperimentally
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measured quantities and from them extracting the missing mass distri-
_ ; + » B
butions in the reactions wn + 3He-—? ¥ + X. The mass of the recoiling

particle X is given by:

2 2 : ' - .
= 2 + + 2M(E - -
M, = m e ( . ES) 2EbEs_f 2P P _cos§ (1)

where m is the pion masé, M is the'3He mass,-Eb is the energy of the

is the scattered pion energy, Pb:is the beam particle

beam particle, ES

momentum, Ps'is the scattered.pioh momentum, 9 is the scattéring angle,
and MX'is the mass éf '(Ezg} syétem. The speed'of light c is evefy-
where equal to one. ‘The quantities Pb’ Ps’ and & wére_determined with
the experimental data. The scattering data which were recorded on
magnetic tépe included the combination of individual A aﬁd'Bbcounters
preséﬁt in the event trigger and the digitized"spérk informaticn from
gach chamber plane. Provisions were made to record two spark positicns
for eéch piane. |
- A:computef program-uéed these data to recdnstrﬁct eééh event, The
digitizéd'information was used to compgte theispérk.positions in the
chembers. The counfer data énd the sparks‘iﬁ‘the first two chémbers
determiﬁedva plane and a ;iﬁe whose intersection:waé'the interaction
" point in the targét andehose angle of intersection was the scattering .
aﬁgle. Thé spark loéations in fhe first thrée‘cﬁambers vere used to
obtain the particle momentum, The spark positioﬁ in the fourth chamber
allowed the discrimination against pion decays in.flight, spurious
sparks in the chambers, ana scattering in the specirometer. The

scattered particle energy and the beam energy were corrected for energy



13-

‘lpss;in thé:térgeﬁ.éhd the speétrometer, and theﬁ‘uSed in addition to
?he scéttéfing‘angle to calculate the_miésing maSé MX;- Ipve;astié
scattering this mass corresponded to the mass 6f'3He which pro%ided.a
consistency check of the beam energy.

After'weiéhtingveach event according to thejspectromeper solid
angle_écceptance and pion deéay probability, fhé‘events ﬁere hisfogrammedv
as a function of tﬁe‘missing muss. .The positron background to the double-
»chargeAexéhange data was estimated by the_Monte éarioutechniqué ahd the
final histograms of tﬁerdata weré obtained by subtractingﬂthe positfon
contribution from the éx?efiﬁentél data.

A more completelexplanation of:these calculatidns is contained in
the succeeding sections. o |

B. Momentum Determination

The spark chamber daté consisted .of two numbers for each
of the four pléneé in évéhamber. The two numbers indicated either zero,
ohe of two.sParks and tﬁeif relative distance‘from two known fiducial
points. A point oﬁ the céntral plane of each chémber vas found‘for which
the sum of_thé Squares of the'distaﬁces touthevexcited‘wires’was a
minimim. For this calculation all chamber planes were assumed to be at
the midplane of tﬁe éhémber: The solutions in fhosé cases where data “v'
existed in ali fourvplanes were called "b-wire fits",__A small percentaéé
(abéuf 3%),0f the time one of the planes would not have any data, in
vhich casé 3-wireAfits.were obtained by the same method.

P o .

The information used to calculdte the momentum of a particle

consisted of thrée'points on the particle trajectory and the known
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magnetic field. The first two points, which were’dutside of the magnetic
field,_fixed the incoming direction of the particle trajectory. Estimates
of the momentum (to *2 MeV/c) aﬁd the position‘in_chamber four (to #0.3
inches) were made by means of polynomials based'on wire orbit data and
af£ificiaily generated events (see figures 4 and 5). An orbit was then
'iﬁﬁegrated throﬁgh the-speétrometef, and the‘resulting point of inter-
sectiohvwith the ﬁhird chamber was.cqm?ared tO'fhevactual spark location.
If'the discfepancy was too great, the momentum estimate ﬁas improved and
furtber.itérations ﬁere made. In practice, thelabcuracy criterion was

satisfied for 85% of the events after two orbits.

vC; Event Acceptance
| _ The_following is a discussion of the evént acceptance

cfiteria and the data proéessing deciéion hadevaﬁ'each step in the
anélysis: |

1. | The A and B counter arrays must eéch have had.a signal
from a»Single counfer_or from & pair of overlapping counters. |

- 2. Each spark chamber had to have at least one spark. A
pointb(deterﬁined Ey the ﬁethod described in Section B) was considered
an acceptable spark.if thé perpendicular distance‘tq the "worst wire' .
was less than 0.25 inches in chambers one and two éhd less than 0.45
inches in chambers three and four. Only h—wire'or 3-wire fits were
alldwed. vBy analyzing a poftion of the data aécepﬁing 2-wire fits, it
was found that rejecting the 2-wire fits decreases.the efficiency by
approximately 2%. More than one spark was allowed but in bracfiée

there was usually Just one spark per chamber.

A
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.3, | The intersectién of éfliné (detérmined by sparks in' the
first two chambers ) with‘a plane (which reﬁreseﬁtéithé inéident particle
direéfion) had to Berithin"thé.target volumé. Fdr_this tesf; the target
’ wéé aséuméd to be‘a.cyclinaef,E.Svinchés higﬁ‘and~4.0‘inches diameter.
Events héving their intersectiqné éutside of this volume wéfé-produced
by scéttéring'frbm the B’cdgﬁters,'from the heat shields, aﬁd'from the
vééuum jackét surrounding fhé targét.. |

fh. .“Tﬁere has to be a "track" in the first pair of chaﬁbers
(l'and 2): fOr those events which survived all previous cuts, a line was
.?COmpﬁted in which the foﬁr'pianesvof each chamber were no longer assumed
té be‘ét the central plane of the chamber. For é;liné to‘be considered
:a;gdbd track; the pefpendicuiar distance to thé worstiwire.had to be less
. then .i5‘incheé.' If this criterion was not satisfiéd, thé worst wire was
'discardeaiand the line reédmputedi ﬁﬁe eveht wasvrejeéted if fits with
féwer than three wires weré_obtained in either chamber. =

5. Tracks in chambers three and fqﬁr had to make an angle
sﬁaller than-hS degrees with respect to the norﬁai‘fo thése chambers,
‘since épafk location accuracy deteriorates wifhvlarge angles. The‘worst
“wire agéin had to.be within .15 inches of the track.

6. The spark in chamber 4 had to be within 2 inches of the
prediétéd point. _This test discriminates against béckground events
producea by pion decay in fiight,'scattering in the speétrometer, aﬁd o
'-spufious sparks in the chambers.

7;'_ The particle trajectory had to miss thébmagnefipole'tips by at

least .5 inches.
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8. The évents had to originaté in a target volume which was
é cylinder 2 inches high and 3_inch¢s diameter. Since the uncértainty
in the scattering position was approximately O.35:inches, evenﬁs for
which the computed scattering position was withiﬁ 0.5 inches of the
flask Wails were rejected.

.9. The'éngle bétween.the c§mputed orbit and the track in
chambers 3 and 4 had to be small. The réquiremehts were: M s .012/ NP
and AV s .012/‘F§'+ .02 where P is the particlé momen tum in_BeV/c and
A (AV)'is the tangent of the:ﬁorizontai (vertical) projection of the -
.angle between the éomputed orbit and the tfaCk. The factor VP in the
denominator of AH was determined.empiriCally to fit the width of the
_ resultant angular deviations and reflects the fact that multiple
scattering is greater for lower momentum particiés, The acceptable
vertical deviation was much larger than,fhe.accepfable horizontal
deviatioﬁ'sincé both the spark chambers and thé,magnetic field were
designed to give the'greatest'accuracy in the horizontal direction.
.Figure 6:éhows the distribution of AH for partiéles of momenfum .éhO‘BeV/d.
Table I shows the fractiqn of éveﬁts rejectedrby each of the above
" checks for elastic scattering data and for double-charge-exchange data.
In the DCX reaction about 75% of thé eventsvdid‘nét.have sparks in all -
the chambers. Most of these events were accidental coincidences between
the D céunters and the rest of thé triggering logic. Since fhe trigger
rate was aﬁprbximately 1 per second and since these events were easily
rejected in the data analysis, no attempt was méde to decrease the

fraction of accidental triggers. About 50% of the events having sparks



COUO41 01682

-17-
in all four chambers originated outside of thé_target volume in both of
the above‘reaétions; Such events ﬁéré due to scattering in the B counters,
‘and heat shields and vacuum jacket surrounding the flask.

.D. - Errors and Corrections

" 1l.  Energy Loss in the Tﬁrgét and Séectromefer.

The‘incident pion energy wés correctéd for dE/dx losses
in tﬁé:target. Siﬁilarly, the energy .of thé»scéﬁteréd pionvwas corrected
for losées in the targef.and in the spectfométer as far as chamber two.

2. Unéertainty in Energy,

_ ‘The energy resolution’was_limited almost entirely
by the enefgy spread of the incident beam particles and the.multiple
scattéring of thebdeflected particles in fhe,magnetic specﬁrometer. The
energy uncertéinty in the spectrometer was estimated by aésuming multiple
scéftefing oécurs only in the region from chémber two tb chamber three.

. This produces a positional uncertainty at chambér three which; using the
known momentum variation as a function of pbsition in chamber three, is
conveftédvto a momeﬂtum unéertéinty. ‘While this'treatment is not exact,
it is a good approximation for'our_particular'éeometry. The eﬁergy
uncertainty (FWHM) as a functioﬁ of the quantity (MX'M3h) is shown in
figure 7. Folding in the béém energy spread gives the uncertainty in MX
as a function of the quantity MX-MBn'éhown in figure‘8. _

3. Event Weight.

. Eachvevent was given a wéight‘which was a function

of its mOmeﬁtum_and_path length through the spéctrometef.: The factor

hm/Q(p) corrected for the variation of the solid éngle acceptance of the

’
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- spectrometer aé a function of the momemtum . A graph of Q(p) is shown
in figure 9. The solid angle acceptance is adjusted about ten percent
to convert to the solid angle acceptance in the center Of‘mass. The
second’factcr in the event weight corrected for pion decays in fiight in
the spectrometer and was of the form exp( mh. ) where m is the plon rest

Pyt

mass, D is ‘the path length through the spectrometer, PS is the particle’

momentum, amdit is the pion lifetimef‘ ‘
| 4.  Background.

A'soﬁrce of ﬁncertaihty in the-data was the percentage
of pion decays which survived all our cuts on the data and appeared to be
good events. This . fraction has been estimated by the Monte Carlo method
to be about 3%. These events consisted almost entirely of pions which
'scattered im'the target and then decayed between the target and the firstv
stark chamber._ |

The dbuble-charge-exchange data also contained a background of
vpositrons.' Asfétated earlier, particles triggering our system had a range',
of greater than .5 1nches of aluminum, plus .25 1nches of plasticb

_scintlllator. This corresponds to the range of a 90-100 MeV/c pion,
depending on the angle of incidence. All events with a momentum of less

" than 97.5‘MeV/c were assumed to.be positrons prcduced in the reaction
o+ 3He -+ pnn

ye e
The momentum distributiton of positrons produced in the above reaction was

computed by the Monte Carlo technique. The normalization was obtained by

fitting the calculated momentum dietribution to the data in the momentum
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range of 60 to 97.5 MEV/c. "With this normalization the three neutron
energy distribution was computed assuming that the positrons were pions

and this distribution was then subtracted from the data.

IV. RESULTS

A. Double-Charge-Exchange

A histogram of the raw data as a function of momentum is
shown in figure 10. The computed positron spectrum is also given in the
same figure. . The tbtﬁl number of measured events is ~10,000 of which
~6 ,000 are estimated to be'DCX évents.  These daté are shown in figure 11
as a function of the three-neutron invari;nt mass after subtracting the
positron confribution, and porrecting for Spectfometer solid angle
acceptanpe (see figure 9) énd pion decay in flight. There is no sub-
traction'for target_empty funs since the corresponding number of events
is negligibly small., = The errof bars ihdicate counting statisticsf There
ié an additional 15% normalization uncertainty arising from the uncer-
tainfy in fhe pion beam flux. Figure l2jghows the same data sub-divided
according to scattering angle in the ranges of 20-30 degrees and 30-40
degrees. |

The cross section normalization was checked using carbon eléstic
scattering data. A differential cross section of‘9O + 18 mb/sr was
measured for elastic scattering on carbon at 30 degrees. This is in good
agreement with previogs,fesults of 104 +'6 mb/sr.at 150 MQV28 and 60

+ 15 mb/sr at 125 MeV.29

In the energy region corresponding to a bound'stafe of three neutrons
there is a fairly uniform background of approximately .02 * .007 pb/sr-

MeV. Given the 6 MeV experimental energy resolution, an upper limit of
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.12 pb/sr is obtained for the production cross section‘for'a bound state
’ - + o
of three neutrons in the reaction n + 3He — n '+ 3n.

B. Elastic and Inelastic Scattering

Figure 13 is & plot of the élastic scattering data as a
function of the invariant mass éf the pnn system. .Ihis data is corrected Lt
| for ;pectfoﬁeter solid angle acceptance and pioﬁ decay invflight. In
' figure 14 the vreé_ults are presented after subtracting the target empty'

. data. ihe.solid cﬁrvé_is AHe scattering data‘éhd is normalized to. have.
the same eléstic scéttering peak height that the 3He data has. The uHe
elastic scattering peak is extrapolated to_zefo'(the dashed curve) and

3

subtracted from the “He data in an attempt to separéte the elastic and

inélastic-écattering. Thg results are shown in figure 15.

V. DISCUSSION AND CONCLUSIONS

A general featﬁre of many body final states is the fact that
the spectrum of one of the emitted particles is given by the statistical
model in the absence of any resonances. The soiid curve in figure 11
 represents the prediction of fhe statistical model normalized to the-
data in the energy range of 50 to 85 MeV for the'£eaction o+ 3He~—9
n* +.3n. ‘The dashed curve includes the effects ofvthé lSO interaction
between two of the neutrons in the final state. Iﬁ neither of these
cases was any attempt made to include the dynamiés of the DCX reactiodn. -
Howéver,‘as stétéd in the introduction, previous experimental studies
. of the DCX reaction have all yielded energy distribﬁtions,with small
deviations from the énergy‘distributiéns predictedvby'the statlistical
model. The dot-dashed curve ié the result of a somewhat more sdphisti-

0 - . : :
cated calculation by Phillips.3v He makes the assumption that double-
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charge-exchangé occurs‘By a two-stép process éndfincludeé the léo final
state interaction.‘:He.éoncludés that the formétion'of a-tﬂree—neutron, 
system with Jow kinétic.enérgy ié é éonéequenéé of - the three-nucleonS'
| originall& being'grouped together within ﬁhe bound state., Caléulations
of ‘the double-chgrge-exchahge reéCfion have in the pést been able to 2
explain fhe energy_distribution of fhe secondary pion but the predictéd
angulaf distributions have not agréed with the measured results.
- Consequently a'comparison of the theoietical and expefimental angulér
distribution could be a Sensifive test of Philiipsf model were Sucﬁ'
distributions available. As can be séen in figuré'lQ rio large angular -
variations_ére présent within the limited anguiar'range,éf this experi-
ment.

It is interesting to comparé our resulﬁs with the results of Williams
et al{;‘for the reaction 3He (p,n)3p .at 50 MeV and Kaufman et al. for the
| reaction = + uHe - p + 3n at 140 MeV; Since the reactions involved
.different particles and were studied at different energies, the magnitﬁdes
of'the'?ross sections differ. Supposé'there is_T‘#‘3/2 resonance in the
threeknuqleon system and that'the energy spectrum is determined by the
tﬁree nucleon final state interaction. Then one would expect the energy .

spectrum in the energy region close to the resonance to be of the form
2
c|M|7PS

where ¢ is a constant determined by the particular reéctidn,_M is the
matrix element for the three-nucleon resonance, and PS is the four body

. 1 .
phase space factor.3 Figure 16 shows the results of the three
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experiments after dividing by the respective phaée'Spece factors. The.
norﬁalization is adjusted to eid_in the cemparison. The three-proton
dietribution is shifted by 2 MeV as a rough correction for the Coulomb
effects. There is a striking similarity among the distribufions—-
especially the bCX results and the datavof Wiiliams et al.--which_can be
inferpreted as evidence for the existence of an isospin'S/Evthree nucleon
resonance;

The inelastic scattering spectrum is even more sharply peakedAneaf'
threShold.than the DCX spectrum. This‘is'to be ekfected.if there are
resonances in both the T =:3/2 and T = 1/2 statesvas suggested by Batty
et_al,32 |

If we take -the point of view thet there are broad resonances in the

three nucleon systems, we might arrive at the level scheme shown in

v ‘ 26
figure 17. Assuming then the validity of the evidence from Williams on

both bumps, the eQidenCe_of Ohlsen et-al.,24 oﬁ-3He*, and our own data,
we arrive at the level scheme shoﬁn.33 In this scheme we ha&e a quartet
of levels T = 3/2 consisting of 3p, 3He*, 3H, 3n. vIn addition there are
twevother excited levels in 3.He and 3H (Williems, et al.) which can be
identified as memberé of an Isospiﬁ T = 1/2 doublet.A The pérameters ofu
these levels are seen in figure 18 takeﬁ from a paper by Batty, eanl.32

The quantﬁm numbers for the. T = 3/2 levelevweuld be (L =1, 8 = 1/2,
>T = 3/2). A model for this object assumes that two neﬁtrons are closely
spaced in a virtual lSO core with a rather loose L = 1 neutron moving
around it with a diameter ~ 5 fermi. |

Further experimental work planned is the measurement of the resultant

-energy distribution as a function of the angle between the incoming .  and
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and the thgoing X and as a fﬁnction.of the ihéomingvn— energy.
Experiments‘are also planﬁed in which the direction and energy df one'df
the neutrons is_measured. Such experiments-shéulé be -able to brovide
considerable adaitional insight into the existence of a level scheme as

described above and into the three nucleon problem in general.
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Table I.-

=26~

Fraction of events rejected by the event

acceptance criteria.

. “Elastic
Cutoff Reject  Remain Re ject Remain
1) ;Logic‘ .ok9 .951 A1k .886
2) Sparks 071 imo_‘ e L1h2
3) .Iargef intersect 485 .395 | L1056 .036
4) Tracks in ;oou .391 .bog .034
5) Tracks out . 005 .386 .002 .032
6) Y4 deviation .00 ".3u6 .016 .016
7) Pole tips .085‘ ,261 .00k .012
8) Target

.089 .170 .005 .007

Orbit checks

Doublé-Charge-Exchange
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FIGURE CAPTIONS
Experiméntal set-up; MQ, Ql;.and_QE are doublet quadrupble magnets; .
M is a bending magnet; A,B,BP,C and D are counters, and CH1-CH4 are

spafk chambers.

Target cross section showing the flask, heat shields, and entrance

 window. The flask was off center so that the beam monitor counters

could be as close as possible,to the target.

Spectrometer setup. -CHl-CHu are spark chambers; SA'SD are scintil-

i

lation counters. The aluminum in front of Sp is used to distinguigh_

pions and protons.

A histogram of the absolute value of the difference between the

leynbmial momentum estimate and the final iterated momentum.

A histogram of the difference between the polynomial estimated yht
ﬁOSition and the‘actuél.yh position fof the double-charge-exchange
events.

Avhistogram of_the tangent of'the horizontal éngle between the
computed.orbit and'thé track given by.chambers three and four. Thé 
aécep£ed "good" events are indicated.

The energy fesolutidn of the spectrometer. Ihe,solid lihe is‘the

resolution for the most probable bending angle in the spectrometer.

'The'dashed lines are the resolutions for the extreme bending ahgles

which were accepted.
The energy uncertéinty in the.missing mass. CurvelB is the result -
for the momentum focused beam., Curve A is thé reéult for the dis-

persed beam.
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11.
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14,
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Specfrometer solid angle acceptance as a;functiOn‘of_momentﬁm,
Momentum spectrum of the accepted DdX éventé; The dots are the
experimentally measured data. The croséeé’ére.thé.computed

positron data normalized to the experimental data with momenta less

than 97.5 MeV/e.

Energy spectrum of the DCX'reaction after subtracting the positron
background. The solid curve is h;body phése‘space and the déshed

cﬁrve is L-body phase space distorted by avlSO interaction'between

two of ‘the neutrons. Both curves are normalized to'the'éxperimental'

data in thé_énerg& range of 50 to‘85.Mer:‘The'dbt-dashed curve is
ﬁhe'resuiﬁ of a calculation'by Phillips. | |
The energy spectrum for the DCX reéction‘dividgd into. two angular
bins. - The crosses are for scaftefing angles in the range.of 30 to

4o degrees,.and the dots are for_scatterihg ahgleS'in the range of

J

- 20 to 30 degrees.

The energy spectrum of the 3He_'elastic and inelastic scattering data.

‘ The dofs_are the targét full data and the crosses are the target

empty data. The solid lines connecting the points in the elastic

vscattering peak are only an aid to the eye.- Notevthe scalevchangé
at 10 MeV.

The energy spectrum of the 3He elastic and inelastic scattering data

F

after subtraction of the target empty data. The solid curve

indicates uHe elastic and ineléstic scattering results and is
normalized to have the same elastic scattering peak height as the
3He data. The dashed curve is the extrapoiation to zero of the He

elastié scattering peak. Note the scale change at 10 MeV.
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ihe energy spectrum of the 3He ineiastic:scattering.data. The pd
and pnn thresholds”are at 5.5 énd‘T.T'Mgv respectively:
The‘energy-speétrum.divided by phase épé_xce_factor.I The crosses aré’_
the reaction 1 % 3He-e ﬂ+ + 3n, the circiesvare the reaction |
P+ 3H? 2 n + 3p, ana ﬁhe dOts“areIfor thé reaction w + uHewﬁ'
_§'+'3n. -The nbrmélizaﬁgonsvof tﬁe épectrarére:adjusted to

facilitate comparison. The curves are hand drawn'to guide the eye.

. Pstible energy level'scheme..

: Quéhtum numbers for'energy levels. The notation "This Exp." in the

 figure refers to the experiment of Batty et al.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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